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U-68A

SWITCHING REGULATOR DESIGN GUIDE

|. The Advantages of the Switching Regulator

Unlike conventional '‘dissipative’ series or shunt
regulators, in which the power-regulating transistor
operates in a continuous-conduction mode, dissipat-
ing large amounts of power at high load currents —
especially when the input-output voltage difference is
large — the switching regulator has high efficiency
under all input and output conditions. Furthermore,
since the power-transistor “switch” is always either
cut off or saturated (except for a very brief transition
between those two states), the switching regulator
can achieve good regulation despite large changes in
input voltage, and maintains high efficiency over wide
ranges in load current.

Because the switching regulator regulates by varying
the ON-OFF duty cycle of the power-transistor switch,
and the switching frequency can be made very much
higher than the line frequency, the filtering elements
used in the power supply can be made small, light-
weight, low in cost, and very efficient—i.e., with almost
negligible power losses. It is possible to drive the
switching regulator with very poorly filtered DC (in
fact, in high-power applications, three-phase rectifi-
cation without filtering of any kind is often used to
develop the input DC from the power line), thereby
eliminating large and expensive line-frequency filter-
ing elements.

Finally, it is possible to design switching regulators
with excellent load-transient properties, so that step
increases of load current cause relatively small in-
stantaneous changes in output voltage, recovery from
which is essentially completed in a few hundred
microseconds.

The switching regulator has become ihcreasingly
popular in new-equipment designs, not only in aero-
space and defense applications, but in computers,
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industrial process control systems, instrumentation,
and communication.

Compared to the dissipative regulator, the switching
regulator does have some disadvantages which pre-
clude its use in some applications. The primary power
source delivers current to the switching regulator in
pulses which, for efficiency reasons, have short rise
and fall times. In those applications where a signifi-
cant series impedance appears between the supply
and the regulator, the rapid changes in current can
generate considerable noise. This problem can be
reduced by reducing the series impedance, increas-
ing the switching time, or by filtering the input to the
regulator.

A second problem of the switching regulator, com-
pared to the dissipative regulator, is its response time
to rapid changes in load current. The switching regu-
lator will reach a new equilibrium only when the
average inductor current reaches its new steady-state
value. In order to make this time short, it is advan-
tageous to use low inductor values, or else to use a
large difference between the input and output voltage.

Improved circuits for controlling switching regulators
have been developed at Unitrode, thereby eliminating
some earlier design constraints and optimizing the
performance attainable with available hardware.
These new circuits permit taking full advantage of the
economy and efficiency of the Unitrode PIC600
Series Hybrid Power Switch.

The design approach used herein is believed to be
original, and to be clearly superior to earlier methods
of calculating the key parameters and designing the
power inductor . . . yielding explicit, accurate results
in significantly less time than the approximate equa-
tions in common use.
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II. The Switching Regulator Described

The basic configuration of a switching regulator is
shown in Figure 1. It accepts a DC voltage input, Ein,
and regulates a DC ouput voltage, Eo, despite varia-
tions in Ein and load current. Although the static regu-
lation, dynamic regulation, and ripple rejection of this
type of regulator cannot be as easily optimized as they
can in a continuous (so-called “‘dissipative”) series
regulator, its efficiency, power density (Watts output
per cubic inch) and economy are all markedly superior
to the series regulator . . . particularly for low-voltage,
high-current supplies. Unlike a series regulator, it
maintains high efficiency with high input voltages.
Switching regulators can thus be employed with high
efficiency to derive low voltage outputs from a high
voltage unregulated supply.

All of these advantages derive from the method of
regulating the output voltage: by varying the duty
cycle of a power-transistor switch, rather than varying
the voltage drop across a power transistor operating
in the linear mode. Because the switch (Q1 in Figure
1) is always in the saturated state when it is conduct-
ing, and is otherwise completely non-conducting (ex-
cept for a brief commutation time between the ON and
OFF states), the power dissipated in the regulator is
much lower than it would be in a series regulator for
the same input and output conditions.

The basic switching regulator circuit functions
as follows:

The control circuit causes transistor switch, Q1, to
switch on and off at a predetermined frequency, f.
During the time that Q1 is on, t., the input voltage,
Ein, is applied to the input of the LC filter, causing
current iy to increase. When.Q1 is off, the energy
stored in the inductor, L, maintains current flow to the
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and Characterized

load, circulating through “‘catch’’ diode D1. The input
of the LC filter is now at zero Volts, i; decreases to
its original value and the cycle repeats.

The output voltage, Eo, will equal the time average of
the voltage at the input of the LC filter:

Eo = Eint./7
where: 7 = 1/f

The control circuit senses and regulates Eo by con-
trolling the duty cycle, &« = t./7. If Ein increases,
the control circuit will cause a corresponding reduc-
tion in the duty cycle, «, so as to maintain a constant
Eo.

Eo = a Ein

Ein FROM SENSING

[

Figure 1. Switching Regulator Basic Configuration

AN
CONTROL CIRCUITS

* PRINTED INUSA.



APPLICATION NOTE U-68A
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o Ein
----- Ein—Eo
- ton tort
Figure 2a — - — _Eo)_1f/ Eo
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Figure 2e [\ O Aww = A - ESR
VESR \/ \/
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Figure 2f
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Ae, Ae, = Avc OR Aves, whichever is greater.
NOTE: See Appendix A for rigorous analysis and justification
Figure 2. Switching Regulator Waveforms
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Figure 2 shows some of the important waveforms and
equations which define the operation of the switching
regulator power circuit. The following discussion is
based on several simplifying assumptions which are
explained and justified or corrected in Appendix A.
The most significant assumptions are to neglect the
saturation voltage of Q1, the forward drop of D1, and
the series loss resistance, Rs, of the inductor, L.

Figure 2a shows the voltage across inductor, L, which
equals (Ein — Eo) during t,, and (—Eo) during t..
Under equilibrium conditions, when output load cur-
rent, lo, is constant, the average voltage across L
must, by definition, equal zero.

Figure 2b shows the current iy through the inductor.
Under equilibrium output current conditions, the in-
crease in current during t,, Aii, must equal the de-
crease in current during to. The average value of iy
equals the output current, lo.

Figure 2c shows current i, through the capacitor,
which is equal to (ii — lo). The average value of
i, = 0, and Ai, = Ai;. Current i, causes a ripple volt-
age to appear at the output. The output ripple voltage,
e,, has two components, a capacitive component, vc,
and a resistive component, vesz, caused by the equiv-
alent series resistance of the capacitor.

Figure 2d shows the capacitive component, vc, of the
ripple voltage, which is the time integral of the capaci-
tor current, i.. Note that vc is the integral of a triangular
wave, and is not sinusoidal. Also note that v¢ is in
“"quadrature” with i,, in the sense that vc min and vc
max occur at times A and B, midway in the t,, and to
intervals, when iz is zero. The total charge, AQ flowing
into C is computed graphically by finding the area of
the triangular current waveform between time A and
time B (Area = %2 bh; AQ = Y2 X 7/2 X Aiz/2). The
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peak to peak capacitive ripple component Avc =
AQ/C = Ai,/8fC. (The factor 8f for a triangular cur-
rent waveform is comparable to 2#f for a sinusoidal
input current.)

Figure 2e shows the resistive component, veg, of the
ripple voltage which simply equals i, x ESR, and is
in phase with i».

Figure 2f, the total output ripple voltage, e,, is the sum
of the waveforms in Figures 2d and 2e. Note that since
Ve and vesg @re in quadrature, the greater of these two
components dominates, and for all practical purposes
the peak to peak output ripple voltage, Ae,, is equal to
either Avc or Avegsr Whichever is greater.

The magnitude of vz in comparison with ve shown in
these waveforms is not exaggerated. Indeed, when
designing a switching regulator to operate at frequen-
cies greater than 20 kHz in order to achieve small size
and low cost in the L and C filter elements, the ESR of
the capacitor usually dominates completely. Even
when high quality capacitors (low ESR) are employed,
it is usually necessary to use a larger capacitance
value than would otherwise be required in order to
realize the ESR required to achieve the ripple objec-
tive of the design.

With conventional free running switching regulator
control circuits, capacitor ESR also causes very sig-
nificant departure from the design frequency, which
can result in large ripple magnitude, inductor satura-
tion, and switching transistor failure. In the circuits
developed at Unitrode and presented in the next
section, the frequency-variation effect caused by ESR
is effectively eliminated, leaving only the ripple con-
sideration.

Detailed design considerations for switching regulator
power circuits are contained in Section 1V.
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Il. Applications Circuits for Switching Regulators

The design and performance of conventional switch-
ing regu'ators are usually dominated by the ESR of the
output capacitor. However, in the group of circuits
described in this section, the following parametric re-
lationships and circuit characteristics are easily and
economically attained:

e The switching frequency may be selected
and established at the optimum value for the
switching components, and will be inde-
pendent of the value of the ESR of the output
capacitor.

¢ The value of t,; is held relatively constant,
over wide ranges of load current and input
voltage, and independent of the ESR of the
output capacitor. Constant t. results in con-
stant ripple current and output ripple voltage.

e Settable overcurrent limiting is provided,
thereby protecting both the load and the
switching transistors under all conditions,
and preventing saturation of the power in-
ductor during the startup transient period,
thereby minimizing startup overshoot.

e The overcurrent limiting circuit is significantly
lower in dissipation than conventional
current-limit-feedback arrangements.

¢ Thedrive currentto the power output (switch)
stage is regulated to a pre-determined value,
for best efficiency and optimum switching
speed. Drive current is automatically in-
creased at low temperatures and decreased
at high temperatures, thereby maintaining
optimum drive conditions for the power
switch.

Note that, although the use of this circuit approach
permits essentially constant *'t."* operation even with
capacitors having relatively high ESR, the output
ripple voltage is increased by high ESR. (If the ripple

developed across ESR is significantly larger than that -

developed across C, then the ripple is essentially
proportional to ESR.)

Not all of the circuits that follow have all of the virtues
listed above, but the exceptions will be noted. Figure
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3 typifies this family of regulators. It is shown imple-
mented by the popular LM305 regulator IC, and a
Unitrode Series PIC600 Hybrid Power Switch, com-
prising a quasi-Darlington switching transistor, a fast
recovery catch diode, and transistor bias resistors,
all matched for optimum efficiency and switching
speed (up to 100 kHz without derating). The configura-
tion of Figure 3 is a positive output regulator, with
performance characteristics as follows:

Ein = 20to40V
Eo = 5V = 1%
Ae, = 100mV p-p (2% p-pripple)
lo = 2to10A
Isc = 12A
Regulation versus Ein (20 to 40V) <25 mV

Transient Recovery Time for step change in load
current from 2A to 10A, or 10A to 2A <150
usec.

f = 50kHz nominal
Efficiency >70%

The circuit of Figure 3 operates in the fixed-off-time
mode; hence, output ripple is independent of input
voltage over wide ranges. In this circuit, two feedback
signal paths are provided:

e DC Feedback. A fraction of the DC output
voltage, Eo, is fed back to the inverting input
of the LM305 through voltage divider R1, R2.
The DC voltage at the inverting input is com-
pared to a reference voltage (approximately
1.8V) within the LM305, and the LM305 regu-
lates Eo so that the voltage fed back to the
inverting input is essentially equal to the built
in reference voltage. The R1, R2 divider ratio
therefore establishes the level of the DC out-
put voltage, Eo. Resistor R5 improves output
voltage regulation versus input voltage
changes by feeding a small compensating
voltage proportional to the input voltage into
the inverting input of the LM305.
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e AC Feedback. Capacitor C1 feeds back an AC
voltage waveform to the inverting input of the
LM305. This voltage is proportional to the out-
put ripple voltage plus the AC voltage- devel-
oped across Ry, Ae, 4+ Avg,.

Capacitor C2 feeds back an AC voltage to the
non-inverting input of the LM305. This voltage
is proportional to the output ripple voltage plus
the AC voltage across R3, Ae, + Vg;.

When the circuit values are properly established, the
same fraction of Ae, is fed back to both inverting and
non-inverting inputs, thereby effectively cancelling.
The operation of the switching regulator is thus ren-
dered independent of the output ripple voltage de-
veloped across the C or ESR of the output capacitor.

Since the Ae, components cancel each other, the
LMB305 essentially compares Avg, at the inverting input
to Avg; at the non-inverting input. Voltage Avg; is a
rectangular waveform with a peak-to-peak amplitude
equal to | drive X R3, where | drive is the base drive
to the hybrid switching transistor provided by the
LM305, and Av, is a triangular waveform with a peak-
to-peak amplitude equal fo Ai; X R,, where Ai; is
the ripple current through inductor L. When the drive
current is on, Avg; is at its peak positive amplitude. As
i1 increases, vy increases proportionately. When the
positive amplitude of Avg reaches Avg,, this causes
the LM305 to switch off the drive current, Avg; imme-
diately drops to its peak negative amplitude, and iy
starts to fall. When Avg, reaches a negative amplitude
equal to Avg;, the LM305 switches the drive current
back on, and the process repeats. In this manner, the
LM305 controls the power switch so that Aiy is fixed.
Since t,; = Aiy X L/Eo, with fixed values of L and
Eo, t. is fixed and independent of changes in Ein
or capacitor C or ESR values.

R4, connected between pins 1 and 8 of the LM305,
establishes the desired level of base drive for the
PIC600 Series Hybrid Power Switch, and determines
the hysteresis voltage across R3.
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Current-limiting action is provided by transistor Q1,
the collector of which is connected to the “gate” or
“inhibit" terminal of the LM305 (pin 7). When the load
current is normal, Q1 is cut off and pin 7 floats; but
when the voltage drop across R, increases to a value
greater than the sum of Vg (Q1) and vg;, Q1 turns on,
cutting off the drive current from the LM305 and, ulti-
mately, the power switch. This cutoff action is made to
“latch” by the fact that, with the drive cut off, v, dis-
appears. This keeps Q1 on, until the current through
R drops significantly — enough to make the voltage
drop across R, fall below the Vg of Q1.

The current through R,, following such an overload
cutoff action, falls linearly at the rate of Eo/L. When
Q1 is cut off, drive current is restored. The circuit will
then continue to switch on and off at a frequency com-
parable to normal operation, with the average current
limited at the design limit, and power dissipation held
to safe values.

I e i

o))
2N2222

R
R3 >0.06

—O ‘ Eout

A1
368K

— Co
A 240 ufd
00252

2
38K

Figure 3. Positive Voltage Switching Regulator
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Transient response of the switching regulator of
Figure 3 is shown in Figures 4, 5, and 6.

Output 4

Volts /

0 100 200 300 400 500
Time. usec

Figure 4. Ein from 0 to 25V

‘\\M/"m "\AAAIAANAAANAY

Output
Volts

100 200 300 400 500
Time. usec

Figure 5. lo from 4A to 10A

5 AL”AA A A
NAANY NI

Output N
Volts

100 200 300 400 500
Time, usec

Figure 6. lo from 10A to 4A

It is usually necessary to employ a noise filtering
capacitor across the input of any switching regulator.
This functions to prevent the steep waveform of the

UNITRODE CORPORATION ¢« 5 FORBES ROAD
LEXINGTON, MA 02173 « TEL. (617) 861-6540
TWX (710) 326-6509 + TELEX 95-1064

U-68A

rectangular current pulse associated with the power
switch turning on and off from propagating into the
Ein supply line. The capacitance value required is a
function of the impedance characteristics of the Ein
supply and intervening wiring. Watch out for under-
damped resonance with the inductance of the input
wiring, or transient induced ringing may occur. The
input capacitor must have short leads, and the ground
side should preferably be connected directly to the
ground side of the output filter capacitor.

A 10A negative voltage switching regulator, utilizing
an LM304 and PIC600 series, is shown in Figure 7.

A reference voltage is determined by resistor R1 and
R2. The error amplifier controls the output voltage at
twice the voltage across R2. Diode D1 is used to en-
sure a potential difference of less than 2V at the un-
regulated input (pin 5) with respect to the reference
supply (pin 3). (If the unregulated supply terminal gets
more than 2V positive with respect to reference sup-
ply, the collector isolation junction of transistor Q6 of
LM304 becomes forward biased and disrupts the
reference.)

Current limiting is achieved, in Figure 7, by means of
reducing the reference voltage to ground with the
help of transistor Q1 and resistor R8, instead of turn-
ing off the base drive to the power output switch as
in Figure 3.

The functions of the rest of the components and the
operation of the switching regulator are the same as
described for Figure 3.

A positive switching regulator using a uA723 is shown
in Figure 8.

The basic performance and circuit operation is the
same as Figure 3.

The circuit shown in Figure 9 is a high voltage positive
switching regulator. Because the LM305 (like almost
all IC regulators) cannot be operated at supply voltage
in excess of 40V, this circuit uses a fraction of Ein as
a power supply for the IC circuit by means of zener
diode and current limiting resistor R9. The voltage
isolation between LM305 and power switch, and the
regulated base drive to the power switch are provided
by transistor Q2.
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The basic operation of the circuit and design ap-
proach is the same as that of a low voltage positive
switching regulator.

The circuit shown'in Figure 10 is a negative high volt-
age switching regulator.

U-68A

This circuit is similar to the low voltage negative
switching regulator-with a minor maodification. Tran-
sistor Q2, resistor R10 and R11 are all used to provide
regulated base drive to the power output stage and
also to provide the voltage isolation between power
output stage and LM305. The resistor R9 is used to

limit current through zener diode under steady state
and startup conditions.

L
224H
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r' Co
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Figure 9. High Voltage Positive Switching Regulator
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Figure 10. High Voltage Negative Switching Regulator
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IV. Designing the Power Circuit

In designing a switching regulator power supply, the
following parameters will normally be predefined.
Specific values shown for each parameter will be used
as the basis for a design example:

Eo = 5V Output Voltage

Ae, = 100mV Output Ripple Voltage,
Peak to Peak
lomax = 10A Output Current, Full Load
lomin = 2A Output Current, Minimum Load
Einmax = 40V Input Voltage, Maximum
Einmin = 20V Input Voltage, Minimum

The first step in the design is to decide on the operat-
ing frequency of the switching regulator. No concrete
rules can be given for this decision.

High frequency operation is distinctly advantageous
in that the cost, weight and volume of both L and C
filter elements are reduced. However, above the fre-
quency where the capacitor ESR exceeds its capaci-
tive reactance, no further reduction in capacitor size
or cost will occur. This frequency, in the range of 1-50
kHz, depends upon the *“'quality” of the capacitor in
terms of ESR. Above this frequency, the inductor will
continue to diminish in size and cost, although when
the inductor reaches a very small size, cost will
level off.

Operation above 20 kHz is desirable to eliminate the
possibility of audio noise.

The main factor limiting high frequency operation is
the drop in efficiency caused by switching losses in
the power switching transistor and “‘catch” diode. The
higher cost of these fast switching semiconductors re-
quired to operate efficiently at high frequencies must
be weighed against the reduced cost, size and weight
of the L and C components to arrive at the optimum
frequency for any specific application. It may be de-
sirable to work the design through at several frequen-
cies in order to make a decision.

In the specific application defined at the beginning of
this section, the power output (Eo X lo max) is 50W.
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Referring to the specification for the Unitrode PIC
625/635 Hybrid Power Switch, the DC losses (Tran-
sistor Ve, Diode Vi) under the conditions of this
application amount to 10W. The following tabulation
shows the switching losses and overall efficiency at
several frequencies.

Frequency 1 kHz 20 kHz 50 kHz 100 kHz
Power output 50 50 50 50

DC losses 10 10 10 10
Switching losses 0.05 1 2.5 5
Total power input 60.05 61 62.5 65
Realizable efficiency 83.3% 82% 80% 77%

For our example, we will choose a frequency of
50 kHz, even though the efficiency is not significantly
reduced at 100 kHz. At 100 kHz most currently avail-
able tantalum and aluminum electrolytic capacitors
begin to exhibit series inductance.

Transistors and diodes which do not have the fast
switching capabilities of the PIC 625/635 will be-
come efficiency limited at much lower frequencies.
Note that in this specific application, a dissipative
regulator design will incur power losses in the series
transistor of 350W, resulting in an efficiency of 12.5
percent!

The control circuits shown in the previous section
control the on-off switching periods by sensing and
controlling the ripple current, Aiy, through the inductor
L. This mode of operation results in a constant ripple
current and (assuming Eo and L are fixed) constant
off time, t,, independent of input voltage. The rela-
tionship between t., f, Eo, and Ein is as follows (from
Figure 2a):

tw = (1—Eo/Ein)/f

With t,; and Eo fixed by the control circuit, f will
change when Ein changes, and f will be maximum
when Ein is maximum. In our specific example,

fmax = 50kHz
Einmax = 40V
Eo = 5V

PRINTED IN U.S.A.



APPLICATION NOTE

so that:

tor = (1 — 5/40) / 50,000 = 17.5usec
Now, with t. fixed at 17.5 usec, if Ein changes to Ein
min = 20V,

~ _ (1 —Fo/Ein) _ (1-5/200 _
foin = o = T7Exioe — 43 kHz

The fact that the frequency changes slightly with Ein
is really not important, as stated earlier, because con-
stant t,; operation results in more constant output
ripple than constant frequency operation.

Having determined (or assumed) the maximum oper-
ating frequency and calculated ., we next proceed to
find specific values for L and C. L and C together form
a low pass filter which reduces the rectangular wave-
form at the filter input to a DC output voltage, Eo, with
a small amount of ripple, Ae,, superimposed. To
achieve a specified Ae, requires a specific LC prod-
uct, independent of load current. Theoretically, this
LC product can be achieved with any L/C ratio —small
L and large G, or large L and small C (or very large L
and no C at all, using instead the load resistance R, as
one element of an L/R filter). There are, however, sev-
eral practical economic and performance considera-
tions that apply to selecting specific L and C values.

It is favorable to push in the direction of small L and
large C for the following reasons:

1. Under the power and frequency ranges
commonly encountered in switching regu-
lator circuits, it costs more to store energy
in an inductor than in a capacitor. Also, an
inductor will have considerably greater
weight and volume than a capacitor with
equal energy storage capacity. Small L and
large C, within the limits defined below, will
usually result in the lowest cost, weight and
size design.

2. Small L and large C results in low ‘“surge
impedance’ of the filter, hence better tran-
sient behavior with step changes in load
current.
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3. Losses in a practical inductor are higher
than in a capacitor with equal energy stor-
age capacity (assuming low ESR). This
again argues for small L, large C.

One major objectionto alow L/C ratio is that it causes
large and sometimes intolerable overshoot in input
current and output voltage on startup, when the circuit
is first energized. Input current overshoot can saturate
the inductor and destroy the switching transistor. The
current limiting feature of the applications circuits
shown in Section Il effectively controls the startup
transient, thereby protecting all components and mini-
mizing voltage overshoot. With current limiting, this
problem is eliminated and no longer pertains to the
selection of L and C values.

Referring to Figure 2b and its associated equations,
the peak-to-peak ripple current through the inductor,
Aiy,is inversely proportional to the inductance, L. As L
is made smaller, Ai; increases. Maximum limits on Aix
determine how small L is permitted to be, as follows:

1. The instantaneous current through L ranges
between a maximum of lo + Ai;/2 and a
minimum of lo — Aiy/2. If Ai;/2 is permitted
to become larger than lo, the minimum in-
ductor current becomes a negative value.
This is impossible, since neither the switch-
ing transistor nor the ‘‘catch’ diode will
conduct. Therefore, the switching- regulator
goes into a discontinuous mode of opera-
tion which is perfectly safe, but the fre-
quency changes considerably and regula-
tion with output current changes becomes
relatively poor. The worst case considera-
tion to insure that discontinuous operation
does not occur is to make Ai1/2 equal to the
minimum load output current, lo min, or
A1 =2 lo min.

It is not practical to apply this criterion if lo
min is very small (<0.05 lo max) because
Ai, would then be very small, forcing an im-
practically large L value. In applications
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where lo min is very small, there are two
alternatives: (a) raise lo min by preload-
ing the supply, or (b) make Ai; = 2(0.05
lo max) = 0.1 lo max realizing that when
lo becomes less than 0.05 lo max, the dis-
continuous mode will occur.

2. The maximum peak current is equal to the
full load current, 1o max + Ai,/2. As L is
decreased, the corresponding increase in
Aiy will begin to cause a significant increase
in the maximum peak current. Since the in-
ductor must be designed not to saturate at
the maximum peak current, this begins to
negate the cost, size and weight advantages
of making the L value smaller. Higher peak
currents will have an adverse effect on effi-
ciency and transistor drive requirements,
and may require transistor and “‘catch” di-
odes with higher current ratings (and higher
cost). It is, therefore, recommended that
Ai1/2 be no greater than 0.25 lo max, which
will limit the maximum peak current to 1.25
lo max, or Ai; max = 0.5 lo max.

In summary:
Ai; = 2lomin, within the following
somewhat arbitrary limits:
Aigmin = 0.11o max
Aiymax = 0.5lomax

In our example, lo min = 2A, lo max = 10A. Calcu-
lating Ai; =2 lo min = 4A, which is acceptable
since Ai; max = 0.5 x 10A = 5A, and Ai; min = 0.1
X 10A = 1A.

Now that t.;; and Ai; have been determined, L can be
calculated as follows:

EoXty _ 5x%x175x10°¢
Aiy - 4

L = 21.9uH
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The final step is to determine the requirements for
the capacitor C and ESR values which will result in the
desired output ripple voltage, Ae,. Since the two com-
ponents of Ae, : Ave and Avgg, are in ‘‘quadrature”,
we can consider each component separately, with a
worst case error of less than 20 percent when both
components are equal. This much error is highly un-
likely, since the ESR component usually dominates
completely when operating at high frequencies.

From Figure 2d:

Air

C = %y

note that C varies inversely with f. In order to achieve
Avc less than the desired maximum Ae,, the minimum
value for C must be determined at the lowest fre-
quency, fui, calculated previously.

Aiy
8f.in A, Mmax
4
8 X 43 x 103 x 100 x 103
= 114 uF

Cmin =

From Figure 2e:

Aveg  Ae,max
Ain Aiy
100 x 103
4

= 0.0250

ESR max

Il

With high frequency operation, capacitor ESR usually
dominates, forcing the use of a C value much greater
than C min in order not to exceed ESR max.

Subsequent sections deal with designing the inductor
and selecting the capacitor and other components of
the switching regulator.
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V. Design of the Power Inductor

This simplified nomographic method facilitates se-
lecting the smallest core that will achieve the desired
characteristics of the power inductor. This procedure
is useful in selecting the proper core and determining
wire size, number of-turns, copper losses, and tem-
perature rise. It also permits investigating the effects
of change in assumed initial conditions and in “trim-
ming’' the design. )

A detailed analysis of this inductor design procedure
is contained in Appendix B.

Tables 1 and 2 give core parameters for a variety of
commonly used ferrite pot cores and Mo-Permalloy
toroids. (Note: There is no significance to the selec-
tion of manufacturers, nor is any intended. Many man-
ufacturers make roughly equivalent cores in these
sizes, with similar magnetic properties.)

Ferrite and Mo-Permalloy powder are excellent core
materials for the switching regulator inductor. Since
the rms AC current through the inductor is small
compared to the DC current, AC losses in the winding
and core losses will be negligible compared with DC
winding losses.

Selection of the proper core for a specific application
is a process concerned with two factors: (1) The core
must provide the desired inductance without saturat-
ing magnetically at the maximum peak overload cur-
rent, i1 max. In this respect each core has a specific
(L12),,+ energy storage capability. (2) The core must
have a window area for the winding which admits the
number of turns necessary to obtain the required in-
ductance with a wire size which will result in accepta-
ble DC losses in the winding at the full load output
current, lo. Each core has a specific (LI2)4,, capability
that will result in a specific power loss or temperature
rise.

The significant core parameters are primarily core
size and the magnetic gap in series with the flux path.
Consider a very small (for the application) ferrite pot
core with no air gap. The effective permeability, w.,
will be very large because there is no gap. Relatively
few turns will be required to achieve the desired in-
ductance, and the power loss at lo will be small, but
the core cannot store the required energy L(i max)?2
without saturating. If we introduce a gap into this core,
the energy storage capability increases (the extra
energy is actually stored in the gap, not in the ferrite
material). However, the gap causes the effective per-
meability to drop, which requires more turns of finer
wire to achieve the desired inductance. If the core is
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too small, as the gap is increased to the point required
to achieve the necessary energy storage capability
without saturating, the DC resistance of the increased
number of turns of finer wire has increased to the
point where the power dissipation and temperature
rise is too great. This conflict is resolved by going to
a larger core with appropriate gap.

To facilitate core selection, Tables 1 and 2 contain
tabulated values of (LI2),,; energy storage capability
(saturation limited) and (LI2)2sc capability (based on
power dissipation resulting in 25°C temperature rise).
These values have been calculated for various size
cores with different gaps, by methods described in
Appendix B. Also given in the tables are the power
dissipation corresponding to a 25°C rise for each core
size, and the effective window area for the winding,
Av’. Tabulated A values relate to different gaps. (A, is
the inductance index at a particular gap setting —
defined as the inductance in mH for 1000 turns.)

The optimum cores for switching regulator inductor
applications generally have quite large gaps, and
consequent relatively low A, values. This is fortuitous,
since the core properties are then dependent mostly
on the gap itself, and variations in the magnetic ma-
terials of the core are swamped out, resulting in
excellent stability and linearity. Note, however, that
in the ferrite pot core table, many of the lower A,
values are not supplied as stock items by the manu-
facturer, and the desired gap must be ground to size
on a special order basis.

Mo-Permalloy powder cores are effectively “gapped”
by the manufacturer by means of varying the amount
of non-magnetic binder that holds the Mo-Permalloy
particles together within the core, and by the size and
shape of the Mo-Permalloy particles. Thus, the ‘‘gap”
is actually distributed throughout the core material.
These cores are supplied with many different A, values
in each size.

One of the main advantages of ferrite pot cores and
ferrite E-I cores (not tabulated, but worth considering)
is that the winding is easily formed on a bobbin which
is subsequently assembled within the two-piece core
assembly. Ferrite toroids are not recommended be-
cause of the practical difficulty of introducing a gap.
Mo-Permallcy toroids are not as convenient to wind,
but this is not a serious problem as most switching
regulator inductor designs require few turns of rela-
tively heavy wire.
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Example of Inductor Design

The example shown below will illustrate the method of
solution, as drawn on the nomograph of Figure 11.

Given:
L = 21.9uH
lo = 10A
iimax = 14A (current limited)
"Eo x lo = 50W (output of regulator)

Copper losses not to exceed 1% of
output power, and temperature rise of
inductor not to exceed 25°C.

Step 1: Draw line @ from lo = 10A on the "I"" scale,
to 0.0219 mH (21.9 uH) on the ““L" scale through the
“LI2" scale..Note that LI,2 = 2.19 millijoules.

Step 2: Draw line @ from iy max = 14A on the “|"”
scale to the 0.0219 mH on the “'L" scale through the
“LI2" scale. Note that L(i; max)2 =4.3 millijoules.

Step 3: Find the smallest core in Tables 1 or 2 that has
(LI12)25¢ capability greater than LI,2 defined in step 1,
and (LI2),,; capability greater than L(iimax)2 defined in
step 2. This appears to be a 2616-3B7 pot core with
A, = 160 from Table 1, or an A-291061-2 toroid from
Table 2.

Step 4: Actual temperature rise of the core and power
loss can be calculated as follows:

Temperature rise of pot core;

LI.2 (step 1)
(LI2)25c from core table
219
2.288

Actual AT = 25°C

25°C x

24°C
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Power loss in inductor;
Ll2

(L12)2sc

_ 219

= 0.547 x 5588 w
= 0.524W

Actual power loss in the inductor as a percentage of
the power output of the switching regulator is:

PwX 100% _ 0.524 x 100% o
Eoxlo 50 = 1.05%

If power losses are not acceptable, then select a core
with higher (L12)2s¢c capability.

Step 5: In the nomogram, draw line @ from 0.0219
mH on the "L" scale through A, = 160 on A" scale
to the "“N"" scale. Note that 12 turns are required to
obtain the desired inductance.

Step 6: Enter the Ay’ = 0.193 from the table for the
core selected on the “Ay" scale. Draw @ from "N"
scale where N = 12 through Ay’ = 0.193 to the "wire
size'" scale. From this scale, note that wire size is
AWG 15.2. Select the next highest integer, AWG 16,
in order to fit within the available window area. This
will result in a slight increase in power loss and tem-
perature rise.

Actual Pyy = Pasc X

The same procedure applies if a toroid is selected
instead of a pot core.

If both the LI,2 and L(iymax)2 values calculated in
steps 1 and 2 are less than the appropriate limiting
(LI2) values for the core selected, it is suggested that
the L value of the application be increased until one
or the other of the core limits is reached. This will
permit reduction of Ai;, and reduce the requirements
of the output capacitor.
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Table 1. Ferrite Pot Cores
Power Dissipation
Dissipation Window Area Inductor Saturation Limit
Ferroxcube Dimensions 25°C rise 0.65 Aw Index Limit 25°C rise
Part No. (inches)’ (watts) (cm?) (mJ) (mJ)
(oD) (HT) (Pzsc) (Aw)) (A) ((L19),,1) ((LP)zs5c)
1107-A100-3B7 0.445 0.264 0.100 0.034 100 0.200 0.077
1107-A160-3B7 0.445 0.264 0.100 0.034 160 0.144 0.124
1408-A100-3B7 0.559 0.334 0.158 0.063 100 0.490 0.180
1408-A160-3B7 0.559 0.334 0.158 0.063 160 0.324 0.288
1811-A160-3B7 0.716 0.428 0.259 0.122 160 1.02 0.719
2213-A160-3B7 0.858 0.538 0.358 0.193 160 212 1.32
2616- * -3B7 1.024 0.640 0.547 0.263 160" 5.06 2.29
2616-A250-3B7 1.024 0.640 0.547 0.263 250 3.24 3.58
3019- * -3B7 1.201 0.754 0.754 0.382 200" 8.57 4.90
3622- * -3B7 1.418 0.880 1.04 0.486 200" 18.4 7.21
4229- * -3B7 1.697 1.16 1.60 0.910 200" 31.8 17.9
*Indicates not stock item. Gap must be ground to obtain desired A, .
Table 2. Mo-Permalloy Toroids
Power Dissipation
Dissipation Window Area Inductor Saturation Limit
Arnold Dimensions 25°C rise 0.5 Aw Index Limit 25°C rise
Part No. (inches) (watts) (cm?) (mJ) (mJ)
(0D) (HT) (Pasc) (Aw)) (AL) (L)) ((LP)2sc)
A-307032-2 0.425 0.180 0.072 0.082 32 0.180 0.065
A-051027-2 0.530 0.217 0.125 0.192 27 0.296 0.199
A-189043-2 0.710 0.280 0.209 0.319 43 0.782 0.659
A-059043-2 0.930 0.330 0.346 0.703 43 1.55 2.06
A-894075-2 1.09 0.472 0.520 0.781 75 3.40 4.32
A-291061-2 1.33 0.457 0.708 1.47 61 4.54 8.97
A-298028-2 1.33 0.457 0.708 1.47 28 9.90 4.12
A-085035-2 1.60 0.605 1.04 2.14 35 201 8.65
A-087059-2 1.875 0.745 1.48 2.14 59 40.2 16.0
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1. Power Switching Components

Voltage ratings of the power switching transistor and
catch diode must be greater than the maximum' input
voltage, Ein, including any transient voltages that may
appear at the input of the switching regulator. Low
transistor Vce..: and diode Ve at full load output current
are important considerations to maintain high effi-
ciency (Ref efficiency calculations — Appendix A).

Fast switching diodes and transistors are required to
maintain good efficiency in high frequency switching
regulators. Transistor switching losses become sig-
nificant when combined rise time plus fall time ex-
ceeds approximately 0.025 x 7. Thus, for 50 kHz
operation, t. + t; should be approximately 0.5 usec
or less. Transistor delay and storage times do not
affect efficiency, but cause delays in turn on and turn
off resulting in lowering the frequency of operation
and increasing ripple. Combined ty + t, should be
lessthan 0.05 x 7.

Unitrode manufactures a broad variety of fast switching
power transistors and Darlingtons, which are listed in
the Power Transistor & Darlington Product Selection
Guide. Their combinational high voltage, high current,
low saturation voltage and medium to fast switching
characteristics make them ideal for this application.

The diode reverse recovery time must be no more
than about half the current rise time through the tran-
sistor. If this requirement is not met, large amplitude
reverse recovery current spikes will be drawn from the
input power supply causing severe EMI problems.
Large transient currents through the transistor may
cause degradation or second breakdown. Referring to
Figure 1, Section I, during the time that the transistor
is off, the catch diode is conducting the output current,
lo, and the transistor V¢ equals Ein. When base drive
is applied to the transistor to turn it on, current through
the transistor rises from 0 to lo. During this current rise
time interval, t,;, the diode remains in forward.conduc-
tion, but the diode current declines from lo to 0, since
the inductor maintains the total current at a constant
value equal to lo. If the diode has recovered at the end
of the t,; interval, the voltage across the transistor will
start to decrease and the diode will go into the reverse
direction. This period of time is the transistor voltage
rise time interval, t.,, which is terminated when the
transistor Ve reaches Vee.,s and the diode Vi reaches
Ein. If the diode has not recovered at the end of the t;
interval, it will remain a low impedance instead of pro-
ceeding smoothly into the reverse direction. Transistor
current will increase well above lo until the diode
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VI. Component Selection

recovers, pulling the additional current through the
diode in the reverse direction.

This problem has probably caused more grief in
switching regulator applications than any other, and
almost completely dominates diode selection. Diode
switching losses will be completely negligible if the
diode is fast enough to minimize the recovery prob-
lem, i.e., two to three times faster than the transistor
turn-on rate.

Unitrode UES rectifiers, listed in the Rectifier Product
Selection Guide, are uniquely suited to this type of
application. With low forward drop and typical recovery
time of 20 nsec from forward currents as high as 50A,
they cause no discernible recovery spike when used in
conjunction with Unitrode’s medium frequency switch-
ing transistors.

Unitrode PIC600 Hybrid Power Switches summarized
in the Switching Regulator Power Circuits Product Se-
lection Guide combine in a single package the UES
rectifier and power switching transistor with its associ-
ated drive transistor and bias resistors. Power transis-
tor, drive transistor and rectifier are matched to
optimize switching speeds and V¢e <. Available in NPN
and PNP versions, the PIC600 series can operate at 50
kHz with only 2.5 percent loss of efficiency compared
with operation at lower frequencies. Significant reduc-
tion of EMI can be achieved because of the reduction of
circuit wiring.

2. Output Filter Capacitor.

The most difficult component selection problem for
high frequency switching regulator applications is to
find and specify an output capacitor with suitably low
ESR. Most tantalum and aluminum electrolytic capaci-
tor types do not have ESR specifications (probably
because ESR is not very good). In some cases, the
dissipation factor, DF, is given in the specification.
However, DF is usually specified at 60 Hz, which is
more indicative of effective parallel resistance, and is
virtually useless in determining ESR. When DF is
specified at 1 kHz or higher, it may be used to deter-

mine ESR: DF (%) x 0.01

o) X U.U

ESR = 2miC

The power circuit design example given in Section IV
requires an output capacitor with C,;, of 114 ufd and
ESR.,.. of 0.025Q. The capacitor which comes closest
to meeting this requirement (after a limited search) is
solid tantalum, Mallory THF, 120 ufd @ 10V. This
capacitor has a max DF of 8% at 1 kHz, which defines
ESR... = 0.106Q. ESR is typically 0.05Q. Two of

DF (%) x 0.01 X X¢ =
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these capacitors in parallel are required, based on
typical ESR, to achieve an ESR of 0.025Q; four in
parallel are required, based on ESR.,, of the capacitor.
The aluminum electrolytic which comes closest (again
based on a limited search) is the Sprague 672D series,
1000 ufd @ 12V, which has an ESR.,. of 0.065Q @
50 kHz. Typical ESR is 0.025. In either case, a much
larger C value is required in order to achieve the de-
sired ESR. This does have the advantage of reducing
transient voltage changes with sudden changes in
load current.

It is worth noting again that with the control circuits
shown in Section Il (unlike conventional switching
regulator control circuits), the operating frequency
will remain relatively constant, regardless of ESR, al-
though the output ripple voltage will vary directly with
ESR. In some cases, it may be economically advan-
tageous to increase the value of L (and the size and
cost of the inductor) in order to reduce ripple
current, Aiis = Ai», and thereby increase the ESR,.
requirement.

In addition to considering the C and ESR values and
appropriate voltage derating for the application, most
capacitors have maximum RMS ripple current or max
RMS ripple voltage ratings which should not be ex-
ceeded. Actual RMS ripple current and voltage in the
application can be calculated as follows:

Ae,p-p/3.0

Aeorus =

Aigus =
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In the design example of Section IV, Ag,rus = 0.033V,
which is less than the 0.05V max ripple rating of the
10V Mallory THF capacitor, and Airms = 1.14A, which
is less than the 2.47A max ripple current rating of the
1000 ufd, 12V Sprague 672D capacitor.

Series inductance of the capacitor is usually not sig-
nificant compared to ESR at frequencies below 100
kHz. However, inductance can become dominant if
good wiring practices are not followed. Specifically,
the ground side of the catch diode should be returned
directly and as close as possible to the ground side of
the capacitor, and capacitor lead length including
circuit wiring on both sides of the capacitor should
be minimized.

3. Control Amplifier and Reference.

Control circuits for switching regulators can be de-
signed around IC operational amplifiers and separate
voltage references, or around low power voltage regu-
lator IC's which have built-in references. Voltage reg-
ulator IC’s such as the LM304, LM305, and nuA723
have the added advantage that the output current they
provide to drive the power switching transistor can be
caused to diminish at higher temperatures, which
conforms to the transistor drive requirements vs. tem-
perature and helps to maintain optimum switching
speeds over a range of temperatures. Amplifiers used
in the control circuit should be uncompensated in or-
der to obtain fast switching speeds, otherwise the
delay times introduced will result in lower frequency
operation and larger ripple amplitudes, and may
cause circuit instability.
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The design equations for the switching regulator
power circuit used throughout this design guide were
based on several simplifying assumptions, which will
now be dealt with.

The simplified equations neglected the effect of
““catch” diode forward drop, Vg, transistor saturation
voltage, V.., and the IR drops in the inductor and cur-
" rent sensing resistor, lo Ry. If a design is implemented
using the values of L, C, ESR, and Ai derived from the
simplified equations, then t,,, t., f, and Ae, will differ
from the design values because of the effect of the
simplifying assumptions as follows, from Figure 2b:

Simplified :

Al = (Ein —LEo)ton ™)
Exact :

Ay = (Ein — Eo — \Ifsa. — 10 Rter @)
Simplified :

Ay = S @
Exact .

A, = (Eo 4+ Vp + 10 R)ter”

L 4)

Note that Ai, is fixed, because the control circuit con-
trols this value directly. Instead of the original design
values of t,, and t,4, actual values t,/ and t, will be
observed. Since Ai; is fixed, we can equate Equations
(1)to (2) and (3) to (4):
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Appendix A
Analysis of Power Circuit

(Ein — E0)

th’\,

. ~ (Bn—Eo_V,_lomy 2™
torf Eo
toN - Eo + VD + IORx

Although the actual t.«/ is less than the assumed toy,
to’ is greater than the assumed t,,, so that their net
effect on the operating frequency is reduced. In the
worst.case, when Eo is small (5V) and Ein is high
(50V), the actual frequency will be 25 percent higher
than the original assumed frequency, resulting in a
very slight drop in efficiency. Output ripple compo-
nent Avc will be smaller because of the higher fre-
quency, and Aveg Will not change because Al is fixed.
Component tolerances will result in larger deviations
than those caused by the use of the simplified
equations.

The only other assumption that could have possible
significance is that the transistor switching times
are negligible at the highest frequency of operation.
The validity of this assumption is normally assured
by selecting appropriate devices (see Section VI).
This also applies to the speed of the control circuit.
If delay time through the control circuit in addition to
transistor turn-on and turn-off times is significant with
respect to the total period, 7, the consequent delay in
turning the power circuit on and off will cause a pro-
portional increase in Ai1 and Ae,, and a proportional
decrease in frequency.
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Efficiency Calculations: The efficiency of a switching
regulator depends upon the factors given in the fol-
lowing equation:

Pout . 100%

Efficiency = Pin

_ Eo x lo
T Eoxlo+Pr+Po+pr+po+ P+ P+ pe+ P

Note that the worst case for each factor does not
necessarily occur under the same conditions.

1. DC Losses — Transistor. (Worst case when Ein is
lowest because t,, is largest.)

ty,

Pr = Ve X lo X
where: Lo = EQ
T Ein
2. DC Losses — Diode. (Worst case when Ein is
highest.)
toff
Po = Ve x lo x =2
where: Loig = 1—E—.o
T Ein

3. Switching Losses — Transistor. (Worst case when
Ein is high. t4 + t, do not contribute to power
losses.)

e b+t
pr = Einxlo 5y

where: o= t, +t, b=t g
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4. Switching Losses — Diode.

This is a very complex calculation if diode recovery
time is not much smaller than the transistor rise time,
because the diode will short-circuit the power supply
prior to turn-off, affecting the transistor dissipation,
possibly causing second breakdown, and generating
intolerable EMI. By using a diode whose recovery time
is not more than half the transistor rise time, all these
problems become negligible.

5. DC Losses — Inductor. (AC losses are negligible
when Ai; is small compared to 10.)

PL = lo2x Rs

where: Rs is equal to effective series resistance of

inductor.

6. DC Losses — Current Sense Resistor. (AC losses
negligible when Ai1 is small compared to lo.)

pp = l02x R,

7. AC Losses — Capacitor. (Usually negligible.)

112
A EsR

Pe = 35

8. Control Circuit Losses. (Base drive to switching
transistor is dominant, but usually negligible.)

Pe = Ein><|b><t—;D = Eoxl,
ton Eo
where: = = ==
T Ein
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Appendix B

U-68A

Analysis of Power Inductor Design

This appendix describes the methods used to develop
the core tables given in Section V and the nomo-
graphic method for design of the power inductor. Core
parameters for any cores not listed in the tables can
be derived from the equations given.

The following equations provide the basis for this
design approach. Equation (1a) defines the value of
inductance, L, in terms of basic core parameters and
the total number of turns, N, wound on the core:

L = N2x0dmpfex 105 mH  (1a)
where: u = effective permeability of core
. = effective magnetic path length —
cm
A. = effective magnetic cross section—

cm2

For most standard cores, the above calculation has
been simplified by listing the compound parameter
A, called the “inductor index”’, as follows:

L = N2A x 106 mH (1b)

where: A 0.47T/J.QA—9X1O mH for 1000 turns

Multiplying both sides of Equation (1b) by 12,
LIz (N)2A x 1078

millijoules (2)
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Core Saturation Limits.

Any specific core has a maximum ampere-turn, NI,
capability limited by magnetic saturation of the core
material. (Nl),,; is listed in some core catalogs, in
which case the maximum (LI2),,; capability of the core
can be calculated from Equation (2). (Nl)., is related
to the saturation flux density, B..;, as follows:

Bsat Ae
(Nl)sai 1 O Al_

Substituting Equation (3) into (2),
B2 A2 x 1074
Y )
Values of (LI2),,, are given for each core represented
in Tables 1 and 2 of Section IIl. Equation (2) or (4) was
employed, using values for either B, or NI which
would result in a reduction of A_ (and L) of 20 percent
under maximum overload conditions, according to the
core manufacturer’'s data. The core selected for an
application must have an (LI?),: value greater than
L(i1 max)? to insure that the core will not saturate
under maximum peak overload current conditions.

ampere-turns

@)

(LI12)gar millijoules

Power Dissipation and Temperature Rise Limits.

In switching regulator applications, the AC current
component is small compared to the DC current
through the power inductor. Power dissipation in the
inductor is almost entirely DC losses in the winding.
DC resistance of the winding, R, is calculated from
the following:
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R, = p%w N ohms (5)
where: 9, = mean length of turn—cm
A, = effective area of wire —cm?
p = resistivity of wire —Q-cm

Core geometry provides a certain window area, Ay,
for the winding, but only a fraction of this area can be
occupied by the actual conductor. The effective win-
dow area, Ay’ is taken as 0.5 Ay for toroids, and 0.65
Aw for pot cores. This allows for wasted area of uni-
formly wound round wire with HF insulation, allows
for the fact that the central fourth of the window area of
a toroid cannot practically be filled, and allows for a
single section bobbin in the case of the pot core. The
number of turns, area of wire, and effective window
area of a fully wound core are related by:

— Aw’ 2
A = N M (6)
Substituting Equation (6) into (5):
R. = p-QW—,NZ ohms (7)
Aw

Multiplying both sides of Equation (7) by 12, the power
dissipation in the winding, P, , is:

2R, = Iz’p:W N2 Watts

(8)

’
W
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Substituting for N from Equation (1b), and rearranging:

AAW

T (9)
Equation (9) shows that the LI2 capability is directly
related to, and is limited by the maximum permissible
power dissipation. Using a value for P, that will result
in a 25°C rise in the temperature of the inductor,
values of (LI2)2sc are calculated for each core in
Tables 1 and 2 of Section lil. For these calculations,
resistivity, p, is assumed to be 1.9 x 1076 Q-cm, the
resistivity of copper wire at 65°C. The power dissipa-
tion that will result in a 25°C rise is calculated and
tabulated for each core as follows:

LI2 = x 106

Py millijoules

AT = 850—2—L °C (10)
where: AT = temperaturerise

AS =
The factor 850 in the- above equation represents a
temperature rise of 850°C for 1W power dissipation
from 1 cm? surface area, empirically determined for
natural convection cooling. The surface area, A, used
in the calculation is taken as the top and sides of the
inductor, ignoring the mounted pottom surface. Sub-
stituting a temperature rise of 25°C:
25 X A,

= 850 Watts

surface area of inductor —cm?2

Pasc

(amn
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Appendix C

Analysis of Application Circuits

The design equations for the critical components and
operating parameters of Figure 3, Section llI, are
given below, for the following design objectives:

Eo = +5V

Ae, = 100mVp-p

Ein = 20V min, 40V max

lo = 2Amin, 10A max
CurrentLimit = 14A max peak

Using the procedure described in Section IV, the fol-
lowing parameters were established:

f = 50kHz (nominal)

tor = 17.5pusec
L = 22uH
C = 120 uF min
ESR of capacitor = 0.025 (Qmax
Aiin = 4A

From the manufacturer's design data for the LM305,
we know that: the internal reference voltage, V., is
1.8V, nominal; the impedance of the inverting input is
very high; the threshold level of the drive-current-
limiting circuit is 0.30V; and the impedance of the non-
inverting input (Rin) is 2.4K, nominal.

From the Unitrode data for the PIC625 Hybrid Power
Switch, the drive current (I drive) required for
lo = 10Ais 30 mA. The Vi of Q1 is taken as 0.6V,

First, we may calculate the values R1 and R2 of the
output divider. We will make the effective parallel re-
sistance of R1 and R2 equal to 2.4K, so that the
impedance at the inverting input will be approximately
the same as the noninverting input of the LM305:

R2 _ Vref _ 18
R1+ R2 Eo =~ 5
R1R2 )
m = Rin = 24K
The resulting values are R1 = 6.8K, R2 = 3.8K.

R2 may be trimmed for precise setting of Eo.

C1 and C2 function to provide negative and positive
AC feedback, and should be large enough to result in
small losses to the AC signals. Assuming that Rin =
(R1 x R2)/(R1 + R2), the vaiue of C1 should be
twice the value of C2, so that the negative feedback
will be dominant over positive feedback at all frequen-
cies, thereby ensuring circuit stability. The following
relationships satisfy these conditions:
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1 :
Rinxf

= 2xC2

c2 C1 =

f =

These equations are satisfied by C2 ~ 0.01 uF and
C1 = 0.02 uF. Making C1 and C2 too large will have
an adverse effect on transient recovery time of the
switching regulator.

where: the nominal switching frequency.

R4 is calculated from the threshold voltage of the
LM305 drive current limiting circuit and the required
base drive current.

0.3V
0.03A

R4 = Vlhreghold -
| drive

10Q

Current sampling resistor R, is determined by the de-
sired short circuit current limit and the Vg of Q1. As
described in Section Ill, under current overload con-
ditions, current i; ranges between two values. The
maximum instantaneous overload current is defined
by: i1 X R = Vi + Vi The minimum instantaneous
overload current is defined by: i1 X R, = V5.

Since Aiy has been previously defined as 4A p-p, if
we assume a minimum value of 10A for i; under over-
load conditions, then the maximum peak overload
value for iy will be 14A, and the average value of
i1 = lo under overload conditions is 12A.

A Vie _ 08V _

i1 (min overload) 10A 0.060

Power dissipation in R, will be 6W under full load con-
ditions, and 8.64W under overload conditions.

R3 determines Air under overload conditions as well
as for normal operation of the switching regulator:

R3 X Idrive = R| X A|1

R|XA]1

larive

0.06 x 4
0.030

R3 = 80

The value of R5 is determined empirically to optimize
regulation versus changes in Ein. With R5 omitted, Eo
changes approximately 70 mV when Ein is changed
from 20V to 40V. With R5 = 1.2 MQ, the change in
Eo is reduced to less than 25 mV.
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THE IMPORTANCE OF RECTIFIER CHARACTERISTICS IN SWITCHING
POWER SUPPLY DESIGN

With the increasing interest in switching regulated
power supplies designers have directed much of their
effort to selecting transistors with low switching losses
and adequate power handling capability. While recog-
nizing that they must use fast recovery rectifiers, less
attention has been given to “how fast” or “what type of
recovery characteristic” is desired. More detailed
knowledge of rectifier behavior allows determination of
the magnitude of increased losses and stress on the
transistor by the non-ideal diode. By choosing the best
available rectifier, transistor stress can be minimal,
thereby resulting in higher reliability. Other benefits are:

A. Improved power supply efficiency

B. Lower noise

C. Lower cost and/or

D. Smaller size and weight

The performance of fast recitifiers in the most popular
switching circuits is discussed below.

“Switcher” inputs use available DC voltages, or
rectifiers directly off the AC line. This DC “input” is
converted by semiconductor switches operating at
high frequency in circuits such as buck, flyback or
boost regulators and in pulse-width-modulated or
square wave inverters.

Inverter output rectifiers and regulator “catch” diodes
are subject to unusual stresses due to the fast switching
rates and very low impedance seen by the diode during
the reverse transient (diode turn-off) and a momentary
high impedance during diode turn-on.

These new square wave switching supplies are limited
in efficiency and frequency by transistor stress and
switching losses, some of which is due to diode switch-
ing characteristics. Faster transistors and diodes are
helping to increase efficiency and/or frequency. At low
output voltages, and lower frequency the DC charac-
teristics (Veesay ana Vi) have the major influence on
efficiency. However, as frequency and/or input voltage
increase the switching characteristics become increas-
ingly important.
BUCK REGULATOR ANALYSIS

Ideal Diode — For better understanding consider the
buck regulator and resulting waveforms, using an ideal
diode and assuming linear current rise and fall in the
power transistor during switching. Similar consid-
erations apply to other types of switching regulator
circuits.

The transistor “on” time, t controls the conversion such
that,

(1) Vo =2V,
T

where 7 is the period. t is determined by the control
circuit which senses output voltage and controls tran-
sistor base drive.

Vi T |
fo . . O

Figure 1a

In this regulator the inductor current is essentially con-
stant as it flows alternately through the transistor or
“catch” diode. The sum of the transistor current and
diode current must always equal the current in the
inductor, which cannot change instantaneously.

At t, the diode is conducting inductor current while the
transistor is blocking the input voltage.

— N

ip ~——

ir=——0

Vs

Vo0

t ot o4 ot ot t

Pr

-0

Figure 1b

t; to t, is the current rise time t,; of the transistor. Since
inductor currentis not changing, the diode current must
decrease. The forward biased diode maintains full
input voltage across the transistor.

At t, the transistor is conducting all the inductor current
so the diode turns off and voltage across the transistor
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starts to decrease toward Vee (say-
t, to ts is the voltage rise time, t,, of the transistor.

From t; to t, the transistor is saturated and conducting
the inductor current i,.

At t, the transistor starts to turn off and Vg increases.

t, to ts is the voltage fall time t;, of the transistor. During
this time the transistor must conduct the entire inductor
current because the diode is still reverse biased. At ts
the diode is forward biased and the transistor is block-
ing the full input voltage. Diode current starts to in-
crease and the transistor current decreases, the sum
equalling i..

ts tO tg is the current fall time t;; of the transistor. Diode
current increases in a complementary manner. From tg
to t, the transistor is off and the diode is conducting all
the inductor current.

To simplify the illustration assume the inductor current
constant and equal to l,. Transistor dissipation Py is the
sum of transient switching and DC losses. Neglecting
losses due to DC leakages, which are generally negli-
gible:

Vi Io (tri + trv + tfv + tﬁ)

, Ve (san lo (ta—t)
2 T N

T

(2) Pr =

L, [V,
@B) Pr= ;_E {5 (ti + to + try + ti)+Versan (Lt—ta)}

Practical diode — Now consider how the non-ideal
diode with reverse recovery, junction capacitance, for-
ward recovery and DC loss affects the circuit of Figure
1a.

In Figure 1c the solid lines are the waveforms using a
practical diode in a buck regulator circuit. Comparing
them with the dotted lines of the ideal diode previously
considered we see three significant differences during
transient switching and one during DC conduction:

1. The peak collector current increases (above |,) dur-
ing a period of high dissipationt, tot,’.

2. Risetimest,;and t,, areincreased. (t;’ —t;) > (t, — t;)
and (ty — t') > (t; — t,).

3. Maximum collector voltage peaks up above V; briefly
atts,

4. The diode has DC loss (from ts to t;) and switching
loss (principally from t,’ to ty').

From the P; curve of Figure 1c it is obvious that tran-
sistor power dissipation increases above that of (3) due
to the “real” diode, — see the hatched regions.

The magnitude of these detrimental factors depends on
the choice of rectifier. Before considering losses more
fully let us examine the switching periods in greater
detail.
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ir—0 - 0-
t, ta
V; -
\
\ .
Vo -0 0-
\
\
\
ts
Pr —0 M 0—
! : Lot
Py -0 -
Figure 1c

TRANSISTOR TURN-ON BEHAVIOR
The transistor “turn-on transient”, when the diode is
switching from forward conduction to reverse blocking,
results in the following transistor and diode waveforms:

v
t
i :
—0 {—~ | SWITCHING
TRANSISTOR
P:—0 —
ip
VI
—0 - % _T;
§ 'RM(REC)
H CATCH
) DIODE
Py — =
Figure 2

Dashed lines show what the current and power would
be if the diode were ideal to the extent of having no

- reverse recovery time or junction capacitance. (Dotted

24
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lines show the voltage for the ideal diode case.) The
reverse diode current caused by diode capacitance
and recovered charge is shown by the cross hatched
area of the ip curve. The transistor must conduct this
reverse diode current as well as the inductor current.
The grey area represents additional transistor dissipa-
tion due solely to the diode recovered charge and
capacitance.

Faster switching transistors will not necessarily result in
reduced switching losses. Unless a diode with recov-
ery time 2 or 3 times faster than the transistor current
rise time is used, a faster transistor will increase the
peak recovery current in the diode and thus increase
overall switching losses. Furthermore, a diode with a
"“soft” recovery characteristic will cause more dissipa-
tion than an "abrupt” type with the same peak recovery
current. The relationship of recovery characteristic to
switching rate is discussed in Appendix B. With many
switching transistors now available a 200 nS fast-
recovery rectifier will have a peak recovery current
lamrecy greater than shown in the ip waveform of Fig-
ure 2, where it is about ¥3 of the forward current. This
rather modest additional collector current (of 33%
above that limited by an ideal diode) can cause in-
creased transistor power dissipation of 100 to 150%
during the turn-on period. Other serious problems can
occur from high peak currents, such as noise transients
in the line, the transistor coming-out of saturation and
forward-biased second breakdown.

Rectifiers are now available with recovery characteris-
tics to keep these problems minimal. Their use is re-
quired for a switching supply of maximum reliability and
efficiency.
TRANSISTOR TURN-OFF BEHAVIOR:

When the transistor turns off, the diode turn-on charac-
teristic usually has little effect on power dissipation but
may cause voltage spiking, with resulting noise and the

—0
an
/
/|

v, /

Figure 3
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possibility of exceeding the transistor voltage ratings.
Diode characteristics and conditions under which
these transients occur are discussed in Appendix C.
The voltage spike is due to the forward recovery
characteristic and, when present, will occur as shown
(dotted) in Figure 3. To correct it a snubber (series RC
across the diode) may be needed. However, the choice
of an optimum diode will minimize or eliminate this
need.

POWER LOSSES IN THE
SEMICONDUCTOR DEVICES
DC Losses in the buck regulator occur alternately
when the diode is forward conducting and when the
transistor is turned on. Referring to Figure 1 these inter-
vals are tg to t; and t; to t, respectively. During either
interval the dissipation is independent of input voltage,
V;,, or output voltage, V,, depending only on load current
and device voltage drop. Total circuit DC losses are a
function of V,/V; because a) this ratio relates to “on”
time and b) transistor Vegsay Will probably not equal
diode Ve. Neglecting switching intervals the dissipation
due to DC losses is:
(4) Poc = Velo V'Tivo‘f'vce sav lo \\% .

Loss of efficiency due to DC losses is greatest when V,
is low, with diode loss being more significant when V; is
relatively high and transistor loss dominating when V; is
close to V,,.

Transient (switching) losses in the regulator vary
considerably with voltage, being highest at *high line”
V; (see Eq. 3). Furthermore, high voltage transistors and
rectifiers generally have longer switching times than
low voltage types. Speed and “recovery characteristic”
(see Appendix B), and consequently losses, can vary
greatly between different device types and manufactur-
ing processes. A relationship for calculating approxi-
mate transient dissipation of practical devices during
the transistor turn-on interval is given in Appendix B.
The other component (turn-off interval) can be similarly
developed but it is not significantly affected by diode
selection. However, when transistors and/or drive
techniques are chosen for shorter fall times overall los-
ses are reduced and the benefits of optimum diode
selection become more significant. Proper diode (and
transistor) selection is important in all switching
supplies, but the higher the voltage (and frequency) the
more significant will be the effect of selection on switch-
ing losses.

OTHER SWITCHING CIRCUITS
The pulse-width-modulated inverter (PWM) supply
(Figure 4a) has much in common with the buck regu-
lator. Output rectifiers also perform the catch diode
function. Current waveforms are shown in Figure 4b,
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with overshoot due to diode reverse recovery and ca-
pacitance. Here again slow diodes cause additional
transistor stress, usually not reduced significantly by
transformer impedance. Leakage reactance will often
require the use of a snubber, to protect the transistor.

Transistor “on” time t and the turns-ratio control the
conversion such that

6V, _21 Ny,
T

Ns Dy —_—
Vo
D,
Figure 4a
y — A
—ir,——0
Al
—ir,——0
A
—ip, 0 s
A
._iD2 0 \Y
t t
T
+
t t2 ts ts ty
Figure4b

From t, to t, transistor T, and diode D, conduct, with
diode current equal to inductor current i,.

At t, the transistor turns off and the inductor “pulls” i,
equally through D,y and D,.

At ty transistor T, turns on, driving full i, through D, and
causing D, to be reversed biased. D, current is in-
creased by the recovery current of Dy, and T, current
alsoincreases proportionally.

From t, to t, both transistors are again off and at t, the
events of t; occur on the opposite device pair.

One difference between the inverter and the regulator
is that here the DC diode losses are more significant
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because they (D, and/or D,) are conducting the full
cycle regardless of V; to V, ratio. Another difference is
that here the diode recovery is from half, ratherthan full,
load current.

The square wave inverter can be considered, in terms
of device operation, a special case of the PWM where 2t
approaches 7. Regulation is achieved by varying V;.

EMI, RFI, NOISE —

Given any inductance in a circuit “loop” of wiring, a
rapid current change will generate a voltage transient,
V = L di/dt, and the energy in such a transient will vary
with the square of the current, E = ¥2LI2. The interfer-
ence and voltage spiking will be easier to filter if the
energy is low and has predominantly high frequency
components.

We can establish a priority of factors for reducing EM!:
1. lamrec) Should be as low as possible, — accomplish
by diode selection (see Appendix B and Fig. 7).

2. L (circuit loop) should be minimum, — accomplish by
layout and interconnect geometry. (See Fig. 5).

3. Use a "“soft recovery” diode (See Appendix B). How-
ever, this is an item of possible trade-off since such a
device may have longer t,,, higher lauwirec) and, thus,
create much higher switching loss.

An ultra-fast device with moderate recovery (vs. abrupt
or soft) will often be the best choice.
REDUCE EMI BY LOWERING CIRCUIT WIRING INDUCTANCE:

AR 1

Low L needed in loop shown in grey. Avoid ground loop noise by returning input capacitor
directly to diode.

Figure 5a

—_—
Steady
Current

N N
MN“\

7

Figure 5b

SELECTING THE BEST SWITCHING RECTIFIER
Ratings and characteristics have different priorities and
significance when they are to be applied to these power
switching circuits. Selection should be based on the
following:

1. Peak inverse voltage, P|V of “catch” diodes must at
least equal the highest input voltage, while PIV of
center-tap output rectifiers must be at least twice the
maximum output voltage in a square wave inverter and
much greater in the pulse width modulated inverter.
More significant perhaps are the transient voltages in
practical fast switching circuits partly due to wiring
inductance and rectifier's own recovery. Unless these
are intentionally clipped, damped, or “designed out” it
is advisable to use a safety factor of 2 or 3. PIV selected
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should apply over a range from lowest ambient to the
highest expected junction temperature.

2. Reverse recovery time t,, must be much lower than
the rise time of the transistor with which it will be used,
— preferably by at least 3 times when measured at
conditions similar to circuit operation. Selection is
complicated because rectifiers are normally specified
at conditions less severe than in power switching cir-
cuits. Furthermore, correlation between test conditions
is not always the same (see Table | of Appendix B).

Following preliminary selection from available data the
devices should be compared in a circuit developing the
highest current, junction temperature and rate of cur-
rent switching (— di/dt) expected.

The desired goal is to minimize peak recovery current
lamrec) @and switching loss. Note that these are the same
order of magnitude with Schottky rectifiers (due to high
capacitance, principally) as with the fastest PN
rectifiers. The figures below illustrate these points. Fig-
ure 6 shows the variation of peak current with switching
rate, using the Unitrode UES 801 in a special test cir-
cuit. Figure 7 shows the difference in laumec) and tr
when representative fast recovery DO-5 devices are
measured in a JEDEC test circuit at different tempera-
tures. In Figure 8 the incremental collector current (the
peak value in excess of 30 A) for a 30 A buck regulator
using 50, 100, and 200 nS catch diodes is plotted as a
function of transistor rise time (and resulting di/dt). Fig-
ures 9a, b, and ¢ show the loss of efficiency due to
transistor turn-on dissipation as a function of operating
frequency, with 3 transistor rise times and 3 diode re-
covery times, in aregulator operated with40 Vinand 10
V out. Similar figures can be developed for other condi-
tons using the model and assumptions in Appendix B.

3. Forward voltage should be as low as possible to
optimize efficiency, especially for inverter output
rectifiers and regulators with high V;/V, ratios. Loss of
efficiency due to Ve is most significant at low output
voltages. Figure 10, which relates this loss to device
choice over the range of available forward voltages,
applies to output rectifiers of inverter supplies with
popular output voltages.

Schottky rectifiers have the lowest V¢ and are therefore
widely used as output rectifiers for 5 V supplies. Their
limitations in PIV, transient voltage capability and tem-
perature must be considered when applying them in
other applications.

Selection should be based on conditions where losses
are most significant, — at rated supply output current
and anticipated junction temperature. The approximate
range of Vg, at rated current and 25°C, as well as at
more typical operating conditions, is shown in Figure 11
for representative fast rectifier types. Note that the
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Unitrode UES series is closest to the Schottky, espe-
cially at expected operating conditions.

4. Maximum average rectified output current at
maximum expected case or ambient temperature must
always be considered. Note however, that standard
current rating is based on a half sine waveform. These
square wave applications at average current equal to
this rating will usually dissipate somewhat lower power,
and, thus, be used conservatively. However, regulators
with V; < 1.5V, should use a catch diode with a higher
rating than the average current it conducts at full load.

5. Peak voltage Vi vy during forward recovery will
be of significance when using transistors with fast fall
times at close to the V¢e rating. Thisis further discussed
in Appendix C. See Table Il for typical performance of
representative devices. At lower values of di/dt the
peak voltages will be lower.

6. Surge current (8.3 mS) is not of great significance
because transistor saturation limits fault current. If the
power supply is designed to provide rapid charging of
alarge output capacitor the “overload” requirement for
the charge time (perhaps 0.1 to 2 seconds or so) must
be considered.

IRM(REC)&trr vs ﬂ
dt
CONDITIONS Iy = 10A, LINEAR SLOPE. UNITRODE UES 801 RECTIFIER
‘~ - + T+ T+ F + T+ T T
w\ \\ T 7% T
I A T
1N\
| -0—S HH-+HF - ¥
1Y
Ia +
— -t - = — —_t —— — -
i 20 ns/DIV
Figure 6 t

lamrec) & t, of DO5 FAST RECTIFIERS

di

CONDITIONS: Iy = 30A - g~ J0AS (30V JEDEC)
T
[ S A S Y O OO
I
I—S::'. /1,.7;
< T2
<~
I 3
L 4+ 4 4+ I~

T~ 20ns/DIV ]
1

Figure 7a t
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125C
1 2 3
INCREMENTAL COLLECTOR CURRENT (AT TURN-ON)
Ale vs t, (and %
B Conditions:
_____ 30A buck regulator.
Linear di/dt.
50 50
,4/ 40
B s —
112+ o 30
< 1, = 200 —
/// = 20
_____ e / — ~
1 \} 3 10 P —T P
- - -+ -+ -~ 40ns/DIV -1+ -1 1 — A - sy
= P + t, = 50nS
e [ =
Figure 7b t 5 Z ==
© -
3 s P
’/
i
t, g pid
lamirec) t. MAX. v
DEVICE AtLow
TYPE 25°C 125°C 25°C 125°C | Current 2
(A) (A) (nS) (nS) | Cond'ns.
1 0.6 1.3 50 72 50
2 1.0 1.0 86 95 — 100 200 300 400 500
3 1.7 3.7 86 185 100 di/dt (A/uS)
4 2.9 5.4 142 296 200 300 150 100 75 60
t.(nS)
1 Unitrode UES 803 .
2 USD545 Figure 8
3 100nS rectifier.
4 200nS rectifier.
Figure 7¢c
LOSS OF EFFICIENCY DUE TO TRANSISTOR TURN-ON LOSS*- BUCK REGULATOR
20 30 40 50 80 20 30 40 50 80 20 30 40 50 100
20 ! ! 1' ! !
ti =300 nS ti = 150 nS t; =60nS
L1
10 - |
8 -
/ ‘/ -} /, 5 = I,/
S P L= -1247 P L o
L~
9 33— i e L /‘:/ A L P
[%:] P P
S el ol . — - 1 ~
2 ~ - _4 - ‘/ R
- P _- Pid > - _ P = P »
1.0 - -
-~ 1 P
PPl - s _4
0.5 _d-
e = 200 NS diode -
= —— - 100 nS diode -7
e = e = 50 S diode (UES 803) L~
== = == = = |DEAL DIODE
0.2
20 30 40 80 20 40 50 20 40 50 100
FREQUENCY (kHZ) FREQUENCY (KHZ) FREQUENCY (KHZ)
* Calculations of total switching losses (diode and transistor) per model in
Appendix B for a 30A buck regulator with V;, = 40V and Voy; = 10V.
Figure 9
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% vs Ve
5V = Vo
L~
20
o
15 Pt o
~
/ A 10V
z/ T v
10 ) LOSS OF EFFICIENCY
P | DUE TO FORWARD VOLTAGE
4 A r OF INVERTER OUTPUT
a 7 < v RECTIFIERS.
o] al == 24v ——
a y /,
B 5 / / L~ rA/
// ol
3 / /// —]
V— 48V 7]
/ ///
2
e
T d
0.4 6 .8 1.0 1.2 1.4 1.6 1.8
Ve (V)
Figure 10
V¢ available (approximate range) for low to medium Vgy applications
V¢ in volts: .35 - .45 .55 .65 .75 .95 1.15 1.35 1.55 1.75
1 1 [ [ 1 1 | 1 1 1 | 1 1 [ 1
[i 2010 45
Max V; (spec'd @ rated 2 150
Ir and T,=25C.) 3 150
4 400
B 800]
K 2010 45]
Typical V; @%2 Max 12 150 |
current @ max T,. [3 100-150]
[4 400 |
Is 800 |
1 = Schottky. USD series.
2 = Unitrode UES 150 V series. N = Device Class
3 = Other devices for low forward voltage. XY =Vaw
4 = Typical fast recovery (200 nS) devices. (Max. at T, noted above)
§ = Fast devices to 800 V.

Figure 11
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Appendix A
“Off-Line” Supplies

BASIC CIRCUIT TYPE FEATURES

. A V, < Vi
a) Buck Output non-isolated.

Figure A-1 Regulator Easy to filter out-

: T put. Noisy input.

+—o
V, opposite polarity
— from Vi (Unless
b) Flyback isolated).
Figure A-2 “ = Regulator Output can be iso-

: lated. Output can

o ° be stepped up to HV.

Noisy input and out-

—_— put.
——
Vo > Vin.
Figure A-3 = ¢) Boost Output non-isolated.
Regulator Hard to filter out-
put. Quiet input.

FROM RECTIFIED, OFF-LINE (OR OTHER DC) SOURCE
1

Used with single.
V,, - also common
for lab supplies.

o Provides isolation.
. —_— d) PWM Does not
"mq:'[" (Variable need separate catch
o Duty Cycle) diode, - rectifiers
Inverter. serve this function,

possibly with small
Figure A-4 HV diodes in primary for
magnetizing current.

Regulation provided
by previous input.
Regulates one of

o1l (possible) multiple
e E osmeeee il
Inverter (50% )

Provides isolation.

- M Du
v) Does not
E I need separate catch
Figure A-5

diode, - rectifiers

serve this function,
possibly with small

HV diodes in primary for

(*) INV. = Bridge, center-tap, magnetizing current.
or half-bridge inverter.

INPUT FROM
a,b,orc.

UNITRODE CORPORATION ¢ 5 FORBES ROAD
LEXINGTON, MA 02173 « TEL. (617) 861-6540 : .
TWX (710) 326-6509 » TELEX 95-1064 30 PRINTED IN U.S.A.



APPLICATION NOTE

Appendix B

U-73A

Reverse Recovery Behavior and Dissipation

1. Waveforms and definition of terms:

lem
This area shown
enlarged at

\

TOTAL AREA OF REVERSE CURRENT = Qgaec)

f

|RM(F|EC)

N
T

slope = —d

JEDEC test - standard slope = 25A/uS
Figure B-1

ot dt

“ABRUPT”
Figure B-2

-—t

“SOFT”
Figure B-3

— t

2. Discussion of Variables:

Any PN junction diode operating in the forward direc-
tion contains stored charge in the form of excess minor-
ity carriers. The amount of stored charge is proportional
to the forward current level.

The diode or rectifier in a switching regulator is
switched from forward conduction to reverse at a spe-
cific ramp rate (—dl/dt) determined by the external
circuit, usually by the turn-on time of the associated
switching transistor. During the first portion of the re-
verse recovery period, t,, charge stored in the diode is
able to provide more current than the circuit demands,
so that the device appears to be a short circuit. Transi-
tion from t, to t, occurs when stored charge has been
depleted to the point where it can no longer supply the
increasing current demanded by the circuit. The device
becomes a high impedance and during t, the reverse
voltage is permitted to increase. Reverse current, no
longer circuit determined, dwindles as excess stored
charge depletes to zero. Stored charge is depleted by
the reverse current flow and also by recombination
within the device.

At (—dl/dt) rates which are slow relative to the rate of
recombination of the specific device relatively little
stored charge is swept out. Recovery time, t,, is deter-
mined mainly by the recombination rate, independent
of (—dlI/dt). Peak reverse recovery current |amrec), and
total charge associated with reverse current, Qgec)
are almost directly proportional to (—dl/dt) (Region I,
Figure B-4). The recovery characteristic with slow
(—dl/dt) rates tends to be soft.

When the (—dl/dt) rate is fast compared to recombina-
tion rate (transistor turn-on faster than diode recovery
time), t,, decreases as —dl/dtincreases, because more
of the available stored charge is swept out sooner,
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leaving little to be depleted by recombination. As
(—dl/dt) increases, peak recovery current increases
and can become much greater than the original for-
ward current level. However, Qgrec, levels off as (—dl/
dt) increases because it can only approach but not
exceed the total stored charge whichis a function of the
original forward current level (Region Il, Figure B-4).

Higher voltage devices have poorer recovery charac-
teristics because they require thicker regions of higher
resistivity, resulting in greater volume of stored charge
and longer recombination rates.

RECOVERY CHARACTERISTICS

Qrirec) 1}

Figure B-4

With a given I and dl/dt the Qg(rec), |amirec), and t., all
increase with temperature. Recovery characteristic
changes as well (generally becoming more abrupt if
reverse current is not circuit limited, and softer if lim-
ited). Furthermore, Qgrec) iNCreases and recovery
generally softens if higher circuit voltage is applied to a
given diode.
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3. Comparison of devices at popular test conditions:
Table |, below, shows measured t,, values (in nanoseconds) using ultra-fast and fast recovery DO-5 rectifiers.

I [ —di/dt T laec) UNITRODE MANUFACTURER
(A) (A) (A/uS) °C) (tr Meas- UES803 .
ured to (A)) B [+ D E
0.5 1.0 step 25 0.25 38 50 42 — —
1.0 1.0 step 25 0.10 45 75 50 63 120
1.0 1.0 step 125 0.10 60 90 ¢ 122 135 300
(85V JEDEC circuit)
30 — 30 25 0 75 120 85 105 150
30 — 30 125 0 100 150 140 210 300
30 — 100 25 0 45 72 66 92 —
30 — 100 125 0 65 114 106 160 —
MAX t., per manufacturer’s stated condition 50 50to 100 200
Table |
4. Turn-on switching losses, assuming linear V and | _ lamreo ta
transitions: (B3) Pugy =Vin (Ic 5 ) T

With an ideal diode, switching losses are entirely in the
transistor as follows (from Eq. 2).

(IRM(REC)>

le

(B4) ta =ty

" | i |
(B1) Py =Vin - - (85) Py =Vin (1o + ")) (2 minecr)
Vin trv I tri
(B2) P =7 le- T (BB) Py =Vin * lammec) (' + R'g—(T:C));

If diode lru(rec) is half of I¢ (1.5:1 current overshoot in
transistor) total transistor switching losses during cur-
rent turn-on (t,; + t,) will be 2.25 times greater than with
an ideal diode (Eq. B1).

During diode recovery time component t,, the diode
B continues to conduct reverse current, but becomes a

le high impedance, permitting the transistor voltage tran-
sition, tn, to take place. Diode reverse current during t,
causes increased switching losses in the transistor
i and/or the diode. It is difficult to quantify these losses in
the diode and transistor separately, since transistor Ve
is decreasing and diode Vy is increasing during all or
part of period t,. However, the total increase in losses in
both diode and transistor during t,, is:

A practical diode with finite t,, and |amrec) Will cause
additional switching losses as follows:

Vee=Vin

'ﬁM(REC)

TRANSISTOR

-0

e trys]

Va= Vi

e ti—fe g ot ]

lammec) 1

(B7) P(tb) =Vin - D) .

|
RM;EC) “ty)

0 5 Note: Py, loss is in addition to the ideal diode case
ncer transistor losses, Py,,) (Eq. B2). With a very fast diode, t,,

will be much shorter than t,,, and most of the Py, loss

will occur in the transistor, although it will be negligible.

(areaB =

Figure B-5

Diode recovery time component t, effectively increases
transistorrise time, and delays the voltage transition, t,..
During time t,, the diode conducts reverse current but
remains alow impedance. Transistor Ve remains equal
to Vi, while collector current continues to rise above ¢
to Ic + lamrec)- The entire amount of charge shown in
shaded area A results in increased switching loss inthe
transistor only (increase in diode loss is negligible):
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With a slow diode, where t, is much longer than t,,, Py,
loss will be significant and will occur mostly in the
diode.

Py, is usually much greater than Py,,. Since all of Py,yis
dissipated in the transistor, it can be seen that most of
the increased switching losses caused by diode re-
verse recovery are borne by the switching transistor,
not by the rectifier.

PRINTED IN U.S.A.



APPLICATION NOTE

Appendix C

U-73A

Forward Recovery Behavior and Characterization

When used in some circuits, any diode may exhibit the
phenomenon known as forward recovery. Under these
conditions, the device has an impedance which, for a
short time after initial application of forward current, is
higher than its normal “on” value. The magnitude and
duration of this transient impedance will depend on
circuit conditions and device design, varying from no
effect in many circuits to a few microseconds in the
worst case. When present, the effect is generally less
with fast-recovery rectifiers, and much less with
“computer-type” switching diodes.

Circuits with very fast current rise time, in the direction
of forward conduction, will allow this phenomenon to
appear. Generally, these will be low-inductance cir-
cuits which allow the current to rise from zero to rated
forward current in less than the reverse recovery time
for fast stud-mounted rectifiers, and in less than 0.1 x t,,
for lead mounted fast devices.

When such a source has a high voltage, of at least 10
times Vg, the forward recovery phenomenon exhibits an
initial higher-than-steady-state forward voltage. The
rise time of current is not limited by the diode and the

UNITRODE CORPORATION « 5 FORBES ROAD
LEXINGTON, MA 02173 « TEL. (617) 861-6540
TWX (710) 326-6509 » TELEX 95-1064

33

peak voltage decays to the specified measurement
levelinthe “forward recovery time” t;,. The peak voltage
Veovn Will be strongly influenced by the current rise
time di/dt, and current .

When a fast-rise source has an open circuit (com-
pliance) voltage of less than several times the diode Vg,
the forward recovery phenomenon may exhibit a delay
inthe rise of forward current. Inthis case the peak diode
voltage is limited by the source, and the “turn-on” time
is the rise time to 90% of |¢.

A comparison of the Unitrode UES 803 with a typical
200 nS rectifier is shown in Table |l below.

Unitrode D05
UES 803 200 nS
VF(DVN) tlv vF(DYNl tﬂ
Test Condition v) (nS) (v) (nS)
lrto 1AiIn8nS 1.2 20 12 300
leto 1AIn 125nS and
continuing to
S0A with 0.9 — 28 350
t, = 10uS
Table Il
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FLYBACK AND BOOST SWITCHING REGULATOR DESIGN GUIDE

Section One —Flyback Regulator

|. Definition

The flyback switching regulator described in this
application note accepts a DC voltage input and pro-
vides a regulated output voltage of opposite polarity.
This method of conversion, compared to a conven-
tional DC to DC converter, provides advantages of
high efficiency, low cost, circuit simplicity, and a
rather wide, easily selectable choice of the regulated
output voltage. The switching transistor is not stressed
to second breakdown in either the forward or reverse
bias modes. Thus, it provides a reliable method of
converting the input voltage. The disadvantage of the
flyback switching regulator described here is that it
provides no isolation and requires a large output
filter capacitor. Primary usage of this type of regula-
tor is in low current and/or high voltage applications.

Il. Design Approaches to
Flyback Regulator

The principal difference between a flyback regulator
and a buck regulator (Ref. Unitrode Design Guide
U-68) is the manner in which energy is transferred
to the output capacitor. In a buck regulator, energy
is provided continuously, while in a flyback regulator,
energy is pumped in a discontinuous fashion. The
flyback regulator can be operated in two modes.

A. Continuous Mode (see Figure 1a)

In this mode of operation, a large inductor is re-
quired to insure that the inductor current never goes
to zero. Although the current through the inductor
flows continuously, the charging current to the filter
capacitor is in the form of discontinuous current:
pulses. This large peak-to-peak current waveform
requires a much larger filter capacitor than the buck
regulator. Component cost is higher than with the
discontinuous mode of operation because of the
large inductance required, and transient response
is worse.

B. Discontinuous Mode (see Figure 1b, 1c)

In this mode, the regulator is designed such that at
maximum output load current and minimum input
voltage, the transistor starts conducting as soon as
the catch diode stops conducting. At a lower output
current or higher input voltage there is a dead time
when neither device conducts.

The output voltage can be regulated by varying the
duty cycle of the transistor switch.

Continuous Mode

Transistor
current iy

Diode current
(capacitor charging ]
current & load current) °

Figure 1a

Figure 1.

Output current = I, |

Figure 1b

Current Waveforms

Discontinuous Mode

Output current <1, 0

Figure 1c
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Ill. The Flyback Switching
Regulator Described and
Characterized

The basic circuit configuration and generalized cur-
rent waveforms are shown in Figure 2. When transis-
tor Q, is turned on, the supply voltage, Ew, is applied
across power inductor L. The current through the
inductor rises linearly to a peak current level I,

This results in an energy transfer from the input
supply to the power inductor:

=_;_|_|,,2 ......................... B.

When the transistor turns off, a voltage is induced
across inductor L which forces the current to flow
through diode D,. All of the energy stored in the
inductor is transferred to the output capacitor and
load R., and the inductor current diminishes linearly
from |, to zero according to the relationship:

E, Xt
l, = _L_D ........................ C.
The power delivered to the load is equal to the peak
energy stored in the inductor times the number of
pump cycles per second:

Par= E. X = L L'X T D,

The voltage induced in the inductor is such that E,
is opposite in polarity from E,n. The relationship be-
tween E, and E\ is established by combining equa-
tions A and C, eliminating |, and L:

DC output current |, is equal to the average current
through the diode:

|°=I?pXtTD=—%'XtDXf
The output voltage can be regulated by operating at
a fixed frequency and varying the transistor on time,
t;. However, because of the inherent “pumping’ ac-
tion of the flyback regulator, the output voltage
diminishes while the switching transistor is on, and
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Figure 2a. Flyback Switching Regulator

Z-0
S
_{I___lm&__;_o
X t i X
DR M B

Figure 2b. Generalized Current Waveforms of a Flyback
Switching Regulator

increases when the transistor is off. This character-
istic makes it difficult to control on a fixed frequency
basis.

The simplest approach to controlling the flyback
regulator in the discontinuous mode is to establish
a fixed peak current through the inductor, which
determines a fixed diode conduction time, t,. Fre-
quency then varies directly with output current, and
transistor on-time varies inversely with input voltage.
This is the approach used in this application note,
resulting in a simple and economical control circuit.

IV. Worst Case Design
Conditions

Design equations based on the fixed peak current
mode of operation are shown in Figure 3. The worst
case condition exists when input voltage is low while
output current is at maximum. Under these worst
case conditions, frequency is maximum and t, is zero
because the pass transistor turns on as soon as
diode stops conducting.
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GIVEN:
EIN (min)

o
o (max)

max

A€,

WORST CASE:
En=En (min)

o =1o (max)

X

[ _1 ol
I TTF !
‘rd—t1—>'<——ln—>;<-—t,——!
1
[ le : !
i ! | [
T | . :
0 - - I —
|
I
‘o :
0—=t : :
! 1 | |
| ! | |
! |
En |
|
v |
L |
0 [ f
| |
| |
| B
Voo | !
! :
) I

lo =215 na (Eo/Ein (miny + 1) = constant

to= ! = constant
° fmax (Eo/EIN (min) + 1)
L=tD><E°=tT><E‘N
I L

f= 1 =f I Lo

T o (max)

_ Xt
Cmin - 2Ae°

(worst case l,—»> 0)

A€,
|

ESRN\GK =

]

Figure 3. Flyback Regulator
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V. Circuit Design and
Description

In designing a flyback switching regulator power
supply, the following parameters will normally be
predefined. Numerical values are given and com-
puted for the example shown in Figure 4.

E, = 5V output

Ae, = 100 mV output ripple voltage peak to peak
l,max = 2.5A
Enmin = 9V (minimum)
Ewmax = 15V (maximum)

Since the output voltage is derived from pulses of

U-76

current, it is desirable to keep the operating fre-
quency as high as possible in order to obtain small
size and lower cost of the filter inductor and capac-
itor. However, above 5-10 kHz, capacitor impedance
is usually dominated by its equivalent series resis-
tance, ESR, rather than C value. Since the ESR
remains essentially constant regardless of operating
frequency, operation at higher frequencies does not
enable the size and cost of the capacitor to be
further reduced.

Also, at higher frequencies, transistor switching
losses become significant. Thus, a maximum oper-
ating frequency of 25 kHz is chosen for this design.

+ En
+ 12V

Cin, 500t

2N2222

C, = 1000,f
L=16.5.H

1 uf

6
?
°“‘"‘_V—J’—I f % D,1N914
INHIBIT

En=+ 12V =25%

B =—5V

1, = 2.5A

Load & Line Regulation = .2%
Efficiency = 70%

Lihort circuit = 3.0A

ConTROLINPUT |/

¢, 700

Figure 4. Flyback Regulator, 412V Input, —5V Output
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Referring to Figure 3, the design calculations are:

o

7.8A (constant)

1 B 1
o (Eo/JEnmin 1) 25 X 10° (5/9 F 1)

= 25.7 us (constant)

to X E, 257 X 10¢X 5

L="—"= 78
= 16.47 uH
o Xt _ 78257 x10¢
m 2 Ae, 2 X 0.1
= 1002 4F
— A& _ 01 _
ESRn = S = 75 = 001280

The operating frequency will change in proportion
to load current, I,

F o fo X o

lo max

The PIC625 hybrid power output stage incorporates

a fast PNP quasi-darlington switching transistor and

UES catch diode. The quasi-darlington switch re-

quires 30 mA of drive current. This drive current is

provided with diode D, and Resistor R, in conjunc-

tion with the Integrated circuit TL497. (Refer to
Figure 4)

— Vbe —_

IDRIVE - ? -
6

R[, =220

0.65
Re

The output voltage is preset by divider network
R, and R,, according to the relationship:

E, = [1 + E—T]VREF

where Vi = 1.22V.
for R, = 1K, then:

R =320

Assuming a nominal value

R, may be trimmed to obtain the précise output
voltage.

UNITRODE CORPORATION » 5 FORBES ROAD
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The TL497 control circuit operates in the current
limiting mode under normal operating condition.
Thus, the peak current value, |, is determined by the
current limiting resistor Rs. Capacitor C, is required
to prevent the TL497 from terminating the transistor
on-time prematurely. This causes an 8pus delay,
once over-current is detected at the short circuit
sense input (pin 13 of TL497) before the transistor
switch turns off. The delay time is the time required
to charge capacitor C, to the predetermined voltage
level before drive current to the pass transistor is
removed. The current limit threshold voltage is about
1.2 volts.

1.2V
N

1.2
7.8A

Rs =

0.153q

The function of transistor Q,, diode D, and resistor
R, and R, is to provide short circuit protection. The
transistor Q, prevents turn-on of the pass transistor
as long as the catch diode continues to conduct.
Thus, it limits the maximum current and operating
frequency under short circuit conditions. D, and R,
providing voltage isolation to transistor Q,.

C, is required for circuit stabilization; capacitor C,
provides AC coupling of ripple voltage to the control
circuit. Cv and C, are filter capacitors.

Uritrode Switching Regulator Design Guide U-68
covers the design of a buck regulator, and contains
a sectionon power inductor design which is applic-
able to the flyback and boost regulators.
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Section Two — Boost Switching Regulator

The boost switching regulator is described briefly
in this application note. It accepts a DC voltage input
and provides a regulated output voltage which must
be greater than input voltage.

The basic circuit configuration of a boost regulator
is shown in Figure 5. When the transistor switch is
turned on, the supply voltage E is applied across
power inductor L. The diode is reverse biased by
voltage E.. Energy is transferred from the input sup-
ply to the power inductor. When the transistor is
turned off, the energy stored in the inductor L in-
duces a voltage such that the diode conducts and
transfers the energy to the load and the output
capacitor. In addition to the energy stored in the
inductor, additional energy is transferred from the
input directly to the output during the diode con-
duction time.

This pumping action, similar to the flyback regulator,
also makes it desirable to operate the boost regu-
lator in the discontinuous mode with a fixed peak
current through the inductor. However, unlike the
flyback regulator, in the boost regulator the diode

UNITRODE CORPORATION « 5 FORBES ROAD
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conduction time is not fixed, but varies accordmg
to the input voltage:

L,
E. - En
Output voltage is regulated by controlling the duty
cycle:

tD=

Eo
En

Since the ripple voltage across the output capacitor
is directly proportional to diode conduction time, to,
capacitor requirements are determined by the maxi-
mum tp!

tD+1

Ll
E, - En (max)

The Figure 6 is a complete schematic diagram of a
boost switching regulator. It accepts 12V of DC
input voltage and prowdes regulated 424V of output
voltage.

to max =

The design procedure and circuit description is sim-
ilar to the flyback switching regulator.
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+ O

GIVEN:
ElN (max)
IN (min)

lo (max)

(max)

Ae,

WORST CASE:
Ein = EiN (min)

io = Io (max)

=

lo = 21y max (Eo/Ein (miny) = CONstant

1
o = g E o)

L= o (min) (EIO‘EIN min)

P
f= 1_ — fmax lo Eo‘EIN
T Io (max) Eo'ElN (min)
Xt
C. = P max
min 2 Aeo

(worst case [,—=> Q)

Ae,
1

ESR, =
P

Boost Regulator
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L En =+ 12V
Ne 14 3 E. = + 24V
A930-158 o =2A
———————— -
& A
d 1’ 41\\ —0
20 B, =24V

Error Amp |

<
18K
1N914 i
) L—T_l 250,f

M
Ve
<

|

|
= [Short T22v]!
T | Gircuit L REF. [!
4 =
1K
Y, . N %
+ Vee
En =12V
100pt j —l?—
1 7\
t
50pf
-0
Figure 6. Boost Switching Regulator
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Appendix A— Derivation of Design Equations

The basic circuit configuration of the flyback switch-
ing regulator is shown in Figure 3. Assuming a fixed
value of peak current, |,, and output volts, E,, the
following equations are evident:

E|NtT=E°tD=|pXL ......................... 1.
tr=tbXE/BEn 1a.
T=t7+tp—l—tx=1/f ........................... 2.

Worst case v = 7min, f = frae tx = 0, Ein = En min.
Substituting Equation 1a:

1

fnax

Tmin

=1t (Eo/Em min + 1)

_ 1
- fmax (EO/ElN min + 1)

Since in Equation 1, E,, |, and L are all constant
values for a given application, t, is also a constant
value.

b

By inspection of Figure 3 output current waveforms:
o o o _ 1o
2 X772
Taking worst case conditions and substituting Equa-
tion 2b:

lo =

Xto X f 3.

| 1
lomax = 2 X fop X v 3a.
° 2 7 ™7 fou (Eo/En max 4-1)
l, =21, max (Eo;/Enmax +1) ... 3b.
Rearranging Equation 1:
th X E
L=22 = 1b.
I
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The ripple voltage, av,, across the output filter capac-
itor:

AQ

_—C— ................................................ 4
The worst case net charge into the capacitor is equal
to the area under the diode current waveform

Ay, =

_ lp X tD
AQmax = T ................................. 4a.
Substituting into Equation 4 and rearranging:
I, X tp
Chin Dae, 4b.

The ripple voltage, vz across the capacitor series
resistance, ESR.

VESR T |p

ESRnw =

The frequency, f, will vary as a function of load cur-
rent. Rearranging Equation 3:

IO lp

7= 5 X tp = lomax/foax oo 6.
f = fm X Io':ax ................................ 6a.
and
Frin = foax X lo min

Io max
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THERMAL DESIGN CONSIDERATIONS FOR OPERATING UNITRODE'S TO-92
TRANSISTORS AND DARLINGTONS IN PULSED-POWER APPLICATIONS

Introduction

Unitrode’s power Darlingtons (U2TA506, U2TA508, U2TA510)
and power transistors (UPTA510, UPTA520, UPTA530 and
UPTB520, UPTB530, UPTB540, UPTB550) in economical TO-92
plastic packages are ideally suited for use in pulsed power appli-
cations, such as lamp driving or printer driving where the inrush or
pulse drive current can be as high as several amperes. When
compared with transistors or Darlingtons in conventional power
packages, the Unitrode TO-92 devices offer cost savings of 50%
or more, take up significantly less board space, and lend them-
selves to tape and reeling and automatic insertion. They also offer
the advantage of a maximum operating junction temperature
(Taimax of 175°C versus 150°C or 125°C) for other plastic pack-
aged devices.

Thermal considerations are of prime concern when the TO-92
power transistors and Darlingtons are used in pulsed power
applications. This Design Guide provides a method for deter-
mining the junction temperature and maximum allowable peak
power dissipation for the U2TA506, U2TA606 and the UPTA510
and UPTB520 series when they are operated at frequencies of
10kHz or less, where the switching losses are negligible and
can be ignored. This method is valid for the vast majority of
pulse applications.

UNITRODE CORPORATION « 5 FORBES ROAD
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Thermal Analysis

A detailed transient thermal analysis is required to determine
the peak junction temperature and maximum allowable
power dissipation since the junctions of the transistor or Dar-
lington are subjected to temperature excursions due to the
applied, periodic power pulses.

A) Effective Pulsed Thermal Impedance
The effective pulsed thermal impedance (8,) of a device
subjected to a periodic train of power pulses can be
calculated as follows:

0,=(0.,)(D) + (1=-D)(r(t+7))=r(z) + r(t) . ...... (1)
Applied Pulse

Pox Equivalent
Square Pulse

-t >
- T -
Where: t = pulse width
T = period
D = t/7 (Duty Cycle)
r(t+7) = transient thermal impedance
attimet+r
r(t) = transient thermal impedance
attimet
O,, = DC junction to ambient thermal
impedance
Po« = The peak power of a square power pulse

with equivalent energy to that of the
actual power pulse.

Figure 1. Power Pulses

The DC junction to ambient thermal impedance (@j-a) is
200°C/W maximum for the UPTA510 and UPTB520 series and
is 155°C/W maximum for the U2TA506 series.

The transient thermal impedance for the U2TA506, UPTA510 and
UPTB520 series can be obtained from the curves presented in
Figure 2:
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Time (milliseconds)

Figure 2. Junction to Ambient
Transient Thermal Impedance

B) Peak Junction Temperature
The peak junction temperature of a device subjected to a
periodic train of power pulses can be calculated using the
previously derived effective pulsed thermal impedance

as follows:

Ti (peak)= Tambient + (ka> (ep)

s

(@]

& 500 J I L I

8 0,.,=200°C/W for UPTA510, UPTB520 SERIES

& 200—0,,=155°C/W for U2TA506 SERIES

8 100 . L L —
£ 50— UPTA510, UPTB520 SERIES e

E 20 - —
[

£ 10

<

= s _~

e o7

‘._I' 1 L L . f . L 1 I .
= 12 51 10 100 1000 10.000

Inthe case of a single shot pulse the term for 6, reduces to
O, =r(t)
and the equation used to calculate peak junction tempera-

ture becomes

T vearr = Tambient T (Pos) (1(t))

5 .
T,<175°C RO .
200
4 /
< V‘ A
< L / 30m
< A
g 5 %
3 ?_Bml\
— | e—)
o
s 5 é/
8 2mA
= lg=TMA
1 —
0 1 1 Il | ]
0 5 1 15 2 25

Veesan - Saturation Voltage (V)

Figure 3. U2TA506 Series. Maximum Base to

Emitter Saturation Voltage vs. Collector Current

UNITRODE CORPORATION - 5 FORBES ROAD
LEXINGTON, MA 02173 - TEL. (617) 861-6540
TWX (710) 326-6509 « TELEX 95-1064

44

“U-77

Allowable Peak Power Dissipation
The allowable peak power dissipation can be derived from
the following equation:

Ppk(max) = TA' (max)_TAmbient

6,

Where Tymax IS the maximum allowable junction temperature.
For the U2TA506, UPTA510 and UPTB520 series the maximum
junction temperature is 175°C.

1.0
i
L 1=175°C BN —
8 A o
~ 2000,
<t //
5 -
= 6
3 -~ 100 _t—
s} i /
§ 4 // 50mMA
S L—
.._“ i / 20mA
2 e Jo=10mA
0 1 L ) 1 I
0 5 1 1.5 2 25
Veeisar) - Saturation Voltage (V)
Figure 4. UPTA510 Series. Maximum
Saturation Voltage vs. Collector Current
- T;<175°C
2 100m2
z | [ omA
= ///
215 .
3 L~
5 L
8 4 / 20mA
Q
o
T // 10mA
os T BmA
lg=2mA
0 1 L 1 { I 1
0 5 1 1.5 2 25

Veesan - Saturation Voltage (V)

Figure 5. UPTB520 Series Maximum Saturation
Voltage vs. Collector Current
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Peak Power

The peak power can be expressed as follows:

Pow=(Vee san) (lok) + (Vee san) (l8) - ... (%)
Where Ipk is the peak collector current of a square pulse of
current equivalent to the applied current pulse, Vce(sam is
the transistor or Darlington saturation voltage at lpk, VBeE(SAT)
is the base-to-emitter saturation voltage and Ig is the base
current. Figures 3, 4, and 5 are plots of Vcesam for the
U2TAS506, UPTA510 and UPTB520 series Darlingtons and
transistors. Figures 6 and 7 are plots of the VceisaT). These
curves can be used in determining Ppk.

100mA
B T,<175°C
50mA->I !
4
T L 30mA
5 20mA —pf
5 3
© lg=10mA /
5
2
22
8 / /
1 y /
1 1 1 1

O1‘0 1.5 20 2.5 3.0 35
Vaesar) - Base-Emitter Saturation Voltage (V)
Figure 6. U2TA506 Series Maximum Base to Emitter
Saturation Voltage vs. Collector Current

1.0 T
500mA
| T,=175°C
8
S 200mA
C
4]
3 6
5 B 100mA—~7/
[}
Q@
5 4 50mA
[&] |
L coma >/
|=10mA\/ /
22 7
0 L / 1 Il !

6 8 1.0 1.2 1.4 1.6
Veesar) - Base-Emitter Saturation Voltage (V)
Figure 7. UPTA510, UPTB520 Series. Maximum
Base to Emitter Saturation Voltage vs.

Collector Current
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Design Examples

1. An incandescent lamp is controlled by a U2TA506 Dar-
lington operating from a 12V battery. When switched on
the lamp draws an inrush current of 3A which decays
exponentially to a steady-state value of 300mA. The time
constant of the inrush current is 50 milliseconds and the
worst case ambient temperature is 55°C. The Darlington's
base drive is 30mA dc.

Problem:
Calculate the peak junction temperature due to the inrush
pulse and the steady-state junction temperature.

Solution:

The inrush current can be approximated by a square wave
of 3A peak and 50 milliseconds duration. The equivalent
square pulse of current will have the same energy as the
exponential pulse if the Vegsary Of the Darlington is as-
sumed to remain constant. Since the Vggsary Will actually
drop as the inrush current exponentially decays, the result
obtained from using the square wave approximation will
be conservative.

Using equations (3) and (5)

Ti(Deak)= TAmbient+(Pnk)(r(t)) -------------- (3)
Where: Tampient = 55°C
r({)  =r(50mSec) = 17.5°C/W (from Figure 2)
Pok (Veesany) (lok) + (Vagsan) (Is) . .. (5)

= (1.5V) (3A) + (2.15V) (30mA)

(from Figures 3 and 6)
= 4.56W
Therefore:

Titpeak) = 55°C + (4.56W) (17.5°C/W) = 135°C

Since 135°C is 40°C less than the maximum operating
junction temperature for the U2TA506 (Tjimax = 175°C), the
Darlington is operating well within its rating.
The Steady-state junction temperature can be determined
as follows:
TA‘(SS) = (P(ss)) (ei-A) + TAmbient
= ((.3A)(.73V) + (.03A)(1.60V)) (155°C/W) + 55°C
= 96°C

2. A U2TA508 is used to drive a solenoid load in an impact
printer. The collector current waveform is as shown below
along with the equivalent square pulse:

Applied Pulse

3A
—_ _.“__/l_

| 1004S = ‘
- 2mS

Equivalent Pulse
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The Darlington is switching in a clamped mode so the
energy stored in the solenoid inductance during the on-
time is dissipated in the clamp and not in the Darlington.
The maximum ambient temperature is 80°C and the base

u-77

3. A UPTA530 is used to drive a high voltage DC motor in

a display application the current waveform as is shown
below:

Applied Pulse

drive current is 20mA. 0.8A
Problem: 0.4A

Find the worst case junction temperature and determine if

it is within the maximum rating of the U2TA508. _— J,lr

Solution:
Use equation (1) to determine 6,
6, = (6.4) (D) + (1=D)(r(t+7)) — r(7) + (1)

Equivalent Pulse

©O;.4= 155°C/W (from Figure 2) 0.6A
__1mSec = o5
2mSec
r(t+7) = r(2.1mSec) = 4.2°C/W (from Figure 2) ‘
r(r) = r(2mSec) = 4.1°C/W (from Figure 2) — ) ’ s )

r(t) = r(.1mSec) = 1.1°C/W (from Figure 2)

The base drive is 200 mA and the worst case ambient

Therefore: temperature is 65°C.
O, = (155°C/W) (.05) + (.95)(4.2°C/W) — 4.1°C/W
+1.1°C/W Problem:
= 8.75°C/W Determine the junction temperature to insure it is within the

Using equation (5)

Pok = (Veesan) (lok) + (Veesan) (Is)
k= 1.5A

Vegsan + 2V (from Figure 3)

(The Vcgsar) value at 3A was chosen to give a conservative
answer. If T; is found to be greater than 175°C it may be
necessary to recompute using a closer approximation of
the actual Vegsary Which varies as the current increases
fromO0to 3A))

lg= 20mA

Vagsan = 2.1V (from Figure 6)

(Again the Vggsar Value at 3A was chosen to give a
conservative result.)

Therefore:

Pok= (2V) (1.5A) + (2.1V) (.02A) = 3.04W
Now T; can be determined from equation (2)
Ti = Tambient + (Ppk) (ep)
= 80°C + (3.04W) (8.75°C/W) = 107°C

This is well within the maximum rating of 175° C for the
U2TA508.

maximum rating of 175°C for the UPTA530.

Solution:

Using Equation (1)

O, = (200°C/W) (.1) + (.9) (52°C/W) — 50°C/W + 21°C/W
= 37.8°C/W

From equation (5) and Figures 4 and 7.

P = (2.3V (.BA) + (1.2V)(.2A) = 1.6W

(Again Vegsan and Vggsam values at .8A rather than .6A

were used to insure a conservative answer).

Therefore, from equation (2)
T, = 65°C + (1.6W) (37.8°C/W) = 126°C

It becomes readily apparent from these examples that
Unitrode's TO-92 transistors and Darlingtons can be op-
erated with significant safety margin in a wide variety of
pulsed-power applications.

UNITRODE CORPORATION + 5 FORBES ROAD
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GUIDELINES FOR USING TRANSIENT VOLTAGE SUPPRESSORS

1.0 Introduction

During transient periods, system voltages and cur-
rents are often many times greater than their steady-
state values. These transients must be considered in
overall electronic systems design to insure required
circuit performance and reliability both during and
after the transient.

Transients may result from a variety of causes. The
most common of these are: normal switching opera-
tions (power supply turn-on and turn-off cycles),
routine AC line fluctuations, or abrupt circuit distur-
bances (faults, load switching, voltage dips, magnetic
coupling by electro-mechanical devices, lightning
surges, etc.). Voltage transients are a major cause of
component failures in semiconductors. Random high
voltage transient spikes can permanently damage
these voltage sensitive devices and disrupt proper
system operation. Catastrophic power supply condi-
tions should not necessarily be the designer’s prime
concern, since lower level transients can cause
improper operation of a system even though no com-
ponent failures are caused. Normal power supply on-
off cycles have the potential of emitting spikes with
sufficient energy to destroy an entire semiconductor
device chain. Any surviving devices are aiso suspect.
Trouble shooting, isolating, and replacing damaged
devices is time consuming and costly; especially
when performed in the field.

Unitrode’s TVS305 and TVS505 series of transient
voltage suppressors (TVS) offer the designer signifi-
cant price/performance advantages over other pro-
tection methods. Their miniature size permits simple
‘‘close-in’’ installation in applications where circuit
boards are dispersed throughout one or more elec-
tronic racks. Dispersed usage aids system trouble
shooting and affords transient voltage protection
where internal system disturbances such as those
caused by inductive load switching could occur.

In spite of their small size, the TVS305 and TVS505
suppressor series can dissipate 500 watts and 150
watts (respectively) of peak pulse power for 1 milli-
second. Response time to transients is just about in-
stantaneous — about 1 x 102 seconds. These
devices perform to their data sheet specifications
without significant degradation throughout their

UNITRODE CORPORATION « 5 FORBES ROAD
LEXINGTON, MA 02173 « TEL. (617) 861-6540
TWX (710) 326-6509 « TELEX 95-1064

operating life. Unitrode has performed full power
pulse life tests for 100,000 pulses with negligible
change in characteristics. These devices are suitable
for almost any equipment and environment.

2.0 Choosing the Correct
Transient Voltage
Suppressor for
the Application

Certain critical terms must be defined before any
discussion of “‘how to'’" choose the correct TVS.

1. Stand-Off Voltage (Va) is the highest reverse
voltage at which the TVS will be non-
conducting.

2. Min. Breakdown Voltage (BVmin) is the reverse
voltage at which the TVS conducts 1 mA. This
is the point where the TVS becomes a low im-
pedance path for the transient.

3. Max. Clamping Voltage (Vemay) is the maximum
voltage drop across the TVS while it is
subjected to the peak pulse current, usually
for iImS.

Figure 1 graphically shows all three terms.

I

1 mA

v
Vo BVy

+

Figure 1 — TVS Characteristics
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2.1 Determining Pulse
Power Levels

Since a zener TVS has an almost constant clamping
voltage throughout a transient pulse, the transient
pulse power (P equals the peak pulse current (I,,)
multiplied by the clamping voltage (V).

Pp= Vo X |pp

2.2 Choosing the Appropriate
Transient Voltage
Suppressor

The three most important factors in choosing the
appropriate TVS for your application, in their order of
importance are:

1. Pulse power (P,) — Choose the TVS series that
will handle the Transient Pulse Power. To deter-
mine Transient Pulse Power use the simple
equation in section 2.1. If I,, is not known or
measurable, it can be calculated — see Sec-
tions 3 and 4. The pulse duration vs. pulse
power graph on the Unitrode TVS305/
TVS505 data sheet can then be used to deter-
mine the TVS series that will handle the
transient. This graph for the TVS505 series is
shown in Figure 2.

2.

U-79

Stand-off voltage (Vs) — From the TVS series
selected, choose the device with the stand-off
voltage equal to or greater than your normal
circuit operating voltage. This insures that the
TVS will draw a negligible amount of current
from the circuit during normal circuit opera-
tion. The electrical specifications for the
TVS505 series are shown in Figure 3.

. Maximum Clamping Voltage (Vemax) — Deter-

mine the clamping voltage of the device
chosen for the transient given and be sure it is
below the voltage that might damage any
components in the protected circuit. See
Figure 3.

—

Pr— PEAK PULSE POWER (KW

100 T T
MAX. DUTY CYCLE = 0.1%

10 A

AN

AN

N

100nS 1uS 10zS 100xS 1mS 10mS
PULSE TIME (1)

Figure 2 — Peak Pulse Power vs. Pulse Duration

Max.

Min. Max. Max. Clamping Max. Max.

Stand-off Breakdown Leakage Clamping Voltage Peak Clamping

TVS Voltage Voltage Current Voltage Ve @ Pulse Current Voltage

Part No. Vr BVimin) @ 1TmMA Ir@ Vr Ve @ 1A 5A 10A lop Ve @ lpp

\ \ uA \'% \Y A \Y

TVS505 5.0 6.0 300 7.4 79 53.7 9.3
TVS510 10.0 1.1 5 13.2 14.4 30.3 16.5
TVS512 12.0 13.8 5 16.5 18.5 23.8 21.0
TVS515 15.0 16.7 5 19.7 22.2 19.8 25.2
TVS518 18.0 20.4 5 23.8 26.0 16.3 30.5
TVS524 24.0 28.4 5 32.4 37.0 11.9 42.0
TVS528 28.0 30.7 5 35.9 41.0 10.7 46.5

Figure 3 — Electrical Specifications @ 25°C
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If the actual pulse power and pulse width are different

The

from those listed on the data sheet, the clamping
voltage can be calculated. The actual calculation
method is beyond the scope of this note. Instead, we
offer a graphical approximation using Figure 4. The
approximation is based on the ratio of the actual and

rated pulse power.

1.5

P

/

A R
Ps (actual)
Pe (rated)

Ve

C.R. = Clamping Ratio =

-

6

Figure 4 — Graphical Approximation for the Clamping

uU-79

procedure is as follows:

a. Calculate P, (actual)=1.3BVin lpp.

b. For P, (rated) use value from TVS data sheet
curve (See Fig. 2 for example).

c. Calculate P, (actual)/P, (rated).
d. Use Fig. 4 to find corresponding value of C.R.
e. Calculate Vo = C.R. X BVrin

2.3 Installation Considerations

1. Locate the TVS as close to the device or circuit
to be protected as possible.

2. Minimize the ‘‘common path’’ through the TVS
to minimize voltage spikes produced by fast
risetime transients in lead and wiring stray

Ratio inductance. See Figure 5.
[~~~ INCORRECT METHOD |
! | Undesired
l o < 0 | Transient
| | Spike
| | T
Long | Ve
— Common [ v
} Path |
| : t
@ | ' )
dt \ | Vo = L% where I
i M —1 |
| L = .02pHlinch |
t L ___forcommonpath |
Input ————"——~""~""7""7""~ -l
Transient : o— —0 | Minimized
I l Transient
| short \ /-)
| Common t v] ———
| Path — :
o o | .
| |
| |
L _CORRECTMETHOD |
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3.0 Transient Levels
and Waveforms

3.1 Voltage, Current and
Power Levels

Since TVS tests and specs may be written in terms of
voltage, current or power levels, the relationships are
shown in Figure 6 for (a) field conditions and (b) test

U-79

In addition to the magnitude of the voltage, current or
power, the waveform or puise width should be
specified, as shown in Figure 7, for example.

conditions.
a) FIELD o
voltage line impedance circuit being
source (wires, etc.) TVS protected
(Lightning, etc.) I————-L
Vs Zz i ’ % Ve
TVS i
b) TEST 'Rst t mslrumentlto )
fest generator series tes measure clamping
resistor voltage (scope. etc.)

Figure 6 — Equivalent Circuit for Field and Test Conditions

3.2 Typical Transient Levels

Martzloff and Hahn in their paper on transients on
120 volt power lines* produced this table showing the
surges recorded at a number of different locations

over a two year period. The table indicates two
primary causes of transients; load switching within
the house and lightning storms.

Table 1*
Detailed Analysis of Recorded Surges
Most Most
Severe Surge Frequent Surge
Duration Duration Average
Crest (us or 1.5mHz Crest (us or Surges
House Typet {volts) cycles) Typet {volts) cycles) per Hour Remarks
1 A5 700 10 ps A15 300 10 us 0.07
2 A20 750 20 us A-20 500 20 ps 0.14 fluorescent light
3 B05 600 1 cycle B-0.5 300 1 cycle 0.05 switching
4 B05 400 2 cycles B-05 300 2 cycles 02
5 C 640 5 us 100 few to show typical 10 total
6 B03 400 1 cycle B03 250 1 cycle 001
7 B-1 1800 1 cycle B8-10 800 1 cycle 003 lightning storm
8 Cc 1200 10 us B05 300 4 cycles 01
9 B-0.25 1500 1 cycle same as most severe 02 oll burner
10 B0.25 2500 1 cycle 8025 | 2000 | 1cycle 04 oif burner
" B02 1500 1 cycle same as most severe 015 water pump
12 B-02 1700 1 cycle B-02 1400 | 1 cycle 006 ol burner
13 B-0.1 350 1cycle too few to show typical 4 total house next to 12
14 [ 800 15 us — — — 1 total hightning
15 B8-025 800 3 cycles 8025 600 3 cycles 005 rural area
16 B-015 400 15 us B-013 200 30 us 04 surges
Street pole B-05 5600 4 cycles 803 1000 1 cycle 01 lightning stroke nearby
Hospital c 2700 9us c 900 | 5us 01 lightning storm
Hospital 803 1100 1 cycle too tew 1o show typical 4 fotal
Dept store B8-05 300 1 cycle B05 300 1 cycle 05
Street pole B-02 1400 4 cycles B-02 L 600 4 cycles 0.07 lightning storm

tA—long oscillation. B—damped oscillation. C—unidirectional Number shows frequency in megahertz

*Reprinted from Surge Voltages in Residential and Industrial Power Circuits by Francois D. Martzloff, Member, IEEE, and Gerald J. Hahn. Reprinted by
permission from /EEE Transactions on Power Apparatus and Systems, Vol. PAS-89, No. 6, July/August 1970, pp. 1049-1056. Copyright 1970, by the

Institute of Electrical and Electronics Engineers, inc. Printed in U.S.A.
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3.3 Commonly Used Test
Waveforms
1. The 10 x 1000uS Test Waveform used by

ler lpp as specified on data sheet.

) . 0 1 1
many'TVS manufacturers, also by incoming in- 104S 100048
spection departments of users, represents
some commonly encountered transients. (See
Figure 7). Fi 7—C ly Used Test Wavef
2. The IEEE Standard (ANSI C 37.90a — 1974) for gure 7 — Lommonly Lsed fest Wavelorm
surge withstand capability. (See Figure 8).
f =1to1.5mHz
2.5KV T /
. 0
3.4 Surge Testing R = 150Q
Figure 9 shows a typical test set used to produce an
exponentially decaying current pulse of 1mS to 50% N
down. (10 x 1000uS). The 1mS waveform is used by 6u.S to 50% down.
many manufacturers to test and characterize their
TVS devices for pulse power and clamping voltage. Figure 8 — More Complex Standard Waveform
2K g 5.4Q
eset
50W  _1 20W
o —AAA
Sprague
+12V 1122%01 Unitrode
" 2N4201
+ * Unitrode
- 1N5550
Adjustable GM 400f 5.
350V P.S. -
200mA 250uf —— 0.1uf
R 350 WVDC |
s
Sur .
ge—{ Unitrode T
1N5612 D.U.T. Ve
or TN5613 R
CVRY
0.1Q
L
X '

Figure 9 — Suggested Set-up for Surge Testing
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4.0 Examples

4.1 Relay and Solenoid
Applications

When the energy stored in the coil inductance of a
relay or solenoid is released it can damage contacts
or drive transistors. It can also produce EMI
interfereance. A TVS used as shown in Figure 10 will
provide reliable operation.

Just before the switch opens, the initial inductor cur-
rent o = —F;—:

This is the worst case (maximum) current and
assumes the switch was closed long enough for the
circuit to reach steady-state.

U-79
After the contacts switch att = 0, e = —L%,
and when using a TVS the change in coil cur-
rent, ai ﬁ. Referring to Figure 10d,
t ’— i = @L = ek Note that the higher
" T dildt T WL RV

the V. of the TVS, the shorter the current
decay time.

In order to select the proper TVS, determine:
1. Peak pulse power P, = |, X V., where |, = |,
2. Pulse time t, (@ 50% down point of irs) = 12'— .
3. These values of P, and t, are used with graphs
of pulse power vs. pulse duration provided on

the TVS305 and TVS505 data sheet to select
proper device. See example in Figure 2.

Vee $RL

For TVS:
Vo> Vee

Figure 10a, DC Coil and Contacts.
AC

Re

For TVS:
Vr> Vac peak

Figure 10c¢, AC Coil and Contacts.

For TVS:
1. Va> Ve
2. V< VegoOf Q,

Figure 10b, DC Coil and Transistor.

lo

di/at

irvs

1

Figure 10d, Simplified Current Waveform
in the TVS.
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NOTE: In some cases, because of accessibility,
the TVS must be located across the coil; in
that case a diode should be used in series
with the TVS, connected back to back as
shown in Figure 11.

Diode For diode: PIV > V..

TVS For TVS: Ve + Vee <Veeo Of Q,.

Figure 11 — Using TVS Across Coil

uU-79

Sample Calculations:

For example, using the circuit of Figure 10a,
and sample values of:
Voo = 14V, L = 1mH, and R(= 2Q;

For Vec = 14V, the next higher Vg is 15V. (Note that
V. = 22.2V at 10A).

o M _ 14V
STEP1: I, = R = 5 = 7A
Po=lp X Vo= 7.0A x 222V = 155W
D2 MR 142 _ ans
STEP2: &= =L = 2225102 - 0%2M
S0 tp= %’“S— = 0.16mS = 160uS
STEP 3: From Figure 2, Pomax for t, = 160uS is

1200W, which is well above the circuit
value of 155W.

4.2 Protecting Switching
Power Supplies

The designer needs to protect against:

1. Load transients
2. Line transients

Transients can produce failures because of
their own high energy level; and also they can cause
improper operation and component failure.

Figure 12 shows a simplified schematic of a typical
switching power supply.

Referring to Figure 12, the TVS devices shown protect

3. Internally generated transients including the following circuit components:
those produced by internal faults or 1. the rectifiers.
failures. 2. the HV switching transistors.
3. the output rectifiers.
4. the control circuitry.
o—\_——9
5V, 100A
110VAC '
60 Hz >0 J: © © | OUTPUT TO
] | T A 2
° Tvs A ©
@ Pt —o
CONTROL CIRCUITS ____[

=t

@’ii/ Vs

Figure 12 — Typical Switching Power Supply
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4.3 Protecting
Microprocessor
Based Systems

While most microprocessor and IC semiconductor
manufacturers design some form of diode-resistive in-
put clamping network on the chip itself, transient
voltage protection offered is very minimal — on the
order of a few watts of pulse power. Manufacturers
are also reluctant to make device performance and
reliability claims when power supply operation

u-79

extends beyond :the maximum rated level of the in-
dividual device for even relatively short durations
such as those that may be encountered during on-off
transitions. Therefore, there is a need for some exter-
nal protective device to suppress voltage transients,
as shown in Figure 13.

i)
c O
TVS % Address Bus
) - *— —____I
Clock .
CPU
—
ROM |18
| | @
2
b < o
* ! RE
— ot
RAM [ 8
S
-
o ]
“WANV WAV
TVS TVS TVS

Figure 13 — Protecting Microprocessors
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5.0 Alternative Protection
Devices

Other protective devices such as MOVs, spark gaps,
and crowbars have one common disadvantage when
compared to zener TVS products; the response time is
from nanoseconds to as much as tens of micro-
seconds as compared to 1 pS for an avalanche zener
diode. Even 50nSis long enough to allow atransientto
destroy the small junctions used in most integrated
circuits, logic, fast transistors, etc.

In circuits where transient pulses are fairly common,
device degradation becomes a significant problem.
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TVS products do not significantly degrade even after
100,000 transients.

In many cases, the zener TVS and one of the alter-
native devices can complement each other. For
example, when used with an SCR crowbar, the zener
TVS will keep the voltage during a transient to an
acceptable level until the crowbar, which may take
10uS to short the line, can protect the load circuits,
and in the case of a heavy transient protect the
smaller TVS as well.
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DETECTING IMPENDING CORE SATURATION
IN SWITCHED-MODE POWER CONVERTERS

ABSTRACT

A new low concept termed ““mismatched flux’’
has been developed which not only prevents im-
pending saturation of the core but also provides
symmetrical switching current in power switches in
Pulse Width Modulation switched-mode converters
except at low flux density. The detecting signal is
obtained by mismatching the flux in the outer legs
of an E-E core configuration.

INTRODUCTION

Opposite polarity power pulses are applied to the
power transformer in a PWM converter to transfer
power from the primary to the secondary windings.
The volt-second integral of these pulses averaged
over one or more cycles should be zero to avoid
any problems with transformer core saturation.

In practice, however, imbalance occurs due to non-
ideal characteristics of power switches, mainly the
switching times (including storage and delay times)
and saturation voltage. Even though the imbalance
in the pulse width of the drive current provided by
a PWM control circuit is very small compared to
power switches, it can drive the core into
saturation.

Core saturation in PWM switched-mode converters
can cause problems such as secondary breakdown
in switching transistors, excessive voltage and cur-
rent stress on the rectifiers, and EMI| problems.

The unique circuit described in this paper develops
voltages proportional to the flux density in the
core. When the maximum flux densities at the end
of the positive and negative cycles.in. the core are
not the same, unequal voltages are produced during
the positive and negative cycles. These voltages are
fed back to the PWM control circuit which adjusts
the widths of its output pulses until the amplitudes
of these two voltages are equal.

This technique, which can be applied in push-pull
converters as well as bridge type converters,
prevents core saturation and provides symmetrical
primary current during the positive and negative
cycles. It allows the most efficient use of the
power transformer. In a buck type regulator, the
current limiting function can be performed with
this same technique.

THE UNBALANCED PWM CONVERTER -

Figure 1 shows the typical push-pull converter and
its associated current and voltage waveforms. Due
to the difference in switching times and VCE(SAT)
of transistors Q¢ and Qp, the transtormer core Is
driven into saturation. The volt-seconds applied by
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transistor Qg is higher than Q1 as shown in Figure
1d, even though the secondary current is the same:
during on-times of transistors Q1 and Qp.

Three important observations can be made from
these figures:

1. Information concerning the magnitude of
the imbalance of the flux can be derived by
examining the current in the rectifier diodes
(Figures 1e and 1f) during the dead-band
period.

2. The slopes of the primary currents when Q4
and Q, are conducting are not the same.

The familiar equation Ic1/ID1=N2/N1 is not
applicable when the flux density in the
transformer is not symmetrical during the
positive and negative half-cycle.

Under normal operating conditions and during
dead-band period, the path for the current flowing
in the output inductor L is provided by diodes D4
and Dy. The inductor current is divided between
these two diodes. The magnetizing current lyg
flows in the entire secondary winding. Note that
the magnitude of Iy;g remains the same during the
entire dead-band period because the voltage across
the secondary winding is zero. The overall result is
that one diode conducts more current than the
other diode. The current flowing in these diodes

iD1 =—I2—L + s CL_lrrentin Rectifier
Diode D4 (1)
i
iD =L _ Ims Current in Rectifier
2 2 Diode D, (2)
Subtracting ip4 from iD5 and rearranging
in, —i
_P1 P2
Ivs = 5 (3)

Thus, the current flowing in diode Dq and Dy
allows us to determine the exact amount of im-
balance in the flux density during the positive
and negative half-cycles. Figure 1g, which is
calculated from diode current D4 and D, shows
the operating flux density of a core in only the
1st quadrant of a B-H curve.

When transistor 01 or 02 turns on,- this magnetiz-
ing current is reflected back into the primary wind-
ing according to the equation:

2(Ny)

(4)
Nq

lpm = Ivs
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The dotted line in Figures 1c and 1d shows the
reflected current in the primary winding. Since
the flux density is not symmetrical around zero
in the B-H curve, the collector current in Transistor
Qq is lower than in Transistor Qy. When the
magnetizing current (dotted line in Figure 1c) is
added to the actual measured collector current
(solid line) in Transistor Qq, it will produce a
linear slope compared to the rounded slope of the
measured collector current. The equation

Il

. l2 (5)
p; M

will hold true, where I’cq is equal to the magne-
tizing current reflected into the primary winding
plus the actual measured collector current lgq.

Similarly, when Transistor Qo turns on, the trans-
former transfers energy from the input power
source to the secondary. Some energy is also stored
in the core due to the unsymmetrical flux density
in the core. The magnetizing current (current level
above dotted line in Figure 1d) is subtracted from
the measured collector current.

The equation
o, Ny
'D2 Ny

(6)

will hold true, where Icy is equal to the actual
measured collector current minus the magnetizing
current reflected into the primary winding.

The imbalance in volt-seconds causes the flux
density to drift towards one side of the hysteresis
loop. This causes an imbalance in the collector cur-
rents of the transistor switches. The imbalance in
volt-seconds will be compensated, to some extent,
by an adjustment in the collector currents of the
two transistor switches. As the collector current
decreases the storage time increases and VCE(SAT)
decreases as shown in Figures 2 and 3. This effec-
tively increases the volt-seconds. The IR drop in the
primary winding also helps to balance the volt-
seconds in the transformer. These collector cur-
rents will vary until the proper volt-second balance
is obtained in the transformer. If no corrective
scheme is provided to balance current in the
switch, the following disadvantages are present:

1. The required current ratings of the transistors
and rectifiers must be increased.

2, The V(CEg(SAT) losses will be increased.
Furthermore switching losses will be even
higher, especially in high voltage power
converters.
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Y 2 3 4 3

0
Figure 1b, Voltage Waveform at Collector of Q,.

0.85A
M _407A

| S
0.25A

Figure 1c. I‘,.| Current Flowing in Transistor Q4.

1.80A

1.1A
0.85A

0.25A

0
Figure 1d. 'cz Current Flowing in Transistor Q,.

1.30A 1.2A
\
m
i .70A
-+ Ims = 8A

Figure 1e. Load Currentin Ip T

1.30A

Figure 1f. Load Current in ID2.

0.55A
T °

Figure 1g. Magnetizing Current in Secondary. .

Figure 1. Gallery of Waveforms of a Push Pull P.W.M.

Switching Regulator
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3. Losses in the core increase as a function of
the square of the maximum operating flux
density. As the core temperature goes up,
the losses in the core also increase, thus, the
potential exists for thermal runaway in the
core.

4. The leakage inductance is proportional to
the maximum operating flux density. The
imbalance causes high leakage inductance,
and excess voltage stress across the transistor
and rectifier.

5. If the core goes into saturation, it creates
excessive current in the power switches, can
result in forward bias second breakdown,
clamped reverse bias second breakdown,
and increased radiated and conducted EMI.

le

Condition: |B1 = I32 =75 VCE~ 200V
3
(1
2N6547
B
g2
[
E
= \
[
£
S
& N

0
01 2 3 4 5 6 7 8 910
I — Collector Current (A)

Figure 2. Storage Time vs Collector Current

_ Condition: IBI=1_((:)'
2 3 1
;f’ 2N6547
G
>
S 2
&
3
3
E
s ! /
w
8 J
-
0 ]
0 1 23454678 910

I — Collector Current (A)

Figure 3. Vg (SAT) vs Collector Current
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BASIC PRINCIPLE

An air gap in the E-E core can be used to. prevent
core saturation in PWM converters. The air gap
reduces residual flux density in a square loop
transformer and prevents core saturation during
the start-up condition. However when there is a
volt-second imbalance, the air gap does not prevent
core saturation.

If the air gap is placed in only one of the outer legs
of an E-E or EC core configuration, as shown in
Figure 4a, then it allows a means of detecting core
saturation, and by using this signal, to provide
symmetrical flux swing in the core.

The primary winding and secondary winding are
placed in the center leg of the E-E core, while the
auxiliary winding is placed in the outer leg which
contains the air gap.

The peak output voltage of the auxiliary winding is
detected with Diode Dy, D2 and Capacitor C1. The
Resistor Rq in parallel with Capacitor C¢ provides
the reset for another cycle by discharging the capa-
citor. The voltage developed across Rq and Cq is
proportional to the maximum rate o} change in
flux at the instant when the transistor switch turns
on.

The total amount of flux passing through the outer
leg with the air gap is inversely proportional to the
magnetic length of the opposite side of the leg. As
the flux density in the center leg increases, a larger
and larger area of the core at the point where the
two E cores meet on the opposite side of the leg
will become saturated. Note that only the edge of
the core will saturate, while the rest of the core
(leg with no air gap) will not saturate. As it satu-
rates further, the reluctance of this leg increases,
thus its effective magnetic length increases. This
phenomenon forces more flux into the leg which
has the air gap.

The voltage developed in the auxiliary winding is
expressed by Faraday’s Law:

d®

Vv = N[ dtz] x 108 (7)

Where N is the number of turns. Thus the magni-
tude of developed voltage will depend upon the

_ rate of change in flux with respect to time. Since

the air gap is in only one leg of the E-E core, the
term Ide>2/dt| changes continuously and depends
upon the flux density in the center leg. Thus the
output voltage from the auxiliary winding also
varies with respect to time.

The same results can be obtained with using a core
as shown in Figure 4b. The advantage of using this
core is that the leakage inductance will be less
compared with the previous technique.
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iAir Gap

1 Mil

TD1 Feedback
ol

8888

» >
N9 14 A
=l' -
2011 $Ry
<
=

Figure 4a. Air Gap in Only One Leg of E-E Core

Figure 5 shows the B-H curve (solid line) of an E-E
core with an air gap in only one leg. It lies between
the E-E core with an equal air gap in both sides of
the outer legs and a core with no air gap. From this
figure it is obvious that [d®/dt| changes with the
flux density and is a non linear function. Figure 6
shows variation in inductance with magneto-motive
forces.

Figures 7 through 9 show the voltage developed in
the auxiliary winding at different values of the
magnetizing current. The magnetizing current is
directly proportional to the maximum flux level
for a given transformer. In these waveforms the
initial flux density is set at zero and the allowed
flux swing is in the 1st quadrant only. The magni-
tude of the error signal (when the transistor switch
turns on) is the same in all three figures since
d<1>2/dt is the same. As the magnetizing current
increases, the developed error signal due to d'1>2/dt
in the winding around the outer leg (with the air
gap) also increases because d<I>2/dt increases with
flux density. From the shape of the collector cur-
rent it is obvious that the core is not saturated.

Figure 10 shows the voltage developed across
Resistor Rq from the auxiliary winding and also
the current in the two transistors I¢q and lcy. The
current waveforms show that there is no symmetry
in the flux of the core. Figure 11 shows the same
output voltage peak detected by paralleling Capaci-
tor C1 across Resistor R1. The voltages developed
are not symmetrical during the alternative half per-
iod of the cycle. Figure 12 shows that when the
developed voltage is fed back to the control circuit,
it produces flux symmetry in the core. This can be
seen by the equal magnitude of the collector
currents.

The initial amplitude of the voltage from the
auxiliary winding (after the transistor turns on) can
be used to further improve performance. This can
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Figure 4b. Tapered Air Gap in One of the Outer Legs of
the E-E Core

be accomplished by gating the output voltage of
the auxiliary winding with a pulse width of a few
microseconds.

Effective B-H curve with air
gap in only one leg

No Air Gap -—-—-»/ /
V7
'/

Air Gap in both outer
legs of E-E core

P

H—>

1 HF

Figure 5. Effects on Hysteresis Curve with Air Gap in Only
One Leg of E-E Core

-—>

<«—H o H —>»

Figure 6. Inductance vs Magnetomotive Force
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500mV| (100mV ‘5usS

- FH \ Error Signal
E3 V Scale =
BV /div
st | oolector
Iql (0 “
3 Current 1A/cm

Diode Current

100mV  |100mV D1. 1Dy
1A/cm
500mV 10Qr_nV 5uS Error Signal
F | V Scale =
S AN 5V/div
mil . . Igq Collector
o "H' T ;| T Current 2A/cm
e - P Diode Current
f L T 'py. Do
200mV 00mV 1A/cm
500mV 5uS Error Signal
V Scale =
A 5V/div
HHTH AT AR e leq Collector
J,’I 3 .”! Current 2A/cm
~ L | Diode Current
i. -}'\ D4. ID2
o= —
200wy | ooy | ] 1Afem

Figure 9. Error Signal Developed at
Magnetizing Current = 700 mA

CLOSING THE LOOP

The developed voltage across Rq and Cq is fed
back to the control circuit (UC3524).

This voltage can be fed into the control circuit
in one of three ways:

1. AC coupled into the output of the error
amplifier. Since this amplifier is a trans-
conductance design, the output has very
high impedance (approximately 5 M£).
The feedback signal from the auxiliary
winding is modulated at this point with
the output voltage of the error amplifier.
The output pulse width is corrected to
provide symmetry as well as to prevent core
saturation.
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Figure 10. Without a Feedback
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Figure 11. Without a Feedback

T2V 200mV 5uS
3 Primary cur-
+ rent Iq, Ic2
’l 3. . . 2A/cm.
RRERRAAE A muaianeag, TR
Error Signal
i at Point A
in a closed
3 loop.
200mV
Figure 12. With a Closed Loop
2. Into the non-inverting input. This can be

achieved by (a) lifting up 4.7K from ground
in the NI circuit, (b) adding 100%2 in series
with 4.7K and the other side of 10082 re-
turning to ground, and (c) adding a feedback

_ signal at the junction of the 10082 and 4.7K

resistors. The peak to peak amplitude of the
signal fed into the NI input has to be less
than the output ripple voltage fed into the
INV input. Feeding signals in the Nl or INV
inputs will provide flux symmetry in only
DC conditions.

Feeding the signal at the INV input. This
requires an opposite polarity signal, which
can be obtained by reversing the diodes in
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Figure 4. The modifications required to
change the circuit are the same as listed
above. Also in this case the peak to peak
amplitude of the signal fed into the INV
input has to be lower than the peak to peak
output ripple voltage fed into the INV input.

To obtain adequate signal at very low input voltages
may require a low V g diode.

PWM PUSH-PULL CONVERTER

A complete schematic of the PWM Push-Pull Con-
verter using this technique is shown in Figure 13.
The power switch is a Unitrode hybrid circuit, the
P1C636, which is housed in a 4 pin electrically
isolated TO-66 package. It provides the advantages
of low RFI| and ease in heat sinking due to the
electrically isolated package. Constant base drive is
provided by small signal transistors (2N2905). The
output rectifier is a center tap TO-220 fast re-
covery (35nS) rectifier. The control chip is a
UC3524 PWM voltage regulator. The soft start
function is performed at the NI input by allowing
the reference voltage to come up slowly when the
input power supply is turned on. The feedback
signal from the auxiliary winding is fed into the
compensation terminal (output of the error ampli-
fier) with Resistors Ry, R3 and Capacitor Cy. The
steady state and transient response of the circuit
was evaluated: it provides flux symmetry and
prevents core saturation under these conditions.

U-81

HALF BRIDGE CONVERTER

The method described in this paper can be used
for half bridge configurations as shown in Figure
14. It does not require a low ESR, high voltage
capacitor in series with the primary of the trans-
former. The DC balance is provided by Capacitors
Cq and Cy. Thus,this technique offers a low cost
solution in preventing core saturation and in pro-
viding flux symmetry.

BUCK REGULATOR

In a buck regulator, the method described here can
be used to provide the current limiting function
without a current sense resistor.

The circuit shown in Figure 15 is a high perform-
ance buck regulator. It utilizes the Unitrode
power hybrid switching regulator circuit, PIC625.
The high performance transistor chip and fast
recovery -(20nS) rectifier diode are mounted in an
electrically isolated 4 pin TO-66 package. The
control circuit is a Unitrode Corp. PWM voltage
regulator chip. The inductor L utilizes the equal
E-E core configuration with unequal air gaps in the
side legs. The main winding is placed on the center
leg while the two auxiliary windings are wound on
the outer legs. The output voltage from these
auxiliary windings are compared using Transistor
Q3. The magnitude of the current limiting is
adjusted with Resistor Rq. When the current in
the hybrid circuit, PIC625, exceeds the set current

E;p = 25V N
N914 W gk 203 ¥ S 2790
p
o " _———
JLEILES. 4 e 4 r - i | Ferroxcube
= ¢ 2N2905 o 782€272
l\ ~ I I Ni=10T
Np = 8T
2N2905
e , . |
S Jak S I
b
a ' S | UES2401 L Eout = 5V
AM INV Ca W A WY
47K Vin | | 1 3 200
AL N ]
Pice3s o e e e - 500 Lﬂ’— —L*”F
Lo 23 ig b =
il 14 UC1524A ~———T = 1NO14
4 47K S P ‘ 04 N=3CT
Ry ° | I
| ¢ | Ly
b:
Csl L v 4 ) b
1T REF | I 2
= } or
. Comp
22VK A T 4 5 11 14 I & l
% L PICE36 be o o e e e
SR2 C2
R4 = 100K 18K $ 3 eF
C4 = 2uF
Cg = .1uF G } :
Cg = .005uF
6 H .005 SRy Cq —L S Ry
uF T S 100k 05uF T 31K

Figure 13. PWM Push-Pull Converter
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limit, 03 turns on and the voltage developed across
Cq and Ry is fed into transistor switches Qq and
02. The transistor Q, removes the drive current
from the PIC625 instantaneously. It provides
protection during the transient condition. The
transistor switch Qq provides the function of cur-
rent foldback by discharging the soft start capaci-
tor Cy. The transient. response of this circuit is
shown in Figure 16. The current in the switching
transistor during short circuit and normal opera-
tion mode is shown in Figure 17.

Ein = 350V
To Control Circuit
A
1 |
oL |
— L

C3
]l YYYY Y\
11

Cy L

The flux correction circuit eliminates the need for
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CONCLUSION

The low cost circuit described in this paper prevents
core saturation due to unsymmetrical flux, and
provides equal collector current in the transistor
switch and in the rectifier diodes. The power
dissipation of these switches is kept in balance.

Further advantages of this approach are:
1. a. In a push-pull converter, the need for an

inductor is eliminated, thus, the size cost
and weight are reduced. .

b. Transient response time is improved.

2. In a bridge type converter, a capacitor (low
" ESR, high voltage) in series with the primary
of the power transformer is not required. (In
conventional designs even with this capacitor,
there exists a danger that the core can be
driven into saturation under transient
conditions). ‘

3. In a buck type converter, it allows the cur-
rent limiting function to be performed
without a current sense resistor, thus im-
proving the performance.

4, Storage time and VCE(SAT) matching
~ of the transistor switches are not required.

5. More efficient use of the transformer, allow-
ing smaller, lower cost magnetics is achieved.

6. In an off-line converter, isolation is main-

capacitor C3 in series with primary of the transformer tained.
Figure 14. Half Bridge Converter E
erroxcube
782E272
Ejn =25V PIC625
in = 25 r—— = ——" T L Eout =5V
hd ’ \AAAS
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Figure 15. High Performance Buck-Type Switching Regulator
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2V 5mS E
Collector 3
Current - ( A L~ Short-circuit
al e L IL=1A
LEE Collector
E3 ES Current
Output + E3
Voltage 1 F 3
50mV 50mV
V = 2V/div, H = 5mS/div V = 1A/div, H = 50uS/div
Figure 16. Figure 17.
Collector currents for step change Collector currents, I|_ = 1A and under
in load from 1A to 5A, to 1A. short circuit conditions.
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HYBRID CIRCUITS FOR LOW VOLTAGE
SWITCHED-MODE CONVERTERS

ABSTRACT

Hybrid circuits offer many advantages over the
conventional discrete appraach in switched-mode
converters. This paper deals with the construction
of the hybrid circuit and its thermal considera-
tions. It examines the efficiency of a buck regu-
~ lator employing a saturated transistor versus the
optimized darlington configuration. Also con-
sidered are the effects of reverse recovery of the
rectifier and base spreading resistance of the tran-
sistor on the efficiency of a switching regulator.
Finally, applications of standard hybrid circuits
for switched-mode converters are discussed.

I. INTRODUCTION

Recently a rapid increase in the use of hybrid
circuits in switched-mode power converters is
evident due to their inherent advantages. Some of
these advantages are: dc and high frequency
electrical isolation, ease in heat sinking multiple
power components within the single hybrid pack-
age, reduced stray parasitics, and finally, lower
overall cost compared to the discrete approach.

The hybrid circuit approach requires careful con-
sideration of thermal design for maximum reli-
ability and proper selection of silicon chips for best
electrical performance. This paper provides an
overview of the construction of a typical power
hybrid switching regulator circuit and its thermal
design considerations. Also considered are the
effects of the reverse recovery time of the recti-
fier and the base spreading resistance rgg’,of the
power switching transistor on the efficiency of the
switching regulator. Applications and advantages
are also discussed for types of hybrid circuits
which are designed for low voltage applications
and other types designed for "off-line’” switched
mode converters.

Il. CONSTRUCTION

The power hybrid circuit PIC600 is the power out-
put stage of a buck type switching regulator as
shown in Figure 1. It consists of a high speed
darlington-connected transistor pair, a commu-
tating diode and two thick film biasing resistors.
These components are housed in a 4 pin elec-
trically isolated TO-66 package.

The manufacturing procedure for these devices is
divided into two stages. First, a BeO substrate
is chosen because of its excellent thermal
conductivity, —— 70% as good as copper. The
interconnection paths, pad areas for the wire
bonds and the thick film resistors are screen
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printed onto the BeO substrate and then fired
in high temperature furnaces. For optimum per-
formance, the tolerances of the thick film resistors
are maintained within 10% of their design values.
The semiconductor devices used in the circuit are
all silicon planar passivated devices and are gold
eutectic mounted. Aluminum ultrasonic wire
bonding is used for interconnections.

In the second stage the BeO substrate is soft
soldered to the header for good heat transfer.
A copper slug is interfaced between the BeO sub-
strate and nickel plated steel header. The copper
slug is used to relieve mechanical stress between
the BeO substrate and the header and to provide
heat spreading resulting in lower thermal resistance.

11l. THERMAL CONSIDERATIONS

The design of the power hybrid circuit requires
careful consideration to optimize important
thermal requirements; thermal cycling, resistance,
and partitioning. To obtain maximum thermal
resistance, overlapping heat flow should be avoided.
As shown in Figure 2, heat flow from silicon chips
#2 and #3 overlaps, thus reducing the thermal
capability. No overlapping heat flow occurs from
chip #1.

Thermal resistance of the package can be calcu-
lated by the formula:

t
RT = o g

where t is the thickness of material through which
heat flows, p is the thermal resistivity of the mate-
rial and A is the average area through which heat
flows.

In making a conservative calculation, it is assumed
that heat flux diverges at approximately a 45°
angle for all the materials except the copper slug
(62.5°) due to high conductivity.

The thermal resistance calculation of a hybrid
circuit is shown in Figure 2. The copper slug
between the BeO and header reduces the thermal
resistance of the package (by about .32°C/W) by
spreading the heat flow through a large area of
the steel header.

This calculation assumes that no voids are present
at the interfaces.

IV. COMPONENT AND CIRCUIT SELECTION

Achieving maximum efficiency in a buck-type
regulator requires proper selection of electrical
characteristics of the transistor switch and catch
diode. Optimum efficiency can be obtained with a
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Schottky rectifier because it has lower forward
drop than mostPN junction devices. The Schottky
rectifier is a majority carrier device and has zero
reverse recovery time. However, the Schottky’s
high junction capacitance (10 times greater than
PN junction devices) produces the same effect as
the tyr of PN junction devices. Junction capaci-
tance does not change appreciably with tempera-
ture, so the effective reverse recovery time remains
the same with respect to temperature. Since
commercially available Schottky rectifiers have
only a 45V PIV rating, the absolute maximum
input voltage of the buck type regulator is limited
to only 45V.

Ultra fast PN junction devices are available with
the same effective reverse recovery as Schottky
rectifiers with a higher (up to 400V) PIV capa-
bility. The somewhat higher forward drop of the
PN junction devices does not degrade efficiency
at higher voltages.

The way in which a device recovers from for-
ward conduction is also important. In high voltage
(>1000V) power supplies, it is desirable to have
abrupt reverse recovery time for optimum effi-
ciency. In low voltage, high current power supplies
a soft reverse recovery rectifier is better suited
from the RF1 viewpoint.

Figure 3 shows the effect of a diode recovery time
on transistor power dissipation. The reverse re-
covery time of the catch diode requires the tran-
sistor to conduct higher peak current for a longer

U-82

duration in the active region. This significantly
increases RFI and also increases the power dissipa-
tion in the transistor, and may cause second
breakdown.

For reliable circuit operation, trr should be much
less than the current rise time of the transistor.
This ensures minimum current overshoot in the
transistor and also minimizes the amount of time
the transistor spends in the active region during
turn-on, resulting in lower power dissipation and
increased efficiency. However, to obtain maximum
efficiency, all switching times, (including current
rise time) should be as fast as possible. The rectifier
should be selected such that its ty is one third or
less of the current rise time of the transistor. In
switching regulator applications, it is also essential
that the storage and fall times be as low as possible.

When turn-off is achieved without the assistance of
IB2, it is important that the power output tran-
sistor have the following characteristics for best
performance:

1. Larger emitter periphery area with a triple
diffused or double diffused epitaxial con-
struction to provide lowest effective col-
lector series resistance to prevent forward
biasing of the collector-base junction.

2. The base spreading resistance, rgg’, of the
device should be lower than the external
biasing resistor. This will provide low storage
time and fast fall time.

3.0 —
IRm ic
-
; 2.6 t,
3
= c 2.2 4 Figure 3b.
= Q tyi
o= ¢
;— g:: = . NOTE: L
= 5 -0 Ein 04 —_—
& 2 .IR_M =t A\ E
§ Ic i °
= 1.4 - C
D
CinT 1 T °
o— -0
1.0 : . . . Figure 3a.
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Diode t,,

Transistor ty;

Figure 3. Importance of Reverse Recovery Time of a Rectifier
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Figure 1. Unitrode power hybrid circuit (PIC600)

Silicon
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DEFINITION:
p t
Temp. Coef. Rest. Thickness RT* of
Material 10-6°c °C-inW in mils PIC625
A — Silicon 4.2 .303 5 214
B — SiAu Eut. 14 .182 3 .0718
C — BeO 6 .162 20 .249
D — Solder 23 .8 4 .187
E — Copper 16 .104 10 .04614
F — Solder 23 .8 3 .0836
G — Steel 1 .884 65 1.043
%o _ ot Total 1.8954
Rr=03)

Figure 2. Heat Flux Line in a Hybrid Circuit

UNITRODE CORPORATION + 5 FORBES ROAD
LEXINGTON, MA 02173 « TEL. (617) 861-6540

TWX (710) 326-6509 « TELEX 95-1064 66

PRINTED IN US.A.



APPLICATION NOTE

Emitter

U-82

le T Collector

Y
le X Rgedrop =

L

Yy

Figure 4. Effect of rgg, on Switching Times
and Dynamic Saturation

The resistor turn-on biasing method works satis-
factory up to 10A for a low voltage device without
affecting the efficiency of the switching regulator.
Another advantage of the resistive turn-off circuit
is that it limits current crowding during turn-off
thus increasing the reliability of the circuit. Since
the driver transistor operates in a saturated mode,
the device should have a high gain-bandwidth
product to minimize overall storage time.

The hybrid circuit PIC600 consists of two tran-
sistors connected in a darlington configuration.

The internal biasing resistors of these transistors
are sufficient for fast turn-off without requiring
any IB2.

The table shown in Figure 5 compares the effi-
ciency of a saturated transistor (2N4150) versus
the hybrid darlington as the switching element in
a 50 kHz buck regulator. In each case, the output
device has the same size silicon chip.

Pass Power Losses Efficiency
> (Watts) E E

Transistor Tj=25°C F?;\ = 05 _Eig = 0.2
D.C.Losses . .............. Q.7

2N4150 Switching Losses . .. ... ..... 2.27

(Saturated) Drive Losses . ... .......... 0.13 84.79% 81.66%
Diode Losses .. ............ 4.76

PIC625 D.C. Los;ses ............... 1.4

; Switching Losses . .......... 1.53 82.8% 0

(Darlington) Drive Losses . ............. 0.15 0 81.69%

Diode Losses .. ............ 4.76

Conditions:

f=B50KHz

Eo =5V

lo=7A

Same size output device for both cases.

Figure 5. Comparison Between Saturated and Darlington

Pass Transistors in a Buck Type Switching Regulator
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In the saturated transistor approach, the transistor
is driven with a forced Beta of 5 during turn-on
and turn-off. However, in the darlington configura-
tion, no turn-off base drive is employed. Typical
measured switching times and saturation voltages
are used to calculate losses.

From the table in Figure 5, it is evident that the
hybrid darlington approach provides best results
in terms of efficiency when the ratio between the
output and input voltage is less than 0.25. In a
darlington configuration, if the output device is
kept out of saturation, then the rise, fall and stor-
age times will be reduced compared with the
saturated transistor. Even at higher output/input
voltage ratios the loss in efficiency because of
higher VCE(SAT) is minimal compared to the
complexity and cost of a drive circuit required for
a saturated transistor.

The plot in Figure 6 shows dc power dissipation
of a PIC625 at various duty cycles and tempera-
tures. The efficiency of the regulator depends
heavily upon output voltage. Switching losses of
the PIC625 under conditions shown in Figure 6
are:

25°C — 0.875W

-55°C — 0.525W
125°C — 1.476W

»
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V. APPLICATIONS

Different applications of power hybrid circuits are
discussed in this section.

Low Voltage Hybrid Circuits (<100V)

Some applications of low voltage hybrid circuits
are: low and high current positive and negative
buck-type regulators, bidirectional motor driver
circuits, PWM push-pull and half bridge converters.
Each is discussed briefly as follows:

a. Buck Type Switching Regulator

The schematic of the low cost, free running
buck switching regulator is shown in Fig-
ure 7. When the output voltage is lower than
the reference voltage, transistor Q2 is off
and transistor Q1 is on and provides the base
drive to the power hybrid circuit PIC600.
The current in inductor L1 increases linearly
and continues to charge the output capacitor
Co. When the output voltage exceeds the
zener voltage of diode D1 (plus some fixed
fraction of VBE of transistor Q3) transistor
Q2 turns on and removes base drive current
from transistor Q1 and hybrid circuit
P1C600. Resistor Rg and capacitor Cq are
used to provide fast switching times. The
output voltage is trimmed with resistor R3.

13 1 1 I T T 100
Efficiency: ‘Eo =25V
- 1
12 L— [ | 9%
- E, =5V
T 1 — 80
23 10 0
§ CCD Ig1= 30mA — Independent of Load and Temperature X
£8 o I 1 60 2
z 3 ~55°C DC Losses 2
s t T o
tg 8 25°C DC Losses 50 W
£
7 ° — 40
125°C DC Losses Conditions-
6 E;, =26V ——30
o =7A
5 A = 25Kll—‘z 20
0 0.2 0.4 0.6 0.8 1.0
E

ton

o

in

Figure 6. Losses and Efficiency — PIC625
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E. PIC600 Lq =2mH £
in —————— —_— o
CO
Cin -:
5 =180Q
R3 =330Q2
R4 = 220Q
0—5: —Q
Qq, Qg = 2N2222
N=80.3% Load Regulation = .2% Line Regulation (25 55V) = 2%
Figure 7. Low Cost Buck Regulator
b. High Frequency Switching Regulator The advantages of operating a buck regulator
Low voltage hybrid circuits can be operated at higher frequencies are:
as high as 250 kHz due to their fast switch- — Lower filter cost
ing times. When these devices are used above — Reduced size and weight
100 kHz, the storage time of the driver — Improved transient response
transistor must be reduced. This can be done — Output ripple voltage less dependent
by using a Baker clamp with resistor R1 and upon ESR of capacitor
diode D1 as shown in Figure 8. — Simpler EMI and RFI filtering
£ sy PIC600 L = 100¢H -
in = | o~
. [ ! Co
Cin : B 4 |13I\1|914 10uF
i |
L R S -l ' ‘ I
— I > —
- M Rq 002 F 27K
AuF ﬁ_
1 VREF &
L [ O E:
n
47K %’
Inv O r
[ FO N1
47K Q
UC3524A oN2222 47K
4 FOCT Cé- R =
-004uF cB | 1500
+—\M\——OFRT o
2.2K Q Comp —_I_
Ea | CL .001uF
Eg, | CL— ‘g
sh.Dn.| GND
18K

Figure 8. Operating a PWM Buck Regulator Above 100KHz
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c)

Extending Output Current Capability up to
20A

The output current capability of a buck
regulator can be extended by (1) paralleling
the output devices as shown in Figure 9 and
(2) the use of a high current device as shown
in Figure 10.

The advantages of paralleling output devices
are that it allows the device to operate with
a relatively simple drive circuit and provides
simplicity of heat sinking. On the other
hand, proper current sharing during the on-
time period and turn-off time is required.
The circuit shown in Figure 9 provides the
circuit technique to do just that. The only
drawback is that it requires a dead-band
period which must be greater than 0.1L,
where L is the inductance value of the com-
mon mode choke L.1.

U-82

PWM Push-Pull Converter

The circuit schematic shown in Figure 11 is a
width modulated push-pull converter. It utilizes
the Unitrode PIC636 power hybrid circuit.

Flux symmetry5 in the transformer core is pro-
vided by introducing an air gap in only one leg of
the EE core configuration. The voltage developed
across resistor R1 and capacitor C1 is proportional
to the flux density in the center leg of the EE
core. This developed voltage is fed back into the
control circuit at the output of the error ampli-
fier. The output pulsewidth is corrected by the
developed voltage across C1 and R1, providing
flux symmetry in the power transformer.

Bidirectional Motor Drive Circuit

These power hybrid circuits can be employed to
drive inductive loads, such as DC motors, stepper
motors, and hammer drivers. Small inductors L1
and L2 limit cross-conduction current during
switching times of the two hybrid circuits. The
excellent switching properties of the hybrid cir-
cuit allow the circuit to be operated with high
efficiency up to 100 kHz, improving transient
response of the circuit.

PIC625

768T188/3E2A
N1=No=1 Turn
L

Ry Ny o

Ry No
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Figure 9. Current Sharing with a Common Mode Choke
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Figure 10. Simplified Schematic of 20A Buck Type Figure 12. Bidirectional Motor Drive Circuit

High Efficiency Switching Regulator
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Figure 11. PWM Push-Pull Converter
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VI. CONCLUSION

A wide variety of power hybrid circuits in standard
packages for switched-mode converter applications
have been developed by Unitrode. Power com-
ponents were carefully selected for optimum
electrical performance. In many instances these
hybrid circuits not only provide superior electrical
performance but also reduce the overall cost of the
power supply by reducing production labor and
repair cost.
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INCORPORATE ACTIVE INRUSH CURRENT LIMITING
TO IMPROVE RELIABILITY AND EFFICIENCY
'OF POWER SUPPLIES

Active inrush-current limiters—unlike fuses and circuit breakers—
prevent dangerous situations instead of only reacting to them.
Apply limiting techniques, and you need not employ extra-hefty
rectifiers just to ensure rectifier survival during turn on.

The input filter capacitor employed in many 40 nH
power-supply designs creates a potential problem—
high inrush current. Fortunately, though, adding a
few extra components can prevent inrush current
and its associated circuit damage.

How does the input capacitor cause such prob-
lems? Intentionally chosen for high storage capaci- 1000 uF
ty and low equivalent series resistance (ESR), it
behaves like a nearly perfect short circuit when the | |
supply first turns on. The resulting short-duration
peak inrush current can reach levels much greater
than the tolerable single-cycle ratings of the
supply’s semiconductor rectifiers (thus destroying
them) and still ,nOt contain S_Ufﬁ?ient total energy Figure 1. Based upon this generalized model, analysis
to open protective fuses or circuit breakers. Addi- indicates the inrush-current problem’s magnitude.
tionally, the supply’s rapidly rising voltage and Chosen for its low ESR, the input filter capacitor (C7)
current levels could cause dv/dt- or di/dt-sensitive  behaves like a nearly perfect short circuit when the

Output to
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0.1

20 nH

| 1

: Power-Supply
¢——A —_— | —_—
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Turn on an analysis before
you turn on a power supply

Computer analysis proves useful

To appreciate the inrush-current problem, con-
sider an estimate of its magnitude before examin-
ing possible control techniques. Figure 1 depicts
a model of the ac-input and rectifier/filter sections
for a typical power supply. Although shown in a
straight off-the-power-mains configuration, the
model should be valid for any other design with
the same output-power capability.

An ECAP computer analysis performed for this
circuit assumed worst-case -conditions: switch
closure at 160V (peak voltage).- The results (Fig-
ure 3) of a typical design. The current pulse’s
high level and short duration could generate severe,
localized hot spots in rectifier junctions or cause
false triggering of rate-sensitive devices elsewhere
in the circuit.

A standard approach to current limiting is depicted
in Figure 4a—a resistor. It’s simple, reliable and
easy to design in, but efficient it isn’t. At any cur-
rent level, it dissipates power that would otherwise
be available to the load. The resistor does perform
a surge-current-limiting function, however.

(a)

o—
q + DC Output
AC Line -
o,
X zx
o_
(b)
o——¢
A DC Qutput
AC Line B
O
Y Y ¥
40_

Figure 4. Two common methods of inrush limiting
employ either a resistor (a) or a thermistor (b). But
if the resistor is large enough to effectively control
surge currents, it also significantly reduces efficiency.
The thermistor, while more efficient, offers little
protection during dropout recovery because of its
long thermal time constant.
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>50v 50V 2ms
DC . et
Output l
Voltage
50V/Div I
L /T I —
v N
Line
Voltage NN \ -, p. A
150v/Div IIYTHHHTH R / ++
i A
Inrush
Current
80A/Div
l L _
+>50V 200mV
L 1 A1

Figure 3. Measured inrush current appears close to that pre-
dicted in Figure 2. This large current inrush could cause
Junction hot spots and generate troublesome EMI.

Alternatively, a thermistor-controlled current
limiter (Figure 4b) alleviates the resistor’'s effi-
ciency problems to some extent, but it aggravates
the dropout-recovery problem. The same cold-to-
hot resistance variation that permits turn-on
current limiting and high efficiency at low opera-
ting currents fails in dropout-recovery situations:
The thermistor’s long thermal time constant
prohibits fast recovery.

117V AC D3
Line —O+
N
=C v,
o o_
R2 1-

-
C2
NOTES
Rq: 3,5W | Cq: 1000 #F | Qq:400,V10A
Rp:02,10W| Cp: 10pF | Q2: UPT312
R3: 3k, 5W | C3:2uF
Ra: 1k D7: UZ4715
Rg: 1k, 2W | D2: 1N4245
Rg: 2k D3: UT680-4

Figure 5. SCR soft starting bypasses the current-limit-
ing resistor (R 1) only when the peak-detected voltage
across Q7 drops below the zener breakdown, ie.,
when Cj7 becomes almost -fully charged through R7j.
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SCR spells efficiency

In view of resistor and thermistor drawbacks,
active soft-start designs offer a best-of-both-worlds
solution—effective inrush limiting, fast recovery
and high operating efficiency. This type of circuit,
shown in Figure 5, essentially incorporates a cur-
rent-limiting resistor (Rq) and a bypass switch
(Qq). At turn on, Q1 is OFF, and the surge cur-
rent (1g) develops a voltage across R1. This voltage
is peak detected by Do and stored in Co. When the
voltage exceeds Dq’s zener breakdown—an event
that should occur almost instantaneously—Qy
turns on, disabling Qq's gate-triggering network
(R3C3). As the power supply’s filter capacitor Cq
charges up, the inrush peaks diminish until the
detected ISR7 voltage falls below Dq's zener
breakdown. Q5 then turns off, and the R3C3 net-
work charges up and fires Qq, bypassing R1q.

This circuit recovers rapidly enough to limit in-
rush currents that could occur as a result of even
short line dropouts. When the ac input voltage
goes to zero, the voltage across Qq also goes to
zero, and Qq turns off. When the input voltage
reappears, Qg keeps Qq's gate circuit OFF until
R1 has allowed C1 to become almost fully charged.

Figure 6 graphically depicts this design’s inrush-
limiting ability. Note how the ISR1 voltage level
(upper trace) tracks the diminishing inrush-current
pulses (lower trace) for the first three cycles. At
the 17-msec point (slightly after the third current
pulse), the peak detected voltage has dropped
below the zener breakdown point, and Q1 switches
on, bypassing Rq. Then Ry limits inrush currents.

=.|_1

TRIAC
o— 4

117V AC

U-83

50V T 5mS
Veo ]
) -
VTV (R RES REEE SRELS SEET CRER] REEE REb
\V 3
+HH - HIH-+!‘P1 HHHHH
Inrush
Current ]
20A/Div ﬂ
AFLEAE
5v SOTV
5 msec/Div

Figure 6. Inrush-current pulses of decreasing magnitude
(bottom trace) lower the SCR’s hold-off voltage (upper
trace). After 17 msec, the SCR fires.

After determining your design’s maximum continu-
ous dc output current (IQ) and inrush limit (Is),
you can select an appropriate SCR. (The major
SCR considerations are the peak repetitive block-
ing voltages and the maximum average plus peak
current levels.) Typical SCRs exhibit a gate-turn-
on voltage (VGT) of about 0.6V; typical power-
supply circuits exhibit a di/dt of about 1A/usec—
two quantities required for calculating the values
of the other critical components:

R1=y/2V AC/ls
R2=PR,/I0?
Vz=IsR2
C3=(2/2 VacVz)/(R3VGTR1(di/dt)).

Line

(e

NOTES

D1:UZ4718
Dy: UT680-4
D3: 1N3612
Q1: 400V, 10A
Q2: UPTA510
Q3: U2TA506

~ Cq
W 1000 uF

04: U13T1
T1: SPRAGUE 1122000 1

O

Figure 7. Phase controlling a triac /imits inrush-current pulses’ amplitude and duration. Cycle-by-cycle triggering —
handled by the PUT comparator — ensures instant recovery from line dropouts. ’
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Switch out the limiting resistor
when the inrush is over

In the second equation, specify PRy as the maxi-
mum power your requirements allow across R2.

Another effective inrush-current limiter is the
phase-controlled triac design shown in Figure 7,
which operates by controlling the conduction time
of the current surges. Initially, the dc voltage (VQ)
across C1 builds up slowly because of R1’s current-
limiting action. This dc voltage helps establish a
reference (via R11 and zener diode D1) for the
programmable unijunction transistor (PUT) Q4 and
charges the phase-control timing capacitor C2 (via
R3). The PUT fires when its trigger point is
reached, turning the triac on. Thus, when V(Q is
initially low, C2 charges slowly, and the ftriac
triggers on late in the half cycle. As VQ rises Q1
turns on earlier in each cycle until nearly 100%
conduction is achieved.

[50v 500 mV
Line I
Voltage [ | .
) ' Equivalent
50V/Div d Inrush
Current
\_ ) 10A/Div
=] o P o, i
[ Il oe
/: [~ Output
Voltage
f_’ iR SOJV/Div
J
5oV 50V
10 mSEC/DIV

Figure 8. Triac conduction follows the gradually increasing
dc output voltage, decreasing the would-be inrush current.
When the output voltage reaches design level, the triac is
bypassing the current limiter nearly 100% of the time.

The remaining circuit components (D3, Q2, Q3,
etc} discharge timing capacitor C2 on each half
cycle, thereby assuring cycle-by-cycle current
limiting and fast recovery from dropouts. Figure 8
depicts the relationship between the ac input
voltage, the dc output voltage and the varying
conduction angle of the triac.
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DESIGN GUIDE — POWER SCHOTTKY RECTIFIERS
IN A SWITCHING REGULATOR

1. Introduction

Present technology is stimulating the development
of more efficient power supplies. The switching
regulated power supply is fast becoming the most
popular type especially in industrial and military
applications because it offers higher efficiency than
a linear power supply.

Schottky rectifiers are widely used in switched-
mode converters due to their inherently lower for-
ward voltage characteristics compared with PN
junction devices. Losses in the power supply are
reduced considerably by the use of Schottky rectifi-
ers, resulting in increased efficiency, improved reli-
ability, and reduced size, weight and cost of the
switched-mode converter.

In a +5V T2L logic power supply, the efficiency of a
switched-mode converter is reduced 11 to 15% due
to rectifier losses. The trend is for information pro-
cessing circuits to be operated at even lower volt-
ages, making the forward characteristic of a
Schottky rectifier even more important. ’

Since the Schottky rectifier is a majority carrier
device, there is no reverse recovery characteristic
caused by minority carrier storage when the devices
switch from forward conduction to the blocking
state. However, due to the large junction capa-
citance, Schottky rectifiers will exhibit reverse re-
covery time like a fast PN junction rectifier.

This application note describes, in brief, the theory
of Schottky rectifiers and compares Schottky recti-
fier characteristics using different barrier metals
and their effects on switching regulator efficiency.

The discussion also covers the parasitic elementsin
the Schottky rectifier and considers the effects of
these elements in switched-mode converters.
Design rules are derived for optimum snubber net-
works to protect against transient voltages and min-
imize RFI. Guidelines are provided for selecting the
proper Schottky rectifier for different types of
switched-mode converters.

UNITRODE CORPORATION « 5 FORBES ROAD
LEXINGTON, MA 02173 « TEL. (617) 861-6540
TWX (710) 326-6509 « TELEX 95-1064

2. Basic Structure

The basic construction of a Schottky rectifier is
shown in Figure 1. The starting material is a heavily
doped N+ silicon wafer on which an N-type epitaxial
layer is deposited. The resistivity of this layer
determines the reverse blocking voltage capability
of the rectifier. The Schottky barrier is formed by
depositing a metal layer on the N-type epitaxial
layer, and the junction formed between the metal
and the semiconductor is an abrupt junction.

The most commonly used barrier metals or alloys
are chromium, platinum, nickel platinum, molybde-
num tungsten. A performance comparison of differ-
ent barrier metals is summarized in Table 1. The
chromium barrier provides low forward voltage with
a very high leakage current. However, the tungsten
barrier provides low leakage current with high for-
ward voltage. Since efficiency is a major considera-
tion in switched-mode converters, the nickel plati-
num barrier provides the best choice due to its low
forward drop with a minimum of leakage current.

3. Theory And Discussion of Parasitic
Elements in a Schottky Rectifier

The energy bands of a metal and semiconductor
separated by avacuum are shown in Figure 2a. This

. system is not in equilibrium. However, if an electri-

77

cal connection is made between the semiconductor
and metal, charge is allowed to flow from the semi-
conductor to the metal. Equilibrium will be estab-
lished and the Fermi levels will become aligned.

When intimate contact is made between the metal
and semiconductor, Figure 2b, the Fermi levels will
line up and there will be an accumulation of positive
charges at the surface of the semiconductor. A bar-
rier will exist for electron flow from the metal to
semiconductor and the barrier height will be the -
difference between the work function of the metal
and the semiconductor.
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Figure 1 - Cross—-Section of a Schottky Barrier Power Rectifier
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Figure 2- Energy Band Diagram of Metal Semiconductor Contact

UNITRODE CORPORATION « 5 FORBES ROAD
LEXINGTON, MA 02173 « TEL. (617) 861-6540

TWX (710) 326-6509 + TELEX 95-1064 78

PRINTED IN U.S.A.



APPLICATION NOTE

U-85

TABLE 1 — PERFORMANCE COMPARISON OF DIFFERENT BARRIERS

SPECIFICATIONS POWER LOST IN EACH RECTIFIER
Ve @ 20A Ve @ 100A LEAKAGE CURRENT LOSSES DUE TO Vg LOSSES @ 100A
METAL BARRIER (V) 125°C** (V) 125°C** (mA) 125°C** LEAKAGE (W)* (W)*
Chromium 0.35 0.78 280 1.80 33.20
Molybdenum 0.45 0.75 65 0.46 34.07
Platinum 0.51 . 0.80 10 0.071 35.23
Ni-Platinum 0.433 0.73 30 0.2145 32.70
Tungsten 0.51 0.82 10 0.071 36.79

Power dissipation calculations are based on 125° C operating junction temperature and a high line input voltage for an

off-line PWM converter.

** Vg voltages are for 160 mil? die.

3.1 Forward Biased Junction
When the barrier or ajunction is forward biased, the
energy level of the conduction band in the semicon-
ductor is raised, which allows electrons to flow into
the metal as shown in Figure 3a. A small barrier does
remain, but the electron energy distribution is suffi-
cient to overcome this remaining barrier. Increased
forward bias will overcome the barrier and current
flow will be limited only by the series resistance of
the device. Most of the forward drop at high current
occurs in the high resistivity epitaxial layer which
determines the reverse blocking voltage capability.

Schottky rectifier forward drop can be expressed by
the following equation:

¢KT<IF

v, = &, KL, )+'F'p'd 3.1
F7q9 " a " \AxRT A (3.1)

+ Voltage drop in ohmic contact of package

Where: I = Forward current (A)

= Barrier area (cm?)

= 0.026 at room temperature

Barrier height - e,

= Resistivity of epitaxial layer (Q-cm)
= Thickness of epitaxial layer (cm)

= Richardson constant

- T a® & X >
.ol_|
n

= Absolute temperature (° K)

The term [l - p - (d/A)] in the above equation is
the forward drop in the high resistivity epitaxial
layer and it is a significant portion of the forward
drop at high current levels.
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Since holes cannot exist in the metal, none can be
injected into it. As a result, conduction is entirely
dueto electrons. This eliminates the minority carrier
related reverse recovery time.

3.2 Reverse Biased Junction

When the device is reverse biased, the conduction
bandin the semiconductorislowered by the applied
reverse biased voltage as shown in Figure 3b. For
any conduction to occur, electrons must surmount
the potential barrier created at the metal-semicon-
ductor junction. Some electrons in the metal gair
sufficient thermal energy from the lattice structure
to overcome the barrier while others are able to
tunnel through the barrier. This leakage current is
temperature dependent.

3.3 Junction Capacitance

The barrier metal and uniformly doped N-type epi-
taxial layer create an abrupt junction. Thisresultsin
at least 5 times higher junction capacitance when
compared with similar slightly graded ultra-fast PN
junction devices. The depletion capacitance of a
Schottky rectifier under reverse biased conditions
can be expressed by the equation:

/ . 106
C=A- (43 - 10®°)Np (3.2)

Va + 06 + (KT/q)

Where: N, = Carrier concentration of an epitaxial
layer
KT

T = 0.026 at room temperature

Vg = Applied reverse biased voltage
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As can be seen from the equation, the junction ca-
pacitance-is inversely proportional to the square
root of the applied reverse voltage and is practically
independent of temperature at reverse voltages
greater than 1V. When the device switches from
forward biased condition to the reverse blocking
state, current is required to charge the depletion
capacitance. Thetimerequired to charge up capacitance
is determined by the circuitimpedance. This charging
current has the same effect as the reverse recovery
current of a Unitrode fast recovery “UES” PN
junction rectifier!

Direction of Electron
Flow

e .
&
§ [ | o Fermi Level
'” /
5 / Applied Forward Bias
3 A y
o — — — — g,
Metal N-Epi N'

Figure 3a - Rectifier — Forward Biased

Applied
Reverse
Bias

Electron Energy

N-Epi N

1

Depletion
Layer

Figure 3b - Rectifier — Reverse Biased
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In aswitched-mode converter, the apparent reverse
recovery timeis determined by the leakage inductance
of the transformer and the junction capaci-

- tance of the-Schottky rectifier. Since capacitance

does notvary with temperature, the apparent recovery
time and current overshoot remain constant with
temperature. Ringing resonance of leakage inductance
and Schottky capacitance can cause voltage overshoot.
In a high frequency switched-mode converter where
the transformer is designed with very low leakage
inductance, careful consideration must be given.in
selecting the Schottky rectifier because of dv/dt
limitations.

4. Applications of a Schottky Rectifier in
Switched-Mode Converters

The simplified power output stage of a half-bridge
switched-mode converter is shown in Figure 4a.
When switching transistors Q, and Q, are in the “off”
condition, diodes D, and D, conduct in the forward
direction to provide a current path for inductor L,.
Each diode carries half of the load current. When
transistor Q, turns on, current in diode D, starts to
change from half the load current to full load cur-
rent, while currentin diode D, starts to change from
half the load current into the “off” condition. Cur-
renttransition timein the rectifier will depend on the
current rise time of the transistor and the leakage
inductance of power transformer T,. When current
in rectifier D; increases to full load current, current
in rectifier D, decreases to zero.

Since a Schottky rectifier is a majority carrier
device, it should turn off instantaneously. However,
because of the larger junction capacitance of the
Schottky rectifier compared with PN junction devi-
ces, transistor Q, supplies additional current to the
secondary winding to charge up this larger junction
capacitance. Note that the junction capaci-
tance of the Schottky rectifier varies with reverse
bias voltage as shown in Figure 5. Also the capaci-
tance is five times that of equivalent PN junction
devices.

As currentisincreased, the voltage across the junc-
tion capacitance of the rectifiers builds up toward
the full reverse blocking state. The primary current
will be higher than the output load current divided
by the transformer turns ratio. During this period,
energy is stored in the leakage inductance due to
the excessive current on the primary side. As the
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voltage across the rectifier reaches full switching
voltage, energy stored in the leakage inductance
continues to charge up the junction capacitance of
the rectifier above the switching voltage reflected
back in the secondary. These voltages can force the
device into the breakdown region if the proper
snubber circuit is not employed.

4.1 Snubber Network Design

The equivalent circuit referred back to the primary
side when the junction capacitanceis charging up is
shownin Figure 4b. The junction capacitance of the
Schottky and the leakage inductance of transformer
T, form a resonant circuit. The winding resistances,
Rew and Rgy, and saturation resistance, R,, provide
very little damping to this LC tuned circuit. There-
fore, its effect on damping can be neglected. The
interwinding capacitance of the power transformer
is much lower than the junction capacitance of the
Schottky rectifier and may be neglected. The simpli-
fied circuit referred back to the secondary side is
shown in Figure 4c.

Since Schottkys are prone to excessive heating and
possible damage in the breakdown mode, a proper
snubber is required. The design of the snubber net-
work minimizes voltage spikes and snubber losses.
The snubber network also helps to reduce con-
ducted and radiated RFI.

The optimum snubber network should be designed
on the basis of critical damping of the LC tuned
circuit and limiting the maximum excursion of the
voltage below the PIV ratings of the rectifier.

Shown below is the LC tuned circuit with resistor
Rqnw paralleled across the junction capacitance of
the Schottky rectifier for a critically damped
condition.

7 Cl Rsnb

Figure 6 - Damping Resistor R,,, Added Across the
LC Tuned Circuit for Critical Damping
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The loaded Q, should be 0.5 for a critically damped
case to prevent any ringing of the voltage and to
provide minimum losses in the snubber resistor. LC
tuned circuits will have only real roots. Loaded Q_
can be described by the equation:

os ]

Q = 05=2= (4.1

Where: X = jowlL

“Ryp = 05w+ L
1 aL,
=05 | ———— | =
V(4L /m)C, n
1 L
Rov = 2/ G (4.2)

Where: C; = Junction capacitance of rectifier

L, = Leakage inductance of power
transformer

A capacitor is required in series with the resistor in
order to block the dc voitage present. The blocking
capacitor should be at least ten times the rectifier
junction capacitance:

Csnp = 10(C) (4.3)

To transfer the power effectively from the input
power source to the output load, the time constant
(Rsnp X Cqpp) should at at most one-tenth the min-
imum pulse width of the switched-mode converter.
This occurs at maximum input voltage. Therefore:

R * Cow = 12 €, /E, ) (4.4)

Where: fis the operating frequency of the switching
regulator.

The power dissipation in the snubber resistor R,
can be calculated by the equation:

For Half-Bridge:

PR

snb

E. |2 '
= %Cynp —% - f (4.5)
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For Push-Pull for Full-Bridge:

2(E, )]2
-

PR, = %Cums [——n"‘ (4.6)

Where: E

n =

ifmax Maximum input voltage

Primary to secondary turns ratio of
power transformer

Every inch of wire represents 20 nanohenries of
inductance. When the output current is high, the
energy stored in the lead and package inductance in
the secondary circuit can generate high voltage
spikes across the rectifier during reverse recovery
time. To reduce these spikes, two snubber networks
are required. One should be placed across each
Schottky rectifier as shown in Figure 7 below.

T ;H T

Figure 7 - High Current Outputs

For low current outputs, the snubber network can
be connected across the secondary winding as
shown in Figure 8.

m

Figure 8 - Low Current Outputs

4.2 Reverse Recovery Time and Overshoot
Current, lgpaec)
Reverserecovery time is defined as the time required
to change a rectifier from the forward conduction
state to the reverse blocking state. Although a
Schottky rectifier is a majority carrier device, it takes
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time to “recover” because of its high junction capac-
itance. In aswitched-mode converter, reverse recov-
ery time is, to a large extent, determined by the
parasitic leakage inductance of the transformer
which resonates with the junction capacitance of
the Schottky rectifier. Design equations for reverse
recovery time and current overshoot can be derived
as shown below.

Reverse Recovery Time:

From basic equations of an LC tuned circuit:

w =
LC

Substituting f = 1/7 and rearranging:
r=2m/LC
Since 1/2 = t,, by definition:

t,=m/LC

(4.7)

'aM (REC)

¥

Figure 9 - Reverse Recovery Time of a Rectifier

Assuming the rise time of the transistor is much
faster than t, of the rectifier, and substituting L=
leakage inductance of the transformer and C, = junc-
tion capacitance of the Schottky rectifier. Neglect-
ing the interwinding capacitance of the transformer,
the reverse recovery time (when no snubber net-
work is employed across the rectifier) can be calcu-
lated by the equation:

t,. due to junction capacitance:
2m
V4L (C)

trr= n

(4.8)
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Where: n Primary to secondary turns ratio
The ringing frequency can be calculated by the
equation:

f = (4.9)

JUR | B
a1 Lg (Cl)
From the characteristic impedance of the LC tuned
circuit, overshoot current, lam, in the Schottky recti-
fier can be calculated by:

Ein

B/

L, (4.10)

lrmRec) =

4.3 Practical Example

A detailed diagram of a 150W, multiple output
switching regulated power supply is shown in Fig-
ure 10. The power supply is designed to operate
withalineinputvoltage of 117V ac, 60 Hz or 220V ac,
50 Hz. The regulated output voltages are +5V @ 1A,
+12V @ 1.2A,-12V @ 1A and -5V @ 1A. The output
voltage is regulated by power switching hybrid cir-
cuits Q, and Q, which are housed in four pin electri-
cally isolated packages.

Since the caseis electrically isolated from the active
devices, it provides the following advantages:
a) lower conducted and radiated RFI

b) ease in mounting — two devices can be
mounted on the same heat sink.

The selected switching transistor provides fast
switching time (<100ns) and the diode in the hybrid
circuit provides low reverse recovery (<50ns) and
forward recovery time. The proportional base drive
current to the switching transistor is supplied by the
current transformer T,.

One of the output voltages (+5V) is regulated with a
pulse width modulated (PWM) control chip
Unitrode’'s UC3524. The auxiliary voltage to power
the control circuit should be electrically isolated
from the line voltage. Conventionally, the 60 Hz
transformer is utilized to provide isolation and the
transformer output voltage is rectified and regu-
lated to supply bias voltage to the control circuit.
Transistors, Qs and Qu, provide a low cost approach
in developing bias voltage for the control circuit
without the use of a 60 Hz transformer. The opera-
tion of the circuit is described in detail below.

When the 117V acinput line voltage is applied to the
switched-mode converter, capacitors C, and C,
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charge up to full input voltage. Meanwhile capacitor
C; charges up slowly through resistor R;. When the
voltage across C; reaches the anode-gate voltage of
the programmable unijunction transistor Q,, it will
turn on and dump the stored charge from capacitor
C; into one of the proportional base drive windings
ofthe transformer T,. The polarity of the windings is
such that it will turn on only transistor Q,, transfer-
ring energy from input capacitor C, into the output
capacitor C, (isolated from the input line) through
power transformer T,. The control circuit LM3524
starts to switch transistor Q,. At the instant when
transistor Q, turns on, capacitor C; will be isolated
from current transformer T, with the help of transis-
tor Q,. The programmable unijunction transistor Q,
now remains off. The capacitor C, is now continu-
ously charging up through the secondary winding
of the transformer.

The output circuit of the switched-mode converter
utilizes coupled inductor L1 to provide better track-
ing among all the output voltages and improve tran-
sient response. Coupled inductor Lz (which isnotin
the control loop) maintains the sawtooth currentin
the +5V winding of L1 (which is in the control loop)
providing stability in the control circuit.

Calculations of Snubber Network:

In the 150W switching regulator shown in Figure 10,
first calculate the current overshoot lpyrec), the ring-
ing frequency and the apparent reverse recovery
time without the snubber network. Then determine
the resistor and capacitor values (for critically
damped case) of the network across the Schottky
rectifier.

Given: L;, Leakage inductance of power trans-
former = 22uH

C;, Junction capacitance of Schottky = 850pF
f, Operating frequency = 30 KHz
n, Primary to secondary turns ratio = 14

Ei“min/Ei“max’ Ratio of maximum input voltage
to minimum input voltage = 400/200 = 2
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Figure 10 - 150 Watt Multiple Output “OFF Line” Switched-Mode Converter
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Solution:
Current overshoot, lgygec), from Equation 4.10:

E. /G
lamrec) = 2V,

320V "850 x 1072
2 22 x 10°

= 1A

The ringing frequency from equation 4.9:

_.n___
4 JL(C)
14
am\ (22 x 10%) (850 x 1072)

-
"

8.1 MHz

The apparent reverse recovery time from equation
4.8:

2
_n” VG (L)

= 27 \[(850 x 107%) (22 x 109)
= 67ns
The value of the snubber resistor from Equation 4.2:
_1 [
Rsnb - n Ci
_ 1 /22 x_10°®
14 V850 x 107
= 10.9Q

The value of the snubber capacitor from Equation
4.3:

Csnb = 10(01)
= 10(850 x 1012

= 0.01uF
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The power dissipation in snubber resistor, R, from
Equation 4.5:
2
] ' f

%(0.01 x 10°) [‘%‘

Ei"max
PR, = "Csn n

2
- 30 x 10°

0.121W

~ The snubber resistor R, should have at least
0.5W rating.

The criteria for the snubber network should satisfy
the conditions below:

1 Ei"min
Rsnb (Csnb) = E)f E.

"Nmax

<1 1
100(0.01 x 10°) < 35304707) * 2

0.1us < 0.993us

The voltage across the Schottky rectifier with and
without the snubber network in a 150W off-line
switched-mode converter is shown in Figures 11a
and 11b. Note that the voltage across the Schottky
rectifier with a snubber network has no voltage
overshoot. Thus, it prevents failure of the Schottky
due to large voltage transients during transistor
turn-on. The ringing frequency is about 10 MHz
without the snubber and is close to calculated
values.

10 -
0
S
S 10 -
£
o
=
-20 1
-30 =4
i 4 LN I 1 U
] 400 800 1200

time (ns)
Figure 11a - Voltage Across Rectifier Without Snubber Network

PRINTED IN U.S.A.

86



APPLICATION NOTE

+10 -

Voltage-(V)

-30

T 1 T
[ 400 800

time (ns)

Figure 11b - Voltage Across Rectifier With Snubber Network

100 - 0.14F

4.4 Thermal Stability Considerations
Thereverse leakage current of a Schottky rectifier is
much higher than PN junction devices because of
the Schottky’s lower barrier height. The magnitude
of this leakage currentdoubles approximately every
ten degrees Centigrade. Since itis temperature sen-
sitive, the thermal stability of the system should be
checked over to avoid thermal runaway. In a PWM
switched-mode converter (i.e. push-pull, half-
bridge, etc.) the rectifier can be operated at 50%
duty cycle in the reverse blocking state while the
remaining 50% of the time it will operate in the for-
ward conduction mode under worst case condi-
tions. However, forward drop is also a temperature
sensitive parameter and this should also be consid-
ered when thermal stability calculations are made.

The criteria for thermal stability is defined as: “the
rate of change in power pumped into a device with
respect to temperature (dP,,/dt) should be less than
the rate of change in power removed (in the applic-
able thermal environment) in the form of heat from
the device with respect to temperature (dPg/dt)".

In a switched-mode converter, the power dissipated
in the device and the power removed can be
expressed by:

IL(7 - ton) v ton T,-Ta
Vg o ——20% 4 < 4.11
. - e Ve = R (4.11)
Where: Vg = Applied reverse voitage

Leakage current at temperature
Rectifier on-time

I

ton
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T = 1/f, where f is the operating
frequency

I = Forward current

Ve = Forward voltage at forward current
(at temperature)

T, = Junction temperature

Since both I and V; are temperature sensitive
parameters, we can express |, and V; as functions of
temperature in the above equation for thermal sta-
bility and obtain:

(Ty - Ta) ’

(7-1tn)
[

‘ tor\ } TJ 'TA
f[F : 7 * [VFO + X(Ty-Ta)l = Roua [4.12]

Where: |, = Leakage current at room tempera-
ture
Ve, = Forwardvoltage drop atroom tempera-
ture
x = Temperature coefficient for forward
voltage at operating current
y = Temperature difference for which

leakage current doubles.

Differentiating the above equation:

r-t, (T - TR
(—T——)-VR-IO-2 PR SN S
ton 1 '
R (4.13]
(TJ - TA)

Definingl, - 2 7 as the critical current, Iz e
at maximum temperature, and solving for I, we

obtain:
(1/Rgsn) I * top * X]

lperiy = Y 693 (7 - t,,)Vr [4.14]

Design Example

In the practical example previously discussed, the
maximum reverse voltage across the rectifiers is
30V. Each rectifier is- mounted on a heat sink. The
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thermal resistance of the heat sink is 1°C/W. The
Schottky rectifier, SD241, has a maximum thermal
resistance of 1.4°C/W from case to junction. Its
reverse leakage current doubles every ten degrees
Centigrade, while the forward voltage at |.=20A
decreased by 1mV/° C as the junction temperature
increases. The designer desires to limit the maxi-
mum operating junction temperature of the
Schottky rectifier to 125°C under worst case
conditions

Calculate the maximum reverse leakage current
allowed for these rectifiers at 125°C to prevent
thermal instability

Calculation:

Resa = (Ren * Reyc) °C/W
= 1°C/W + 1.4°C/W
= 24°C/W

t,, = 16.6us
tyy = 16.6us
T=ty+ty = 33.2us

Using equation 4.14:

lperiy = 10°C x

] (33.2 x 10°)/(2.4°C/W) — (20A) (166 x 10°) (-1 x 107v)
693(33.2 x 10° sec — 16.6 x 10°) (30V)

< 410mA

From the SD241 specification, the maximum re-
- verse leakage current at 125° C is 100mA; therefore
this system will be thermally stable.

4.5 Paralleling Rectifiers
“ When the output current required is greater than the
. maximum rated.forward current of commercial rec-
tifiers, it becomes necessary to parallel the devices.
‘In some instances, it may be preferable to parallel
devices even when a single device of higher current
ratings is available. The advantages of paralleling
these devices are:
1) ‘Heat is easier to remove when compared to a
.single device with a higher current rating
because the heat is spread between two or
more devices.
2)
wire size is smaller, using a separate winding
for each rectifier.
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3) Smaller chip size will have less chance of
voids in the chip bond to the package, thus,
the reliability of the system is improved.

The disadvantage of paralieling rectifiers is that
some kind of circuit technique is required to share
the current among the paralleled devices. If the cur-
rent is not shared equally, the junction temperature
of the device which conducts the higher current will
increase. The forward voltage of the device will
decrease due to its increased temperature and will
conduct an even larger share of the load current. If
adequate matching is not provided, this regenera-
tive process continues; and if not checked in time,
the junction temperature will exceed the maximum
rating and the device will be damaged.

‘In switched-mode converter applications, current

sharing can be accomplished by using separate
windings for each rectifier and by matching forward
drops. The series resistance of each winding acts as
a current ballasting impedance.

5. Guidelines for Selecting the Schottky
Rectifier in Pulse Width Mode (PWM)
Switched-Mode Converter
Applications

The minimum required dc blocking voltage of the
Schottky rectifier and its maximum power dissipa-

- tion can be calculated for different types of switched-
- mode power supplies summarized in Tables I and

I1l. After calculating the maximum power dissipa-
tion, the designer can determine the required ther-

‘mal resistance of the rectifier and the heat sink

using the equation:

T; x " T max
Ron *+ Reyc = map A [5.1]
max

Where: Rg,c = Thermal resistance of rectifier
Rex = Thermal resistance of heat sink
Timax = Maximum operating junction tem-

perature of device

Tamax = Maximum ambient temperature -

When calculations are made for maximum power
dissipation in a rectifier, the voltage drop V; and

- leakage current |; should be taken at the maximum

operating junction temperature.

During start up and for step changes in the output
load current, the voltage across the rectifier should
be limited to below its maximum dc blocking voltage
to avoid failures due to transient voltage across the
Schottky.
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TABLE 1 — GUIDELINES FOR DETERMINING THE RATING OF A RECTIFIER IN A PWM SWITCHED-MODE
CONVERTER

STEADY STATE — POWER DISSIPATION

MINIMUM DC BLOCKING

Ton

'TYPES OF SWITCHING RE:
F GULATORS OUTPUT VOLTAGE IN RECTIFIERS VOLTAGE REQUIRED
BUCK REGULATOR
Power dissipation in Diode D¢ due to forward
L conduction:
Eo E, = E~, x |°_" ~ iNma Eo . .
~ 1omax ° " Fin 77y PD1E = lomay X VF * g‘i""‘m For Diode Dy:
) N~~ ton 12 x Ejp
Co D1 Eo = Ejp x T Power dissipation due to leakage current, Ig: max
[
I —| |jotorte] Poig = IR x Eo. IR@Ein
\ 4 O

0
g
&

PUSH-PULL CONVERTER (50% Duty Cycle)

D
[

g " 1

| §_'- )
D2

—0

I,
Omax

o1 I I |
0—=

b2 | I I
[—

Power dissipation in Rectifier Dy or Dp due to
forward conduction:

lo x VE
- Omax
PD‘F or PDZF = )

Power dissipation due to leakage current, Ig:

N2
PDIR or PDZR =20 x Ei“max x Ny x Ig

For D4 or Dp:

N
24 Einp o) X RS

PWM FORWARD CONVERTER

o .
' D,
Np Eo
Ny N3
o— L

’
Eo =E°¢Vp+lomaxxn
N3
Eo = Einpin Ny +Np

Where:
Eg = dc Output Voltage

[l

Eo = Output of Secon-
dary Winding When
D4 is conducting

Power dissipation due to forward conduction
in Rectifier Dy:

Ny
PD1E = lomay ¥ VF Ny +Np
Power dissipation in Rectifier Dy:

- N1 Einmax
P26 = lomay X VF |1 " TR B ]

min
Power dissipation due to reverse leakage
current:
- N3
Pp1g = Binpin " 'R N7 7N,

N3
Po2g = IR X N7+ N, * Einmin

ForD,:

z

12X Ejp X R

For Do:

1_2M

310N NOLLYDIT1ddY

a8-N
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TABLE Il
MINIMUM DC
TYPES OF SWITCHING STEADY STATE — POWER DISSIPATION IN BLOCKING
REGULATORS OUTPUT VOLTAGE RECTIFIERS :EOQL;LARGEE)
PWM PUSH-PULL CONVERTER
Power dissipation in Rectifier Dqor Dzdue to forward conduction:
! X(VE@lo o) Eing,
| ' P or P, . Omax max’  —'"min
o Fo T B0t VE oo x Ry ol e : " Einmax For Dy or Dy:

Ny N, £y D1 L Ry
Ein g
ok
Or

Np
Eo = Binpnin *Ny

24(Eq + Vg + R

Ein
1
€, DI L Ry
Ec
[ | 1omax
5 Coem == —_— .
) N r’L‘_J_]"
Al 0..s
—O0 lomax
'o, ‘_,_r‘Ll—
0

E, = <Ei"min xl‘g
0T T2 X

For Half-Bridge

1
( Omax ) g. _E
'-I°max ve @ 2 E"‘max E'"min
x E;
2 Emax X1 ) x —mmax

For Push-Pull and Full Omax’ ~ Ein .o

Bridge
Power dissipation due to leakage current:

Ein 'omax e e _—
PD1g O PD2g = IR(Ein, ;) (N1/N2)
'p2 ° E
in,
. NOTE: | + Vg + | max
€ D1 ‘L Ry R @2 * VF * lomgy * Al x Einmin
r—‘ Y'Y _MTOEO
Ny N2 lomax
02
Co
>t
-0
PWM FULL BRIDGE
CONVERTER
PWM HALF-BRIDGE CONVERTER
U
o™ Eo* VExlo xRy
SAME AS ABOVE SAME AS ABOVE
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6 Conclusion

Complete design guidelines for Schottky rectifiers
used in switched-mode converters have been pro-
vided. The Schottky, when compared to a fast PN
junction rectifier, offers the advantages of lower
forward voltage and a faster reverse recovery time
which is independent of temperature. Efficiency is
improved at least 3 to 5% when Schottky rectifiers
are used in place of PN junction devices for power
rectification in switched-mode converters. Schottky
rectifiers are available with a maximum reverse
blocking voltage up to only 50 to 60V. Thus, applica-
tions of Schottky devices are limited to low output
voltages (+5V) in PWM switched-mode converters
(except for buck type and 50% duty cycle convert-
ers). When the rectifier requires voltage blocking
capability of greater than 60V, fast PN junction de-
vices like UES800 series rectifier offers the optimum
choice withoutsacrificing speed and forward voltage.
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SCHOTTKY RECTIFIERS

uU-85

AVERAGE DC

OUTPUT CURRENT 6A 8A 124" 124 16A2 16A 25A 30A 50A 60A 75A
PACKAGE T0-220 TO-220 T0-220 T0-220 TO-220 T0-220
PEAK PLASTIC | PLASTIC | pLasTic | pLasTic | pLasTiC | PLAsTIC DO-5 DO-5
REVERSE DO-4 T0-3 DO-5 DO-5F DO-5F
VOLTAGE (2-LEAD) | (2-LEAD) | (3-LEAD) | (2-LEAD) | (3-LEAD) | (2-LEAD) | STUD STUD STUD STUD
TYPE | USD620 | usD720 | uspe20C | UsDs20 | uspb720C | USD920 USD320 USD520
20v Vg 55@6A | 55@8A | 65@12A | 45@ 12A | 65@ 16A | 50 16A 6 @ 20A 6 @ 60A
IESM 150A 200A 150A 200A 200A 250A 400A 1000A
TYPE 1N6097
30v Vg 86 @ 157A
IFSM 800A
TYPE | usDe3s | usb7as | uspessc | uspsss UsD735C | USD93s USD335C UsSDS35
35v Vg 55 @ 6A 55 @ 8A 65 @ 12A 45 @ 12A 65 @ 16A 50 ( 16A 6 @ 20A 6 @ 60A
IFSM 150A 200A 150A 200A 200A 250A 400A 1000A
TYPE | USDe40 | USD740 | USDE4OC | USDB4O USD740C | USD340 1N6098
40v Vg 55@6A | 55@8A | 65@12A | 4s@12a | 65@16A | 50 @ 16A 86 @ 157A
Iesm 150A 200A 150A 200A 200A 250A 800A
TYPE | USD645 | USD745 USD645C | usD8as UsSD745C | USD945 USD345C 1N639424 USD545
" SD241 SD51
4
a5v VE 55@6A | S5@B8A | 65@12A | 45@12A | e5@16A | S0« 16A | NGO 6 @ 20A 6@60A | 6@ 60A
IFSM 150A 200A 150A 200A 200A 250A 400A 800A 1000A
1. CENTER-TAP 6A PER LEG
2. CENTER-TAP, 8A PER LEG
3. VR AT 25°C IS 45V, Vg AT 150°C IS 35V
JTX and JTXV
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500W, 200kHz OFF-LINE POWER SUPPLY
USING POWER MOSFETS

Introduction

The power supply design discussed in this applica-
tion note uses a fairly common, straight-forward
circuit. It is the judicious selection of the compo-
nents used, and careful layout of the circuit, which
gives it its performance. As the operating frequency
of switching power supplies continues to increase
above 100kHz, attention to high frequency consid-
erations is a necessity. A knowledge of component
and circuit parasitics is essential as well as an
understanding of RLC circuits and transient
response, particularly LC resonant tank circuits.
Because of the resonance of parasitic circuit and
component inductance and capacitance at these
high frequencies, the use of damping and snubbing
techniques becomes increasingly important.

In the off-line converters some of these high fre-
quency problem areas are aggravated by the large
turns ratio of the step-down transformer, particu-
larly for low voltage (5V) outputs. The use of
Schottky rectifiers with their 5 to 10 times larger
junction capacitance than PN junction rectifiers
can cause additional difficulty with the design. At
200kHz these problems are manageable by careful
component selection and circuit layout.

Specifications
Input - 115V or 220V + 15%, 50Hz or 60Hz
Output - 5V @ 100A
Regulation - Line: 0.4%
Load: 0.5% (10% to 100% load)
Ripple: 100mV peak to peak
Frequency - 200kHz
Efficiency - 75% minimum

Circuit Description

The schematic and parts list of a 500W switching
power supply are shownin Figure 9. The description
of the circuit is as follows. The input rectifier bridge
is arranged for connection either to the 117 or the
220V AC line. The circuit uses a pair of Unitrode
UFN441 power MOSFETSs in a half-bridge configu-
ration. The MOSFET gates are driven directly from a
UC3525A control chip output through step down
and isolation transformer T+. The UC3525A output
terminals (pins 11 and 14) provide active pull-up
and pull-down (dual source/sink) for the primary of
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T. This provides the fast, high current turn-on and
turn-off pulses needed for the MOSFET gates. In
addition, the two ends of the primary winding are
shorted to ground during deadtime, which prevents
accidental turn-on of an output transistor by tran-
sients. Note that the current supplied by the
UC3525A output drops to a small value when the
gate capacitance has been charged or discharged
to the desired gate voltage. Damping resistors Rs
and Rg, with series blocking capacitors Cig and Caz,
minimize ringing of the MOSFET gate capacitance
with the inductance of T4 and lead inductance; par-
ticularly during deadtime. In this design, where the
gates are driven directly from the control chip via
the gate drive transformer at 200kHz, it is necessary
to use a small heat sink for the control chip. A
Thermalloy #6007 is sufficient.

The output transformer uses a small E-E core, Fer-
roxcube EC52-3C8, operated at 1000 Gauss peak
to reduce core loss at 200kHz. The primary is
wound in 2 layers, 7 turns per layer, 2 #16 AWG
wires in parallel. The secondaries are wound
between the 2 primary layers to reduce leakage
inductance, and are made of copper strap 10 mils
thick by 0.8 inches wide, one turn on each side of
the centertap.

Ringing of the primary winding, at a frequency of
approximately 4MHz due to leakage inductance
resonating with the output capacitance of the
MOSFETS, is controlled by damping resistor Ris
and blocking capacitor Ca.

Reverse voltage across Schottky rectifiers CR; to
CRg4, due to ringing (at approximately 20MHz) of the
LC circuit comprised of the Schottky rectifier cap-
acitance with the leakage inductance of the trans-
former (transformed to the secondary by the square
of the turns ratio), is controlled by damping resistors
Rz to Rio with blocking capacitors Cio to Cia.

The output filter capacitor Cs is comprised of three
5uF, 100V polypropylene capacitors in parallel.

These are TRW type 35, with an ESR of 12 milli-

ohms each. The inductoris made with a Ferroxcube

IF30-3C8 core, wound with 4 turns of 5 #12 AWG

wires in parallel.

Current limiting is done with current transformer Ta
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in the return lead of the transformer primary. The
signal is rectified, threshold sensed and adjusted,
and is fed to the shutdown terminal pin 10 of the
UC3525A control chip.

Performance

A curve of efficiency versus power output is shown
in Figure 8. Note that the efficiency decreases for
increasing power output. This is primarily due to
resistive losses, other than the Schottky rectifier
losses, such as the Rops (on l0sses of the MOSFETs
and the copper losses of the output transformer and
filter inductor. The switching losses of the
MOSFETSs are low; the measured current rise and
fall times were 10ns and 20ns, respectively.

When compared to a 25kHz switcher, the transient
response of this circuit can be improved by a factor
over 8 times since the LC output filter resonant
frequency can be increased by this amount. There
is an additional improvement factor, since poly-
propylene capacitors rather than electrolytic are
used for 200kHz operation. The value of capacit-
ance can be reduced considerably, because of the
improved ESR. However, in order to realize the
improved frequency response, careful attention to
control circuit layout and shielding is important to
minimize parasitic capacitance and inductance.
The use of a ground plane is a necessity.

A dramatic reduction of the size of several major
components is- evident when comparing this
200kHz, 500W switcher to a 25kHz switcher. The
power transformer, output filter inductor, and output
filter capacitor are about half the volume, and the
drive circuits for the MOSFETs are considerably
smaller than the drive circuits for bipolars at 25kHz.
The auxilliary power supply is half the size. The
parts count is less, primarily due to the reduced
parts count of the drive circuits.

Design Considerations

The choice of operating frequency and the decision
to use MOSFETs or bipolars depends upon a
number of factors, including the required power
output level, size, weight, cost, etc., and a.rapidly
changing technology which includes circuit topol-
ogy, new components, control chips and high fre-
quency techniques.

There are some major advantages that are obtaina-
ble by using MOSFETs in place of bipolars, other
than those associated with higher operating fre-
quency. One of these is in the area of potential gate
drive circuits. In the power supply described in this
application note, the power MOSFET gates are
driven directly by the control chip through a small
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step down isolation transformer.

The feedback loop compensation is comprised of
an RC network at the error amplifier of the
UC3525A. The resonant frequency of the LC output
filter is approximately 40kHz. Closing the loop at Ogs
at 100kHz, this network adds two zeros (phase lead)
at approximately one half the LC resonant fre-
quency, and gives a 40° phase margin up to
100kHz.

Do’s and Don’ts of High Frequency

Switchers

For the control chip circuit, the use of a ground
plane construction is recommended. A double
sided PC board, with one side used for the ground
plane, is preferable. If a single sided board is used,
use as much copper area as possible for the ground
plane. Keeptraces fairly wide to reduce inductance.
The judicious use of a few wire jumps to reduce
trace length is helpful.

Power MOSFET gate drive circuits do not have to
supply a continuous large current drive. MOSFET
gates do require fairly large, fast current pulses to
change the gate voltage rapidly because of the
composite gate capacitance, including the Miller
effect capacitance. This means that the gate drive
circuit and transformer should be designed to min-
imize lead inductance by reducing loop areas to a
minimum. Remember that each inch of wire adds
about 20 nanohenries of inductance. Using fairly
large diameter wires twisted together helps, as well
as designing the layout to reduce lead lengths to a
minimum.

The use of copper strapping in place of round wire is
also helpfulin reducing inductance. Use two closely
spaced parallel strips if possible. Circuit by-passing
with small high frequency capacitors is important,
especially around the control chip circuit area. By-
passing the fairly large electrolytic input energy
storage capacitors is helpful, if the by-pass capaci-
tors are located physically at the junction of the
MOSFETs and the primary of the output trans-
former, as shown on the schematic.
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Parts List

Uy UC3525A

Q1, Q2 UFN441
CR1-CR4 USD545
CRs-CRs 680-4 (Unitrode)
CRe-CR12 673-1 (Unitrode)
CR13, CR14 UES1003

CRs1s TVS310

C4, C2 600uF, 250V

Cs 1F, 400V

Ca 500pF, 1kV

Cs 3x5uF, 100V (polypropy.)
Ce 500uF, 50V

Cs 1000pF, 50V

Cs 1uF, 50V

Co 50pF, 50V
C10-Cis 0.02uF, 50V
Cia, Cis 1uF, 200V

Cis, C17 002, uF, 50V
Cis 0.2, uF, 50V

Cio 0.1, uF, 50V

C20 300pF, 50V

Ca 220pF, 50V

R+, Rz 33K, 2W

Rs, R4 47Q

Rs 10Q, LW

Re 47Q

R7-R1o 39Q, 1/2wW

R 10K

Rz
Ria, R1a
Ris
Rie
Ri7
Ris
Rie
Razo
Rz1
Raz2
Raa

T

T2

LE]

Ta

L+

u-87

3.3K
220Q
10K
10K
51Q
50Q, 4W
10Q
27K
24K
33K
2K

Core, Ferrox 846T250-3C8
Pri, 14T #22AWG
Sec (2) 7T #22AWG

Core, Ferrox EC52-3C8

Pri, 14T, 2 layers, 2 #16 AWG
in parallel.

Sec, (2), each 2T, C.T., copper
strap 0.01" x 0.8" see text.

Core, Ferrox 846T250-3C8
Pri, 1T
Sec, 20 turns CT #22AWG

220/117V, 25V, 0.15A

Core, Ferrox IF30-3C8, 4 turns,
5 #12AWG in parallel.
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DESIGN CONSIDERATIONS FOR
POWER MOSFET GATE DRIVE CIRCUITRY

1. Introduction

The power MOSFET promises exciting performance advantages over the more con-
ventional bipolar transistor. However, much attention must be given to gate drive
techniques to take full advantage of MOSFET characteristics. This application note
develops simple, high performance gate drive circuits.

This application note also provides design engineers with a basic understanding of the
relationship between parasitic elements and switching times. In addition, a circuit is
developed which controls the switching time of the power MOSFET to reduce rectifier
reverse recovery spikes; thus, reducing RFI and switching loss.

2. Features

The power MOSFET is becoming more and more popular in many applications due to
its inherent features, such as:

2.a. Extremely Fast Switching Characteristics.

A power MOSFET is capable of switching rapidly because it is a majority carrier
device. The speed at which it can switch depends upon the rate at which gate charge
is supplied or removed by the gate driving source. In a practical application the
MOSFET can be made to switch in less than 10 nanoseconds. This feature allows
operation at higher frequencies than with bipolar devices, resulting in improved
electrical performance (transient response), reduced size and cost of the magnetic
components, and decreased weight of the overall system. ’

Other advantages derived from fast switching times are:
® The losses in the snubber circuit, if employed, are minimized.

® Switching times are independent of load and temperature variation. The
variation in the frequency spectrum of conducted RFI is minimized.

® The cross-conduction problem in a switched-mode converter (half bridge,
full bridge, push-pull) is reduced because power MOSFETs have no storage
time.

® The problem of core saturation due to assymmetrical volt-seconds in circuits
using a transformer is minimized because the major cause of this effect, dif-
ferences in storage time is negligible for MOSFETs.

o If a voltage feed-forward control is being used, the nonlinearity introduced
by the storage time of the switching device is eliminated, thus reducing the
gain requirement of the error amplifier.
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2.b. High Gate Input Tmpedance.

The gate input impedance is a high resistance shunted by a capacitance. At high
frequencies the capacitance completely dominates. This fact allows the design of a
simple and efficient gate drive circuit.

2.c. No Forward or Reverse Biased Second Breakdown.

Because of the positive temperature co-efficient of channel resistance, power
MOSFETs do not have forward or reverse biased second breakdown characteristics
like bipolar devices. Thus power MOSFETSs improve the overall reliability of systems.
Snubber networks for turn-off load line shaping may be smaller and often eliminated.
This reduces circuit complexity and cost. The voltage spikes due to stray inductance
can be limited by simply controlling the switching times in many applications.

2.d. Integral Diode.

There is a built-in diode across the source to drain. The reverse recovery time of the
diode depends upon the drain to source breakdown voltage. Low voltage (100V)
devices have reverse recovery times as low as 200 nanoseconds, while high voltage
devices (400-500V) have recovery times of about 600-700 nanoseconds. When a high
speed diode is not required, the internal diode can be used effectively for free wheel-
ing voltage damping. However, long recovery times might hinder the performance of
the circuit in some applications, so this effect must be considered.

2.e. Current Sharing Capability

Since the channel resistance of a power MOSFET has a positive temperature co-
efficient many devices can be paralleled with much less special design attention than
with bipolar transistors. The power output capability can, thus, be extended.

The Undesirable Features of the Power MOSFET are:
2.f. Temperature Dependence of Saturation Resistance.

The saturation resistance (Rpg(on)) increases with temperature. It doubles approx-
imately every 110°C. Thus, power dissipation will increase as the junction tempera-
ture increases. Consideration of the thermal stability of the system is required if a
major part of the power losses occur in the on-state mode.

(In a bipolar transistor “‘off line” converter, most of the power losses are due to
switching. The switching losses increase with temperature, usually doubling every
100°C. In this respect, power MOSFETs will be more thermally stable than bipolar
transistors, as switching the times of a power MOSFET do not change with
temperature.)
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2.g. Silicon Chip Area.

The silicon chip area of a power MOSFET is about 50% larger than an equivalent
bipolar transistor. This has some impact on the cost of the device.

3. Construction

The cross section of an N-channel vertical DMOS (double-diffused MOS) is shown in
Figure 3.1. Sections of this structure affecting gate drive are discussed in the follow-
ing sections.

Silicon Polycrystal
. Gate Source
Silicon Dioxide 0
Si0,

Metallization

/IIIIIIIIIIIII CHREINININEINEINEIRINNERYE FU0IS I/IIII

d_ lon Implanted

P and N+ Regions

K

-
)

N+ Substrate }

|

Drain

Figure 3.1 The Power MOSFET Physical Structure

UNITRODE CORPORATION + 5 FORBES ROAD
LEXINGTON, MA 02173 « TEL. (617) 861-6540
TWX (710) 326-6509 » TELEX 95-1064 101 PRINTED IN U.S.A.



APPLICATION NOTE U-88

4. Parasitic Elements and Switching

Since MOSFETs are majority carrier devices, they are theoretically capable of switch-
ing in picoseconds. In practical devices, however, parasitic elements adversely affect
switching capability. MOSFET parasitic capacitances are shown in Figure 4.1.

Q Case, Drain
C, >> cdg

Gate

P region

o

Source

Figure 4.1 Power MOSFET Parasitic Capacitance
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The thickness and area of Si02 dielectric material between gate and source determines
the value of the gate capacitance. In the off-state, the total gate-to-source capacitance
is composed of a) capacitance C, between the gate and the heavily doped N+ source
region, b) capacitance C2 between the gate and the moderately doped P region and
c) capacitance C, between the gate and the source metallization on the top of the
gate (C; is much less than capacitances C3 and C2 and can be neglected). The gate
capacitance is practically independent of gate voltage, as shown in Figure 4.2.

3000 T
UFN351 f=1MHz
Lo lc o, ®
2500 - Cys=Cq+Cy*C3
2000
1
£ 1500
8
c
]
g 1000
8
500 Cds
0
0 5 10 15 20 25 30
VDS — Volts

Figure 4.2 Capacitance Vs. Drain to Source Voltage

The Miller effect capacitance between drain and gate consists of a series combination
of a space charge capacitance Ccl due to a depletion layer in the N-region and the
dielectric capacitance C4 between the N-region and the gate, as shown in Figure 3.1.
The capacitance Cq is a function of drain voltage (as shown in Figure 4.2), while
dielectric capacitance C,4 is independent of the voltage. These drain capacitances
effectively increase the input gate capacitance during switching transitions.

The capacitance Cds between drain and source is a depletion capacitance and does
not have a major effect on the switching behaviour of the device. It can be neglected
in the switching analysis.
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The turn-on and turn-off characteristics of a power MOSFET are shown in Figure 4.3.
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Figure 4.3 Power MOSFET Switching Waveforms
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4.a. Turn-on Delay Time — td(on)

The effective gate input capacitance during this period is a parallel combination of
capacitor Cl, C2 and C3. While the gate voltage builds up toward the gate threshold
voltage, the drain voltage remains the same.

4.b. Rise Time — t,

When the drain voltage starts to drop, during current rise time the effective gate
capacitance increases significantly due to the Miller effect capacitance (Cqg)s which
absorbs nearly all the gate drive current. The rise time of the drain current is inversely
proportional to the gate drive current supplied, and transition rise time can be con-
trolled accurately by controlling the gate current, a feature particularly useful to
reduce current overshoot due to rectifier reverse recovery. Since the magnitude of the
gate and drain capacitances are determined by the structure of the device, they are
very consistent from device to device and are temperature independent. This allows
optimization of snubber network designs.

4.c. Dynamic Saturation — t3

During this period, which follows the rise time; the drain voltage drops below the gate
voltage. An inversion layer is established underneath the entire gate in the N- drain
region. The gate capacitance is equal to the dielectric capacitance and is independent
of voltage bias. At this point, the total drain to gate capacitance changes abruptly to
a very high value. This can be seen in the gate voltage waveform of Figure 4.3 where

effective gate capacitance is in the order of 50,000 pf and no further increase in gate
voltage is noticed.

4.d. Overdrive Period

The input gate capacitance is approximately twice the value expected from Figure 4.2
during over-drive conditions, as can be seen by comparing the slopes of the gate
voltage during the period tycon and overdrive (see Figure 4.3). This is because C S is

measured with a greater voltage across the drain to source terminals than is present
during this period.
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Figure 5.2 Reverse Recovery of Fast Rectifiers

5. Drive Circuit Considerations

The power MOSFET is a charge driven device, and the switching times can be con-
trolled by the external circuit rather than by the device itself. In a buck switching
regulator application (or similarly behaving circuit), the rise time of a power MOSFET
may be controlled to prevent excessive current spikes and power dissipation due to
rectifier reverse recovery. Current spikes also produce unwanted ringing and RFI
in the circuit. The relationship between reverse recovery time, current rise time and
power dissipation in the power MOSFET is shown in Figure 5.1. The fastest available
power PN junction rectifiers have recovery times on the order of 20 ns. To minimize
the recovery current spikes, the current rise time of the power MOSFET should be
made at least 3 times slower than the reverse recovery of the rectifier. Even though
Schottky rectifiers are majority carrier devices, they have about the same effective
reverse recovery time as very fast PN junction diodes due to high junction capaci-
tance, as shown in Figure 5.2. In transformer coupled switching regulators, leakage
inductance will reduce the large current spikes to some extent depending upon the
transformer design.
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During turn-off time, voltage spikes will occur as a result of energy stored in the
stray inductance of the drain circuit during the preceding on-time. The magnitude of
these spikes directly depends upon the speed with which the device is turned off and
upon lead inductance in the drain circuit. A snubber network in the drain may be
required to limit these voltage spikes. The turn-off power dissipation can be opti-
mized with a fast turn-off time along with the use of a snubber circuit.

The drive circuit described in this section allows control of the rise time in a power
MOSFET during turn-on while providing fast turn-off.

5.a. Low Cost Gate Drive Circuit

A low cost power MOSFET gate drive circuit with isolation for off-line applications
is shown in Figure 5.3. The circuit provides a controlled rate of increasing drain cur-
rent to minimize spikes due to the reverse recovery of the output rectifier. The
rise time of the power MOSFET is controlled by supplying a linearly increasing gate
voltage. The relatively large capacitor C| (as compared with C,.) is placed in parallel
with the gate and source to minimize the effect of variations 0% Cdg on the switching
characteristic of the device. C| also prevents spurious oscillations due to high fre-
quency voltage feedback from Cy,. Cy is charged with a constant current from the
drive circuit, providing linearly increasing voltage at the gate of power MOSFET,
Q5. The rise time of the MOSFET depends on the rate at which capacitor C; charges.
The drive circuit described provides a rise time of around 70 ns and current fall time
of about 40 ns.

Vee UES1301
R, 2 1000

1811 PLO0O3B7

p, UZ8710 Q,
N, =6T QI¢
1 j) :
L ' Uz8710
o - S
T, Ny=10T _l_
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Figure 5.3 Low Cost Gate Drive Circuit with Isolation
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The operation of the circuit can be described as follows: When drive transistor Q,
turns on, the current transformer provides constant drive current into the secondary
circuit. The constant drive current is determined by resistor Ry and will charge
capacitor C; linearly through diode D,. Zener diode D, limits Q gate to source
voltage. When the voltage across the secondary winding drops due to primary time
constant Lp/R1, the zener diode D, becomes reverse biased and prevents the dis-
charge of capacitor C;. While transistor Qj is on, the energy will be stored in the
transformer core. When transistor Q; subsequently turns off, current will flow in
the secondary side due to energy stored in the core of transformer Tl' The amount
of energy stored must be greater than that stored in the capacitor C in order to
ensure complete discharge of the capacitor.

Capacitor C; discharges through zener diode D2. Diode D) prevents any negative
voltage swing across gate to source and provides a current path for discharge of the
secondary inductance.
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APPLICATION NOTE U-88

The circuit shown in Figure 5.4 improves the fall time compared to the previous
circuit. The operation of the circuit is the same as that described above except during
turn off. During Q turn-off, capacitor C; discharges through winding N3 and diode
D,. The discharge current will be 4 times greater than in the previous circuit because
the current now flows through only one quarter of the winding, while the ampere-
turns remain unchanged. Diode D; prevents current flow from the winding N,
during turn off.
L

Q, 300 uH

N

2000 pf
Co R L
o — D, ‘
clN 100 uf-

uzs710

Lo —O-

1811 PL003B7

Figure 5.4 Fall Time Enhancement Drive Circuit

5.b. Pulse Drive Circuit

In some applications, as in a line driver, it is essential that power MOSFETSs switch
rapidly both during turn-on and turn-off. The drive circuit shown in Figure 5.5
provides these fast switching times while conserving drive power from the low voltage
supply. The circuit is capable of switching a device with a high (2500 pf) gate input
capacitance in 12 to 15 nanoseconds. During off time, low impedance is maintained
across gate to source. This prevenfs turn-on of the power MOSFET due to dv/dt or
noise at the drain terminal. The drive circuit can be operated from 1KHz to 100 KHZ
without any changes. For low cost, it utilizes an inexpensive ferrite bead as a current
transformer.
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APPLICATION NOTE U-88

The drive circuit operates from a 25V power supply. The transformer is driven by a
Unitrode UC1524A pulse width modulator control chip. With Q3 off when the out-
put transistor of the UC1524A turns on, the voltage V(- is impressed across the
primary of current transformer T. The energy stored in the capacitor C, is, thereby,
transferred to the T secondary. Secondary current flows through capacitor C,,
winding N2, diode D3, diode D4, small signal MOSFET Q2 and back to capacitor
Cy. The secondary current discharges the initially charged capacitor C;. MOSFET
Q2 turns off when the voltage across C2 drops below the gate threshold voltage of
Q2. The negative voltage across the gate to source of Q4 is clamped to a safe value
by diode Dy. Now the secondary current starts to flow into the input gate capaci-
tance of the output power MOSFET Q3. When the gate voltage reaches the gate
threshold voltage, Q3 will begin to turn on. The gate voltage will continue to rise
until the current transformer saturates and the current in the secondary ceases. The
voltage across winding N5 drops to zero. Charge stored in the gate capacitance of
Q3 is maintained because diode Dy is back biased by the resulting gate voltage. The
rate at which the:gate capacitance discharges depends upon the leakage current of
D4 and the IDSS of Q2.

For 1.0 uA total leakage current, it will require about 25 milliseconds to discharge
a device with a 2500 pf input capacitance.

When the output transistor of the UC1524A turns off, the magnetizing energy stored
in the current transformer is transferred by current flow to the secondary circuit.
The current will flow in the loop which consists of diode D2, winding N2, and capaci-
tance C, in parallel with the input capacitance of Q,. When the voltage on the gate
reaches the threshold voltage, Q, turns on and discharges the gate capacitance of
Q3 with a low impedance, resulting in fast turn-off.

Capacitor C, remains charged because it has no discharge path. This keeps Q; on and
Q3' is held off. This prevents turn-on of Q3 due to any dv/dt present at the drain
terminal of Qg, which is particularly useful in PWM half-bridge switching regulator
circuits.
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+25V 47002
Stack Pole Ferrite RL
O AN Bead #571552
Ry Vi1 Current
Transformer
T1 3:3 V,=6.8 Q3
L e
[
.05uf p
l Ny A N, 4
- D,
ucC 1524A
—

Figure 5.5 Pulse Drive Circuit

The power drawn from the drive circuit power supply is minimized by using this
current pulse drive circuit, especially when operating at a low frequency for fast
switching applications.

The switching times of a Unitrode power MOSFET are compared with those of a
competitive device in Figure 5.6. The circuit described above was used. The devices
have the same voltage and current ratings and comparable RDS(on)' The Unitrode
UFN351 switches faster, due to its 20 percent lower gate-to-drain and gate-to-source
capacitances, than the competitive device.
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Unitrode UFN351 — Turn-on Time — Competitive Device

Unitrode UFN351 — Turn-off Time — Competitive Device

Figure 5.6 Switching Times of Unitrode UFN44C1 Power MOSFET vs
Competitive Device with Same Voltage and Current Ratings

Conclusion

The use of power MOSFETs in switching regulated power supplies is advantageous
due to their fast switching capability with simple drive circuits. The overall system
cost can be further reduced by operating these power MOSFETS at a high frequency.
The reliability of the switching power supply is improved due to lack of forward or
reverse bias second breakdown in the device and due to reduced parts count.
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A SECOND-GENERATION IC SWITCH MODE CONTROLLER OPTIMIZED
FOR HIGH FREQUENCY POWER MOSFET DRIVE

Introduction

Since the introduction of the SG1524 in 1976, integrated
circuit controllers have played an important role in the
rapid development and exploitation of high-efficiency
switching power supply technology. The 1524 soon
became an industry standard and was widely second-
sourced (it is available from Unitrode as the UC1524).
Although this device, as well as the MC3420 and TL494
which followed it, contained all the basic control ele-
ments required for switching regulator design; practical
power supplies still required other functions which had
to be implemented with additional external discrete cir-
cuitry.

An additional development within the semiconductor
industry was the introduction of practical power FETs
which offered the potential of higher efficiencies at
higher speeds with resultant lower overall system costs.
In order to be able to take full advantage of the speed

capabilities of power FETs, it was necessary to provide
high peak currents to the gate during turn-on and turn-
off to quickly charge and discharge the gate capaci-
tances of 800 to 2000pF present in higher current units.

The development of a second-generation regulating
PWM IC, the UC1525A, and its complimentary output
version, the UC1527A, was a direct result of the desire
to add more power supply elements to the control IC, as
well as to optimize the interfacing of high current power
devices.

Integrating More Power Supply Functions

Having achieved the greatest level of acceptance
among users of first generation control chips, the 1524
became the starting point for expanding IC controller
capabilities. This early device, shown in Figure 1, con-
tains a fixed-voltage reference source, an oscillator
which generates both a clock signal and a linear ramp

Vin (2 ReGULATOR. 16) Vier
+5V
+5V TO ALL A c
INTERNAL N
OSC OUT (3) CIRCUITRY ®
+5V FLIP »
FLOP O
I
" O— @
C OSCILLATOR d
NG — :
(Ramp) +5V (2 Ce
j NOR
COMP
COMP(5) (9) Eg
+5V +5V
INV. INPUT (7) \t % (3) +SENSE
ERROR CUR
NLINPUT (R AMP Lmir L (5)-SENSE
1K

70) SHUTDOWN

GROUND ~N N/
10K

Figure 1. The UC1524 Regulating PWM Block Diagram.
This design was the first complete IC control
chip for switch mode power supplies.
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APPLICATION NOTE

waveform, a PWM comparator, and a toggle flip-flop with
output gating to switch the PWM signal alternately
between the two outputs.

With this circuitry already defined, a two pronged devel-
opment effort was initiated: 1) to add additional features
required by most power supply designs and 2) to
improve the utility of features already included within the
1524. The resultant block diagram for the UC1525A is
shown in Figure 2. Two general comments should be
made relative to the overall block diagram. First, in opti-
mizing the output stage for bi-directional, low impedance
switching, commitments had to be made as to whether
the output should be high or low during the active, or ON
state. Since this is application defined there are needs
for both output states, so both were developed with the

U-89

UC1525A device defined by an output configuration
which is high during the ON pulse, and the UC 1527A
configured to remain high during the OFF state. This dif-
ference is implemented by a mask option which elimi-
nates inverter Q, (see Figure 3) for the UC1527A. In all
other respects, the 1525A and 1527A are identical and
any description of the 1525A characteristics apply
equally to the 1527A. Second, a major difference
between this new controller and the earlier 1524 is the
deletion of the current limit amplifier. There are so many
system considerations in providing current control that it
is preferable to leave this as a user-defined external
option and allocate the package pins to other, more uni-
versally requested functions. Current limiting possibili-
ties are discussed further under shutdown options.

| r- - - - - - - -
VF\EF | —@Vc |
u.v.
Vi@ REGULAGA LocKOUT NOR I"l |
OUTPUT A
GROUND@——————— ALY | . |
= OSCILLATOR | - |
SYNC OUTPUT
. ® ’ Q !
1
M OSCILLATOR FUP T ] NOR , ® |
' FLOP OUTPUT B
&® | | |
DISCHARGE —
| |
UC1525A OUTPUT STAGE
— F— — — — — — — — — 4
- . .
comP & . % - | —@Ve |
[ S| LaTcH OR _—) |
INV. INPUT (3 )—ERROR vy, | OUTPUT A U |
N.L INPUT @——2F 1
l - |
SOFT-START (®)—
e Sy o |
< >
5K o
SHUTDOWN S OUTPUT B |
| |
5K —

[ - |
UC1527A OUTPUT STAGE

L — — — |

Figure 2. The UC1525A family represents a “second
generation” of IC controllers.
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“Totem-Pole” Output Stage

One of the most significant benefits in using the
UC1525A is its output configuration. For the first time it
has been recognized in an IC controller that it is more
difficult to turn a power switch off than turn it on. With the
UC1525A, a high-current, fast transition, low impedance
drive is provided for both turn-on and turn-off of an exter-
nal power transistor or FET. The circuit schematic of one
of the two output stages contained within the device is
shown in Figure 3. This is a two-state output, either Qg is
on, forming a low saturation voltage pull-down, or Q; is
on, pulling the output up to V. Note that V. is a separate
terminal from the V,y supply to the rest of the device.
This offers the benefits of potentially operating the out-
put drive from a lower supply than the rest of the circuit
for power efficiencies, decoupling of drive transients
from more sensitive circuits, and a third terminal for
extracting a drive signal. Note that even though V. can
be set either higher or lower than V,,, the output cannot
rise higher than approximately 12 volts below V.

VO
() 5004A <>1mA .

( Q4 OMITTED
IN UC1527A

PWM osc FIF

Figure 3. One of two power output stages contained
within the UC1525A which conduct alternately
due to the internal flip-flop.

During the transition between states, there is a slight
conduction overlap between source and sink which
results in a pulse of current flowing from V. to ground.
However, due to the high-speed design configuration of
this stage, this current spike lasts for.only about 100ns.
A typical current waveform at V. is shown in Figure 4.
This transient will normally be decoupled from the rest of
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the control power by a 0.1mfd .capacitor from V. to
ground .but it should not, otherwise, cause a problem
unless very high frequency operation is contemplated
where it will contribute to overall device power dissipa-
tion, by becoming a significant portion of the total duty
cycle.

!"‘l"“E‘ Vi = Vg = 20V

OUTPUT A,

l .
Smwmmme |
INTO V,,

. 500mA/DIV

HORIZONTAL = 500ns/DIV
Figure 4. Current “spiking” on the V, terminal caused by
conduction overlap between source and sink is
minimized by high-speed design techniques.

Vin = 20V
Ta=25°C

9 /
o 3 fl
a
é /
o
- /
= 4
5 %
<]
» . 17 SOURCE SAT, Ve—Vou
// N\ Sink SAT, Vo,
o —T_ |

01 .02 .03.04.05.07 .10 2 345 7 1A
OUTPUT CURRENT, SOURCE OR SINK (A)
Figure 5. The ouput saturation characteristics of the

UC1525A provide both high drive current and
low hold-off voltage.
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The output saturation characteristics of this stage are
shown in Figure 5. The source transistor, Q;, is a straight
forward Darlington and its saturation voltage remains
between 1 and 2V out to 400mA under the assumption
that V,y > V. The sink transistor, Qg, however, has a
non-uniform characteristic which needs explanation. At
low sink currents, the 1mA current source through Qg
insures a very low saturation voltage at the output. As
load current increases past 50mA, Qg begins to come
out of saturation for lack of base drive but only up to
about 2V. Here diode D, becomes forward biased shunt-
ing a portion of the load current through Qs to boost the
base current into Qg. With this circuit, the sink transistor
can both support high peak discharge currents from a
capacitive load, as well as insure the low static hold-off
voltage required for bipolar transistors.

A typical output configuration for a push-pull, bipolar
transistor power stage is shown in Figure 6. With a
steady state base drive current from the UC1525A of
100mA, this stage should be able to switch 1 to 5A of
transformer primary current, depending upon the choice
of transistors. The sum of R, and R, determine the maxi-
mum steady state output current of the UC1525A while
their ratio defines the voltage across C, which, at turn
off, becomes the reverse Vg for Q,. With the values
given, the output current and voltage waveforms are

+SUPPLY )
20V
R1
1200
13
G
0.1 v
c
1 A

UC1525A

B
GROUND

12

RETURN,

Figure 6. A typical push-pull converter power stage
using external bipolar power transistor

switches.
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il 200mADIV

HORIZONTAL = 500ns/DIV

Figure 7. Base current waveforms (Figure 6 circuit) show
the enhanced turn-on and turn-off current pos-
sible with the UC1525A.

shown in Figure 7 for a one microsecond pulse. If power
FETSs are used for the output switches as shown in Fig-
ure 8, the interfacing circuitry can become even simpler
with only a small series gate resistor potentially required

.to damp spurious oscillations within the FET.

+suPPLY O

UC1525A Q,

B
GROUND

12

RETURN

Figure 8. Replacing bipolar transistors with POWER
MOSFETs provides even greater simplicity
due to the low driving impedances of the
UC1525A in each transition.
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Push-pull direct transformer drive is also particularly
advantageous with UC1525A as shown in Figure 9. A
version of this configuration is required for isolation
when the control circuit is referenced to the secondary
side of an off-line power system, and to provide level
shifting of drive signals for 12 bridge ‘and full bridge
switching. The configuration of Figure 9 has a couple of
important advantages. First, by connecting the drive
transformer primary directly between the outputs of the
UC1525A, no center-tap is needed and the full primary
is driven with opposite polarities. Secondly, between
each output pulse, both outputs are pulled to ground
which effectively shorts the two ends of the primary
winding together coupling a low-impedance turn-off sig-
nal to the switching transistors. -

+SUPPLY O
iw
1

Figure 9. The UC1525A is ideally suited for driving a low-

power base drive transformer -and eliminates-

the need for a primary centertap.

A useful single-ended configuration, typical of buck reg-
ulators, is shown in Figure 10. Here the UC1525A out-
puts are grounded and the PWM signal is taken from the
V¢ terminal which switches close to ground during each
clock period as the internal source transistors are alter-
nately sequenced.
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Q, TO
OUTPUT
FILTER

UC1525A

RETURN OO

Figure 10. A single-ended, ground-referenced power
stage for a flyback or boost regulator.

Controlling Power Supply Start-Up

Although the advantages of the. UC1525A’s output stage
will often be reason enough for its selection, there are
several other important and useful features incorporated
within this product. One problem previously overlooked
in PWM circuits is keeping the output under control as.
the supply voltage is turned on and off. Undefined -
states, particularly the possibility of turning on an output
before the oscillator is running, can be quite awkward, if
not catastrophic. To prevent.this, the UC1525A has
incorporated an under-voltage lockout circuit which
effectively clamps the outputs to the off state with as lit-
tle as 212V of supply voltage which is less than.the volt-:
age required to turn the outputs on. This clamp is main-

“tained until the supply reaches approximately. 8V

insuring that all the remaining UC1525A circuitry is fully .
operational - prior to enabling the outputs.- The clamp
reactivates when the supply is lowered to approximately
7.5V. There is about 500mV of hysteresis built in to elimi-
nate clamp oscillation at threshold.

Another important aspect of power sequencing is
restraining the outputs from immediately commanding a
100% duty cycle when they are activated. This is
accomplished by a slow turn on.(soft-start) which is

_ defined by an internal 50uA current source in conjunc-

tion with an externally applied capacitor.. The details of
this power sequencing system are shown in Figure 11.
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Q; and Q, are the output gates normally driven by the
oscillator through D, to provide output blanking between
pulses. (One of these transistors is shown as Q, in Fig-
ure 3.) At low supply voltages, Q, conducts with base
drive from the 20uA current source. Q, provides three
functions. First, current through R, activates the output
gates with minimum voltage drop. Second, current
through R; activates the shutdown transistor Qs holding
the soft-start capacitor, Cgs, discharged. Third, R, pro-
vides a small bucking voltage across R; for hysteresis at
the switch point.

When the input voltage becomes high enough to pro-
vide a little more than one volt at the base of Q,; that
transistor turns on. This turns off Q,, activating the out-
puts and allowing Cgg to begin to charge from the inter-
nal 50pA current source. The time to reach approxi-
mately 50% duty cycle will be

) Css

(

2 volts
50pA

CLOCK
BLANKING

U-89

Power Supply Shutdown

An important part of any PWM controller is the ability to
shut it down at any time for a variety of reasons, includ-
ing system sequencing requirements or fault protection.
Several options are available to the user of the
UC1525A, which require an understanding of the capa-
bility of the shutdown terminal, pin 10. Referring to Fig-
ure 11, the base of Q, is turned on by a signal which is
clamped to approximately 1.4V by the action of D, and
the Vg of gates Q; and Q,. This holds the outputs off
and keeps Cgg discharged by Qs which, with RS9,
becomes a 100uA net current sink.

If, during normal operation, pin 10 is pulled high, three
things happen. First, the outputs are turned off within
200ns through D,. Second, the PWM latch is set by Q;
so that even if the signal at pin 10 were to disappear, the
outputs would stay off for the duration of that period,
being reset by the next clock pulse. Third, Q, is acti-
vated commencing a 100pA discharge of Cs5. However,
if the activation pulse on pin 10 has a duration shorter
than ¥3 of the clock period, the voltage on Cgg will
remain high and soft-start will not be reactivated. Natu-
rally, a fixed signal on pin 10 will eventually discharge
Css, recycling soft-start. Thus, the shutdown pin pro-
vides both sequencing capability as well as a convenient
port for protective functions, including pulse-by-pulse
current limiting.

. Regulating PWM Performance

R, R, TO PWM
504A * COMPARATOR
- R Q, 8
10 O____,\;V_ SOFT-START
CSS
SHUTDOWN
Ry =

Figure 11. The internal power turn-on, soft-start, and
shutdown circuitry of the UC1525A.
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Improvements

The UC1525A also offers significant-performance and
application improvements in almost all of the additional
basic functions of a PWM over those obtainable with
earlier devices. A general description of these features
is outlined below:

Reference Regulator: The output voltage of this regulator
is internally trimmed to 5.1V + 1% during manufacture,
eliminating the need for adjusting potentiomenters in
most applications.

Error Amplifier: The UC1525A uses the same basic
transconductance amplifier as the UC1524 with an
important difference: it is powered by V,, rather than
Veee. Now the input common-mode range includes Viper
eliminating the need for a voltage divider with its atten-
dant tolerances. An-additional feature relative to the

- error amplifier is that the shutdown circuitry feeds into a

120

separate input to the PWM comparator allowing pulse
termination without affecting the output of the error
amplifier which might have a slow recovery, depending
upon the external compensation network selected. An
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important benefit of a transconductance amplifier is the
ease with which its current mode output can be over-rid-
den by other external controlling signals.

PWM Comparator: The significant benefit of the
UC1525A's PWM comparator is in its following latch. A
common problem with earlier devices was that any
noise or ringing on the output of the error amplifier would
affect multiple crossings of the oscillator ramp signal
resulting in multiple pulsing at the comparator’s output.
The UC1525A's latch terminates the output pulse with
the first signal from the comparator, insuring that there
can be only a single pulse per period, removing all jitter
or threshold oscillation from the system. Another impor-
tant advantage of this latch is the ability to easily imple-
ment digital or pulse-by-pulse current limiting by merely
momentarily activating the shutdown circuitry within the
UC1525A. This could be as simple as connecting pin 10
to a ground-referenced current sensing resistor. For
greater accuracy, some added gain may be advanta-
geous. Once a current signal causes shutdown, the out-
put will remain terminated for the duration of the period,
even though the current signal is now gone. An oscilla-
tor clock signal resets the latch to start each period
anew.

U-89

Oscillator: The functions of the oscillator within the
UC1525A have been broadened in two important
aspects. One is the addition of a synchronization termi-
nal, pin 3, allowing much easier interfacing to an exter-
nal clock signal or to synchronize multiple UC1525A’s
together. The other is the separation of the oscillator’s
discharge network from its charging current source for
deadtime control. Reference should be made to the
schematic of Figure 12 for an understanding of the oper-
ation of this circuit. The heart of this oscillator is a dou-
ble-threshold comparator, Q, and Qg, which allows the
timing capacitor to charge to an upper threshold by
means of the current source defined by Ry and mirrored
by Q, and Q,.The comparator then switches to a lower
threshold by turning on Q,, and discharges C; through
Q, and Q, with a rate defined by Ry. As long as C; is
discharging, the clock output is high, blanking the out-
puts. Since the overall oscillator frequency is defined by
the sum of the charge and discharge times, there are
three elements now in the frequency equation which is
approximately:

]
f ~ ————
C- (0.7R; + 3Ry)

; 7.4K

RAMP
TO PWM
25K
(Lo.
BLANKING
TO OUTPUT
3K
QH 012 f 250
4
CLOCK OUT

Figure 12. A simplified schematic of the UC1525A’s

oscillator circuitry.
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External synchronization can easily be accomplished
with a 2.8V positive pulse at pin 3. This will turn on Q,
lowering the comparator threshold below wherever the
voltage on C; may happen to be. Two factors should be
considered: First, the voltage on C; determines the
amplitude of the PWM ramp, and if the sync occurs too
early, the loop gain will be higher and the resolution may
be worse. Second, the sync circuit is regenerative within
200ns; and, while a wider pulse can be used, C; will not
begin to recharge as long as the sync pin is high. For
synchronizing multiple UC1525A devices together, one
need only to define a master with the correct R;C; time
constant, connect its output pin to the slave sync pins,
and set each slave R;C; for a time constant 10-20%
longer than the master.

U-89

A 200 Watt, Off-Line, Forward Converter

The ease of interfacing the UC3525A into a practical
power supply system can be illustrated by the off-line,
power converter shown in Figure 13. This 200W supply
places the control circuitry on the primary side of the
power transformer where direct coupling can be used to
drive the power switch. While simplifying the drive elec-
tronics, this configuration usually requires an isolated
voltage feedback signal which is most easily accom-
plished by an optocoupler driven by some type of volt-
age regulator IC such as a SG723 or LM305. One other
undefined block in Figure 13 is the auxilliary power sup-
ply which suppplies the low voltage, low current bias
supply for the UC1525A and the drive for Q;, the power
switch. The choice of the UFN443 POWER MOSFET

T
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Figure 13. 200W, Off-Line Forward Converter.
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for this switch keeps the total power requirements from
the auxiliary supply at less than 1W; readily imple-
mented with a small, line-driven transformer.

This converter is designed to operate at 150kHz which is
accomplished by running the UC1525A at 300kHz and
using only one of the outputs. This also automatically
insures that the duty cycle can never be greater than
50%, a requirement of the power transformer in this
configuration. The high operating frequency allows the
output filter’s roll-off to be set at 12kHz, greatly simplify-
ing the overall loop stability considerations as adequate
response can be achieved with only the single-pole com-
pensation of the error amplifier provided by the .05uF
capacitor on pin 9.

The totem-pole output of the UC1525A is used to advan-
tage to drive Q, by providing a 400mA peak current to
charge and discharge the MOSFET’s gate capacitance
while keeping overall power dissipation low. Waveform

i 2A/div 0—
i 0.5A/dIV  0—
Vg 10Vidiv - 0—

ig 2A/div 0—
i 0.5A/div  0—
Vg 10V/div. - 0— ; i
b) Risetime
=90ns

U-89

photographs of this operation are shown in Figure 14.

When operating at full load, the efficiency of this con-
verter is 73% with by far the greatest power losses
occurring in the output rectifiers—even though Schottky
devices have been selected. Switching losses have
been minimized by the fast current transitions, primarily
defined by the leakage inductance of the transformer.
Although this switching time could probably be even fur-
ther reduced, there could be problems with current
spikes during rise time due to Schottky rectifier capacit-
ance.

Current limiting for this converter is provided by measur-
ing the current in UFN443 with the 0.1Q resistor in
series with the source and using this voltage to activate
the shutdown circuitry within the UC1525A. While this
will provide a fast-acting short circuit protection on a
pulse-by-pulse basis, a comparator may need to be
added for a more accurate current limit threshold.

1us/div
a) Waveforms of iy, ig, Vg

c) Falltime
~30ns

Figure 14. Current and voltage waveforms for the 200W, Off-Line Forward Converter with a UC1525A direct driven
MOSFET Power switch. (Operating frequency is 150kHz with output current equal to 40A.)
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Transformer Winding Data
500 Watt, 100kHz, Off-Line, Half-Bridge Converter

T1 Core: Ferrox 846T250-3C8 T3 Core: Ferrox 846T250-3C8
Pri: 14T #22AWG Pri: 1T
Sec (2): 7T #22AWG Sec: 20T, C.T. #22AWG
T2 Core: Ferrox EC52-3C8 (EE) T4 117V/220V, 25V, 0.15A, 50-60Hz
Pri: 14T, 2 layers, 2 #16 AWG in parallel L1 Core: Ferrox IF30-3C8
Sec (2): each 2T, C.T., copper strap .01" x .8" 4 turns, 5 #12AWG in parallel
3.92 20nF

3.90 20nF
UFN443 o
USD545
.
600uF T ) e >+ P
250V 33K . ] O
- 2w 470 1uF 2uH
=T 200V ’
1uF
2nF )
T L400V 390 20nF 3x5uF 5V,
I T 100V 100A
. :55 USD545 POLYPROP
»l
O—1 [ % UFN443 500 %' o o)
— aw )
220VAC 5004F > 390 20nF -
o 250V 33K L
= oW - 470 Lo USD545
115VAC %
2nF T3
* ° >
o a1e
O O
% 10K
220pF 27K 300pF

24K
T4 1
23 AN ~—| 2 15
10K 30K
3 14
4 uc 13
23 é i 3525A w70 L TSVa10 dfoo
: 17 Bl T 1oV

5
AuF UES1003
100 ° " » ¢
3.3K )
soo,‘FL Lol 7 10 5 10K 220
50V == s 9

&
J: 2F UES1003
T 14F 50pF ¢

Figure 15. 500W, 100kHz Half-Bridge Schematic.
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500 Watt, Off-Line, Half-Bridge Converter

The circuit shown in Figure 15 uses a pair of Unitrode
UFN443 POWER MOSFETSs tin a half-bridge configu-
ration with the UC1525A chip referenced to the second-
ary side of the power transformer. The MOSFET gates
are driven directly from the control chip output through
step down and isolation transformer T;. The UC1525A
output terminals (pins 11 and 14) provide active pull-up
and pull-down (dual source/sink) for the primary of T,.
This provides the fast, high current turn-on and turn-off
pulses needed for the MOSFET gates. In addition, the
two ends of the primary windings are shorted to ground
during deadtime, which prevents accidental turn-on by
transients. Note that the current supplied by the
UC1525A outputs drops to a small value when the gate
capacitance has been charged or discharged to the
desired gate voltage. Damping resistors with series
blocking capacitors across the two secondaries of T,
minimize ringing due to the MOSFET gate capacitance
and the inductance of T, and lead inductance, particu-
larly during deadtime.

Deadtime for the UC1525A is set very simply by a single
resistor between pins 5 and 7. Only a small amount of
deadtime is needed since the MOSFETS have no
storage time and a very short delay time.

Slow turn-on is accomplished by a single capacitor at
pin 8.

Current limiting is provided by current transformer T; in
series with the primary of the power transformer T,. The
signal is rectified, threshold. adjusted and sent to the
shutdown terminal, pin 10, of the UC1525A.

Waveforms of the converter are shown in the scope pho-
tos of Figure 16. Current rise and fall times are 20ns and
10ns. For additional details on this design, see Unitrode
Application Note U-87, a 500W, 200kHz Off-Line Power
Supply using POWER MOSFETS.

Improved Performance; Less Complexity
Although power supply designers for some time now
have had an ever widening inventory of IC components
available to ease their design tasks, the final measure of
improvement has to be in terms of system performance
versus cost. With fewer interface components to the
power stages, freedom from potentiometer adjustments,
protected start-up and shut-down, a built in soft-start net-
work and several additional system-level features, the
UC1525A provides a significant contribution to both per-
formance and costs while simultaneously making the
designer’s task easier. With these accomplishments, it is
clear that this device truly does represent a step-function
improvement, introducing a second-generation of power
control components.
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ip 2A/div
0A_

is 0.5A/div

(ﬁ_

Vgs 10V/div|
oV

2usl/div
a) Waveforms of i, ig, Vg

i 2A/div
A

is 0.5A/div

Vi 10V/div
oV

100ns/div
b) Risetime

100ns/div
c) Falltime

Figure 16. Performance waveforms for the Half-Bridge,
500W, 100kHz Converter with output current
of 80A.
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THE UC1524A INTEGRATED PWM CONTROL CIRCUIT PROVIDES
NEW PERFORMANCE LEVELS FOR AN OLD STANDARD

Introduction

The application of IC technology to the switching
power supply really began with the introduction of the
SG1524 in 1976. This device was the first IC to
implement all the control blocks necessary for a wide
range of PWM power systems. lts straight-forward
approach to the classic PWM architecture gave it
wide acceptance, and it has become the most
commonly used IC controller today.

Even though the 1524 has gained great acceptance
and engineers have praised its versatile and easy to

understand architecture, they have many times cursed’

the simplistic, or idealistic, ways its individual blocks
were implemented. While one would assume, at first
glance, that all control functions necessary for most
power supply applications are contained within the
1524, in the real world of practical power systems,
additional circuitry isrequired to interface with the rest
of the system, to protect against different types of

fault conditions, to adjust for inaccuracies, or to
improve control during power sequencing.

Aithough inthe intervening years, many new IC control
chips have been introduced which offer certain
specialized advantages, it was found that design
engineers still preferred the 1524 for its wide ver-
satility and generalized architecture. From this
understanding, it became apparent that a new design,
which would improve many of the 1524’s individual
functions by making them more predictable and easier
to apply, while retaining the same architecture, could
be a winner. Thus, Unitrode undertook this task. The
result is the UC1524A.

The UC1524A PWM Controller

Adesign goal set for the UC1524A was thatit not only
retain the same architecture but keep the same pin
configuration as the 1524 and function equal to or

- better than the 1524 in most existing applications. In

EFERENCE
v R ————(@9 v
" REGULATOR e
Power to
ose. - D ..
Circuitry FLIP
Ry >| FLop D e
Cr
yR
13) Co
PWM
COMP. S _|LATCH
14) Ee
INV. INPUT (D)—— 2
| esa
NI INPUT (2)— * 1K
Soomy” Vm o~ ~(10) SHUTDOWN
cL ) sense (A—H-
c/L 1 GND
cLysense (5)—* - E

FIGURE 1 —The UC1524A Block Diagram Follows the Same Architecture As the UC1524 But With Several Significant

Differences.
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this way, engineers who were familiar with the 1524
could easily understand and evaluate the UC1524A.
Performance improvements had to be significant,
particularly in reducing the need for discrete support
circuitry, so there would be a cost advantage in using
the UC1524A in new designs. The block diagram of
the UC1524A is shown in Figure 1 which, by intent,
appears very similar to that of the older 1524.

The list of the improvements, however, is considerable
and includes the following:

1. The 5V reference is now internally trimmed
to +1% accuracy, eliminating the need for
potentiometer adjustments.

2. The error amplifier's input range now extends
beyond 5V, eliminating the need for a pair of
dividers and their attendant tolerances.

3. Ahigh-gain, wide-band, current sense amplifier
has been included which is useful for either
linear or pulse-by-pulse current limiting in the
ground or power supply output lines.

4. An under-voltage lockout circuit has been
added which disables all the internal circuitry
except the reference until the input voltage
has risen to 8V. This holds standby current low
until turn-on, greatly simplifying the design of
low-power, off-line converters. There is
approximately 600mV of hysteresis included
for jitter-free activation.

5. APWM latch has been added insuring freedom
from multiple pulsing within a period, even in
noisy environments. In addition, the shutdown
circuit feeds directly to this latch which will
disable the outputs within 200ns of activation.

6. The oscillator circuit is usable to frequencies
beyond 500kHz and is easier to synchronize
with an external clock pulse.

7. The power capability of the output switches has
been boosted by doubling the current capability
to 200mA and increasing the voltage rating to
60V.

An understanding of some of these improvements is
necessary for ease in application and will now be
discussed in greater detail.

Internal Power Turn-on Circuit

The under-voltage lockout and turn-on hysteresis cir-
cuitis shown in Figure 2. This circuit requires approx-
imately 2V for activation; but, since nothing else will
turn on without at least 3V of supply voltage, lockout
is assured. When V |y rises above 2V, R, begins to
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Vin Vrer

®
Current

sources to
output stages,
oscillator,
amplifiers, and
PWM

5V
REGULATOR

comparator.

O}

GROUND /_E

FIGURE 2 — The Under-Voitage Lockout and Power
Turn-On Circuitry within the UC1524A.

conduct saturating Qz and holding the base of Qs too
low to allow any of the current sources to conduct.
The current through R4 flows through Q3 and Rg,
developing a 600mV drop across Rz when Vggp
reaches 5V. At this level, the only current flowing is
that used by the reference regulator and Roand R4, a
total of approximately 2.5mA at turn-on threshold.

When the input voltage reaches approximately 8V,
diode, Z, begins to conduct turning on Q, which turns
off Qz and allows the current sources to activate. Since
the current through Q, is much less than through Qg,
the voltage across R drops, providing positive feed-

10

8 T;=-55°C
T;=25°C
! / —
6 e T;=125°C
’

QUIESCENT CURRENT (mA)
5

Note: Outputs off, Ry = =

1 /
0
0 10 20 30 40 50

SUPPLY VOLTAGE — Vin (V)

FIGURE 3 —Supply Current for the UC1524A vs. Input
Voltage.

PRINTED IN US.A.



APPLICATION NOTE

U-90
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Q3 Qa4
RAMP
Qs
Q, Qa
INV.
INPUT
Zy
N.INV.
INPUT @——— v
2004A QJ) 1004A G)
Q¢
Qg Q1o
GHOUND@
r77
ERROR AMPLIFIER 9 CURRENT LIMIT AMPLIFIER
comp

FIGURE 4 — Voltage and Current Sensing Amplifiers Have a Common Output at the Input to the PWM Comparator.

back. This gives about 600mV of hysteresis. This cir-
cuit, of course, works in reverse at turn off, insuring
that the outputs can only operate when the supply is
adequate for fully predictable operation. Figure 3
shows the relationship between quiescent current and
input voltage. Designers should find this low current
start-up characteristic quite advantageous for off-line,
primary-side control with boot-strapped operation after
turn on.

A New Current Limit Amplifier

Since the outputs of the current limit amplifier and the
voltage-sensing error amplifier are summed at the
PWM comparator input, they should be examined
together as shown in Figure 4.

Since the error amplifier, consisting of transistors Q1
through Qs, must have the lowest priority in controlling
the PWM, its output must be easily overruled by cur-
rent faults or other programming functions, such as
soft-start, which would hold pin 9 low. Therefore, a
transconductance amplifier similar to that used in the
earlier 1524 was again applied to the 1524A with one
exception: it is now powered by V| instead of Vggf,
so that the input common-mode range extends to
within 2V of either rail. Zener diode, Z4, is used on the

output to keep the input level to the PWM comparator
below 6 volts.

The error amplifier's output can be considered a
100uA current source or sink (0 - 200uA source with
100uA constant sink). When the current limit circuit
activates, Qg turns on and can easily pull down pin 9
even though the error amplifier would nominally be
calling for a high output at this point.

The current limit circuit consists of Qg through Q2. Its
differential PNP input stage gives ita common mode
range extending from 300mV below ground to within
—2Vof V|\. Its threshold, or offset, of 200mV is estab-
lished by the 100u.A current source through R, with
R, added to null out the effect of any base current
from Qsg.

This current sensing block within the UC1524A can
actually be used either as a linear amplifier or as a
comparator. The open loop small-signal gain is
approximately 80dB while its transition delay with 10%
overdrive is 600ns. This can be decreased substan-
tially with additional overdrive. Use of the current
sensing block as a comparator is usually preferred
from a systems standpoint, since it does not have to
be compensated and pin 9 can be dedicated solely to
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error amplifier compensation. Under this condition, a
current signal over the threshold level will pull pin 9
low, terminating the output signal. Recovery is deter-
mined by the 100uA pull-up currerit from the error
amplifier in conjunction with any capacitance which
may be present on pin 9.

When the current limit circuitis used as a linear ampli-
fier, stabilization is performed by feedback to the
inverting input (pin 4) or by capacitance from pin 9 to
ground as shown in Figure 5.

FIGURE 5 — Various Compensation Options Which
Are Possible When Both Amplifiers Are
Operated in the Linear Mode.

An additional feature of this circuit is its capability to
perform as a duty-cycle limiting circuit in the configu-
ration shown in Figure 6. If R4 is made 100k, there will
be minimal effect upon the error amplifier gain.

In current limiting, to achieve the fastest responding
pulse-by-pulse control, consideration should be given
to the use of the shutdown terminal on pin 10. While
the input threshold of this circuit is not as accurately
controlled as the current limit amplifier and has a
negative temperature coefficient of —2mV/°C and is
internally ground referenced; it does feed directly into
the PWM latch with only 200ns delay from activation
of pin 10 to shutdown of the outputs.

Maximum Duty Cycle (%) 40 E:),Z (-;—;- +1) - 1]

FIGURE 6 — The Fixed 200mV Threshold of the Cur-
rent Limit Amplifier Can Be Multiplied to
Form a Duty-Cycle Clamp or Dead-Band
Control.
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PWM Comparator and Latch

The PWM latch insures only a single pulse is allowed
to reach the appropriate output stage within each
period. The latch is reset with the oscillator clock pulse
which also serves to blank the outputs. Thus, although
the latch is reset at the start of the oscillator clock
pulse, it is the termination of the clock pulse which
initiates output conduction. The output then stays on
until the latch is set, either by a signal from the PWM
comparator or from a shutdown command from pin
10. Once the latch is set, it will hold the output off for
the duration of the period.

There are several significant advantages to this circuit.
First, the latch completely eliminates multiple outputs
of the PWM comparator because of noise or ringing
on the output of the error amplifier causing multiple
crossings of the ramp signal. Second, current limiting
can now be performed much more rapidly without
instability. Without a latch, significant integration is
needed to maintain a turn-off signal after the outputs
have turned off. Finally, any instabilities which might
potentially be present in the voltage or current loops,
or the shutdown signal from pin 10, will cause much
less stress on the output stages, since only two tran-
sitions through the high-dissipation active region can
be made during each period.

The performance of this portion of the UC1524A can
be evaluated using a triggerable pulse generator with
avariable delay, set up as shown in Figure 7. Rt and
Cr are selected for the desired operating frequency.
The clock triggers the pulse generator, and the delay
is adjusted so the generator output occurs during the
PWM period. The output pulse width must be at least
200ns and the amplitude higher than the threshoid
ofthe UC1524A input being evaluated. Typical wave-
form photographs are shown in Figure 8.

Higher Power Output Switches

With the higher current and voltage rating of the
UC1524A's output switches, significant economies
can now be achieved in interfacing with higher power
devices. For low power requirements, a broader range
of applications may now be served by the 1524 A itself
without additional discrete output devices. Regardless
of the power supply requirements, more current and
voltage from the UC1524A will ease the design
tradeoffs. Even with higher current and voltage, the
UC1524A offers fastresponse time. Each output stage
contains an anti-saturation network to keep the output
transistors out of hard saturation. Although this adds
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FIGURE 7 — Evaluating the Turn-off Delays of the UC1524A with the Aid of a Triggerable Pulse Generator

-2

Top  — Output,10V/div

Middle — Comp output, 5V/div

Lower — Current sense input, 200 mV/div
Time — 1 us/div

-2 -1 0 1 2 3 4 5 6

Upper — Output, 10V/div
Lower —- Shutdown input, 1V/div
Time —1 us/div

FIGURE 8 — Typical Turn-off Response From Both the Current Sense and Shutdown Inputs.

somewhat to the saturation voltage, it is more than
offset by the benefits in reducing turn-off delay. Satu-
ration voltage as a function of current is shown in
Figure 9.

Since both collectors and emitters are available on
the UC1524A’s output transistors, many different
coupling possibilities are offered. One useful config-

uration for enhanced turn-off is shown in Figure 10.
The fast-rising signal appearing at the collector of the
output transistor, Q1, is capacitively coupled to satu-
rate an external transistor, Qp, greatly reducing the
turn-off delay of Q3 and allowing a much larger value
to be selected for Rs. Many variations of this circuit
are possible depending upon the power devices to be
driven and the voltage levels required.
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FIGURE 10 — The addition of C,and Q, Uses the Col-
lector Signal of the UC1524A to Generate
an Enhanced Turn-off Command for Q4
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Frequency Synchronization

The oscillator circuit within the UC1524A, shown in
Figure 11, has been improved over that of the 1524
with the addition of C,. Without this component, a
synchronizing pulse externally applied to pin 3 had to
do all the work of discharging the timing capacitor
through Q4 and Qs. The simple addition of C, couples
a positive pulse from pin 3 to the base of Qqg,
momentarily reducing the threshold of comparator Qg-
Qg and regeneratively triggering the oscillator into its
discharge state. The circuit is now leading-edge trig-
gered and narrow pulses can be used. This is a con-
sideration when minimum dead time is required, since
the outputs are blanked off as long as pin 3 is held
high.

As with the 1524, synchronization to an external clock
should be done with the RyCt time constant set
approximately 10 to 20% greater than that determined
for the required clock frequency, taking into consider-
ation the expected tolerances of the components. For
synchronizing multiple UC1524A devices, all Ry, Cr,
and OSC output terminals should be individually con-
nected together and a single Rt and Cy used.

When considering blanking, the pulse on pin 3 may
be extended somewhat by the addition of a capacitor
of up to 100pF from pin 3to ground. If narrower blank-
ing pulses are required, adding a resistive load from
pin 3 to ground of 1 kohm minimum will reduce the
pulse width.

The best way to guarantee a large dead time is still to
use a diode to clamp the peak output from the error
amplifier to a divider from VRrgg. This technique is
quite accurate due to the accuracy of Vger and the
100u.A fixed current available from the amplifier.

A Simple Buck Regulator Circuit

The application of Figure 12 demonstrates the utility
of the UC1524A used with a Unitrode PIC600 hybrid
switch. This combination greatly simplifies the design
of switching regulators, since the only other active
device required is a small-signal 2N2222 which serves
to provide a constant drive current to the output switch,
regardless of the input voltage level. With the
UC1524A, current sensing does not have to be done
inthe ground line, but will still function when the regu-
lator output is shorted to ground.
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FIGURE 11 — The Oscillator Circuit of the UC1524A Allows Both High Frequency Operation and Ease of External

Synchronization.
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FIGURE 12 —The UC1524A Combines With the PIC 600 Hybrid Switch to Form A Simple But Powerful Buck Regulator.
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The waveforms of Figure 13 demonstrate the perfor-
mance of the current limiting comparator, showing
that from the onset of current limiting to a complete
short circuit, the peak input current increases from
5.2Atoonly 5.9A.

A Complete DC-DC Converter with the
UC1524A

An important attribute of the new UC1524A family is
the higher voltage rating on the output transistors.
This now makes it possible to implement a practical

U-90

4W DC-DC converter operating from a common 28V
bus with no additional output transistors. The sche-
matic of Figure 14 uses a push-pull configuration
which imposes a voltage of twice the supply across
the “OFF” transistor. This is now within the rating of
the UC1524A and, thus, with a 28:7 turns ratio in the
transformer, a 5V, 34A output is achieved with 78%
efficiency at a significant minimum parts count.

The fast response of the current limit amplifier within
the UC1524A again keeps the device well protected
as shown in the waveforms of Figure 15.

Upper trace is Comp terminal (pin 9), 2 V/div
Lower trace is input current through power switch, 0.2A/div
Time base is 10 usec/div.

A = Onsetof current limiting, Ip = 5.2A

B = Intocurrentlimiting, Comp terminal held low until inductor current falls below
threshold, Ip = 5.9A

C = Output shorted to ground. Pulse width reduced to 2us. Ip still 5.9A.

FIGURE 13 — 3er!ormance Data for Figure 13’s Regulator Shows the Tight Control of Peak Current, Even Under
Shorted Output Conditions.
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FIGURE 14 — With Higher Output Voltage Capability, the UC1524A can Implement a Complete 4 Watt DC to DC
Converter with no Additional Switching Transistors.
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Circuit Under Normal Load Circuit at Threshold of Current Limiting

ﬂ@. "
, Il/nnnﬁuuiulxwma,i‘! 3

Iﬂ.ﬂ‘?‘ﬂﬂ'ﬂl
e e

Circuit Under Full Current Limit Circuit Under Short Circuit Conditions

FIGURE 15 — Operating waveforms for the PWM DC-DC converter (Figure 14)
Upper trace = Primary current at 0.1 A/division
Middle trace = Pin 9 voltage at 5V/division
Lower trace = Load current at 0.5A/division
Time base = 5us/division
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An Off-line Forward Converter

For low to medium power applications, a single-ended
flyback or forward converter with all the control on the
primary side of the isolation step-down transformer is
usually the most economical solution. However there
are two complications with this approach. The first is
that although the control circuitry can easily be driven
from a low-voltage winding on the power transformer,
starting energy must be taken from the high-voltage
rectified line where, at 170VDC, every 10mA repre-
sents a 1.7W loss. The second complication is in
obtaining adequate regulation of the output while still
meeting isolation requirements from output back to
the line.

The 50W forward converter of Figure 16 offers inno-
vative solutions to both these problems. In this circuit,
the UC1524A provides all the control with its operating

U-90

drive power coming from winding N». The low-current
start-up characteristics ofthe UC1524A allow starting
energy to be developed in C, with only approximately
8mA required through Rj.

The problem of isolated feedback control is solved in
this application by sampling the 5V output level atthe
switching frequency by means of the 2N2222 transis-
tor and transformer T,. With every switching cycle,
the output voltage is transferred from N to N, where
it is peak detected to generate a primary-referenced
signal to drive the PWM error ampilifier. Diode D3 is
used to temperature compensate for-the loss in the
rectifier, D1 and the net result is better than 1% regu-
lation with the main added costthat of a very inexpen-
sive signal transformer.

Some of the other features of this application include
a duty-cycle clamp on the PWM formed by diode D3

= y ¥
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Fj
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pF

Diue
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UC1524A
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»{
S 3

O +5V7A
6974
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|
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Ll Lo,
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UEs2402
uT236 +12V 1.5A
¢ . S u
%sa 1 N2 el x | N2 22004F
I 100uF . |_ _] _|
= O

TH

IN43es

COUPLED INDUCTOR
: A 438281-2 MPP
137,
29T,

POWER TRANSFORMER

124T, 24AWG
16T, 2BAWG
14T, 20AWG
28T, 22AWG

T2 FEEDBACK TRANSFORMER

14T, 36AWG
14T 36AWG
17T, 36AWG

18AWG
18AWG

EC35-3CBEE

204T 250-3C8

FIGURE 16 —This 50W Off-Line Forward Converter Features Both High Efficiency and Good Regulation while Main-
taining Input-Output Isolation.
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APPLICATION NOTE U-90

and the 10k - 1.5k divider from Vger. This method of
clamping is more effective with the UC1524A since
the UV lockout keeps the outputs off until the refer-
ence, error amplifier, and oscillator are all operating
within specification.

Drive for the UMT13005 high-voltage switch is
accomplished by using the emitters of the UC1524A's
output transistors for turn-on and the 2N2222 in con-
junction with the 1ufd base capacitor to provide a
negative base voltage for rapid turn-off as described
in Figure 10.

100 ma.cm

The resultant drive signal is shown in Figure 17. Sacm

Operating at 40kHz, this regulator provides anisolated
50W of power with an efficiency of 83%, a high degree

of regulation, and fast overload protection. at Full Load (50W)

Conclusion FIGURE 17 — Base Current (Upper Trace) and Collector
Although there are now many new integrated circuits Current for the UMT 13005 of Figure 16. The
from which to choose in attempting to build more cost- Time Base is 5us per Division.

effective power supplies, it always helps to review
well established ideas. In the case of the UC1524A,
updating and improving an earlier product has resulted
in a significant advancement: providing greater per-
formance and versatility while reducing system costs.
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APPLYING THE UC1840 TO PROVIDE TOTAL CONTROL
FOR LOW COST, PRIMARY REFERENCED
SWITCHING POWER SYSTEMS

Introduction

There are many potential approaches to be con-
sidered in switch mode power supply design;
however, the contradictory requirements of
minimum cost and compatibility with ever more
demanding line isolation specifications make
primary control very attractive. Application of
the UC1840 as a primary-side, off-line controller
presents an extremely cost-effective approach
to supplying isolated power from a widely vary-
ing input line while maintaining a high degree of
efficiency.

Primary control means referencing all of the
control electronics along with the power switch-
ing device on the input line side of an isolation
transformer. An obvious advantage to this
approach is the simplified interface between the

control and power switch. This eliminates many
of the transitions across the isolation boundary
which significantly increase the cost of the mag-
netics portion of the power supply’s budget.

There are two disadvantages to primary control:
(1) operating or at least starting, the control
electronics from the line voitage (typically 300
VDC), and (2) providing adequate regulation
(which requires feedback from the secondary
across the isolation boundary). The capability
of the UC1840 Control IC to solve these prob-
lems while providing all of the regulating,
sequencing, monitoring, and protection func-
tions referenced to the primary side, makes this
device very attractive.

v
® SENSE

—(1) ramP

.‘ RAMP {
GEN
[ ] cock

Ri/C: (9 )— 1 osc )

——— INT. CIRCUIT POWER

Vin SUPPLY

comp(D)———
. eyt @Q————

AMP

DRIVE
SWITCH

NI INPUT .7/
start/uv (2

COMP,

W

(@) SRR

BIAS
@

r]_ ouTPUT

——. 5.0V REF

20047
HYSTERESIS

reseT (5)

30V REF 4—4

ex. stop (2)

COMP,

S| error
LATCH 6

COMP|
+

CUR LIMIT
THRESHOLD

LS

COMP,
ov sense ———f2

—1 () CURRENT seNsE

COMP|

400mv

Note: Positive true logic, latch outputs high with set, reset has priority.

FIGURE 1. THE OVERALL BLOCK DIAGRAM OF THE UC1840, AN INTEGRATED CIRCUIT OPTIMIZED FOR
PRIMARY-SIDE CONTROL OF OFF-LINE SWITCHING POWER SUPPLIES.
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APPLICATION NOTE U-91

2. The UC1840 Controller (7) Logic control for pulse-commandable or

The overall block diagram of the UC1840, DC power sequencing
shown n Figure 1, includes the following For an understanding of how these individual
features: blocks work together in a typical, medium-
(1) Fixed-frequency operation set by user- power, flyback power supply, reference should
selected components be made to Figure 2 and the functional descrip-

(2) A variable-slope ramp generator for con- tion which follows.

stant volt-second operation providing 3. UC1840 Functional Description
open-loop line regulation and minimiz-
ing, or in some cases even eliminating,
the need for feedback control

(3) A drive switch for low current start-up off
the high-voltage line

3.1 Power Sequencing

A simplified schematic of the UC1840’s internal
power turn-on circuitry is shown in.Figure 3. The
key elements of this function are: (1) the Driver
Bias Switch, Q3, which keeps the loading on the

(4) A precision  reference gengrator with control voltage line, Vc, to a minimum during start
internal over-voltage protection up; (2) the Under-voltage Comparator which also

(5) Complete under-voltage, over-voltage, functions as a Start Threshold Detector with pro-
and over-current protection including grammable hysteresis; and (3) an auxiliary,
programmable shutdown and restart primary-referenced, low-voltage winding on the

(6) A high-current, single-ended PWM output main power transformer which provides normal
optimized for fast turn-off of an external control power after turn-on. The sequence of
power switch events is as follows:

DC INPUT LINE °
S Re RN Eua %
CONTROL VOLTAGE
N1 °
VRer <ViN 4 VREF out
:LCPUT ow N
fr I

PREC RAMP °

o— T osci REF GEN - LN | )
Cr [of]
I N2§ §N5 %
- R4< I jf:

-~ |_ Vin r
RF Cr =
Ei?ﬂgﬂ DRIVE Re
R1 R5S Veer e Co

TURN

ON  pwm Ro %>
COMP VREF R8
uve iS ﬂt
- <
R2 R6 1; =
URRENT
ove LIMIT
DC LINE
R3 ‘)Lm
Rs Rcs
STOP REMOTE sLow = iL
RESET START/1 UC1840  [START [ .
STOP. | Cs Roc

FIGURE 2. A FULLY PROTECTED, ISOLATED FLYBACK POWER SUPPLY CAN BE IMPLEMENTED WITH THE
UC1840, A HIGH-VOLTAGE POWER SWITCH, THE TRANSFORMER, AND A SMALL HANDFUL OF
PASSIVE COMPONENTS.
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% DC INPUT LINE

U-91

R1
POWER
CONTROL VOLTAGE Vc D1 TRANSFORMER
N
B FEEDBACK
| ucC1840 INTERNAL |
1 CHIP SUPPLY |
| DRIVE -
a2 I Sw 10 PWM DRIVE
:J | START/ DRIVER!
- 1YY SENSE ‘ BIAS |
CiNn —‘ j_"'r l +5v
R3 START
I a Aron FPuvFALLT : e
! 200uA TO PWM
| HYSTERISIS COMP. SLOW
| o a2 TURN ON= Cs

L

FIGURE 3. THE UC1840's START CIRCUITRY REQUIRES LOW STARTING CURRENT FROM THE DC INPUT
LINE WITH NORMAL OPERATING CURRENT SUPPLIED FROM A LOW-VOLTAGE FEEDBACK

WINDING ON THE POWER TRANSFORMER.

(1) While the control voltage, Vc, is low
enough so that the voltage on pin 2isless
than 3V, the Start/UV Comparator does
the following:

(a) A 200uA hysteresis currentis flowing
into pin 2 through Q1 causing an
added drop across R2.

The drive switch is holding the Driver
Bias transistor, Q3, OFF. This
insures that the only current required
through R1 is the start-up current of
the UC1840, plus external dividers
(R2, R3, Rs, etc.).

The Slow Turn-on transistor, Q2, is
ON, holding pin 8 and Cs low.

The Start Latch keeps the under-
voltage signal from being defined as
a fault.

The start level is defined by:

(b)

(c)
(d)

2 (3)

R2 + R3

Vc (start) =3 (T) + 0.2 R2.

When Vc rises to this level, the Start/UV
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Comparator then does the following:

(a) Turns off Q1, eliminating the 200uA
hysteresis current. This allows the
voltage on Vc to drop before reach-
ing the under-voltage fault level
defined by:

R2 + R3
V V. =322
¢ (U.V. fault) 3( R3 >

Sets the Start Latch to monitor foran
under-voltage fault.

Activates Q3 providing Driver Bias to
the power switch, pulling the added
current out of Cin.

Turns off Q2 allowing for pro-
grammed slow turn-on defined by Rs
and Cs.

(b)
(c)

(d)

A normal start-up occurs with the control
voltage, Vc, following the path shown in
Figure 4. If the power supply does not start,
Vc will fall to an under-voltage fault which
will then either initiate a restart attempt or
hold the power switch off, depending upon
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the status of the Reset terminal as defined
under Fault Sequencing (Para. 3.4.2). If
start-up does not occur because of some
fault in the Driver-Bias line, Vc will continue
to rise until the 40V zener across the refer-
ence circuit conducts. This will then clamp
Vc to that level, protecting the control chip.

After start-up occurs, current will continue to flow
in R1 providing a‘power loss of: -

(Vline - Vc)2

Pd= R1

Ve

<€—— UV - 3v WITH HYSTERESIS (START)

<¢—— REGULATED LEVEL
“4—— FEEDBACK WINDING CONDUCTS
—/— — — <— UV 3vW OHYSTERESIS (UV FAULT)

<¢—— Vin  8v. CHIP INTELLIGENT

— TIME

FIGURE 4. UNDER A NORMAL TURN-ON, THE SUPPLY
VOLTAGE TO THE UC1840, Vc, WOULD RISE-
LIGHTLY LOADED TO THE START LEVEL, FALL
UNDER THE TURN-ON LOAD, AND THEN
REGULATE AT SOME INTERMEDIATE LEVEL.

If this loss is objectionable, it can be reduced more
than an order of magnitude by the addition of a
two-transistor switch shown in Figure 5. In this
circuit, Q1 is initially driven on by current through
R2. When the feedback winding starts to conduct
through D1, however, Q2 turns on leaving-only R2
conducting from the input line.

DC INPUT LINE

R1 R2 A1

ar ¢ UES 1001
Dt

POWER TRANSFORMER

BS54
UPTBS540 Q2

UPTAS10 FEEDBACK
c1 WINDING

Ve

.
[

FIGURE 5. THE ADDITION OF Q1 AND Q2 CAN ELIMINATE
THE STEADY-STATE CURRENT THROUGH R1
AFTER TURN-ON. Q2 IS SELECTED TO PASS ALL
CONTROL CURRENT THROUGH ITS BASE-
EMITTER JUNCTION.

u-91

3.2 Slow Turn-on Circuit

The PWM comparator input connected- to pin 8
accommodates several. programming functions,
shown in Figure 6. Since this comparator will only
follow the lowest positive input, holding pin 8 low
will effectively eliminate a PWM.signal, regardless
of the status of the Error Amplifier output. Prior to
turn-on, and at all times when a fault has been
sensed, Q1 is ON, holding pin 8 low.

ucteso |
l

» RAMP w ' N

__5} —
187

FAULT a
SHUTDOWN

5 Vrer OR
DC INPUT LINE

P

C

L
l’c\

FIGURE 6. PIN 8 ON THE UC1840 CAN BE USED FOR BOTH
SLOW TURN-ON AND DUTY-CYCLE LIMITING AS
WELL AS A PWM SHUTDOWN PORT.

When Q1 turns off, allowing pin 8 to rise with a-
controlled rate will ‘cause the output pulses to
increase from zero to nominal widths at the same -
rate. This is accomplished by the addition of Cs .
and a charging source, such as Rs, to the 5V
reference. -

Note.that where starting energy is stored in an
input capacitor, the time for PWM turn-on must be
less than the time required for the added Driver
Bias load current to discharge the input capacitor
to the under-voltage fault level. In other words,
referring back to Figure 4, the slow turn-on must
be faster than the time required for Vc to fall from
level B to level E. -

Another function of pin 8 is to establish a maxi-
mum duty cycle limit. Thisis achieved by clamping
the voltage on pin 8 with a divider formed by
adding Rdc to ground. If Rsis taken to the 5V
reference, the clamp voltage will be fixed, which is
desirable if the ramp slope is also fixed. If the ramp
slope is varied with the input line—for constant
volt-second operation—then the clamp voltage on
pin 8 must also vary. This is readily accomplished
by connecting Rs to the DC input line. The divider

voltage: 4
P Rdc .
VPin 8 = (————Rs T Rdc> V DC input
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uc1840 DC INPUT LINE
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FIGURE 7. THE PULSE-WIDTH MODULATOR WITHIN THE UC1840 SEPARATES THE RAMP FUNCTION
FROM THE FIXED-FREQUENCY OSCILLATOR.

should be equal to the ramp voltage level that s

yields .the desired maximum duty cycle, at the
same DC input level.

3.3 PWM Control
Pulse-Width Modulation within the UC1840 con- TOPING
sists of the blocks shown in Figure 7. This architec-

ture, with the possible exception of the separation

between the time-base and ramp functions, is cr

fairly conventional. It is described in greater detail o
in the paragraphs which follow. POSITIVE -]

CLOCK
3.3.1 Oscillator
A constant clock frequency is established by con-
necting Rt from pin 9 to the 5V reference and Ct
from pin 9 to ground. The frequency is approxi- =
mated by:

R1

51 OHMS

1

Rt Ct FIGURE 8. SYNCHRONIZATION TO AN EXTERNAL TIME
BASE CAN BE ACCOMPLISHED BY ADDING A
510 RESISTOR IN SERIES WITH CT.

f =~

where the value of Rt can range from 1kQto 100kQ
and Ct from 300pF to 0.1uF. The best temperature

coefficients occur with Ct in the range of 1000 to To achieve minimum start-up current, the oscilla-
3000pF. Although the clock output pulse is not tor is not activated until the input voltage is high
available external to the UC1840, synchronization enough to give a start command to the drive
to an external clock can still be accomplished with switch.

the circuit of Figure 8, where R1 and C1 are

selected to provide a 0.5V, 200ns pulse across the 3.3.2. Ramp Generator

51Q resistor, and Rt.and Ct define a frequency The ramp generator function of the UC1840 is
slightly- lower than the synchronizing source. shown in simplified form in Figure 9.
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uc1840

TO DCLINE

TO PWM
COMPARATOR |

nnl
(1]

FIGURE 9. CURRENT MIRRORS Q1-Q4 ARE USED TO MAKE
THE RAMP CHARGING CURRENT i2, LINEARLY
PROPORTIONAL TO THE DC INPUT LINE

The NPN and PNP current mirrors provide a charg-
ing current to Cr of:

Vline - 0.7V Vline
Rr Rr

The current mirrors are useful over a current range
of 1uA to 1mA, but optimum tracking occurs
between 30uA and 300uA. Since the voltage across
Q1 is very small, i2 accurately represents the input
line voltage. The ramp slope, therefore, is:

dv__ Vline
dt ~ RrcCr

The peak voltage across Cr is clamped to approxi-
mately 4.2V while the valley, or low voltage, is
determined by the on-voltage of the discharge net-
work, D1 and Q5. This is typically 0.7V.

If line sensing is not required, Rr should be con-
nected to the 5V reference for constant ramp
slope.

i2=il=

3.3.3 Error Amplifier

This is a voltage-mode operational amplifier with
an uncommitted NPN differential input stage and
an output configuration as shown in Figure 10.

The 1kQ output resistor, Ro, is used both for short
circuit protection and to limit the peak output vol-
tage to less than 4.0V so it cannot rise above the
clamped ramp waveform. At sink currents less
than 300uA, the low output level will be within
200mV of ground but it rises to 1V at higher current
levels.

The input common mode range is from 1V to
within 2V of the input supply voltage, Vin, and thus
either input can be connected directly to the 5V
reference.

F

U-91

5 VRer

TO PWM COMPARATOR

COMPENSATION
DSOOuA

-

IGURE 10. THE OUTPUT OF THE ERROR AMPLIFIER
OPERATES CLASS A TO 300uA, BUT CAN
SOURCE AND SINK MORE THAN 1 mA FOR FAST
RESPONSE

The small signal, open-loop gain characteristics
are shown in Figure 11. The amplifier is unity-gain
stable and has a maximum slew rate of just under
1V/us.

3.3.4 PWM Comparator and Latch

This comparator (see Figure 7) generates the out-
put pulse which starts at the termination of the
clock pulse and ends when the ramp waveform
crosses the lowest of the three positive inputs. The
clock forms a blanking pulse which keeps the max-
imum duty cycle less than 100%. The PWM latch
insures there will be only one pulse per period and
eliminates oscillation at comparator cross-over.

70

AN

AN

60

50
GAIN

180

40

PHASE 225

30

270

OPEN-LOOP GAIN — DECIBELS

\
BN

315

PHASE — DEGREES

360

\\
A
\

1% 10k 100x 1

FREQUENCY — HERTZ
FIGURE 11. THE UC1840 ERROR AMPLIFIER HAS A DC GAIN

OF 67 db, A2 MEGAHERTZ BANDWIDTH, AND
PHASE MARGIN OF APPROXIMATELY 45°
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3.3.5 PWM Output Stage

In addition to the PWM output signal on pin 12, the
UC1840 also includes an output gating, or arming
function as Driver Bias on pin 14. Both functions
should be considered together in interfacing to the
external high-voltage power switch. These are
illustrated in simplified form in Figure 12.

At very low input voltages (Vin <3V), both Q2 and
Q4 are OFF. This may necessitate the use of R2,
but its value can be high since it does not have to
turn the output switch off. It merely holds it in the
off state during the early portion of start-up.

Between Vin = 3V and the start threshold (pin 2 =
3V with hysteresis on), Q2 is OFF and Q4 is ON,
clamping the power switch off with a low impe-
dance. A start command (UV high) turns on Q2,
applying (Vin - 2V) to R1. This provides a source
for power switch activation; however, since Q4 is
still conducting, the current through R1 is shunted
to ground and the power switch remains held off.

- At the same time Q2 turns on, the clamping transis-
tor at the slow-start terminal, pin 8, turns off allow-
ing the voltage on pin 8 to rise according to the
external slow-start time constant described earlier.
This allows PWM pulses to begin to activate Q4—
narrow at first and widening to the point where the
error amplifier takes command.

The interface between the UC1840 and the pri-
mary power switch may be implemented in several

ucC1840 |

o I

START SIGNAL —p—— |
Sv m

1mA |

CLOCK BLANKING
PWM COMMAND

U-91

different ways to meet varying system require-
ments. One obvious application is when the use of
d bipolar transistor switch requires more drive cur-
rent than the Driver Bias output can provid'e. Fig-
ure 13 shows a more typical bipolar drive scheme
where Q5 has been added to boost the turn-on
current with the UC1840 still providing the high-
speed turn-off. The circuit now serves as a more
efficient “totem-pole” driver since Q5 turns off
when Q4 conducts. It also illustrates the use of a
Baker Clamp to minimize storage time in Q6 and
the capacitors for rapid turn-on and high-current
pulse turn-off.

DRIVER Q2 R4
BIAS | 2.2¢
[14]

PWM -
OUTPUT

|||—<

FIGURE 13. ADDING Q5 AS A SWITCHED, DRIVE-BOOST
TRANSISTOR PROVIDES ADDED BASE DRIVE
FOR Q6 WHILE REDUCING THE STEADY-STATE
CURRENT THROUGH BOTH Q2 AND Q4.

Vin |
BIPOLAR | MOSFET
DRIVE BIAS l
R1 |
c1 .
PWM QUT |
R3
I R2

FIGURE 12. INTERFACING THE UC1840 PWM OUTPUT STAGE TO EITHER BIPOLAR OR POWER MOSFET

SWITCHES.
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Another application is the two-transistor, off-line,
forward converter topology shown in Figure 14.
This circuit uses proportional base drive where the
UC1840 need only supply a short, turn-off current
pulse with transformer regeneration through T1
providing the steady-state drive. The magnetizing
current is controlled by R1, with Q5 added to
rapidly recharge C1 from which the turn-off cur-
rent is supplied.

+V LINE

+Vin T1 =

Qs

DRIVER
BIAS

PWM

FIGURE 14. INTERFACING THE UC1840 SINGLE PWM
OQUTPUT TO A TWO-TRANSISTOR OFF-LINE
FORWARD CONVERTER WHICH USES
PROPORTIONAL BASE DRIVE.

3.4 Fault Protection

A significant benefit in using the UC1840 is the
multi-faceted fault-sensing and programming
capability built into the device. With the intent to
provide complete control to the power system
under all types of potential malfunctions, fault-
sensing circuitry has been included to sense over-
voltage, under-voltage, or over-current conditions.
Additionally, high-speed, pulse-by-pulse digital
current limiting is included as a separate function.
The operation of these circuits is described below.

3.4.1 Current Limiting

The current limit comparators have differential
inputs for noise rejection but are intended to be
used with ground-referenced current sensing asin
Figure 15. Comparator A1 is delegated to pulse-
by-pulse current limiting. The output of this com-
parator drives the PWM comparator, where it
activates the PWM latch, terminating each pulse
when the current sensed by Rsc reaches a thresh-
old defined by divider R1, R2, and the 5V reference.
Since Vc is intended to track the supply’s output
voltage, the addition of a resistor from pin 6 to Vc
will provide some foldback to the current limit
characteristic. Since comparator A1 has zero offset
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Tew ] 4,

l POWER
PULSE BY PULSE 4 SWITCH
CURRENT
SHUTDOWN .

R2 Rsc

400mV =

FIGURE 15. CURRENT LIMITING AND OVERCURRENT
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SHUTDOWN ARE IMPLEMENTED WITH
COMPARATORS OF DIFFERENT THRESHOLDS
AND A SINGLE CURRENT SENSE RESISTOR.

voltage, it is activated when the voltage across Rsc
equals that across R2. Comparator A2, with an
offset voltage of 400mV, will activate for over-
current shutdown when the voltage across Rsc
rises to 400mV higher than the voltage across R2.
Since the input bias to both comparators is less
than 5uA, a low-pass filter for noise rejection may
be inserted between Rsc and the sense inputs.
Activation of comparator A2 is defined as an over-
current fault and it triggers the Error Latch. Its
operation follows.

3.4.2 Fault Sequencing

The fault sequencing logic of the UC1840is shown
in Figure 16. Since a fault is defined by this device
as an activation of the Error Latch, it makes sense
to start here in an attempt to understand this por-
tion of the circuitry. Setting the Error Latch imme-
diately turns on Q1 and Q2, discharging the
slow-start capacitor and terminating the PWM out-
put. Note that there is an additional path from the
inverted output of the Start/UV comparator
through OR2 which keeps pin 8 low. This is to keep
the slow-start low during initial turn-on which is
not intended to be classified as a fault.

The input to the Error Latch is from OR1 which
triggers on signals resulting from four possible
events:

(1) A voltage less than 3V (after prior turn-on)
at the Start/UV sense terminal, pin 2

(2) A voltage greater than 3V at the Over-
Voltage Sense terminal, pin 3

(3) A voltage of less than 3V on the Ext. Stop
terminal, pin 4

(4) An over-current signal resulting in a differ-
ential voltage between pins 7 and 6 of
greater than 400mV

PRINTED IN U.S.A.



START/UV +

APPLICATION NOTE

% TO DRIVE SWITCH

U-91

To PWM
COMPARATOR
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RESET [5]

RESET
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EXT STOP
OV SENSE
OC SENSE

ERROR
LATCH

FIGURE 16. FAULT SEQUENCE LOGIC IS DESIGNED TO INSURE A COMPLETE SHUTDOWN AND FULLY
CONTROLLED RESTART UPON ANY OF FOUR POSSIBLE FAULT CONDITIONS.

Any of these inputs need only be momentary to set
the Error Latch. Transient protection may be
necessary to eliminate false triggering, but it can
be readily accomplished as all the comparator
inputs are high impedances requiring less than
2uA of input current, and the 3.0V reference yields
a high noise immunity.

The Start Latch can be understood by recognizing
that at initial turn-on it is reset with a low output.
This prevents AND2 from transmitting a UV fault
signal from the Start/UV non-inverting output to
the Error Latch. At the start voltage level, defined
by a high level on the Start/UV non-inverting
ouput, the Start Latch sets but AND2 still provides
no output. Only when the Start/UV input goes low
again, with the Start Latch output held high, will
AND?2 yield an output into the Error Latch.

The status of the Reset terminal, pin 5, determines
what happens after the Error Latch is set. The
choices are:

(1) Latch off and require a recycle of input vol-
tage to restart

Continuously attempt to restart

Attempt some number of restarts and then
latch off

Latch off and await a momentary reset
pulse to restart

To examine the operation of the Reset Latch, note
that prior to setting the Error Latch, its low output
is inverted to hold the reset input to the Reset Latch
high. This forces the Reset Latch’s ouput low,
regardless of the voltage on pin 5, and, thus,
insures no signal out of AND1. With the setting of

2
(3)

(4)

the Error Latch, the Reset Latch is free to take the
state commanded by pin 5: high if pin 5 is low and
vice-versa. The latch allows merely a pulse to set
the Reset Latch; the voltage on pin 5 need not be
steady state.

With a high Reset Latch output, the Error Latch still
does not reset until a low signal is sensed on the
Start/UV sense terminal. At that point, AND1 then
resets both the Error Latch and the Start Latch, re-
establishing the initial conditions for a normal start
after fully charging the input capacitor. Of course,
if the fault is still present, when the Start/UV input
reaches the start level terminating the Error Latch
reset signal, this latch will immediately set again.

To aid in the understanding of this logic, Figure 17
gives a pictorial representation of its operation
with both steady-state and momentary signals on
both the Ext. Stop and Reset terminals.

If Driver Bias turn-on is used to pump an increment
of charge into an integrating capacitor, and that
capacitor voltage is applied to the Reset Terminal,
some number of retrys could be programmed to
take place before the Reset voltage rises to 3V,
which would then lock the output OFF. Since
Driver Bias continues to cycle in the latched-off
state, the Reset terminal will remain high until it is
either remotely pulled low or the input voltage to
the controller is interrupted.

Note that an important element in any restart after
a shutdown is the lowering of the voltage at the
Start/UV terminal below its UV threshold. While
this will occur normally in bootstrap-driven appli-
cations, this device can also be used with a con-
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stant driving voltage by externally applying a
momentary pull-down signal to the Start/UV input
after a fault shutdown.

. Conclusion

With the UC1840, power supply designers now
have a device specifically developed for off-line,
primary control and one which has addressed the
problems of operation under less than “ideal” or
normal conditions. Not only does this device make
it easier to comply with stringent isolation require-
ments by requiring a minimum of communication
between primary and secondary, but it is also
ideally suited for powering systems in remote loca-
tions where only a simple transmitted pulse is
available for power sequencing.

A 8B C DE F G HIJ K U MNO P ORS T U v
[ T T T e I e T B B A

A EaVAVAVA S VAVAVA o
DRIVER BIAS

SLOW - SM
Y 111
EXT STOP I_l

[

NOTE 1: Vc REPRESENTS AN ANALOG OF THE SUPPLY OUTPUT VOLTAGE

GENERATED BY A PRIMARY-REFERENCED SECONDARY WINDING
ON THE POWER TRANSFORMER. IT IS THE VOLTAGE MONITORED
BY THE START/UV COMPARATOR AND, IN MOST CASES, IS THE
SUPPLY VOLTAGE. VIN, FOR THE UC1840.

TIME

<CHODOVOZZIrXc—-IOMMOUOD>»

U9l

EVENT

INITIAL TURN-ON. Vc RISES WITH LIGHT LOAD.

START THRESHOLD. DRIVER BIAS LOADS Vc.

OPERATING PWM REGULATES Vc.

STOP INPUT SETS. ERROR LATCH TURNING OFF PWM.

UV LOW THRESHOLD. ERROR LATCH REMAINS SET.

START TURNS ON DRIVER BIAS BUT ERROR LATCH STILL SET.
Vc AND DRIVER BIAS CONTINUE TO CYCLE.

STOP COMMAND REMOVED.

ERROR LATCH RESET AT UV LOW THRESHOLD.

START THRESHOLD NOW REMOVES SLOW-START CLAMP.
RETURN TO NORMAL RUN STATE.

RESET LATCH SET SIGNAL REMOVED.

ERROR LATCH SET WITH MOMENTARY FAULT.

ERROR LATCH DOES NOT RESET AS RESET LATCH IS RESET.
Vc AND DRIVER BIAS RECYCLE WITH NO TURN-ON

RESET LATCH IS SET WITH MOMENTARY RESET SIGNAL.
Vc MUST COMPLETE CYCLE TO TURN ON.

START AND ERROR LATCHES RESET

NORMAL START INITIATED.

RETURN TO NORMAL RUN STATE.

FIGURE 17. THE INTERRELATIONSHIP BETWEEN THE
FUNCTIONS CONTROLLED BY THE FAULT
SEQUENCE LOGIC IS ILLUSTRATED WITH BOTH
STATIC AND PULSE COMMANDS ON THE EXT.

STOP AND RESET TERMINALS.
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A NEW INTEGRATED CIRCUIT FOR
CURRENT-MODE CONTROL

Abstract

U-93

The inherent advantages of current-mode control over conventional PWM approaches to switching power

converters read like a wish list from a frustrated power supply design engineer. Features such as automatic feed

forward, automatic symmetry correction, inherent current limiting, simple loop compensation, enhanced load

response, and the capability for parallel operation all are characteristics of current-mode conversion. This paper
introduces the first control integrated circuit specifically designed for this topology, defines its operation and
describes practical examples illustrating its use and benefits.

1.0

Introduction

Over the past several years anincreased interestin
current-mode control of switching inverters has
surfaced in the literature. Originally invented in the
late 1960s, this scheme was not publicly reported
until 1977 and has seen rapid development by
many authors to date.?™® In short, current-mode
control uses an inner or secondary loop to directly
control peak inductor current with the error signal
rather than controlling duty ratio of the pulse width
modulator as in conventional converters. Practi-
cally, this means thatinstead of comparing the error
voltage to a voltage ramp, it is compared to an
analogue of the inductor current forcing the peak
current to follow the error voltage. .

CLOCK

Vs
Rsense l

Ve

Ngigign

e

FIGURE 1. A FIXED FREQUENCY CURRENT-MODE CONTROLLED
REGULATOR.

LATCH
QUTPUT

20

Figure 1 illustrates a simplified block diagram of a
fixed frequency buck regulator employing current-
mode control. As shown, the error signal, Ve, is
controlling peak switch current which, to a good
approximation, is proportional to average inductor
current. Since the average inductor current can
change only if the error signal changes, the inductor
may be replaced by a current source, and the order
of the system reduced by one. This results in a
number of performance advantages ‘including
improved transient response, a simpler, more easily
designed control loop, and line regulation compara-
ble to conventional feed-forward schemes. Peak
current sensing will automatically provide flux
balancing thereby eliminating the need for complex
balance schemes in push-pull systems. Addition-
ally, by simply limiting the peak swing of the error
voltage Ve, instantaneous peak current limiting is
accomplished. Lastly, by feeding identical power
stages with a common error signal, outputs may be
paralleled while maintaining equal current sharing.

Although the advantages of current-mode control
are abundant, wide acceptance of this technique
has been hampered by a lack of suitable integrated
circuits to perform the associated control functions.
This paper introduces a new integrated circuit
designed specifically for control of current-mode
converters. Circuit function and features are des-
cribed in detail, and a comparative design example
is used toillustrate the numerous advantages of this
approach.

UC1846 Chip Architecture

In addition to all the functions required of conven-
tional PWM controllers, a current-mode controller
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ADJUST
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FIGURE 2. UC1846 BLOCK DIAGRAM

must be able-to sense switch or inductor current
and compare it on a pulse-by-pulse basis with the
output of the error amplifier. As may be seen in the
block diagram of Figure 2, this is accomplished in
the UC1846 by using a differential current sense
amplifier with a fixed gain of 3. The.amplifier allows
sensing of low level voltages while maintaining high
noise immunity. A list of other features, while not
unique to current-mode conversion, demonstrates .

the advanced, state-of-the-art architecture: of the -

UC1846:

e A+ 1%, 5.1V trimmed bandgap reference used -

both as an external voltage reference and inter-
nal regulated power source to drive low level
circuitry.

e A fixed frequency sawtooth oscillator with varia-
ble deadtime control and external synchroniza-
tion capability. Circuitry features an .all NPN
design capable of producing. low" distortion
waveforms well in-excess of 1MHz .

e An-error amplifier withcommon mode range from
ground to Vee-2V.

e Current limiting through clamping of the error:
signal at a user-programmed level.

e A shutdown function with built in 350mV thresh-
old. May be used in either a latching, or non-
latching mode. Also capable of initiating a -
“hiccup” mode of operation.
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e Under-voltage lockout with hysteresis to guaran-
tee outputs will stay “off" until reference is in
regulation.

e Double pulse suppression logic to eliminate the
possibility of consecutively pulsing either output.

e Totem pole output stages capable of sinking or
sourcing 100mA continuous, 400mA peak
currents.

These various features, along with their interrela-
tionships and applications to switched-mode regu-
lators, will be further discussed in the following
sections.

UC1846 Functional Description:

3.1 Current Sense Amplifier

The current sense amplifier may be used in a var-
iety of ways to sense peak switch current for com-
parison with an error voltage. Referring to Figure 2,
maximum swing on-the inverting input of the PWM
comparator is limited to approximately 3.5V-by-the.
internal regulated supply. Accordingly, for .a fixed
gain of 3, maximum-differential voltages must be
kept below 1.2V atthe current sense inputs. Figure 3

depicts several methods of configuring sense. -

schemes. Direct resistive sensing-is simplest, how-
ever, a lower peak voltage may be required to min-
imize power loss in the sense resistor. Transformer
coupling can provide isolation and increase -effi-
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ciency at the cost of added complexity. Regardless
of scheme, the largest sense voltage consistent
with low power losses should be chosen for noise
immunity. Typically, this will range from several
hundred millivolts in some resistive sense circuits to
the maximum of 12V in transformer coupled
circuits.

: TPUT
STAGE
e RSENSE

oy
-

A) RESISTIVE SENSING WITH GROUND REFERENCE

——— R

OUTPUT

Vin .—\SZ'FZ__‘W\—‘—NW-—‘ T Vour

B.) RESISTIVE SENSING ABOVE GROUND

CURRENT
XFORMER

C.) ISOLATED CURRENT SENSING -
FIGURE 3. VARIOUS CURRENT SENSE SCHEMES

In addition, caution should be exercised when using
a configuration that senses switch current (Figure
3A) instead of inductor current (Figure 3B). As the
switch is turned on, a large instantaneous current
spike can be generated in the sense resistor as the
collector capacitance of the switch is discharged.
This spike will often be of sufficient magnitude and
duration to trip the current sense latch and result in
erratic operation of the PWM circuit, particularly at
lower duty cycles. A small RC filter (Figure 4) in
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series with the input is generally all that is required
to reduce the spike to an acceptable level.

ouTPUT
STAGE

SPIKE \ /

FIGURE 4. RC FILTER FOR REDUCING SWITCH TRANSIENTS

3.2 Oscillator
Although many data sheets tout 300 to 500kHz

“operation, virtually all PWM control chips suffer from

both poor temperature characteristics and wave-
form distortions at these frequencies. Practical
usage is generally limited to the 100 to 200kHz
range. This is a direct consequence of having slow
(ft = 2MHz) PNP transistors in the oscillator signal
path. By implementing the oscillator using all NPN
transistors, the UC1846 achieves excellent temper-
ature stabillity and waveform clarity at frequencies
in excess of 1MHz.

VREF

SYNC
fore = B
OSCILLATOR T~
(PIN 8)
n .0

(PIN 10)
—=| |=— OUTPUT DEADTIME (rs)

FIGURE 5. OSCILLATOR CIRCUIT

Reférring to Figure 5, an external resistor Rt is used
to generate a constant currentinto a capacitor Crto
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TIMING RESISTOR, Ry - KILOHMS

produce a linear sawtooth waveform. Oscillator fre-
quency may be approximated by selecting Rr and
Cr such that:

22
Rr Cr (1)
Where Rr can range from 1K to 500K and Cr is

above 100pF. For quick reference a plot of fre-
quency versus Rr and Cr is given in Figure 6.

fOSC -

1 10 100 1060
FREQUENCY — KILOHERTZ

FIGURE 6. OSCILLATOR FREQUENCY AS A FUNCTION OF
. Rr AND Cr

Again referring to Figure 5, the oscillator generates
an internal clock pulse used, among other things, to
blank both outputs and prevent simultaneous cross
conduction during switching transitions. This output
“deadtime” is controlled by the oscillator fall time.
Fall time, in turn, is controlled by Craccordingtothe
formula:

12
7d =145 Cy | ———————
[12 - 3.6/Rr(kQ)] @)

For large values of Ry:
7d =145 Ct 3)

1000

g

/

S

>

i 246

Q

0.1 10 10 100

TIMING CAPACITANCE, Ct - NANOFERADS

OUTPUT DEAD TIME, T 4 — MICROSECONDS

FIGURE 7. OUTPUT DEADTIME AS A FUNCTION OF TIMING
CAPACITOR Cr
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A plot of output deadtime versus Cr for two values of
Rr is given in Figure 7.

Although timing capacitors as small as 100pF can
be used successfully inlow noise environments, it is
generally recommended that Cy be kept above
1000pF to minimize noise effects on the oscillator
frequency (see Section 4.0).

Synchronization of one or more devices to either an
external time base or another UC1846 is accomp-
lished via the bi-directional SYNC pin. To synchron-
ize devices, first, Cr must be grounded to disable the
internal oscillator on all slaved devices. Second, an
external synchronization pulse must be applied to
the SYNC terminal. This pulse can come directly
from the SYNC terminal of a master UC1846 or,
alternatively, from an external time base as shown
in Figure 8.

33k 3.3k

5SmA ‘I—'Lz,o
ov

FIGURE 8. SYNCHRONIZING THE 1846 TO AN EXTERNAL
TIME BASE

3.3 Current Limit

One of the most attractive features of a current-
mode converter is its ability to limit peak switch
currents on a pulse-by-pulse basis by simply limit-
ing the error.voltage to a maximum value. Referring
to Figure 9, peak current limiting in the UC1846 is
accomplished using a divider network, Ry and Rz, to
set a pre-determined voltage at pin 1.

FIGURE 9. PEAK CURRENT LIMIT SET UP
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This voltage, in conjunction with Q+, acts to clamp

the output of the error ampilifier at a maximum value..

Since the base emitter drop of Q4 and the forward
drop of diode D1 very nearly cancel, the negative
input of the comparator will be clamped atthe value
Vein 1 —0.5V. Following this through to the input of
the current sense-amplifier yields:

_ Ve 1-05

3 (4)
Where Ve is the differential input voltage of the
current sense amplifier. Using this relationship, a
value for maximum switch current in terms of exter-

nal programming resistors can be derived, resulting
in:

VCS

Rz (Vrer) - 0.5
Ry + Rz

3Rs (5)
While still on the subject of resistor selection, it
should be pointed out that Ry also supplies holding
current for the shutdown circuit, and therefore

should be selected prior to selecting Rz as outlined
in the next section.

leL =

One last word on the current limit circuit. As may be
seen from equation 5, any signal less than 0.5V at
the current limit input will guarantee both outputs to
be off, making pin 1 a convenient point for both
shutting down and slow starting the PWM circuit.

For example, both the under-voltage lockout.and"

shutdown functions are connected internally to this
point. If a capacitor is used to hold pin 1 low (Figure
10) then as the input voltage increases above the
under-voltage lockout level, the capacitor will
charge and gradually increase the PWM duty cycle
to its operating point. In a similar manner if the
shutdown amplifier is pulsed, the shutdown SCR will
be fired and the capacitor discharged, guarantee-
ing a shutdown and soft restart cycle independent
of input pulse width.

T0 T0
UNDER-VOLTAGE PWM COMPARATOR

T/
1

FIGURE 10. USING UNDER-VOLTAGE LOCKOUT AND SHUTDOWN
TO INITIATE A SLOW START.
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3.4 Shutdown

The: shutdown circuit, shown in Figure 11, was
designed to provide a fast acting general purpose
shutdown port for use in implementing both protec-
tion circuitry and remote shutdown:functions. The
circuit may be divided into an input section consist- .
ing of a comparator with a 350mV temperature -
compensated offset, and an output section consist- -
ing of a three transistor latch. Shutdown isaccomp-
lished by applying a signal greater than 350mV.to
pin 16, causing the output latch to fire, and setting
the PWM latch to provide animmediate signal to the
outputs. At this point, several things can happen. Q4
requires a minimum holding current, I, of approxi-
mately 1.5mA to remain in the latched state. There-
fore, if Ry is chosen greater than 5kQ, Qy will
discharge any capacitance, Cs, on pin 1 to ground
and commutate the output latch, allowing Cs to
recharge. If Ry is chosen less than 2.5kQ, Q4 will
discharge Cs and remain in the-latched state until
power is externally cycled off. In either case, Cs is
required only if a soft-start or soft-restart functionis -
desired.

T0
ERROR
AMP

FIGURE 11. SHUTDOWN CIRCUITRY

For example, the shutdown circuit of Figure 12,

operating in a nonlatched mode, will protect the

supply from overcurrent fault conditions. Many

times, if the output of a supply is shorted, circulating

currents in the output inductor will build to danger-

ous levels. Pulse-by-pulse cutrent limiting with its -
inherent. time" delay, will in general not be able to

limit these currents to acceptable levels. Figure 12

details a circuit which will provide shutdown and

soft-restart if the overcurrent threshold set by Rs

and Rs4 is exceeded. This level should be greater

than the peak current limit value determined by R4

and Rz (see equation 5). Sometimes called a “hic-

cup mode”, this overcurrent function will limit both .
power and peak current in the output stages until
the fault is removed.
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4.0

50

FIGURE 12. OVER CURRENT SENSING WITH THE SHUTDOWN
CIRCUIT PRODUCES A SHUTDOWN — SOFT RESTART
CYCLE TO PROTECT OUTPUT DRIVERS

Noise Immunity

As in all PWM circuits, some simple precautions
should be observed to prevent switching noise from
prematurely triggering the oscillator as it
approaches its upper threshold. This is most evi-
dent when large capacitive loads — such as the
gates of power FETS — are directly driven from
outputs A and B. As the duty cycle approaches
100%, the current spike associated with this output
capacitance can cause the oscillator to prema-
turely trigger with a resulting shift upward in fre-
quency. By separating high current ground paths
from low level analog grounds, using Cr values
greater than 1000pF grounded directly to pin 12,
and decoupling both Vin and Vrer with good quality
bypass capacitors, noise problems can be avoided.

Comparative Design Example

To more vividly illustrate the advantages of current-
mode control, a relatively simple push-pull forward
converter was designed using two interchangeable
control sections, as shown in Figure 13. The control
modules consist of (a) a UC1846 current-mode
controller with associated circuitry, and (b) a con-
ventional UC1525A PWM controller with its support
circuitry. Loop compensation of the UC1525A was
implemented by placing a zero in the feedback loop
to cancel one of the poles in the output stage,
resulting in a unity gain bandwidth of approximately
3kHz — a commonly used technique. Compensat-
ing the current-mode converter requires somewhat
of a different approach. Since the output stage con-
tains only a single pole, in theory closing the loop
will produce a stable system with no additional
compensation. In practice, however, it has been
shown that subharmonic oscillation will result from
excess gain at half the switching frequency™®.
Therefore, a pole-zero combination has been
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placed in the feedback loop to reduce high fre-
quency gain and allow the output capacitor (low
ESR) to roll off loop gain to 0dB at 3kHz.

While not demonstrated in Figure 13, fixed fre-
quency current-mode converters are known to be
unstable above 50% duty cycle without some form
of slope compensation'*™®. By injecting a small cur-
rent from the sawtooth oscillator into the positive
terminal of the current sense amplifier, slope com-
pensation is accomplished, and the converter can
be operated in excess of 50% duty cycle. An alter-
nate, butjust as effective, scheme would be toinject
the signal into the negative terminal of the error
amplifier.

As may be seen, a similar parts count for both
supplies was encountered. Topologically, using the
UC1525A shutdown terminal provided only a crude
current limit in contrast to the UC1846. Further-
more, internal double pulse suppression circuitry of
the UC1846 gave an added level of protection
against core saturation — important if your regula-
tor is prone to subharmonic oscillations. Since both
regulators were over-designed to withstand a short
circuit on the output with resultant high peak cur-
rents, the shutdown-restart mode of the UC1846
was not used.

It should be pointed out at this time that one of the
main features of a current-mode converter of this
type is its ability to be paralleled with similar units.
By disabling the oscillator and error amplifiers (Cr
grounded, +E/A to Veer, ~E/A grounded) of one or
more slave modules, and connecting SYNC and
COMP pins of the slave(s) respectively, the outputs
may be connected together to provide a modular
approach to power supply design.

Starting with Figure 14, a comparison of line and
load step responses is made between the two con-
verters. As a result of the feed-forward effect of the
current-mode converter, response to a step input
change shows more than an order of magnitude
improvement (Figure 14a) when compared to the
conventional converter (Figure 14b). Although not
as pronounced, response to a step load change
leaves the UC1846 converter (Figure 15) with a
clear advantage in output response — 40mV as
compared to 70mV for the UC1525A.

Virtually all conventional push-pull converters are
prone to flux imbalance caused by mismatched
storage delays, etc., in the output stage. Figure 16
shows both converters operating with the same
power stage. No effort was made to match output
devices. As may be seen, there is little noticeable
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difference between switch currents of the UC1846. transistors — shows phase B driving the core close
However, the UC1525A — with identical output to saturation with 50% more current than phase A.
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(B) UC1525A VOLTAGE MODE CONTROLLER

FIGURE 13. PUSH-PULL FORWARD CONVERTER WITH (A) CURRENT-MODE CONTROL AND (B) VOLTAGE MODE CONTROL

t=2ms/DIV
-~ QUTPUT »

RESPONSE

50mV/DIV

(A) (8)

FIGURE 14. RESPONSE TO A STEP INPUT CHANGE OF 25 TO 35V BY (A) UC1846 and (B) UC1525A CONVERTERS
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t=0.2ms/DIV

- QUTPUT >
RESPONSE
20mV/DIV

(B)
FIGURE 15. RESPONSIVE TO A STEP LOAD CHANGE OF 1 AMP BY (A) UC1846 AND (B) UC1525A CONVERTERS

t = 5us/DIV
~C SWITCH »

CURRENTS
(0.2A/DIV)

(A) (8)

FIGURE 16. SWITCH CURRENTS SHOWING FLUX IMBALANCE IN (A) UC1846 AND (B) UC1525A CONVERTERS

6.0 Conclusion

Rarely do new design techniques evolve that can
promise as much as current-mode control for the
power supply engineer. We have shown thisto be a
simple technique easily extended from present
converter topologies, that will increase dynamic
performance and provide a higher degree of relia-
bility while permitting new approaches to modular

design. Until recently, current-mode converters
could not compete with the economics of conven-
tional converters designed ‘with 1.C. controllers.
Now, with the UC1846 designed specifically for this
task, current-mode control can provide all of the
above performance advantages on a cost competi-
tive basis.
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THE UC1901 SIMPLIFIES THE PROBLEM OF ISOLATED
FEEDBACK IN SWITCHING REGULATORS

1. Introduction

The UC1901 simplifies the task of closing the
feedback loop in isolated, primary-side control,
switching regulators by combining a precision
reference and error amplifier with a complete
amplitude modulation system. Using the IC’s
amplitude modulated output, loop error signals can
be transformer coupled across high voltage’isola-
tion boundaries, providing stable and repeatable
closed-loop characteristics. Coupling across an
isolation boundary is nothing new in transformer
technology, and the UC1901’s ability to generate
carrier frequencies of up to 5SMHz keeps the trans-
former size and cost at a minimum. With a second-
ary reference and accurate coupling path for the
feedback signal, isolated off-line supplies can
reliably achieve the tolerances, regulation, and tran-
_sient performance of their non-isolated counter
parts and still take advantage of the benefits of
primary-side control.

Closing a feedback loop in a simple or complex
system requires a thorough understanding of all
of the loop elements. Worse case variations of
each element'must be taken into account when
loop stability, dynamic response, and operating
point are determined. Unpredictability in any of the
loop components will affect the overall-design by
makingit,necessarily,more conservative. Thetrans-
ient response of a control loop, for example, will
usually suffer if a loop must be heavily compensated
to guarantee stability with component variations.

To obtain high levels of load and line regulation, the
output voltage of a power supply must be sensed
and compared-to an accurate reference voltage.
Any error voltage must be amplified and fed back to
the supply’s-control circuitry where the sensed error
can be corrected. In-an.isolated supply, the control
circuitry is frequently located on the.primary; or
. line, side of the supply. As shown in Figure 1, the

- feedback signal in this type of supply must cross
the isolation boundary. Coupling this signal requires
an element that will withstand the isolation poten-
tials and still transfer the loop error signal. Though
some significant drawbacks to their use exist, optical
couplers are widely.used for this function due to
their ability to couple DC signals. Primarily, opto-
couplers suffer from poor initial tolerance and sta-
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bility. The gain, or current transfer ratio, through an
opto-coupler is loosely specified and changes as a
function of time and temperature. This variation will
directly affect the overall loop gain of the system,
making loop analysis more difficult and the resulting
design more conservative. In addition, limited band-
width capability prevents the use of optical couplers
when an extended loop response is required.
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FIGURE 1: A Typical Closed-Loop Isolated Power Supply
With Primary-Side Control.

With reliability firmly situated as an important aspect
of electrical design, the benefits of primary-side

-control are increasingly attractive in off-line designs.
. The organization-of an off-line switcher with primary-

side control (See Figure 1) puts the control function
on the same side of the isolation boundary as the
switching elements. Not only does this simplify the

- interface between the controller and switches, it

makes the protection of these switches much easier.
Sensing of the switch currents and voitage can
avoid failures and improve over-all supply perform-
ance. The argument for primary-side control has
been further strengthened by the introduction of a
new generation of control IC’s. The controllers incor-
porate such features as low current start-up, high
speed current sensing for pulse-by-pulse current
limiting, and voltage feed-forward. Low current
start-up alleviates the problem of efficiently sup-
plying. power to a line-side controller, while fast
current limit circuitry and voltage feed-forward take
advantage of the proximity of a primary-side con-

. troller to both the power switch(es) and the input

supply voltage.

Combining all of the necessary functions to generate
an AM feedback signal on the UC1901 make it the
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first IC of its type. As will be seen, the UC1901 can
be used in several modes to take full advantage of
its functions. Recognizing the continuing evolution
of power converter technology the UC1901 is
intended to simplify the design of a new era of
reliable and higher performance power converters.

2. The UC1901 Functions

The operation of the UC1901 is best undestood by
considering a typical application. In Figure 2, the
UC1901 is shown providing the feedback signal to
close the loop in an isolated switching power supply.
With any feedback system it is desirable to compare
the system output to the system reference with a
minimum of intermediate circuitry. With the UC1901
situated on the secondary, or output side of the
supply, the output voltage is simply divided down
and compared to the 1.5V reference using the chip’s
high gain error amplifier. In this manner DC errors at
the supply output are kept minimal even if signifi-
cant non-linearities, or offsets, occur in the remain-
der of the power supply loop. Since the 1.5V output
on the UC1901 is a trimmed, precision, reference,
the need for a trim-pot to fine tune the output
voltage is eliminated.

To make the UC1901 compatible with single output
5V power supplies it is designed to operate with
input voltages as low as 4.5V. This allows the part to
be powered directly from a TTL compatible 5V
output. A nominal supply current of only 5mA allows
the part to be easily operated at its maximum input
voltage rating of 40V without worry of excessive

U-94

The amplified error signal at the UC1901’s com-
pensation output is internally inverted and applied
to the modulator. The other input to the modulator is
the carrier signal from the oscillator. The modulator
combines these two signals to produce a square
wave output signal with an amplitude that is directly
proportional to the error signal and whose frequency
is that of the oscillator input. This output is buffered
and applied to the coupling transformer. With the
internal oscillator, carrier frequencies into the mega-
hertz range can be generated. Operating at high
frequencies can reduce both the size and cost of
the coupling transformer. The secondary winding on
the coupling transformer drives a diode-capacitor
peak detector. With a simple resistive load to allow
discharging of the holding capacitor an effective
amplitude demodulator is formed. The small signal
voltage gain from the error amplifier input to the
detector output is a function of the feedback net-
work around the error-amp, the modulator gain, the
turns ratio of coupling transformer, and any loss in
the demodulator.

In Figure 2 the relationship of the detector output to
the sense supply voltage is non-inverting. This is
necessary to guarantee start-up of the supply. Since
the UC1901, as shown, is powered from the supply’s
output, the initial feedback signal back to the PWM
controller will always be zero. The required 180° of
DC phase shift is easily achieved by inverting the
signal with the error amplifier that is present in most
any PWM controller circuit.

In some applications it may be desirable to operate
the carrier frequency of the UC1901 in synchroni-

power dissipation.
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FIGURE 2:

With a Precision Reference, and a Complete Amplitude Modulation System, the UC1901 Lets Isolated
Feedback Loops be Closed Using a Small Signal Transformer:
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FIGURE 3: The Compensation Output on the UC1901 can be used to Accurately Control the AM Waveform Output.
A Simplified Schematic, (a) Shows the internal Signal Split into the Modulator. Voltage Waveforms, (b) Across
the Modulator Outputs, and at the Compensation Output show the Modulator Transfer Characteristic. :

zation with a system clock, or reference frequency.

In many situations, operation of the UC1901 at R - : MODUE.,
the switching frequency of the power supply can be | = I g canR

beneficial. One such application is presented in
this article. To accommodate this need the UC1901
has an external clock input.

One additional mode of operation is possible if the
oscillator is left disabled and the external clock
signal is kept low (or floated). In this condition the
error amplifier can be used in a linear fashion with
its output taken at the driver A output. The driver B
output will be at a fixed DC voltage about 1.4V from
the input supply voltage. If the external clock signal
is tied high the roles of the two driver outputs are

reversed. With 15mA of output current capacity, ers are often designed. In the near future current-
the two outputs can easily be combined to reference mode control versions of these may also be widely
and drive an opti_cal coupler. Although the instabilities used. Each of these converter topologies has a
ofthe coupler will still be present, the advantages of different forward transfer characteristic and, within
the UC1901’s precision reference, high gain ampli- each type of converter, operating point, continuous
fier-driver, and 4.5V supply operation can be utilized. or discontinuous inductor current, and voltage or

current-mode duty cycle control are a few of the
3. A Controlled Feedback Response factors which can alter this characteristic. In short,
There are many different topologies which can be the task of optimally designing a feedback network
used when implementing a switching power supply. for one supply must usually be repeated when the
For off-line supplies, fly-back and forward convert- next supply is designed.
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Once the forward transfer function of a particular
converter has been determined, various factors
such as stability, line regulation, load regulation,
and transient response will determine the overall
loop response, and therefore feedback response,
required. One of the objectives of the UC1901, in
addition to allowing a controlled isolated feedback
response, is to make the task of implementing a
given response as easy as possible. With the com-
pensation node onthe UC1901, local R-C feedback
networks can be used to shape the small signal
gain and phase frequency response of the overall
feedback network.

The error amplifier on the chip has a typical open
loop gain of 60dB and is internally compensated to
have a unity gain bandwidth of just above 1MHz.
Both of these characteristics are measured with
respect to the compensation node (Pin12). As shown
in Figure 3a, the amplified error signal is internally
split, at the collectors of Q, and Q,, and fed to both
the modulator and the compensation output. Apply-
ing feedback from the compensation output to the
error amplifier’s inverting input controls the small
signal collector current through Q,. Since Q,
sees the same base voltage, and its emitter resist-
ance is the same, its collector current will track that
of Q. The collector current of Q, feeds the modu-
lator and determines the amplitude of its output
signal. The 4-to-1 ratio of resistors R, (or Rs)
and R, results in a fixed 12dB of small signal gain
measured as the ratio of the amplitude of the differ-
ential signal at the modulator outputs to the com-
pensation mode signal. This relationship, as well as
the function of the modulator, is shown in Figure 3b.
The scope traces show a 200mV peak to peak sinu-
soid at 2.5kHz, measured at the compensation
output, and the resulting 800mV variations in the
peak amplitude of a 25kHz square wave carrier as

measured across the modulator’s differential output.

The remaining factors influencing the response of
the feedback path are the signal gain through the
transformer, the detector circuit, and the circuitry
between the detector output and the supply’s PWM.
The signal gain through the transformer is simply
the turns ratio of transformer. The small signal
detector gain can usually be assumed to be unity
as long as the AC load presented to the detector is
kept small. Some load on the detector is necessary
to allow its output to slew in a negative direction.
Figure 4 summarizes the transfer and output char-
acteristics of a typical transformer and detector.
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FIGURE 4: A Typical Detector Model and its Output
Characteristics.

Here the load on the detector is modeled as a
current source, simplifying the equations. In actual
practice the operating point of the detector output
will be determined by the circuitry which inter-
faces it with the PWM input. Since the minimum
recovery from the detector is zero volts a nominal
positive operating level which provides adequate
dynamic range for DC and transient conditions
should be chosen.

The UC1901 is specified to generate maximum
carrier levels equal to or in excess of 1.6V peak.
This indicates that a turns ratio of greater than
one-to-one will be required for the coupling trans-
former if the detector output must exceed approxi-
mately 1V, (allowing for a detector diode drop of
0.6V). It should be noted that many switching power
supplies now being designed include an integrated
PWM control IC. A typical PWM IC includes a dedi-
cated error amplifier which amplifies and buffers
the input error voltage and applies it to the PWM
ramp comparator. This amplifier can be readily used
to fix a nominal detector operating point that is
compatible with a one-to-one transformer. Addition-
ally, the error amplifier on the UC1901 and the
PWM'’s amplifier can be combined to achieve both
large DC loop gains for improved load and line
regulation, and the optimization of the loop gain
and phase frequency response for improved tran-
sient and stability performance.

4. Transformer Requirements

The coupling transformer used with the UC1901
has two primary requirements. First, it must provide
DC isolation. Secondly, it should transfer voltage
information across the isolation boundary. Meeting
the first requirement of DC isolation will depend on
specific applications. In general, though, small signal
transformers can be readily built to meet the isola-
tion requirements of today’s line-operated systems.
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For the most stringent applications, E-type cores
with bobbin carried windings are inexpensively
available or built. Where small size is mostimportant,
a simple toroid core can be used.

The second requirement of the transformer prima-
rily determines the amount of magnetizing induct-
ance it must have. The magnetizing inductance of a
transformer refers to the actual inductance formed
by the windings around the core material. In many
classical transformer examples, the magnetizing
inductance is ignored. This is a valid approximation
since, in these examples, the magnetizing current
required is much less than the reflected load
currents. In this case, the load currents are small
and, as the transformer inductance is reduced, the
magnetizing currents become dominant.

The driver outputs on the UC1901 are emitter fol-
lowers which are biased at 700uA. Therefore, if the
drivers are operated without additional bias current
the peak current through the transformer’s primary
winding cannot exceed this vaiue. Figure 5a illus-
trates the relationship of the magnetizing current to
the voltage across the transformer’s input. If the
reflected load currents are neglected, it can be
seen that the minimum magnetizing inductance
required for linear transfer of the modulator square-
wave is given by:

Ve

@ af i,

Ly =

Where: L, = the magnetizing inductance,

the peak carrier voltage across

transformer inputs,

fc = theUC1901 operating frequen-
cy,

= the bias current of the UC1901

drivers.

As an example, consider the case where Vp is
equalto 2V, f,is 100kHz, and the drivers are operat-
ing at their internal bias levels. Using equation 1,
the inductance looking into the primary winding
with no secondary load must be greater than 7.1mH.
Alternatively, if the carrier frequency is raised to
1MHz and the bias levels of the UC1901 drivers are
increased to 3.5mA, then Lw can be as low as
150uH. Using high permeability ferrite material, this
level of magnetizing inductance can be realized with
as little as 10 turns on a small toroid core.

Equation 1 sets a minimum limit on the magnetizing
inductance for linear transfer of the carrier wave-

TRANSFORMER
PRIMARY CURRENT

TRANSFORMER

TRANSFORMER
PRIMARY CURRENT
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TIME ——
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FIGURE 5: The UC1901 Driver Outputs Follow the Mod-
ulator Output Square Wave, (a.), Sourcing
and Sinking Current Levels Dependent on
Transformer Inductance, Carrier Frequency,
and Voltage Level. When the Bias Level of the
Driver Outputs, I, is Reached, (b.), a Tri-state
Waveform is Coupled Across the Transformer,
the Peak Voltage Level Though, Remains Ap-
proximately the Same. The Reflected Load
Currents are Assumed Negligible.

form. Actually, the amplitude information is still
coupled even when the inductance is less than this
minimum. In this case, the UC1901 drivers will
support the voltage across the coil until the peak
current is reached. The result, illustrated in Figure
5b, is a tri-state waveform at the transformer’s input
and output. Peak detection of this waveform yields
the same amplitude information as the linear trans-
fer case, although detection ripple will increase.
Another situation which results in a tri-state wave-
form exists when the carrier duty cycle is not 50%.
In this case, the volt-seconds across the transformer
will be balanced by an “imbalancing” of the driver
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bias levels. The imbalance will be sufficient to cause
the peak current to be reached during the >50%
portion of the carrier waveform.

5. The High Frequency Oscillator

The oscillator circuit on the UC1901 is designed
to operate at frequencies of up to 5MHz. To achieve
this operating range the circuit shown in Figure 6
uses only NPN transistors in those parts of circuit
which are dynamically involved in the actual oscilla-
tion. The standard bipolar process used to produce
the UC1901 characteristically yields high f, typically
250MHz, NPN devices. Conversely, the same pro-
cess has PNP structures with f’s of only 1 to 2MHz.
In the oscillator, PNP’s are used only in determining
quiescent operating points of the circuit.

The latched comparator formed by Q;-Q,, diodes
D, and D,, and resistors R, and R, has a controlled
input hysteresis which determines the peak to peak
voltage swing on the timing capacitor C;. The timing
" capacitor C; is referenced to V,y since this is the
reference point for the latched comparator’s thresh-
olds. The comparator’s outputs at D, and D, switch
the 2X current source through Q,, changing the net
current into the timing capacitor from positive to
negative, reversing the capacitor voltage’s dv/dt.

U-94

When the resulting ramp reaches the comparator’s
lower threshold, the current is switched back to
Q,; and the ramp reverses until the upper thres-
hold is reached and the process begins again. This
results in a triangle waveform at C; and a squarewave
signal at D, and D,.

The magnitude of the charging currentis controlled
by the external resistor, R; and the internally gener-
ated voltage across it. This voltage is compensated
to track variations in the comparator hysteresis. The
tracking characteristics of this voltage stabilize the
oscillation frequency over temperature and enhance
the initial frequency tolerance. Typically, repeatability
and temperature stability of the operating frequency
are both better than 5%.

The oscillator circuit has been optimized for a
nominal R; of 10k<2. A desired operating frequency
is obtained by choosing the correct value for C;. As
shown in Figure 7, the oscillator frequency is give
by the relation:

1.24

RrCy

for frequencies below 500kHz. Above 500kHz, the
solid line indicates appropriate C; values. There is

(2) fosc.
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FIGURE 6: UC1901 High Frequency Oscillator Simplified Schematic.
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no upper limit on the size of the capacitor used,
thus allowing the oscillator to have an arbitrarily
long period if desired.
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FIGURE 7: UC1901 Oscillator Frequency.

To allow operation of the modulator with a carrier
frequency that is driven from a system operating
frequency or clock, the oscillator can be over-ridden.
Tying C; to the input supply voltage disables the os-
cillator. The modulator circuit can now be switched
in synchronization with a signal at the external clock
input. Internally, the clock signal is applied to the

RECTIFIED LINE VOLTAGE
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latched comparator via the input device Qq, and the
differential pair Q; and Q. As the clock input goes
high, Qg turns Qg off and Q; on, creating an offset
across R, that is sufficient to switch the comparator.
The comparator then, as before, drives the modula-
tor. When the clock input returns low, the process is
reversed. Using the external clock input, both the
frequency and duty cycle of the modulator outputs
are controlled.

6. A Status Output is More
Than Just a Green Light

Many systems today require a monitoring function
on the supply output. The status output on the
UC1901 can fill this need, a green light function,
and can also be used to fill some more “sophisti-
cated” needs. The circuit in Figure 8 takes advan-
tage of the status outputin the start-up of an off-line
forward converter. The UC1901 is being used in an
application where the switching supply must be
synchronized to a system clock. The clock signal
is generated on the secondary or output side of
the supply. To allow start-up, the PWM oscillator is
free-running when the line voltage is applied. As the
supply voltage rises, the UC1901’s external clock
input is driven at the switching frequency rate
through resistors R, and R,. When the supply output
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FIGURE 8: The Status Output on the UC1901 is used in the Start-Up of a Pou:er Supply Synchronized to a Secondary
Referenced Master Clock. The Coupling Transformer Carries the Feedback and Clock Signals. The Status
Output is used to Sequence Clock Signals to the UC1901 External Clock Input During Start-Up.
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reaches 90% of its operating level, the status out-
put decouples the external clock input from the
switcher and enables the UC1901’s clock input to
be driven from the now operational system clock.

On the primary side, the output of the coupling
transformer is used before demodulation to provide
a synchronization pulse to the PWM control oscilla-
tor. Under normal operation, the entire power supply,
including the feedback system, will be synchronized
to the system clock.

7. The UC1901 in an Off Line
Flyback Converter

As alluded to previously, flyback converters see
wide use in off-line applications. The flyback topol-
ogy has some general cost benefits which have
spurred its use in low cost, low power (<150W),
off-line systems. Perhaps the two most significant
of which are the need for only a single power
magnetic element in the supply (no output filter
inductor is required), and the ability to easily obtain
multi-output systems by adding one additional
winding to the coupling power inductor for each
extra output. Also, the flyback topology, especially
when used in the discontinuous mode, lends itself
very well to the benefits of voltage feed-forward.

7a. 60 Watt Dual Output Converter

Shown in Figure 9 is a flyback converter designed
with the UC1901 and a primary side control IC, the
UC1840. The converter has two 30W outputs, one
at 5V/6A, and another at 12V/2.5A. Minimum loads
of 1A are specified at each output. The UC1901 is
used to sense and regulate the 5V output. This out-
put is specified at +2 percent (untrimmed), with load
and line regulation of better than 0.2 percent. Respec-
tively, the 12V output is specified at +5 percent

U-94

winding on the coupled inductor, W, is applied
across the rectified and filtered line voltage at a
60kHz rate via the FET switching device. L, is refer-
red to as a coupled inductor, rather than as a trans-
former, since the primary and secondary windings
do not conduct at the same time. Energy is stored
in the inductor core as the switching device con-
ducts, and then “dumped” to the secondary outputs
when the device is turned off.

The converter operates in the discontinuous mode.
Operating in this mode, the total current in the
coupled inductor goes to zero during each cycle of
operation. In other words, the energy stored in the
core during the beginning of a cycie is entirely
expended to the load before the end of the cycle.
This allows the inductor size to be minimized since
its average energy level is kept low. The price paid
for discontinuous operation is higher peak currents
in the switching and rectifying devices. Also, high
ripple currents at the supply’s output(s) make ESR,
(equivalent series resistance), requirements on the
output filter capacitors more stringent.

7b. Discontinuous Flyback’s Forward
Transfer Function

The process of designing a feedback network for
the supply begins with determining the small signal
transfer function of the converter’s forward control
path. This path can be defined as the small signal
dependency of the output voltage, Vg, to, V¢, the
control voltage at the input to the PWM comparator.
As defined, the control voltage on the UC1840 ap-
pears at the compensation output of its internal
error amplifier. The transfer function of this path
for the discontinuous converter is given by equa-
tion (3).

with 6 percent load and line regulation. Regulation ®) v V, TR 1+ sCR
of the 12V output relies on close coupling between 2= [, 2
the 5V and 12V output circuits. Ve Va 2Ly 1+ sCR,
2
The UC1840 controller has all of the features
discussed previously for an off-line controller. In
addition, it has some advanced fault protection Where:
features. Only parts of the UC1840’s capabilities "Vin = level of the rectified line voltage,
are discussed here. For those desiring a more Vk = Theequivalent peak PWM ramp voltage-
complete description, it can be found in the second equal to the extrapolated control voltage
reference mentioned at the end of this article. In the input which would result in a 100%
supply, the UC1840 sequences itself through start- switch duty cycle,
up using the energy stored in C, by the trickle T, = One period of the switching frequency,
resistor R;;. Once the supply is up and running Lw = Magnetizing inductance of the primary
W,, the auxiliary winding on L,, provides power to the winding, )
controller and the switch drive circuitry. The primary. C: = Atotal effective output filter capacitor,
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APPLICATION NOTE

R, = The total effective load, (assumed
resistive),

Rs = ESR of the filter capacitor,

s = 2xjf, fis frequency in hertz.

The word effective is used in describing R, and C¢
since, although we are interested in calculating the
response to the 5V output, the loads at the 12V and
auxiliary outputs must be accounted for. This is
- easily done by reflecting these loads to the 5V
output using the corresponding turns ratio on the
inductor.

7c. Voltage Feedforward Steadies
Response

Equation 3 indicates a substantial dependency of
the control response to both the load R,, and the
input voltage, V. This can slightly complicate the
design of the feedback network since both the gain
and phase response of the loop will vary with oper-
ating conditions.

The benefits of feed-forward are easily illustrated at
this point by examining its effect in this circuit. The
UC1840 controller uses resistor R; to sense-the
input voltage and proportionately scale the charging
current into the PWM ramp capacitor, C,. Scaling
the ramp slope is the same as scaling Vg, the equiva-
lent peak ramp voltage. The result is a modeled
ramp voltage given by:

(4) Ve = WnTe

Rs Cs

When this expression for Vj is substituted into
equation 3, the result is a forward transfer function
that is independent of the input voltage. Not only
does this simplify the feedback analysis, it also
vastly improves the supply’s inherent rejection of
line voltage variations.

The forward response of the converter, plotted in
Figure 10, has a single pole roll-off occurring
between 11Hz and 38Hz depending on the load.
The single pole roll-off allows the feedback network
a bit of latitude since, from a stability standpoint, the
loop bandwidth can be extended by simply adding
broadband gain with an appropriate roll-off frequen-
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FIGURE 10: Closing the Feedback Loop is Preceeded
by the Characterization of the Converter’s
Forward Small Signal Transfer Function.

cy. No mid-band zeros or led-lag networks are

* necessary, as might be for converters with double

pole responses. Although, the zero resulting from
the ESR of the filter capacitors can, if not taken into
account, appreciably extend the loop bandwidth
beyond its intended value.

7d. Wide Bandwidth Gives Fast Transient
Response At 5V Output

This supply was designed to have a unity gain loop

‘bandwidth of between 5 and 10kHz. With this band-

width the supply’s control response to step load and
line changes occurs in fractions of a millisecond. This
is only true with regard to the 5V output. There is no
feedback from the 12V output therefore the output
impedence of the 12V supply will be determined by
IR losses, the dynamic impedence of the rectifying
diodes, and the coupling efficiency between the
inductor windings. This impedence is not reduced
by the loop gain, as itis at the 5V output. As a result,
the time constant of the response at this output will
be considerably longer.

The fast response of the 5V output and the relatively
slow response of the 12V output are illustrated in
Figure 11 which shows three oscilliscope traces
in response to a 3.0A load change at the 5V output.
The upper trace is the response of the 5V output
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APPLICATION NOTE

which has been expanded and lowpass (< 15kHz)
filtered slightly so the small signal loop character-
istics can be seen. The trace below this is the 12V
output’s deviation due to cross-regulation limitations,
the longer time constants involved are obvious. Both
the fast response of the 5V loop, and the longer
settling time of the 12V output are apparent in the
third trace. This trace is the fed back correction
signal at the UC1840’s error amplifier output. From
the middle trace the output impedence of the 12V
supply can be estimated by noting the approximate
1ms time constant and dividing it by the 2000uF
value of the 12V output filter capacitor. This gives a
value of 0.5 for the output impedence. This agrees
well with actual measurements of the 12V output’s
load regulation.

1ms/DIV

FIGURE 11: The Transient Response of the 5V Output
(Top Trace), to a 3.0A Step Load Change
Refiects the Extended Bandwidth of the 5V
Loop. The Open-Loop 12V Output (Middle),
Responds to the Effects of Cross Regula-
tion. The Feedback Error Signal (Lower)
Coupled Through the UC1901 is Measured
at the UC1840 Error Amp. Output.

7e. The Feedback Response

Plotted in Figure 12 is the response of the feedback
network. Also plotted are the asymptotic gain lines
of the two contributing gain blocks, the UC1901
response (from 5V output to detector output) and
the UC1840 error amp response (detector output to
the PWM control voltage). The UC1901’s error ampli-
fieris run open loop at DC but is quickly rolled off to
8dB. With the 12dB of modulator gain, the UC1901
feedback system has a broadband gain of 20dB. A
pole at 16kHz is added to reduce the gain through
the UC1901 error ampilifier at the 60kHz switching
frequency. As mentioned earlier, excessive gain at
the switching frequency can “use up” the dynamic
range of the UC1901’s AM output.

U-94

The UC1901 is operated with a carrier frequency
of 500kHz. The coupling transformer, a Coilcraft
E3493A, (double E core, bobbin wound construction),
has a magnetizing inductance of 2.1mH. At 500kHz
the peak current required to drive the primary
winding is only 475uA per peak volt. The reflected
load current is kept much smaller. This allows the
transformer to be easily driven from the UC1901
driver outputs. The E3493A is widely used as a
common mode line choke, and is rated for V.D.E.
and U.L. isolation requirements. The transformer
has a current rating of 2A, greatly exceeding the
requirements of this application. Even though the
device is larger than some alternatives, its availa-
bility and high volume pricing, as well as its isolation
capability, make it a very suitable choice.

At the output of the transformer the diode-capacitor
detector is referenced, along with the inverting input
of the UC1840 error amplifier, to the UC1840’s 5V
reference. The operating.point of the detector is
fixed at 0.5V by the divider.formed by R, and R;7 in
Figure 9. This in turn sets the operating point of
the carrier, with a detector diode drop of 0.5V, at
about 1V peak. This level is reflected back through
the one-to-one transformer to the UC1901 outputs.
A 1V operating.point is approximately at the center
of the devices dynamic range.

The load current at the detector output is 50uA, set
by the 0.5V operating level and R,;. The peak to
peak detector ripple, at 500kHz, across the .0015uF
holding capacitor is about 35mV. The gain through
the UC1840 error amplifier at 500kHz is -26dB,
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FIGURE 12: Local Feedback Around the UC1901 and
1840 Error Amplifiers is Used to Obtain the
Desired Feedback Response.
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APPLICATION NOTE

attenuating the ripple to less than 2mV at the error
amplifier output.

The response of the UC1840 error amplifier is flat
out to 1kHz where the gain is rolled off to set the
loop’s 0db frequency. The DC gain is kept as high
as possible, to fix the detector operating point,
without actually having a series integrating capaci-
tor in the feedback. If both the UC1901 and the
UC1840 error amplifiers are run open loop at DC,
with series R-C networks to setthe AC gain, the total
phase margin atlow frequencies can become small
or nonexistent. The result can be instability or, more
likely, a peaked closed loop response that can
increase the low frequency noise level of the supply.

The distribution of gain between the UC1901 and
UC1840 error amplifiers is somewhat, although not
entirely, arbitrary. Keeping the 500kHz ripple at the
PWM comparator input below a certain level puts
restrictions on the AC gain of the PWM's error ampli-
fier. To much AC gain through the UC1901’s ampli-
fier can degrade the supply’s transient response
under large signal conditions. A suitable distribu-
tion for any application will, more than likely, be an
iterative procedure. A simple computer or pro-
grammable calculator program can be a great tool
when massaging these aspects of a design.
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FIGURE 13: The Over-All Open-Loop Response of the
Supply Will Determine the Supply’s Over-
All Stability and Small Signal Transient
Response.

The overall open-loop responses, plotted in Figure
13, will not vary significantly except as indicated
with load. The desired loop bandwidth has been
achieved with an adequate phase margin of >50°.

U-94

The result is a supply with very repeatable, as well
as stable, operating characteristics. The same type
of analysis for determining the required feedback
response can be used in applying the UC1901 to
any type of isolated closed loop supply. The choice
of coupling transformer and carrier frequency used
with the UC1901 should be based on individual
system requirements.
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APPLICATION NOTE U-95

VERSATILE UC1834 OPTIMIZES
LINEAR REGULATOR EFFICIENCY

Linear voltage regulators have long been an important resource to power supply
designers. Three terminal, fixed-voltage linear regulators find extensive use as “spot”
regulators and as post-regulation stages fed by switched-mode supplies. However,
while inexpensive and simple to use, these devices have several performance limitations.

First, three terminal regulators are inefficient power converters. Power dissipation ina
linear regulator is given by the relation:

P = 1o * (VIN - VouT).

Most monolithic regulators now available require an input-to-output voltage differen-
tial of at least 2 to 3V. This requirement can result in substantial inefficiency, particu-
larly in low voltage supplies. As switched-mode power technology matures, power
losses incurred in linear post-regulation stages are becoming more significant in terms
of overall system efficiency. :

Second, fixed-voltage regulators, with fixed maximum output currents, lack versatility.
The use of these devices requires that OEMs maintain large, diverse inventories in order
to support a broad range of power supply requirements.

Third, fixed three-terminal devices lack the capability of remote voltage sensing, and
therefore can exhibit poor load regulation.

Finally, the most common failure mechanism for linear regulators is a shorted pass
transistor. All critical loads, therefore, require over-voltage protection not provided by
three-terminal regulators.

IMPROVED PERFORMANCE WITH UC1834

The UC1834isa programmable linear regulator control IC which, with an external pass
transistor, forms a complete linear power supply. This IC provides solutions to all the
above-mentioned drawbacks of three-terminal devices.

Figure 1 shows the basic elements of positive and negative regulators implemented with
the UC1834. An error amplifier monitors the output voltage and provides appropriate
bias to the pass transistor (Q1) through a driver stage. This high-gain error amplifier
(E/A) allows good dynamic regulation while allowing Q1 to operate near saturation in
the common-emitter mode. The circuits can achieve high efficiency by maintaining
output regulation with an input-to-output voltage differential as low as 0.5V (at 5A).
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APPLICATION NOTE

The UC1834 has both positive and negative reference voltage outputs, as well as a
sink-or-source driver stage, as shown in Figure 1. These features allow implementation
of either positive or negative regulators with this single IC, as shown. Output voltages
from 1.5V to nearly 40V can be programmed by appropriate choice of remote sensing
divider elements. Remote sensing also allows improved DC and dynamic load

regulation.
VRO fl Vour
VOLTAGE
REF.
ViNO $ =
Vil
uc1834
1
VOLTAGE %
REF.
VinO— 7—Ql Voutr

Figure 1. Basic Elements of (a.) Positive and (b.) Negative Regulators
implemented with a UC1834
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APPLICATION NOTE U-95

The UC1834 is intended to provide a complete linear regulation system. Therefore,
many auxiliary features are included on this IC which eliminate the need for additional
circuit elements. Figure 2 shows a more complete block diagram including on-chip
provisions for current sensing, fault monitoring, remote voltage sensing, and thermal

protection.
N (8] Lo Vot = [12] DRIVER SINK
INv. [0} y

OVER-VOLTAGE

t—r
UNDER-VOLTAGE

DELAY RESET LATCH
Vit
+1.5V REFERENCE VOLTAGE CROWBAR GATE
2.0V REFERENCE [2]]  REF- O.V. LATCH & RESET
-{14] COMPENSATION/SHUTDOWN
Yo {11] FAULT DELAY
SENSE- [6 ———CuR)
3.5 FAULT ALERT
SENSE+ 3 VOLTS
THERMAL
THRESHOLD ADJUST SHUTDOWN

Figure 2. UC1834 Block Diagram

DRIVING THE PASS TRANSISTOR

Figure 3 shows suggested pass transistor configurations for implementing either posi-
tive or negative regulators with the UC1834. For those low current (<200mA) applica-
tions in which efficiency is not extremely critical, the UC1834 output transistor can
serve as the pass element, resulting in the simple configurations of Figure 3a. An
external pass transistor is needed for output currents greater than 200mA. With the
circuits of Figure 3c, the UC1834 can maintain regulation while operating the pass
transistor near saturation. Operation at very high output currents (to ~30A) is possible
with the Darlington pass elements of Figure 3d.

UNITRODE CORPORATION « 5 FORBES ROAD
LEXINGTON, MA 02173 « TEL. (617) 861-6540
TWX (710) 326-6509 + TELEX 95-1064 171 PRINTED IN U.S.A.



APPLICATION NOTE

Positive Output

ViRO O Véur
Q1
GND O (O GND
O Q2 O
“ Q1
O- O
O Q2 O
Q1
R ; ) Re
O O
O O
Q2
Q1
Re
O— O

Figure 3. Pass Transistor Configurations
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a. lout: 0 - 200mA
Vin - Vout2>1.0V

b. lout > 200mA
Vin - Vour=>1.2V

c. lout: 0 - bA
Vin - Vout>0.5V

d. lout >5A
Vin - VouT =1.2V

172

Negative Output
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APPLICATION NOTE U-95

Current in the UC1834 output transistor is self-limiting, for improved reliability. This
limiting is achieved by Q3 and R1 in Figure 4a. The resulting maximum output current .
is a function of temperature as shown in Figure 4b.

A resistor (RE) is shown in series with the drive transistor in Figures 3c, d. This resistor
shares base-drive power with the transistor, allowing cooler, more reliable operation of
the IC. Rg should be as large as possible while still supporting adequate pass transistor
base current under worst-case conditions of low input voltage and maximum output
current:

VRg(min) = VIN(min) - VBEmaxXQ2) - VCE(sat)max)(Q1)
IB(max)Q2) = 10(max)/ Bmin)Q2)
RE(opt) = VRg(min)/ IB(max)Q2)

where: VRg(min) is minimum voltage available to Rg
IB(max) (Q2) is maximum required base drive to Q2
RE(opt) is optimum value of RE.

RE also enhances stability by allowing operation of Q1 as an emitter-follower, thereby
eliminating Q1 from the loop transfer function:

Ic@Qn = IE@Q1) = (VE/Aout - VBE(Q1) - VBE@Q2))/RE (B independent).

400

300
|pimax
(mA)

200

100

0

—55 25 125
T(°C)
a b.

Figure 4 a. Driver Current Limiting Circuit
b. Resulting Maximum Current vs Temperature .
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APPLICATION NOTE U-95

CURRENT SENSING

In order to protect the pass transistor from damage due to overheating, one must sense
its emitter current (Ig) and then decrease the base drive if Ig is excessive. The UC1834
current sense amplifier (CS/A) accomplishes these tasks..

The UC1834 CS/A has a common mode range which includes both input supply
“rails”. This extended range is made possible by introducing matched voltage offsets in
the differential input paths, as shown in Figure 5. Internal current sources bias the offset
diodes in their appropriate direction. Which bias source (+ or -) is active is determined
by whether the CS/A positive (+) input is greater or less than Vin/2. Therefore, it is
advisable to configure the sensing circuit such that the voltage at CS/A(+) will not cross
VIN/2 during operation. This precludes sensing in series with the load for most
applications.

Vi - ‘ ~UC1s3s

T
Rsense % CS/A
—

Tl

Figure 5. Two Diode-Drop Offset Allows Current Sensing at Supply Rail

o

+

The CS/A has a programmable current limit threshold which can be set between 0mV
and 150mV. Programming is achieved by setting the voltage at the “Threshold Adjust”
terminal (pin 4) to 10 * VTH(desired). The factor of 10 provides good noise immunity at
pin 4 while allowing low power dissipation in the current sensing resistor. Figure 6
shows the guaranteed relationship between VpIN4 and the actual resulting threshold
across the CS/ A inputs. Note that the threshold is clamped at 150mV if pin 4is open or
if VpINg > 1.5V. The “Threshold Adjust” input is high impedance (bias current is less
than 10uA), allowing simple programming through a voltage divider from the 1.5V
reference output. However, loading the 1.5V reference will affect the regulation of the
-2.0V reference. Figure 7 shows how to compensate for this loading with a single
resistor when the -2.0V reference is needed.
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200

T
UPPER LIMIT

|
UC1834/2834
uc3ss4

150

100

LOWER LIMIT

'
UC1834/2834
uc3834

50

CURRENT SENSE THRESHOLD — mV

0 5 1.0 15 >1.5V OR OPEN
VOLTAGE AT THRESHOLD ADJUST PIN (PIN 4) — V

Figure 6. Guaranteed Tolerances on C/S Threshold Adjustment

Vo uc1834
e
20V R*Z
:
- -

il.ZSV

REFERENCE
CIRCUIT

= 2880

—15y-——Re
= 144}«) Vaos = 1.5V R+ Ra

*TO MAINTAIN -2.0V OUTPUT
Ra=T5* (Ri + Ra)

Figure 7. Setting the Current Threshold and
Compensating the —2.0V Reference

The CS/A functions by pulling the E/A output low, turning off the output driver
(Figure 8). As current approaches the threshold value, the E/ A attempts to correct for
the CS/A output, resulting in an E/ A input offset voltage.The supply output voltage
can decrease.a proportional amount.” When the CS/ A input voltage differential reaches
‘the current sense threshold, then the pass transistor is totally controlled by the CS/A.
The combined CS/A and E/A gains and output configurations result in the current
limit knee characteristic of Figure 9.
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N.L +
E/A DRIVER®
INV. -
SENSE— ———+
CS/A
SENSE+ ————
THRESHOLD

ADJUST

Figure 8. Current Sense Tied to E/A Output
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0

Figure 9. Current Limiting Knee Characteristic .
FOLDBACK CURRENT LIMITING

It is desirable to put an upper limit on pass transistor power dissipation in order to
protect that device. Ideally, for a constant power limit:

IEmax) * VCE =K where K is a constant
or: IEmax) = K/(VIN - Vour) (ignoring the sense resistor voltage drop).

As the input-to-out voltage ‘differential increases, it is necessary to “fold back?” the
maximum allowable current. This ideal foldback characteristic is shown in Figure 10,
along with a practical characteristic achievable with the circuit of Figure 11.
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0.1 (VADJ)_ \ —--- IDEAL
RSENSE \ — PRACTICAL
lc=lo

0_

Vce = ViNn ~Vout

Figure 10. Ideal (Dashed Line) and Practical (Solid Line)
Foldback Current Limiting Characteristics

Rz

le

Reense PASS DEVICE

VIN+ G — MWW O¥O O Vour

R

IEMAX(Typical
CURRENT
THRESHOLD
ADJUST
VOLTAGE (Vaoy)

+
= 0.1(Vaos) - (Vin - Vour) Ry )
Rsense  (R1 + R2) Rsense

FOR: Ry + Rz >> Rsense, Vaos < 1.5V,
Ry = R,

Figure 11. Foldback Current Limiting — Responds to Changes ir V|y or Vour
This circuit responds to changes in either VIN or VouT. The voltage differential VIN -
Vour causes proportional current flow through R1and Rg. The additional drop across

Rj is interpreted by the CS/A as additional load current. The result is that the real
current limit decreases linearly with VIN - VouT:

0.1(Vaps) (VN - Vour) Ry
RSENSE (R1+R2) RSENSE

IE(max) =

for: R1 + R2> RSENSE
VADg = 1.5V
R1' = Rj.
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This technique can be susceptible to “latch-off”. If a momentary short at the supply
output causes Ig to drop to zero (pass transistor cut off), then VouT cannot recover
when the short is subsequentially removed. To prevent this undesirable operation, one
must ensure that IEmax) > 0 when VouT = 0 and VIN is at its minimum:

0.1(VADJ) (VIN - VouT) R1

I = .
E(max) RSENSE (R1+R2) RSENSE
Vour =0
VIN(min)
0.1(VADJ) R1
VIN@min) R1+ R

i 0.1 (V
Ry > ViIN(@min) R1 < 1- (VADJ) >

0.1 (VADJ) VINGnin)
Figure 12 shows an alternative foldback current limiting scheme which responds to

decreased Vour only. This circuit gives the output characteristics of Figure 13, defined
by the following relation:

0.1 R1R2 Vourt + R2R3 VREF
IE(max) =

RSENSE RiRg + R1R3 + R2R3

This technique is immune to “latch-off” because the minimum current limit is always
non-zero.

PASS

I

Vour

Figure 12. Foldback Current Limiting — Responds to Changes in Vgt Only
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lemax) T

oV VouT (Designed)
Vour

Figure 13. Foldback Current Limiting Characteristic
FAULT CIRCUITRY AND SYSTEM INTERFACING

In order to minimize the need for additional components, the UC1834 has on-chip
provisions for fault detection and logic interfacing. These features are particularly
useful when the linear regulator is part of a larger power supply system.

As shown in Figure 14, an internal comparator monitors the UC1834 E/ A inputs. This
comparator has two thresholds, for over- and under-voltage detection. Comparator
thresholds are fixed at| VN.I. - VINV. | = 150mV. The resulting output voltage windows
for non-fault operation are:

150V

EAS0V = =+ 109 for positive (+) supplies
1.5V

—i';ii— = £ 7.59 for negative (-) supplies.

A fault delay circuit prevents transient over- or under-voltage conditions (due to a
rapidly changing load) being defined as faults. The delay time is programmable. An
external capacitor at pin 11 is charged from an internal 75uA source. The delay period
ends when the capacitor voltage reaches ~3.5V. The delay time is therefore ~47ms/ uF.
The fault alert output (pin 10) becomes an active low if an out-of-tolerance condition
persists after the delay period. When no fault exists, this output is an open collector.

An over-voltage fault activates a 100mA crowbar gate drive output (pin 16) which can
be used to switch on a shunt SCR. Such a fault also sets an over-voltage latch if the reset
voltage (pin 15) is above the latch reset threshold (typically 0.4V). When the latch is set
.its Q output will pull pin 15 low through a series diode. As long as a nominal pull-up
load exists, the series diode prevents Q from pulling pin 15 below the reset threshold.
However, pin 15 is pulled low enough to disable the driver outputs if pins 15and 14 are
tied together. With pin 15 and 14 common, the regulator will latch off in response to an
over-voltage fault. If the fault condition is cleared and pins 14 and 15 are momentarily
pulled below the latch reset threshold, the driver outputs are re-enabled.
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N E} %

INV. [9 J—e—1{AMP.

OVER-VOLTAGE

T
UNDER-VOLTAGE

[15] 0.v. LATCH & RESET
14| COMPENSATION/SHUTDOWN
7S 11] FAULT DELAY

35V FAULT ALERT
THERMAL
SHUTDOWN

Figure 14. Fault Circuitry

An internal “delay reset latch” prevents crowbar turn-on when an under-voltage
condition is immediately followed by a transient over-voltage condition. Such a situa-
tion could arise from a momentary short circuit at the supply output.

A thermal shutdown circuit pulls the E/A output low when junction temperatures
reach 165°C, in order to protect the IC from excessive power dissipation in the drive
transistor.

COMPENSATING THE FEEDBACK LOOP

A reliable design for any feedback system must yield a closed-loop frequency response
which ensures unconditional stability. An optimum power supply response provides
this stability while maximizing broadband gain for good dynamic voltage regulation
with changing loads. Figure 15illustrates such a response. The 0dB crossover frequency
(fc) should be as high as possible while maintaining phase margin above -360° at all
lower frequencies (Nyquist stability criterion). In practice, this criterion dictates a
single-pole response below fe.
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Gain . :
(dB) AT fjlgh as possible
404
—20dB/dec
20t

[— As high as possible

0
f\requency (log scale)
[+
—-20

Phase fe
0° t
—gp° = . —180° due to
180 negative feedback
2o phase margin
-360° )/— — — - — ——

Circuit Oscillates if Phase
reaches —360° when Gain is > 0dB

Figure 15. Desired Closed-Loop Response

Linear supplies using the UC1834 will usually have a current limiting loop in addition to
the voltage control loop, as illustrated for two basic configurations* in Figure 16. Both
loops must be stabilized for reliable operation. This is accomplished by appropriately
compensating the E/A and CS/A at their common output (pin 14). Design of the
compensation networks will often require an iterative procedure, since the compensa-
tion for one loop will affect the response of the other. A straightforward approach is
outlined below:

1). Determine the frequency response of all voltage loop elements excluding the
E/A. Appendix I offers guidelines for this step.

2). Design E/A compensation giving a frequency response which , when added to
the response calculated in step 1, will yield a total loop characteristic
consistent with the objectives outlined above. (Appendix II.)

3). Calculate the current loop response and determine whether it satisfies the
Nyquist stability criterion. (Appendix IIL.) If not, add additional

compensation and then recalculate the voltage loop response.

4). Tterate if necessary.

*All other configurations of Figure 3 are variants of these two, and can be treated in essentially the same ways.
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CONFIGURATION | CONFIGURATION I
O— * O
TN TN/ e
Ree Q R —\ O R1
VOLTAGE Vi 7
LOOP ve q ZL Ve @
Rz R2
Re

c. d.

Figure 16. Voltage and Current Loops for Two Basic Configurations

EXAMPLE

Figure 17 shows a 5V, 5A (positive output) supply of the class shown in Figures 16a, c.
This circuit tends toward instability when it is lightly loaded because of the high gain
(B = 200) of the pass transistor at low currents. Qutput capacitor Cg is needed to
introduce a pole which rolls off the gain of the voltage loop to 0dBat 100kHz, avoiding
instability due to the additional phase shift of a transistor pole at:

_ fr _ 50MHz
B 200

=250kHz

Assuming a minimum load of 1A (RL = 5Q), the low. frequency voltage loop gain,
excluding the E/ A, is (from Appendix I):

1 0.51kQ
= —— 220050 - — " =20 = 26dB.
AV =50 (1.7 + 0.51) kQ
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o180 Q1:GE D45VHI
V" WA +O Vour (5V)
(5.5 to 12V) R Eﬁ < c
RsS1K 2 3
224F G, ¢ | 6.84F —0.22
(TANTALUM) (TANTALUM/);I; (CERAMIC)
7
uc1834
—{T]vat  C.B.GATE[T8]
[2]-20v O.v. LATCH([15
Rz 1K —
+{3]1.5v  COMP/S.D.[14]
| TH. 13l
H4| A, D SOURCE[T3
5| v D. SINK[12 R
Ra 2K || _ 6
{6 | SENSE- - F. DELAY [T1 12€S 6, L Jarur
{7|SENSE+ F. ALERT[10|
{8]N.I. INV.[9}-=
RsS Rs< Rs P—RESET
~47Ml150 51036803 g
Ca I 1w 1
Vin—O

Figure 17. 0.5V Input-Output Differential 5A Positive.Regulator

A pole at 5kHz is required in order to roll off from 26dB to 0dB at 100k Hz. The required
value of Cg is therefore given by:

1
2 - Ry - fp 27T - 50 5kHz

Ce: = 6.4uF (6.8uF used).

Thedashed curves of Figure 18a show the resulting voltage loop response, excluded the
compensated E/ A. Notice that the Sk Hzpole (justadded)itself introduces undesirable
phaselag. Thiscanbe corrected by positioningthe compensation zero (see Appendix IT)
atthesamefrequency. With Rg=680() (providing~0dB E/ A gainabove 5kHz), then:

1
R S— VO ) -}
Cs = S 6800 - 5kHz K

The gain and phase of the compensated E/A (dotted lines) and complete voltage loop
(solid lines) are also shown in Figure 18a.

The resulting current loop response (Figure 18b) is seen to meet the stability criterion.
Gain above 5kHz is given by (from Appendix III):

1 1
L. . ———200-0.0180.= 2.3 =7.4dB.
AL= 2oq 8800 15
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l |
Key:
—=- Without E/A A

60 . sese E/A alone | 60
—— Total loop \

40 e 40 N
I N G/IIN \

20 ] (dB) 20 A
| <
0 i 0 AN
\
-20 -20 N

10 100 1k 10k 100k 1M lom 100m —FREQUENCY_» 10 100 1k 10k 100Kk 1M 10M 100M
0 < . 0
N ot ‘e,
-65-+ IRV Y T )
—90 R S I R i PHASE ~90 ~. e \
135 N N (degrees) N
1354 - |
-180 AN -180 S~
a b.

Figure 18. Loop Responses for Circuit of Figure 17
a. Voltage Loop
b. Current Loop

Reasonable phase margin (~40°) is maintained as the transistor and CS/A poles roll
off this small gain to 0dB.

Figure 19 shows the UC1834 used to implement a negative output supply. A Darlington
pass element provides adequate gain for operation at output current levels up to 10A.

CONCLUSION

Ever-increasing requirements for improved power supply economy and efficiency have
produced a need for a versatile control IC capable of minimizing power losses in linear
regulators. The UC1834 meets this need while also supporting all the auxilliary func-
tions required of such supplies. This control circuit provides for optimized performance
in a broad range of linear regulators, and in fact extends the range of applications for
which such regulators are appropriate.
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FAULT
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1k

$
of

Vin~ O
(-13 to -15V)

——.0014F

$6k

(O GND

2.2uF
TAN- =
TALUM

L .022uF
I~ CERAMIC

1 uCc1834 9
VINt INV.
39k 2 8
-2.0V - N.I.
3 12
+1.5V D. SINK
10k 4 16
—— 0.1uF VTH C.B. GATE[——NC
20k 10
Vin~ ALERT
6 15
S- RESET
7 14
S+ COMP
I 11
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1w
1k
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010 UBT430

Figure 19. —12V, —10A Negative Regulator
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APPENDIX I - FREQUENCY RESPONSE OF YOLTAGE LOOP ELEMENTS

A. The configuration of Figure 16a has, in addition to the compensated E/A, the
following loop elements:

Drive Transistor - Rg allows operation of the driver as an emitter follower.
Together these elements have an effective small signal AC conductance of 1/RE.

Pass Transistor - Low frequency gain (8) and unity-gain frequency (f7) are usually
specified. The pass transistor adds a pole to the loop transfer function at fp = f7/ 8.
Therefore, in order to maintain phase margin at low frequencies, the best choice for
a pass device is often a high frequency, low gain switching transistor. Further
improvement can be obtained by adding a base-emitter resistor (RBEg in Figure 16a)
which increases the pole frequency to:

—_fl_ B-re
o = B <1+RBE>

KT _ 0.026mV

(at T = 300K).
qlc Ic

where: 1 =

Load Impedance - Load characteristics vary greatly with application and operating
conditions. The most commonly used models and their respective (s domain)
transfer functions are given in Table 1. Note that there are no poles in the transfer
functions of those loads which lack shunt capacitance. This can result in a loop
transfer function which cannot be rolled off to 0dB at a suitably low frequency using
simple E/A compensation networks. For this reason a shunt output capacitor is
often added to supplies which must drive loads having low or indeterminant
capacitance.

Voltage Divider - The output sensing network introduces a gain of Rg/(R1 + Ro),

e Total Loop Gain, excluding the E/A, is therefore given by:

Ve

1 R f,
Ay = = —Bpass 7L — forf<—’<1+—’33e—

vf REg Ri+Rg B

B. The circuit of Figure 16b has a more straightforward response, since the only element
(other than the E/A) which introduces any gain is the voltage divider:

Rg

Ay = —m4m
v R1 + Rg
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Load Model Transfer Function Poles @ f = Zeros @ f =
{ R Zi(s) =R —_— _—
O__
O__
1 - 7006) = R 1
Te L= ¥ sRe 27 RC
O__
ESR A ZL(S) - R(l + S(ESR)C) 1 1
1 +s(R+ESR)C 2m(R + ESR)C 2m(ESR)C
C
F Z R +sL _ R
= +
L(s) ® L
L
O_
R
s{s+—
. Z1(s) = ( L > -R/L =/ R2/L2-4/LC 0 R
Ls) = R 4r * 2rL
s? + s+ —
L LC
O.___

Table 1. Load Models and their Transfer Functions
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APPENDIX II - ERROR AMPLIFIER RESPONSE

Figure 20 shows the open-loop gain and phase response of the UC1834 E/A when
lightly loaded. The gain curve represents an upper limit on the gain available from the
compensated amplifier. Note that a second-order pole occurs near 800kHz. Stable
circuits will require a 0dB crossover well below this frequency (f < 500kHz).

The E/ A can be compensated with or without the use of local feedback. When operated
without such feedback (Figure 21a) the transconductance properties of the E/A
become evident; i.e. the voltage gain in given by:

Av(E/A) = 8m ZC (f < 500kHz)

where: = 1.4mS

1
M ™ J000

80 T T
OUTPUT AT PIN 14
WITH 820pF TO GND.
o Tj=25°C

60 N
) \
[
Q \ h]
(&)
w >
&8 40 [
! |
z \ \ 2
(] (2]
w 20 — 90 2
5]
S \
0 \ 180
-20

10 100 1K 10K 100K M
FREQUENCY — HERTZ

Figure 20. Error Amplifier Gain and Phase Frequency Response

When the E/A has local feedback (Figure 21b), its gain is, to a first approximation,
independent of transconductance:

Zf
AvV(E/A) = N (f =500kHz)

KVo

VRer

KVo

Figure 21. E/A Compensation (a.) Without and (b.) With Local Feedback
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However, the use of local feedback creates an additional loop which must be
independently stable. The -UC1834 has no -internal compensation to ensure this
stability, so additional external compensation is usually required. An 820pF capacitor
from the E/A output to ground will stabilize this inner voltage loop while also
enhancing current loop.stability.

An additional:drawback to the use of local feedback is that Zg places a DC load onthe
E/A output. With a transconductance amplifier this results in additional input offset
voltage:

_ Igaour

AVIo =gy

This offset results in degradation of DC regulation. The problem can be averted by
taking local feedback from the emitter of the drive transistor if the driver is configured
as an emitter-follower.

Whatever the compensation scheme, the UC1834 E/A output can sink or source a
maximum of 100uA.

Table 2 shows two typical compensation schemes and the resulting E/A transfer
functions. The first of these circuits is most widely used.

Compensation Circuit | E/A Gain (Av(E/A)(S) Poles @ f = Zeros @ f =

KVo -
VRer E/A : 1
R Ay = —-—-—gM'(l * sRO) 0
c sC 27 RC
L

R
Av = Rp 1
Ry @ v RIN(1 +s RFCF) 27 RrCr

Table 2. E/A Compensation Circuits and Gain Response
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APPENDIX III - FREQUENCY RESPONSE OF THE CURRENT LOOP

e CS/A - Figure 22 shows the open-loop gain and phase response of the UC1834
CS/A. This is also a transconductance amplifier, having gy = 1/700) = 14mS. The
voltage gainis analogous to that of the E/A. The E/ A compensation impedance (Z¢
or ZF(E/A)) is also seen by the CS/A output. For purposes of small signal AC
analysis, the CS/A will always see this impedance as being returned to ViN (as
shown in Figures 16c, d) when the E/A is compensated by either of the methods
shown in Table 2.

100 T T
OUTPUT AT PIN 14
WITH 820pF TO GND.
r—— T,=25°C

\\\ 0
40 \‘ XY 90
20 \ 180

N

10 100 1K 10K 100K M
FREQUENCY — HERTZ

80

60

VOLTAGE GAIN — DECIBELS
$33¥930 — ISVHd

Figure 22. Current Sense Amplifier Gain and Phase Frequency Response

® Pass Transistor - Introduces current gain 8 to the loop transfer of both basic
configurations (Figures 16c, d).Considerations outlined in Appendix I also apply
here. )

® Sense Resistor - Resistance value RSENSE appears in transfer function for both
configurations.

® Drive Transistor - In the circuit of Figure 16c, REg allows operation of the driver as
an emitter-follower. Effective conductance is 1/RE.
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Closed-loop responses are given by the following:

for circuit of Figure 16¢c:

1
Ar=gm-Zc+ —— - B RSENSE

RE

for circuit of Figure 16d:

Ar=gym °

Zc

Unitrode Corporation makes no representation that the use
or interconnection of the circuits described herein will not
infringe on existing or future patent rights, nor do the descrip-
tions contained herein imply the granting of licenses to
make, use or sell equipment constructed in accordance
therewith.

© 1984 by Unitrode Corporation. All rights reserved. This
bulletin, or any part or parts thereof, must not be reproduced
in any form without permission of the copyright owner.
NOTE: The information presented in this bulletin is believed
to be accurate and reliable. However, no responsibility is
assumed by Unitrode Corporation for its use.
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Zc + _BZL * B+ RSENSE (f < 500kHz, f <

T

B

<f < 500kHz, f < fﬁL (1 +

(1+

U-95

Bre )
RBE >

Bre
)
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A 25 WATT OFF-LINE FLYBACK SWITCHING REGULATOR

Introduction

This Application Note describes a low cost (less than
$10.00) switching power supply for applications
requiring multiple output voltages, e.g. personal
computers, instruments, etc...The discontinuous
mode flyback regulator used in this application pro-
vides good voltage tracking between outputs, which
allows the use of primary side voltage sensing. This
sensing technique reduces costs by eliminating the
need for an isolated secondary feedback loop.
The low cost, (8 pin) UC1842 current mode control
chip employed in this power supply provides
performance advantages such as:

1) Fast transient response

2) Pulse by pulse current limiting

3) Stable operation
To simplify drive circuit requirements, a TO-220
power MOSFET (UFN833) is utilized for the power
switch. This switch is driven directly from the output
of the control chip.

Power Supply Specifications
1. Input voltage: 95VAC to 130VAC (50Hz/60H2)
2. Output voltage:
A. +5V, +5%: 1A to 4A load
Ripple voltage: 50mV P-P Max.
B. +12V, +3%: 0.1A to 0.3A load
Ripple voltage: 100mV P-P Max.
C. —12V, +3%: 0.1A to 0.3A load
Ripple voltage: 100mV P-P Max.
3. Line Isolation: 3750 Volts
4. Switching Frequency: 40KHz

5. Efficiency @ Full Load: 70%

Basic Circuit Operation

The 117VAC input line voltage is rectified and
smoothed to provide DC operating voltage for the
circuit. When power is initially applied to the circuit,
capacitor G2 charges through R2. When the voltage
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across C2 reaches a level of 16V the output of IC1 is
enabled, turning on power MOSFET Q1. During the
on time of Q1, energy is stored in the air gap of trans-
former (inductor) T1. At this time the polarity of the
output windings is such that all output rectifiers are
reverse biased and no energy is transferred. Primary
current is sensed by a resistor, R10, and compared to
a fixed 1 volt reference inside IC1. When this level is
reached, Q1 is turned off and the polarity of all
transformer windings reverses, forward biasing the
output rectifiers. All the energy stored is now trans-
ferred to the output capacitors. Many cycles of this
store/release action are needed to charge the
outputs to their respective voltages. Note that C2
must have enough energy stored initially to keep the
control circuitry operating until C4 is charged to a
level of approximately 13V. The voltage across C4 is
fed through a voltage divider to the error amplifier
(pin 2) and compared to an internal 2.5V reference.

Energy stored in the leakage inductance of T1
causes a voltage spike which will be added to the
normal reset voltage across T1 when Q1 turns off.
The clamp consisting of D4, C9 and R12 limits this
voltage excursion from exceeding the BVDSS rating
of Q1. In addition, a turn-off snubber made up of D5,
C8 and R11 keeps power dissipation in Q1 low by
delaying the voltage rise until drain current has
decreased from its peak value. This snubber also
damps out any ringing which may occur due to
parasitics.

Less than 3.5% line and load regulation is achieved
by loading the output of the control winding, Nc, with
R9. This resistor dissipates the leakage energy asso-
ciated with this winding. Note that R9 must be
isolated from R2 with diode D2, otherwise C2 could
not charge to the 16V necessary for initial start-up.

A small filter inductor in the 5V secondary is added
to reduce output ripple voltage to less than 50mV.
This inductor also attenuates any high frequency
noise.
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25W OFF-LINE FLYBACK REGULATOR
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BLOCK DIAGRAM: UC1842 CURRENT MODE CONTROLLER
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TYPICAL SWITCHING WAVEFORMS

Ton — Drive waveforms Toff — Drive waveforms

<+—— 5VDIV —m78—

L_— 200mADIV

Upper trace: Q, — Gate to source voltage Upper trace: Q, — Gate to source voltage
Lower trace: Q, — Gate current Lower trace: Q, — Gate current

100V/DIV 5A/DIV

0.5A/DIV 50mV/DIV
Upper trace: Q, — Drain to source voltage Upper trace: + 5V charging current
Lower trace: Primary current — 'D Lower trace: + 5V output ripple voltage
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CONDITIONS 5V out 12V out —12V out
Low Line (95VAC)
+12 @ +5V @ 1.0A 5.211 12.05 —-12.01
100mA
4.0A 4.854 12.19 -12.14
+12 @ +5V @ 1.0A 5.199 11.73 -11.69
300mA
4.0A 4,950 11.68 -11.63
Nominal Line (120VAC)
+12 @ +5V @ 1.0A 5.220 12.07 -12.03
100mA
4.0A 4.875 12.23 -12.18
+12 @ +5V @ 1.0A 5.208 11.73 -11.68
300mA
4.0A 4.906 11.67 -11.62
High Line (130VAC)
+12 @ +5V @ 1.0A 5.207 12.06 —-12.02
100mA
4.0A , 4.855 12.21 -12.15
+12V@ +5V @ 1.0A 5.200 11.71 —-11.67
300mA
4.0A 4.902 11.66 11.61
Overall Line and
Load Regulation +3.5% +2.3% +2.4%

UNITRODE CORPORATION + 5 FORBES ROAD
LEXINGTON, MA 02173 - TEL. (617) 861-6540
TWX (710) 326-6509 » TELEX 95-1064 195 PRINTED IN U.SA.
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PARTS LIST
IC’s C10, C11 4700uF, 10V
IC1 uC1842 C12,C13  22004F, 16V
C14 100pF, 25V
POWER MOSFET
Qi UFN833 RESISTORS
R1 5Q, 1W
RECTIFIERS R2 56K, 2W
D1 VM68 varo R3 20K
D2, D3 1N3612 R4 47K
D4, D5 1N3613 R5 150K
D6 USD945 R6 10K
D7, D8 UES1002 R7 22Q
R8 1K
CAPACITORS R9 68Q, 3W
C1 250uF, 250V R10 0.55Q, 1W
Cc2 100uF, 25V R11 27K, 2W
C3 0.22uF, 25V R12 47K, 2W
C4 47uF, 25V R13 20K
C5 01uF, 25V
Coé .0047uF, 25V MAGNETICS
Cc7 470pF, 25V T, see appendix
c8 680pF, 600V L, see appendix
Cc9 3300pF, 600V
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POWER TRANSFORMER—T1
Core:  Ferroxcube EC-35/3C8 Ferroxcube
Gap: 10 mil in each outer leg EC-35/3C8
NOTE: For reduced EMI put gap in center leg only. Es »
Use 20 mil.
Np = 45

g Ni2 =9
Ng = 10 E N2 =9

L

TRANSFORMER CONSTRUCTION

G
2in parallel A \ DO000000
+5V out, N=4, AWG 26,— |(OOOOO0O00
6 in parallel - OOOO00000)] = =12V windings N =9, ANG30

2 layers 3M mylar tape / 00000000 . 2 wires in parallel, bifilar wound

Bobbin—35PCB1 ™ Primary N =45, ANG 26

- 2 layers, 3M mylar tape.

5V OUTPUT INDUCTOR-

N =4, AWG 18

Ferroxcube
204 T 250 — 3C8 (toroid)

UNITRODE CORPORATION * 5 FORBES ROAD
LEXINGTON, MA 02173 « TEL. (617) 861-6540
TWX (710) 326-6509 « TELEX 95-1064 197 , PRINTED IN U.S.A.



~ APPLICATION NOTE

U-97

'MODELLING, ANALYSIS AND
COMPENSATION OF THE
CURRENT-MODE CONVERTER

Abstract

As current-mode conversion increases in popularity, several peculiarities associated with fixed-frequency, peak-current
detecting schemes have surfaced. These include instability above 50% duty cycle, a tendencv towards subharmonic
oscillation, non-ideal loop response, and an increased sensitivity to noise. This paper will attempt to show that the
performance of any current-mode converter can be improved and at the same time all of the above problems reduced or

- eliminated by adding a fixed amount of “‘slope compensation”

1.0 INTRODUCTION

The recent introduction of integrated control circuits designed specifically
. for current mode control has led to a dramatic upswing in the
application of this technique to new designs. Although the advantages of
current-mode control over conventional voltage-mode control has been
amply demonstrated (1-5), there still exist several drawbacks to a fixed
frequency peak-sensing current mode converter. They are (1) open loop
instability above 50% duty cycle, (2) less than ideal loop response
caused by peak instead of average inductor current sensing, (3) tendency
towards subharmonic oscillation, and (4) noise sensitivity, particularly
when inductor ripple current is small. Although the benefits of current
mode control will, in most cases, far out-weight these drawbacks, a
simple solution does appear to be available. It has been shown by a
number of authors that adding slope compensation to the current
waveform (Figure 1) will stabilize a system above 50% duty cycle. If

T

0sc

REFERENCE
VOLTAGE®

SLOPE
COMPENSATION

LT
ST

FIGURE1 - A CURRENT-MODE CONTROLLED BUCK REGULATOR WITH SLOPE COMPENSATION.
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to the sensed current waveform.

one is to look further, it becomes apparent that this same compensation
technique can be used to minimize many of the drawbacks stated above.
In fact, it will be shown that any practical converter will nearly always
perform better with some slope compensation added to the current
waveform.

The simplicity of adding slope compensation — usually a single resistor —
adds to its attractiveness. However, this introduces-a new problem — that
of analyzing and predicting converter performance. Small signal AC
models for both current and voltage-mode PWM’s have been
extensively developed in the literature. However, the slope compensated
or “dual control” converter possesses properties of both with an
equivalent circuit different from, yet containing elements of each.
Although this has been addressed in part by several authors (1, 2), there
still exists a need for a simple circuit model that can provide both
qualitative and quantitative results for the power supply designer.

Vi
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SWITCH

INDUCTOR
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T swick
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]
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The first objective of this paper is to familiarize the rcader with the
peculiarities of a peak-current control converter and at the same time
demonstrate the ability of slope compensation to reduce or eliminate
many problem areas. This is done in section 2. Second, in section 3, a
circuit model for a slope compensated buck converter in continuous
conduction will be developed using the state-space averaging technique
outlined in(1). This will provide the analytical basis for section 4 where
the practical implementation of slope compensation is discussed.

2.1 OPEN LOOP INSTABILITY

An unconditional instability of the inner current loop exists for any fixed
frequency current-mode converter operating above 50% duty cycle —
regardless of the state of the voltage feedback loop. While some
topologies (most notably two transistor forward converters) cannot
operate above 50% duty cycle, many others would suffer serious input
limitations if greater duty cycle could not be achieved. By injecting a
small amount of slope compensation into the inner loop, stability will
result for all values of duty cycle. Following is a brief review of this
technique.

Ve

B0

INDUCTOR
CURRENT (I)

\
R 7
~—o0 Nal .~

B) DUTY CYCLE > 05

COMPENSATING

Ve SLOPE

-m /
7 4
vd o \,
// \\ /;z_’ Al % \

— b « -
Ao \\ z i N
~—pD \T

C.) DUTY CYCLE > 0.5 WITH SLOPE COMPENSATION

.FIGURE 2 * - DEMONSTRATION OF OPEN LOOP INSTABILITY IN A
CURRENT-MODE CONVERTER.

Figure 2 depicts the inductor current waveform, Iy, of a current-mode
converter being controlled by an error voltage V. By perturbing the
current Iy, by an amount Al it may be seen graphically that AT will
decrease with time for D < 0.5 (Figure 2A), and increase with time for
D > 0.5 (Figure 2B). Mathematically this can be stated as

AL =-Al (Ef—) m

Carrying this a step further, we can introduce a linear ramp of slope -m
as shown in Figure 2C. Note that this slope may either be added to the
current waveform, or subtracted from the error voltage. This then gives
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m2+m)

Al =-4l (m. +m @

Solving for m at 100% duty cycle gives

m > —%my (3)

Therefore, to guarantee current loop stability, the slope of the
compensation ramp must be greater than one-half of the down slope of
the current waveform. For the buck regulator of Figure 1, m; is a

constant equal to XI:O_ Rs, therefore, the amplitude A of the compensating

waveform should be chosen such that
A>TRg V_l? (4)

to guarantee stability above 50% duty cycle.

2.2 RINGING INDUCTOR CURRENT

Looking closer at the inductor current waveform reveals two additional
phenomenon related to the previous instability. If we generalize equation
2 and plot I, vs nT for all n as in Figure 3, we observe a damped
sinusoidal response at one-half the switching frequency, similar to that of
an RLC circuit. This ring-out is undesirable in that it (a) produces a
ringing response of the inductor current to line and load transients, and
(b) peaks the control loop gain at % the switching frequency, producing

a marked tendency towards instability. L

c
Ve o—]

Bl =-Al, [Mtm N
/\/ m +m

N\ N

\_/ A
N
0 lT\/ 21 3T 47 5T

nT —

FIGURE 3 - ANALOGY OF THE INDUCTOR CURRENT RESPONSE TO
THAT OF AN RLC CIRCUIT.

It has been shown in (1), and is easily verified from equation 2, that by
choosing the slope compensation m to be equal to —mj (the down slope
of the inductor current), the best possible transient response is obtained,
This is analogous to critically damping the RLC circuit, allowing the
current to correct itself in exactly one cycle. Figure 4 graphically
demonstrates this point. Note that while this may optimize inductor
current ringing, it has little bearing on the transient response of the
voltage control loop itself.

Ve
N,
28
%
e
e
e
7 &
Ab

FIGURE4 - FOR THE CASE OF m =-mj,, A CURRENT PERTURBATION
WILL DAMP OUT IN EXACTLY ONE CYCLE.
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2.3 SUBHARMONIC OSCILLATION

Gain peaking by the inner current loop can be one of the most
significant problems associated with current-mode controllers. This.
peaking occurs at one-half the switching frequency, and — because of
excess phase shift in the modulator — can cause the voltage feedback
loop to break into oscillation at one-half the switching frequency. This
instability, sometimes called subharmonic oscillation, is easily. detected
as duty cycle asymmetry. between consecutive drive pulses in the power
stage. Figure 5 shows the inductor current of a current-mode controller
in subharmonic oscillation (dotted waveforms with period 2T).

Ve

FIGURE 5 -~ CURRENT WAVE FORM (DOTTED) OF A CURRENT-MODE ~
CONVERTER IN SUBHARMONIC OSCILLATION.

To determine the bounds of stability, it is first necessary to develop an
expression for the gain of the inner loop at one-half the switching
frequency. The technique used in (2) will be paralleled for a buck

converter with the addition of terms to include slope c ion.

2.3.1 LOOP GAIN CALCULATION AT Yfs

Referring to figures 5 and 6, we want to relate the input stimulus, AV,
to an output current, Al - From figure 5, two equations may be
written
AIL = AD m T —AD m T
AVC = AD m T +AD m T

4)
(©)]

Adding slope compensation as in figure 6 gives another equation

AV, = AVc+2ADmT (6)

Using (5) to eliminate AV from (6) and solving forAl; /AV, yields

AL
Av,

m; — mp

7
m +m+m M

Ve

L D ‘—]

T -
FIGURE 6 - ADDITION OF SLOPE COMPENSATION TO THE CONTROL
SIGNAL
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For steady state. condition we can write

DmT=(1-D)mT 8
or
D=4—"m ()]
By using (9) to reduce (7), we obtain
AL 1
. — 10
AV, 1 =2D (1 + m/mp) (10)

Now by recognizing that AI} is simply a square wave of period 2T, we
can relate the first harmonic amplitude to Al by the factor 4/rr and
write the small signal gain at f = }fg as

o 4m
Ve 1-2D(1 + m/mp) an

If we assume a capacitive load of C at the output and an error amplifier

gain of A, then finally, the expression for loop gain at f = % fg is

4TA
n C

_ (12)
1 —2D (1 + m/my)

Loop gain

2.3.2 USING SLOPE COMPENSATION TO ELIMINATE
SUBHARMONIC OSCILLATION

From equation 12, we can write an expression for maximum error
amplifier gain at f = %fg to guarantee stability as

1-2D(1 + n/my)
Amax ='—4f__"‘

n2C

(13)

This equation clearly shows that the maximum allowable error amplifier
gain, Apay, is-a function of both duty cycle and slope compensation. A
normalized plot of Apay versus duty cycle for several values of slope
compensation is shown in figure 7.-Assuming the amplifier gain cannot
be reduced to zero at f = %fg, then for the case of m = 0 (no
compensation) we see the same instability previously discussed at 50%
duty cycle. As the compensation is increased to m = —%m;, the point -
of instability moves out to a duty cycle of 1.0, however in any practical

3 m/mp = =2
sy
V|
2 2
£
Z
<
(&
3
s 1 m/my = ~1
<
<
=
m/mp = —%
0

01 2 3 4 5 6 7 8 9
DUTY CYCLE (D)
FIGURE 7 - ‘MAXIMUM ERROR AMPUFIER GAIN AT ¥z f, (NORMALZED)

V.S. DUTY CYCLE FOR VARYING AMOUNTS OF SLOPE
COMPENSATION. REFER TO EQUATION 13.
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system, the finite value of Ay, will drive the feedback loop into
subharmonic oscillation well before full duty cycle is reached. If we
continue to increase m, we reach a point, m = —my, where the
maximum gain becomes independent of duty cycle. This is the point of
critical damping as discussed earlier, and increasing m above this value
will do little to improve stability for a regulator operating over the full
duty cycle range.

2.4 PEAK CURRENT SENSING VERSUS
AVERAGE CURRENT SENSING

True current-mode conversion, by definition, should force the average
inductor current to follow an error voltage — in effect replacing the
inductor with a current source and reducing the order of the system by
one. As shown in Figure 8, however, peak current detecting schemes are
generally used which allow the average inductor current to vary with
duty cycle while producing less than perfect input to output — or
feedforward characteristics. If we choose to add slope compensation
equal to m = —% my as shown in Figure 9, we can convert a peak
current detecting scheme into an average current detector, again allowing
for perfect current mode control. As mentioned in the last section,
however, one must be careful of subharmonic oscillations as a duty
cycle of 1 is approached when using m = —% my.

Ve

lave 1 A \ \

Iave 2 y
lave 3 Y
L~

/ ¢
//
/

Dy D D3
FIGURE 8 - PEAK CURRENT SENSING WITHOUT SLOPE COMPENSATION
ALLOWS AVERAGE INDUCTOR CURRENT TO VARY WITH
DUTY CYCLE
Ve
<
M m
3
| \|
lave
\ Y
%
\
D D, Ds
FIGURE9 - AVERAGE INDUCTOR CURRENT IS INDEPENDENT OF DUTY

CYCLE AND INPUT VOLTAGE VARIATION FOR A SLOPE
COMPENSATION OF m = —%2 m,.
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2.5 SMALL RIPPLE CURRENT

From a syétems standpoint, small inductor ripple currents are desirable
for a number of reasons — reduced output capacitor requirements,
continuous current operation with light loads, less output ripple, etc.
However, because of the shallow slope presented to the current sense
circuit, a small ripple current can, in many cases, lead to pulse width
jitter caused by both random and synchronous noise (Figure 10). Again,
if we add slope compensation to the current waveform, a more stable
switchpoint will be generated. To be of benefit, the amount of slope
added needs to be significant compared to the total inductor current —
not just the ripple current. This usually dictates that the slope m be
considerably greater than m; and while this is desirable for subharmonic
stability, any slope greater than m = —!% my will cause the converter to
behave less like an ideal current mode converter and more like a voltage
mode converter. A proper trade-off between inductor ripple current and
slope compensation can only be made based on the equivalent circuit
model derived in the next section.

Ve

my m2

]
'ﬁ iy M

loepestaL

FIGURE 10 - A LARGE PEDESTAL TO RIPPLE CURRENT RATIO.

3.0 SMALL SIGNAL A.C. MODEL

As we have seen, many drawbacks associated with current-mode control
can be reduced or eliminated by adding slope compensation in varying
degrees to the current waveform. In an attempt to determine the full
effects of this same compensation on the closed loop response, a small
signal equivalent circuit model for a buck regulator .will now be
developed using the state-space averaging technique developed in (1).

3.1 A.C. MODEL DERIVATION

Figure 11a shows an equivalent circuit for a buck regulator power stage.
From this we can write two state-space averaged differential equations
corresponding to the inductor current and capacitor voltage as functions
of duty cycle D

P_Mi=Vo %(d-D)

= 14
L L L (14)
o _IL_ Vo
Vo= L YO 15
0="5"T] (15)
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Vi AVy Vi (1-D)

Vi
L“._E) 2L(E__E)
Rs 2L Rs 2L L

g

av,
N R T (ﬂ_lo_)
Rs 2L

DAY,

(B)
FIGURE 11 - BASIC BUCK CONVERTER (A) AND ITS SMALL SIGNAL
EQUIVALENT CIRCUIT MODEL (B).

If we now perturb these equations — that in substitute

Vi + AVy, Vo + AVp, D + AD and I + Ay for their respective
variables — and ignore second order terms, we obtain the small signal
averaged equations

(16)

* DAL AV,  V/AD
Al = =g +-p
AV _AL_AVp (17

O ~"c cr

A third equation — the control equation — relating error voltage, V,, to
duty cycle may be written from Figure 6 as

1 -D) Vo TR 18
IRs = Ve —mpT — L "D Yo TRs )le’ $ us)

Perturbing this equation as before gives
an=2Ye _Apt (E—&)—l(l -D)AV, (19
L™ R Rs 2L/ 2L 0 :

By using 19 to eliminate AD from 16 and 17 we arrive at the state-
space equations

(20)
e _D " AV, V| _AVO Vi(1-D) ALV,
AlL=T AVitpe L'r(ﬂ_ Vo 202 (= Vo ) Lr(ﬂ Vo )
Rs ZL) Rs 2L Rs 2L
) Al AVy
Vo =T " TR @n

An equivalent circuit model for these equations is shown in Figure 11B
and discussed in the next section.

3.2 A.C. MODEL DISCUSSION

The model of Figure 11B can be used to verify and expand upon our

previous observations. Key to understanding this model is the interaction
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between Ry and L as the slope compensation, m is changed. In most
cases, the dependent source between Rx and C can be ignored.

If Ry is much greater than L, as is the case for little or no compensation
(m = 0), the converter will have a single pole response and act as a true

)

then a double pole response will be formed by the LRC output filter
similar to any voltage-mode converter. By appropriately adjusting m,
any condition between these two extremes can be generated.

current mode converter. If Rx is small compared to L (m »

Rs V(
Of particular interest is the case when m = SZLO' Since the down
. . . Rs Vp
slope of the inductor current (m; from Figure 6) is equal to T we

can write m = —'%mjy. At this point, Rx goes to infinity, resulting in an
ideal current mode converter. This is the same point, discussed in
section 2.4, where the average inductor current exactly follows the error
voltage. Note that although this compensation is ideal for line rejection
and loop response, maximum error amp gain limitations as higher duty
cycles are approached (section 2.3) may necessitate using more
compensation.

Having derived an equivalent circuit model, we may now proceed in its
application to more specific design examples. Figure 12 plots open loop
ripple rejection (AVo/AVi) at 120Hz versus slope compensation for a
typical 12 volt buck regulator operating under the following conditions:

Vo = 12V

Vi = 25V

L = 200uH
C = 300uf
T = 20uS
Rs = .50

R = 10,120

Again, as the slope compensation approaches —%m,, the theoretical
ripple rejection is seen to become infinite. As larger values of m are
introduced, ripple rejection slowly degrades to that of a voltage-mode
converter (—6.4dB for this example).

RL =10 (12 AMPS D.C)

RL =120 (1 AMP D.C)

RIPPLE REJECTION AT 120 Hz (DB)

1 : 1 1
-15 -2 =25 -3

1
-1
SLOPE COMPENSATION (m/mg)

-35 —4

FIGURE 12 - RIPPLE REJECTION AT 120Hz V.S. SLOPE COMPENSATION
FOR 1AMP AND 12AMP LOADS.
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If a small ripple to D.C. current ratio is used, as is the case for R, =

1ohm in the example, proportionally larger values of slope compensation

may be injected while still maintaining a high ripple rejection ratio. In

other words, to obtain a given ripple rejection ratio, the allowable slope

compensation varies proportionally to the average D.C. current, not the Cr
ripple current. This is an important concept when attempting to

minimize noise jitter on a low ripple converter. Ry

uc1846

0osc

Rz

N i

Figure 13 shows the small signal loop response (AVo/AV,) versus L )% Rs

frequency for the same example of Figure 12. The gains have all been
normalized to zero dB at low frequency to reflect the actual difference in
frequency response as slope compensation m is varied. At m = —% my, (a) SUMMING OF SLOPE COMPENSATION DIRECTLY WITH SENSED CURRENT

e —

an ideal single-pole roll-off at 6dB/octave is obtained. As higher ratios SIGNAL
are used, the response approaches that of a double-pole with a uC1846
12dB/octave roll-off and associated 180° phase shift. 8 0sc
© 10p G
T
§ 0 m/mp =-100 =
z L VREF 5 N
el mime =-10 >
:1 : VSENSE _
—AAM———
\2/—20 L
5 m/mp =~1 7
sl T
= ANV~ 1t
g ~Hor (b) SUMMING OF SLOPE COMPENSATION WITH ERROR SIGNAL
N
]
ER uclaae
[+
S
z L 1 1 . J
1K 10K

100 .
FREQUENCY (HERTZ)

FIGURE 13 ~ NORMALIZED LOOP GAIN V.S. FREQUENCY FOR VARIOUS
SLOPE COMPENSATION RATIO'S.

(c) EMITTER FOLLOWER USED TO LOWER OUTPYT IMPEDANCE OF
OSCILLATOR.

FIGURE 14 - ALTERNATIVE METHODS OF IMPLEMENTING SLOPE COMPEN-
SATION WITH THE UC1846 CURRENT-MODE CONTROLLER.
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A NEW IC OPTIMIZES
HIGH SPEED POWER MOSFET DRIVE
FOR SWITCHING POWER SUPPLIES

Abstract

Although touted as a high-impedance, voltage-controlled device, prospective users soon learn that it takes high drive
currents to achieve high-speed switching with Power MOSFETS. This paper describes the construction techniques which
lead to the parasitic effects which normally limit FET performance, and discusses several circuit approaches useful to
improve switching speed. IC drivers optimized for driving FETS are compared and a new high-speed efficient driver is

introduced.

INTRODUCTION

An investigation of Power MOSFET construction techniques will
identify several parasitic elements which make the highly-touted
“simple gate drive” of MOSFET devices less than obvious. These
parasitic elements, primarily capacitive in nature, can require_high
peak drive currents with fast rise times coupled with care that
excessive di/dt does not cause current overshoot or ringing with
rectifier recovery current spikes.

This paper develops a switching model for Power MOSFET devices
and relates the individual parameters to construction techniques. From
this model, ideal drive characteristics are defined and practical IC
implementations are discussed. Specific applications to switch-mode
power systems involving both direct and transformer coupled drive are
described and evaluated.

POWER MOSFET CHARACTERISTICS

The advantages which power MOSFET’s have over their bipolar
competitors have given them an ever-increasing utilization in power
systems and, in the process, opened the way to new performance
levels and new topologies.

A major factor in this regard is the potential for extremely fast
switching, Not only is there no storage time inherent with MOSFETs,
but the switching times can be user controlled to suit the application.
This, of course, requires that the designer have an understanding of the
switching dynamics inherent in these devices. Even though power
MOSFET’s are majority carrier devices, the speed at which they can
switch is dependent upon many parameters and parasitic effects
related to the device’s construction.
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THE POWER MOSFET MODEL

An understanding of the parasitic elements in a power MOSFET can
be gained by comparing the construction details of a MOSFET with
its electrical model as shown in Figure 1. This construction diagram is
a simplified sketch of a single cell — a high power device such as the
UFN 150 would have = 20,000 of these cells all connected in
parallel.

In operation, when the gate voltage is below the gate threshold, Vg(th),
the drain voltage is supported by the N- drain region and its adjacent
implanted P region and there is no conduction.

When the gate voltage rises above Vg(th), however, the P area under
the gate inverts to N forming a conductive layer between the N+
source and the N— drain. This allows electrons to migrate from source
to drain where the electric field in the drain sweeps them to the drain
terminal at the bottom of the structure.

In the equivalent electrical model, the parameters are defined as
follows:

1. Lg and Rg represent the inductance and resistance of the wire
bonds between the package terminal and the actual gate, plus the
resistance of the polysilicon gate runs.

2. Cl1 represents the capacitance from the gate to both the N+
source and the overlying source interconnecting metal. Its value is

fixed by the design of the structure.

3. C2 + C4 represents additional gate-source capacitance into the P
region. C2 is the dielectric capacitance and is fixed while C4 is
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due to the depletion region between source and drain and varies
with the gate voltage. Its contribution causes total gate-source
capacitance to increase 10-15% as the gate voltage goes from zero
to Vg(th).

4. C3 + C5 is also made up of a fixed dielectric capacitance plus a
value which becomes significant when the drain to gate voltage
potential reverses polarity.

5. C6 is the drain-source capacitance and while it also varies with

drain voltage, it is not a significant factor with respect to switching
times.

EVALUATING FET PARASITIC ELEMENTS

Although it is clearly not the best way to drive a power MOSFET,
using a constant gate current to turn the device on allows visualization
of the capacitive effects as they affect the voltage waveforms. Thus the
demonstration circuit of Figure 2 is configured to show the gate
dynamics in a typical buck-type switching regulator circuit. This
simulates the inductive switching of a large class of applications and is
implemented here with a UFN-510 FET, which is a 4 amp, 100V
device with the following capacitances:

Ciss ® C1 +C4+C5= 135—150pF
Crss = C5 = 20 —25pF Vgs = OV
Coss =~ C5 + C6 = 80 — 100 pF
L=1mH
Vin = 25V frm— Vo =5V
o—
cmj_ usD LOAD
100uf Urnsio 945 200ut T 250
T sIifo
- G
45v
od LT ¥ 3$sex

|2suszc|

FIGURE 2 - SWITCHING TIME EVALUATION CIRCUIT.
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- SIMPLIFIED CROSS SECTION OF A POWER MOSFET CELL AND ITS ELECTRICAL EQUIVALENT.

In this illustration, the load portion of the circuit is established with
Vin = 25V, lo = 2A, and f = 25Khz. The resultant turn-on waveforms
are shown in Figure 3 from which the following observations may be made:

L e

FIGURE 3 - FET TURN-ON SWITCHING CHARACTERISTICS WHEN DRIVEN
WITH A CONSTANT GATE CURRENT

. For a fixed gate drive current, the drain current rise time is 5 times
faster than the voltage fall time. .

N

. There is a 10-15% increase in gate capacitance when the gate voltage
reaches Vg(th).

w

. The gate voltage remains unchanged during the entire time the drain
voltage is falling because the Miller effect-increases the effective gate
capacitance.

S

. The input gate capacitance is approximately twice as high when drain
current is flowing as when it is off.

. The drain voltage fall time has two slopes because the effective drain-
gate capacitance takes a signifcant jump when the drain-gate
potential reverses polarity.

N

. Unless limited by external circuit inductance, the current rise time
depends upon the large signal g,, and the rate of change of gate
voltage as  Ald= g, AVg

PRINTED IN U.S.A.



APPLICATION NOTE

CHANGES IN EFFECTIVE CAPACITANCE

The waveform drawings of Figure 4 illustrate the. dynamic

effects which take place during tum-on. As the gate voltage rises from
zero to threshold, C2 is not significant since C4 is very small. At
threshold, the drain current rises quickly while the drain voltage is
unchanged. This, of course, is due to the buck régulator circuit
configuration which will not let the voltage fall until all the inductor
current is transfered from the free-wheeling diode to the FET.

Vds
{ Vg (thy =g
Em
lgs
—= td L __"‘/’A‘
— €L +C2+C3

~480 pF

«—— C1+Cs + C2 = 230 pF

Ces C1 +Cs5.~ 150 pF
[__— —— C3~300 pF
Ced ] s~ 25 pF

FIGURE 4- PARASITIC CAPACITANCE VARIATION FOR A UFN510

MOS FET DURING TURN-ON

While the drain current is increasing, there is a slight increase in the gate
capacitance due to the large current density undemeath the gate in the N-
region close to the P areas.

As the drain voltage begins to fall, its slope depends upon gate to drain
capacitance and not that from gate to source. During this time, all the
gate current is utilized to charge this gate to drain capacitance and no
change in gate voltage is observed. This capacitance initially increases
slightly as the voltage across it drops but then there is a significant jump in
value when the drain voltage falls lower than the gate. When the polarity
reverses from drain to gate, a surface charge accumulation takes place and
the entire gate structure becomes part of the gate to drain capacitance. At
this point the drain voltage fall time slows for the duration of its transition.
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AN OPTIMUM GATE DRIVE

In most switching power supply applications, if a step function in gate
current is provided, the drain current rise time is several times faster than.
the voltage fall time. This can result in substantial switching power losses
which are most often combated by. increasing the gate drive current. This .
creates a‘problem, however, in that it further reduces current rise time
which can cause overshoot, ringing, EMI and power dissipation due to
recovery time for the rectifiers which are much happier with a more slowly *
changing drain current.

In an effort to meet these conflicting requirements, an idealized gate
current waveform was derived based upon the goal of making the voltage
fall time equal to the current rise time. This optimum gate current
waveform is shown in Figure 5 and consists of the following elements.

/]

GATE CURRENT
@lp2

|

@lg)

la2 > lg1
Va2 > Va1

@Vqg1

FIGURE S5 - AN “IDEAL” GATE CURRENT TURN-ON DRIVE TO PRO-
VIDE EQUAL CURRENT RISE AND VOLTAGE FALL TIMES
WITH AN INDUCTIVE LOAD

1. An initial fast pulse to get the gate voltage up to threshold.

2. A lesser amount to slow the drain current rise tim¢. This value
however, will also be a function of the required drain current.

3. Another increase to get the drain voltage to fall rapidly with a large
current pulse added when the drain gate potential reverses.

4. A continued amount to allow the gate voltage to charge to its final
value.

Obviously this might be a little difficult to implement in exact form,
however, it can be approximated by a gate current waveform which,
instead of being constant, has a rise time equal to the desired sum of the
drain current rise time and the voltage fall time, and a peak value high
enough to charge the large effective capacitance which appears during the
switching transition. The peak current requi can be calculated on
the basis of defining the amount of charge required by the parasitic
capacitance through the switching period. '
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A linear current ramp will deliver a charge equal to

where we define
ton =td + tri + tfv

_ Ipeton

Q=7

The total charge required for switching is
Q=Ciss [Vg (m)+g‘l] + Crss [Vpp -V (th)] +Crss'Vg (th)
M

where Crss’ is the gate-drain capacitance after the polarity has
reversed during turn-on and is related to Ciss by the basic geometry
design of the device. A reasonable approximation is that Crss’~1.5
Ciss. With this assumption,

Ip~ an [Ciss (2.5 Vg (th) ﬁ;ﬁ) +Crss (Vp - Vg (th) )]

As an example, if one were to implement a 40 V, 10A buck regulator
with a UFN150, it would not be unreasonable to extend the total
switching time to 50 nsec to accomodate rectifier recovery time. An
optimim drive current for this application would then take 50 nsec to
ramp from zero to a peak value calculated from

Ciss = 2000 pF ton = 50 nsec
Crss = 350 pF Vpp =40V
Vg(thy =3V Id=10A
10A
=28 g
BMTosv o *S
__2__ -12 10 -12
as Ip—sox l0,9[2000)& 107°°(2.5 x3+T)+350x 107°°(40 - 3)

S Ip = 1.32 amps peak

The above has shown that while high peak currents are necessary for
fast power MOSFET switching, controlling the rise time of the gate
current will yield a more well-behaved system with less stress caused
by rectifier recovery times and capacitance. This type of switching
requirement can be fulfilled with integrated circuit technology and
several IC’s have been developed and applied as MOSFET drivers.

FET DRIVER IC’S

In searching for IC’s capable of providing the high peak currents required
by power MOSFETS, one of the first devices which became popular was
DS0026 shown in Figure 6. While this IC was originally designed to be
a clock driver for MOS logic, it was capable of supplying up to 1.5 amps
as either a source or sink. In addition, it was made with a gold doped,
all-NPN process which minimizes storage delays and, as a result, offers

transition times of approximately 20 nsec. Its disadvantage is that pull-up

resistors R3 and R4 require excessive supply current when the output is
in the low state.

+Vee ©
5&% T
(9]
g™
X
Dy '\_,_(
id
L
Ri & D2 Qi
INPUT ® ¢ —O OUTPUT
[o]]
R2
r
Rs
—VEE O-
FIGURE 6 - A SIMPLIFIED SCHEMATIC OF THE DS0026 DRIVER IC
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The first PWM IC’s to include FET compatible output stages were the
1525A, followed by the 1526. Both of these designs feature push-pull
outputs, each of which is configured as shown in Figure 7. Again with
source and sink — this time driven by constant current sources — these
devices can provide high FET switching drive with low stand-by current
regardless of the state of the outputs. Frustratingly, these designs also
suffer from some limitations. First, the maximum peak current is
approximately % amp which is just not adequate for larger geometry
FET's and, secondly, there are delays in turning off the output transistors
which allow a high cross conduction current from Vc to ground as the
conduction of source and sink overlap at each switch transition. This
current spiking is shown in Figure 8 and while its not too much of a
problem at low frequencies, at 200 KHz the internal power dissipation of
the IC increases by a factor of 3 - 4.

+V|y O— +Ve
500
N O)

OUTPUT
1
weur &
FROM
PWM GATES

FIGURE 7 - ONE OF TWO OUTPUTSTAGES FOUND IN THE 1525A and

1527AIC’s

't'= 200 nsec/division

- Vo @ 10V/div

IC @ 200 mA div

FIGURE 8 - CROSS-CONDUCTION CURRENT IN THE 1525A OUTPUT

STAGE

INTRODUCING THE UC1706

This brings us to a new IC designed specifically as a power MOSFET
driver compatible with PWM circuits for switching power supplies. As
seen from the block diagram shown in Figure 9, this device is an interface
circuit based upon the philosophy that the analog PWM control circuitry
can best be done on a separate chip from the digital output driving stages.
The UC1706 is made with a high-speed, high-voltage Schottky clamped
process and while it isn’t as fast as the DS0026, it does have delay times
of only 100nsec while requiring much less supply current.

Referring again to Figure 9 it can be seen that the UC1706 is designed to
provide three basic functions:

207
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UC1706 BLOCK DIAGRAM

FLIP FLOP 5 Q
ACTIVATE FLP
1| FLoP|@
[— @
A INHIBIT [16] = D
REF 6] outpuT A

B INHIBIT

INVERTING 2
INPUT

NON INVERT 3]

N AEG

THERMAL |]
SHUTDOWN

130
ANALOG
STOP (+) mv T

@ ™
L

{11 outpuT B

S LATCH

ANALOG g
STOP (-)

FIGURE 9

1. The main feature of this chip is a pair of totem-pole output stages,
each designed to provide peak currents of 1.5 amp source or sink,
with a fast turn-off optimized to minimize cross-conduction current.

2. With an internal flip-flop, the UC1706 will accept a single-ended
PWM signal and drive the outputs alternately for push-pull or bridge
applications. This flip-flop can be externally disabled so both outputs
work in parallel. They can then be combined for 3A peak operation.
Inputs can be of either polarity insuring compatibility with all
available PWM chips, ie. UC1840, UC1842, NE5560, MC30060,
NES5561, etc.

w

. Several protection functions associated with output drive are also
included in the UC1706. These include a latching analog comparator
with a 130mV threshold useful for pulse-by-pulse current limiting, an
inhibit circuit designed for automatic dead-band control when slower
bipolar power transistors are used as the final power switch, and
thermal shutdown for it's own protection.

INSIDE THE UC1706

The schematic of one of the output circuits in the UC1706 is shown in
Figure 10. While appearing as a fairly conventional totem-pole design,
the subtleties of this circuit are the slowing of the turn-off of Q3 and the
addition of Q4 for rapid turn-off of Q8. The result is shown in Figure 11
where it can be seen that while maintaining fast transitions, the cross-
conduction current spike has been reduced to zero when going low and
only 20nsec with a high transition. This offers negligible increase in
internal circuit dissipation at frequencies in excess of 5S00Khz.
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4,512, 13
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- UC1706 BLOCK DIAGRAM.

+ Ve

REG 5V D
‘e
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O

D2

INPUT
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LOGIC
GATES

GROUND

FIGURE 10- ONE OF TWO OUTPUT CIRCUITS CONTAINED WITHIN

THE UC1706

The overall transition time through the UC1706 is shown in Figure 12
with the upper photograph recording the results with a drive to the
inverting input while the lower picture is with the non-inverting input
driven. Note that the only difference in speed between the two inputs is
an’additional 20nsec delay in turning off when the non-inverting input is
used. (Note- here and in all further discussions, ON or OFF relates to the
driven output power switch, i.e., ON is with the UC1706 output high and
vice versa. The shutdown, blanking, and protective functions all force the
UC1706 output low when active).
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t = 200 nsec/division
Vo@ 10V/div |
I, S S

CROSS CONDUCTION CURRENT IN THE UC1706 OUTPUT
STAGE

FIGURE 11-

Note that the rise and fall times of the output waveform average 20nsec
with no load, 40nsec with 1000pF, and 60nsec when the capacitive load'
is 2200 pF.

oo AR
.. Inverting input ___
ALY

1

Non-inv input
2V/div

Output @ 10V/div

SWITCHING RESPONSE WITH OUTPUT CAPACITANCE OF
0, 1000, AND 2200 PF.

The peak output current of each output, either source or sink, is 1.5A but
with the flip/flop externally disabled, the outputs may be paralled for peak
currents of 3 amps as shown in Figure 13. Saturation voltage is high at
this level but falls to under 2V at 500 mA per output.

FIGURE 12-

It should be noted that while optimized for FET drive, the UC1706 is
equally at home when driving bipolar NPN transistors. The saturation
voltage in the low state, after the turn-off transient, is less than 0.4 volt at
currents to S50mA.
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i {
t = 1u sec/div
Output Voltage : . ,. .
10V/div

PEAK OUTPUT CURRENT WITH BOTH OUTPUTS OF THE
UC1706 CONNECTED IN PARALLEL. CL = 0.1 uF

FIGURE 13-
The input logic circuitry of the UC1706 is shown in Figure 14. Since it is
driven from an internally regulated 5 volt supply, TTL compatibility is
assured with the driving signal only required to sink less than 1.0 mA.
Input Zener clamps are included so that higher driving voltages may be
used as long as the current is limited to less than 10 mA. While external
pull-up resistors may speed-up the drive signal, they are not required.

REGULATED 5V
Ry Ry i} Re
6K 6K 7K g 1K
Q1
INVERTING
INPUT Q4 Qo
Dy
56V Re [ NG
e 7K
Q2 =
NON-INVERT TO OUTPUT
INPUT - r )3 STAGE
Do F/F TRIGGER
56V
LATCH RESET

FIGURE 14- INPUT LOGIC IN THE UC1706

The logic configuration is such to favor an output low. To get the output
high requires both a low Inverting input and a high N.I. input. An output
low is achieved with either a high Inv. input or a low N.I input. To put
it another way: if the Inv. input is used, the N.I. input must be high or
open. Using the N.I. input requires that the Inv. input be held low.
Obviously, one input could be used to override the other to force a
shutdown.

Note that the output from the logic gate performs three functions when
going high: it blanks both output stages to OFF, changes the state of the
flip-flop, and resets the internal shutdown latch. These last two functions
require at least 200nsec which means the input signal must have an off-
time of at least that duration. By triggering the flip-flop from the same
signal that drives the outputs, double-pulsing is prevented. When one
output turns off, only the other one can turn on next, regardless of the
intervening time.
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SUPPLYING POWER TO THE UC1706

From the block diagram of Figure 9, note that the UC1706 has two
supply terminals: Vin on pin 14 and Vc on pin 8. These pins can be
driven from the same or different voltages and either can range from 5 to
40 volts. Vin drives both the input logic and the current sources providing
the pullup for the outputs. Thus Vin also can be used to activate the
outputs and no current is drawn from Vc when Vin is low. Thus the
‘UC1706 interfaces conveniently with the UC1840 Off-Line PWM
Controller where low-current start-up is desired. Figure 15 shows this
application where Vin is powered from the Drive Bias switch in the
UC1840. In this way, the UC1706 draws no supply current while C2
initally charges through R3. R3 only has to provide 5.5 mA for the
UC1840 plus the start threshold divider of R1 and R2. When there is
adequate charge in-C2, the start command from the UC1840 activates the
UC1706 which, in turn, drives Q1 bringing up sustaining low-voltage
power from N2 of the power transformer.

Ny
Rs D2 g No
id
L
C
I ViN Ve —L—_
= |+ A
UC1706 =
= Q
BIAS N, L
= PWM INPUT &
OUTPUT R ‘
ucisao = INV 1

Jj__ I|I_NPUT i___ =4

FIGURE 15- POWERING THE UC1706 FROM THE UC1840 PWM

CONTROLLER

In applications where the PWM control is desired to be referenced to the
load, or secondary side of the isolation transformer, the UC1706 can still
be operated on the primary side for direct coupling to the power switch.
With this topology, a secondary referenced auxilliary power source is
necessary to operate the control circuitry whose output pulses can be
either transformer or optically coupled to the input to the UC1706 on the
primary side. Since only gate capacitance charging current is required
from the source, at lower frequencies it is feasable to supply all the drive
power directly from the line via Rin and Cin as shown in Figure 16.

In this configuration, it’s still helpful to use a threshold switch with
hysteresis to apply power to the UC1706 so that there is no possibility of
turning on the power switch until the input voltage is adequate.

Q1-Q3 implement a discrete version of such a switch.
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FIGURE 16- TRANSISTORS Q1 - Q3 FORM A HYSTERESIS SWITCH TO

ENERGIZE THE UC1706 WHEN THE VOLTAGE ON CIN
HAS CHARGED TO 15V. ISOLATED PWM DRIVE CAN BE
WITH EITHER AN OPTICAL COUPLER AS SHOWN OR
WITH A SMALL TRANSFORMER

DIRECT COUPLED MOSFET DRIVE

The circuit of Figure 17 shows the simplest interface to a power
MOSFET - in this case the UFN 150, a large geometry 100V, 40A
device with a gate capacity of typically 2000 pF. Only one output of the
UC1706 was used for this demonstration and the load was the buck
regulator circuit described earlier. As indicated by the use of a sense
resistor in the source line, this circuit was also used to evaluate the
capability of the latched shutdown comparator as a current limiter.

Uc1706

PULSE
INPUT INV.

100 5010

S/D

FIGURE 17 - DIRECT FET DRIVE WITH THE UC1706 WITH CURRENT
SENSING IN THE SOURCE LEAD.
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While directly connecting the FET gate to the output of the UC1706 is
both simple and fast, it must be done with care as any wiring inductance
can cause severe ringing which could take the gate voltage past its
allowable limits. Usually, it merely requires some series resistance in the
gate circuit to damp this ringing, but this is at the expense of switching
speed as the gate resistance reacts with the input capacitance. Another
Justification of gate resistance is to slow switching to accommodate output
rectifier recovery time as mentioned earlier in this paper.

For this example, however, maximum speed was desired and considerable
care was taken to minimize lead inductance with the results as shown in
Figure 18 and with an expanded time base for turn-on, in Figure 19.
These photos show the requirements of this FET for one amp peak gate
current at turn-on and turn-off with the hesitation in gate voltage rise time
at threshold as the falling drain voltage robs gate current through the gate-
drain capacitance. The drain current spike at turn-on is due to the recovery
of the freewheeling diode in the output load.

“ Gate Current
05A/div

FIGURE 18- DIRECT COUPLED POWER MOS FET DRIVE

In order to evaluate the threshold of the shutdown comparator, the buck
regulator circuit load on the drain was replaced with a wire wound resistor
whose inductance provided a slower turn-on of drain current. Since it is a
latching circuit, this comparator is another area where considerable care
must be taken to eliminate the possibility of noise triggering These
problems are eased somewhat since the inputs are differential with a large
common-mode range capability and the threshold of 130 mV is built in.
However, these inputs should still be connected to the current sensor as a
closely coupled, and perhaps even shielded pair.
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100 n sec/div

Gate Voltage ™
5V/div

~Gate Curre
0.5A/div

FIGURE 19- DIRECT DRIVE TURN-ON WITH EXPANDED TIME SCALE

For this example, a 0.1 ohm non-inductive resistor was used as a current
sensor with a 100 ohm potentiometer used to adjust the current threshold
to 2 amps. The multiple exposure print of Figure 20 shows the effect of
increasing load current. At 2 amps, the comparator begins to reduce the
pulse width. As current increases, the comparator is overdriven and its
response time quickens to approximately 200nsec plus the turn-off time of
the power switch. Beyond this point, one must rely on circuit inductance or
go to more elaborate means to clamp the current.

14 sec/division

“Drain Current
. 1 Amp/div

FIGURE 20- CURRENT LIMITING WITH THRESHOLD SET FOR 2 amps
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ISOLATED GATE DRIVE

The single-ended transformer-coupled drive circuit shown in Figure 21 is
often useful for either isolation or to optimally match the voltage and
current between the driving source and the gate. In this case, outputs A
and B were paralleled merely to get close to 100% modulation - the full
output current capability was not required as the transformer provided
additional current gain. Since this is a unipolar drive, capacitor C1 is used
to block the DC voltage and provide adequate volt-seconds for core reset.
C2 and the zener diode provide DC restoration and clamp the gate to only
one diode drop negative. The 10V positive clamp of the zener also
protects the gate from any transient overshoot.

Ve =20V

uc1706
Ve

Ao

Bo
GND

1811-L00-3C8

FIGURE 21 - BOTH UC1706 OUTPUTS ARE COMBINED FOR A SINGLE-
ENDED TRANSFORMER-COUPLED DRIVE. *

The criteria for the transformer design was the arbitrary specification to
keep the magnetization current to less than 50 mA to keep the steady-state
power consumption low. Magnetization current may be made lower with
more transformer turns which yields higher leakage inductance and slower

response. In this circuit, with f = 100 kHz, T = 10 u sec, and Vin = 20V,

b 2Im 2x50x10-3

and since L = A N2 x 10—6 mH, for a 1811P-L00-3C8 core

6
Np =1 /ﬂ= 20 turns
AL

and Ns was made equal to 10 tums for a 10V output.
With this design, the energy stored in the core is
E=1%LmIm2 = .05 uJ

which is considerably below the saturation level of

B2 Acle x 108 _ 20002 x .43 x 2.58 x 108
2 pe 2x1930

E

=114u)

The coupling capacitor value was defined by setting a requirement that it
charge to no more than 10% of Vin with each pulse.

*Circuit design courtesy of J. Potasse, Canadair Limited.
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The resultant waveforms through this circuit are shown in Figure 22.
Note that when switching is complete,the gate circuit goes to a high
impedance and the transformer leakage inductance causes a slight voltage
over-shoot at both the gate and at the output of the UC1706. Otherwise,
these waveforms should be self-explanatory.

t=1psec/dv, -

Invert Input
5V/div

1706 Output
5V/div

N s

Primary current ,
02 Adiv |

¥
Secondary Current —...— ... .
0.5 A/div

3

&ML‘M{/\R—-‘M"

y ¥ i

‘Gate Voltage

§

Drain Voltage'
5V/dive

FIGURE 22 - SINGLE ENDED TRANSFORMER COUPLED PERFORMANCE

PUSH-PULL TRANSFORMER COUPLING

The totem-pole outputs of the UC1706 can easily be interfaced for
balanced transformer drive as shown in Figure 23. A and B outputs are
alternating now as the internal flip-flop is active and the output frequency
is halved. Note that when one UC1706 output goes high, the other is
held low and both are low during the dead time between output pulses.
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FIGURE 23 - BALANCED PUSH-PULL TRANSFORMER COUPLING

For this circuit, the same transformer as in the previous example was used
except that now there are two identical secondary windings. With
balanced operation, no coupling capacitor is necessary as there is no net
DC current through the primary.

One precaution which must be taken however, is that transformer leakage
inductance may force the output of the UC1706 negative when it turns
off. If both the frequency and current are low, the output diodes in the
UC1706 may suffice for clamping. Otherwise, external diodes as shown
in Figure 23 should be added. An added complication of transformer
leakage inductance is the requirement for snubbing circuits to keep the gate
voltage ringing under control.

Again, waveforms at all significant points within this circuit are shown in
Figure 24.

A SQUARE WAVE INVERTER EXAMPLE

To illustrate the usage of the UC1706 as a bipolar transistor switch driver,
a simple square wave generator is shown in Figure 25, with the operating

Ve = 15V
Vg =5V
T 70K I R
5K 510 -
74121
555 ONE
TIMER | 001 1165 | sHort
.001 200KHz pf 200ns

510

|

F/F GND AINHIB|

t= 1y sec/division
: Inverting input
5V/div

'UC1706 output
10V/div

{Primary current
0.5A/div

Secondary Voltage -
10V/div

Sécondary current

0.5A/div :
{ N—— /-—-ﬂ | WS-
“' .

‘Drain Voltage *
10V/div |
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FIGURE 24 - BALANCED PUSH-PULL TRANSFORMER COUPLING

PERFORMANCE.

IN914
Bl

Lhd
047

GROUND

FIGURE 25 - A SQUARE WAVE INVERTER CIRCUIT USING THE UC1706 TO DRIVE

BIPOLAR TRANSISTOR SWITCHES.
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circuit waveforms pitured in Figure 26. This application demonstrates the
advantages in using the UC1706 to efficiently drive relatively slow
transistors in high-speed applications.

t = 1u sec/division

UC1706
Inverting Input
5V/div

UC1706
A Output
5V/div

Transistor Base Voltage
V/div

il

. Traﬁsiéfor A Collector
5V/div

Transistor B Collector :
5V/div

e

FIGURE 26- BIPOLAR SQUARE WAVE GENERATOR WAVEFORMS

This circuit starts with a 555 timer oscillating at 200 kHz to establish the

operating frequency of the inverter at 100 kHz.

Its output triggers the 74121 one-shot which provides an input pulse to the
UCI1706. This signal is actually the off-time or blanking pulse to the
outputs. For an ideal push-pull square wave generator, its pulse width
should be zero. If the storage time of the power switches were a known
constant, then this pulse width could be adjusted such that one switch
turns on just as the other comes out of saturation. Since this is not very
realistic and since the UC1706 needs 200nsec to switch from one output
to the other, that's the pulse width set by the one-shot.

UNITRODE CORPORATION « 5 FORBES ROAD
LEXINGTON, MA 02173 « TEL. (617) 861-6540

TWX (710) 326-6509 » TELEX 95-1064 214
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The high-current output from the UC1706 is utilized with .047 mfd speed-
up capacitors to provide one amp of peak turn-on current, 100 mA of
drive, and 1.5A turn-off, thus reducing the typical 2 micro-second turn-off
time of the TIP-31 to approximately 400nsec. Since this is still longer
then the blanking pulse, conduction overlap would take place were it not
for the use of the inhibit circuit of the UC1706 which is connected to the
outputs through the IN914 diodes. This circuit insures that regardless of
the input, side A will not turn on until the diode connected to side B’s
collector rises above the reference established by the 3K/2K divider.
Wayeform photos of this inhibit action are shown in Figure 27. There is
now a dead time resulting from the inhibit delay in the UC1706 plus the
turn-on delay of the TIP-31 which can be used to advantage to allow time
for the output rectifiers to recover.

t=100 n sec/division

Collector A

WITHOUT INHIBIT

Collector B

Collector A

WITH INHIBIT.,

Collector B

FIGURE 27- SQUARE WAVE GENERATOR OUTPUT WITH INHIBIT -
CONTROLLED DEADBAND
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SUMMARY

This paper has attempted to present an understanding of the dynamics of
high-speed power MOSFET switching to aid in defining optimum gate
drive signals to meet specific applications. The need for high peak gate
currents with controlled rise times has led to the development of several
integrated circuits aimed toward these goals. The most recent of these, the
UC1706, provides high-speed response, three amps of peak current, and
the ease of implementing either direct or transformer drive to a broad range
of MOS FET devices. With this new device one more specialized
function has been developed to further aid the power supply designer
simplify his tasks.
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LEXINGTON, MA 02173 « TEL. (617) 861-6540
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UC3717 and L-C Filter Reduce EMI and
Chopping Losses in Step Motor

chopper drive which uses the inductance of the motor
as the controlling element causes a temperature
rise in the motor due to hysteresis and eddy current
losses. For most motors, especially solid rotor construc-
tions, this extra heat can force the designer to go to a larger motor
and then derate it, or to a more expensive laminated construction
in order to produce enough output torque for the job. Regardless
of the motor type, any extra heat generated within a system will
have to be removed or else other system components will be
stressed unnecessarily. This could mean using a fan where con-
vection cooling might otherwise have sufficed. In addition, the
EMI generated from both the motor and its leads is of serious con-
cern to the designer in view of ever-increasing EMI regulations.
These problems can be virtually eliminated by borrowing a sim-
ple technique from switching power supply designs, i.e., by plac-
ing a properly designed low-pass L-C filter across the output and
using this L to control the UC3717. This removes the high fre-
quency AC chopping losses in the motor by providing it with
almost pure DC current. It also confines the EMI-causing, high fre-
quency AC components to within the driver where they are easier
to handle. This could allow increased wire lengths and possibly
free up some design constraints, but remember that even though
DC emits no EMI, the driver will still commutate the windings and
can praduce some components of frequency as high as 10 kHZ.
The design of the L-C filter is straight-forward and its small addi-
tional cost can be recovered easily. The Unitrode UC3717, a com-
plete chopper drive for one phase winding on a monolithic IC,
makes the design job simple. The end result, a cooler running and
EMI quieter step motor, can be achieved with just a few additional
passive components.

Preliminary Considerations

For our analysis, we will use a“23” frame, bipolar motor with
a solid rotor and the following specifications:

Poax = 9.0 Watts = Maximum power dissipation at 25°C
V. = 3.75Volts = Maximum voltage per motor phase at
25°C
Imax = 1.25 Amps = Maximum current per motor phase at
25°C
R. = 3.00hms = Resistance of one phase at 25°C
L, = 84mH = Inductance of one phase winding

*It should be noted that L, as given in a manufacturer's data
sheet, is not always true average inductance as seen at high cur-
rent in a circuit, but rather the inductance reading you would
obtain from a low current inductance bridge. This value can differ
from in-circuit inductance by a factor of 2 or more! The in-circuit
inductance for this motor is 5.0 mH.

We begin by calculating the electrical time constant of one

phase winding using the resistance value given above and the
actual motor inductance:

7, =Ll 50mH
R. 3.0 0hms

If one were using a standard voltage drive then it would take
approximately 7., or 1.67 msec to reach the current level required
for proper operation. This places a severe restriction on motor
speed. Increasing the drive voltage will allow the motor to run fas-
ter but will cause it to draw too much current and overheat. Max-
imum motor speed may be increased by decreasing the time
constant. Since L, is fixed, the only parameter we can change is
the effective value of R,, by placing a'resistor in series with it. If we
place a resistor 4 times R,, in series such that total R is 5 times R,
and increase the drive voltage by a factor of 5 then we will have
reduced the time constant by a factor of 5 to 330 usec and also
increased both the maximum motor speed and maximum power
output by a factor of 5 each. Unfortunately, we will have increased
wasted power by a factor of 5 also.

= 1.67 msec (1)

The Chopper Drive

Using a chopper drive enables one to run at a higher voltage
and thus reach proper operating current faster while still protect-
ing the motor from excessive current that would otherwise flow
due to the higher voltage. The high voltage is first applied across
the motor winding and then, when |, is reached, it is switched off.
(If it were not switched off then the maximum current rating of the
motor would be quickly exceeded.) The current is then allowed to
circulate in a loop within the driver and motor for a fixed time per-
iod (t.) after which the voltage is re-applied to the motor. The
operating frequency, which is determined by both the motor
inductance and t.; should be high enough that the resulting cur-
rent ripple is small compared to the average DC current. Power
efficiency is relatively high because there is no external resistor
used.

Nothing is free in the world of physics, however, and the price
one pays for the extra power output capability is an increase in
wasted heat due to hysteresis and eddy current losses within the
motor instead of in an external resistor. Being within the motor, it
can now cause overheating as well as reliability problems. Since
the excess heat increases rapidly with the overdrive ratio, this
means that at low overdrive ratios (less than 5-to-1) there will be
almost negligible heating, but at higher overdrive ratios (more
than 10-to-1) the induced motor losses can beome as great as, or
actually exceed, the I°R losses! By placing a low-pass L-C filter in
the circuit these induced losses can once again become negligi-
ble. The L and C components selected should be capable of
operating at frequencies of 25 kHz or higher without heating
effects in the inductor core or inductive effects in the capacitor.
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Designing with the UC3717

Using a supply voltage (v,) of 40 volts (approximately a 10/1
overdrive), the turn-on rise-time becomes:
te = ~Tm x Ln (1 =V /V) = -1.67 x 10° x Ln (1 - 3.75/ 40)
= 164 usec @
or an improvement of approximately 10-to-1 in speed capability.
Using an off-time (t.4) of 30 usec as suggested on the UC3717
data sheet and limiting current (1) to 850 mA establishes a voltage
across the resistive component of the winding (V,.,)-during the
“on” time of:
Vyon = Iy X R, = .85x3.0 = 2.55 Volts (3)
and during the " off* time (due to a 2.6 volt drop across the upper

transistor, as shown in the data sheet, and a 0.4 volt drop across
the Schottky “catch” diode) of:

Voot = Vianssor + Vaose = 2.6 + 0.4 = 3.0 Volts (4)

Since the voltage and current changes are small, we can substi-
tute a resistance (R.)equivalent toV,,./l,, in series withR,,to adjust
the time constant and allow us to calculate the approximate cur-
rent ripple (Al,) during ty:

Al, =1, (1 - exp

[— 30x10° x (3.0 + 3.5)]
85x|1-exp 5x10°

33 mA p-p (%)

1l

Knowing Al,, we can now calculate the on-time (t,.):

_ Al,xL, _ 33x10°x 5x10°

B T 40-255

t,, = 4.4 usec 6
° Vs - Vw~on “ ( )

and can also find our operating frequency (f) by:
f=1/(tn + t) = 1/(4.4 + 30)x 10¢ = 291 kHz 7)

VERT = 10 mA /

Div
HORIZ = 5 psec /
DIV

Figure 1. A-C component of motor current for standard
chopper configuration.

Since this frequency is well above audible ranges, it will not cause
any objectionable sound, but there are still the problems of EMI
and excess motor heating to deal with. It is possible to generate
EMI due to the current switching that occurs in the motor leads
because they carry not only the primary frequency, but also many
higher harmonics as well, so they require careful routing, shield-
ing, or both. We can put in a low pass L-C filter to remove these

U-99

high frequencies and still pass normal commutation currents
without any significant loss of motor performance.

Design of the L-C Filter

Figure 2 is a block diagram of a motor connected to 2 UC3717s
with the low-pass L-C filters in place.

Again we will use a current of 850 mA in each winding, an off-
time of 30 usec, and an on-time of 4.4 usec but now we will use an

82007 L
]:“j o R T
[ sea g E— % 1 L
A20
:Z:ASE A i s 5 _l l c
i LBjZ-ODV
+40vV +6V
- Loxc

STEPPER
MOTOR

FROM s PROCESSOR

r—“_l 1 16

)
veany 1 -
L — 4240
PHASE B I .
B 9
I8 8200F

Figure 2. Low-pass L-C filters on outputs.

external inductance (L) to control the chopping. V., is the sum of
the source (V) and sink (V) voltage drops at 850 mA:

Vaop = Voo + Vg + Viene = (2.6 + 1.9 + 0.36)
= 4.9 volts ®)

In order to minimize the effects of L on the motor current risetime
we will make it 10 times smaller than L, or 500 uH. In order to keep
the peak current in the UC3717 below 1 amp we will use a 0.42
ohm sense resistor and also limit 4/, to 300 mA. Using a variation of
equation (6) we can check that:

_ -6
L= (Ve Virop)X ton _ (40-4.9) x4\.34x10 = 515 uH ©
Al 300x10
is in keeping with the constraints outlined above.
Similarly, we would like to find a value for the capacitor (C) such
that it will have less than 1/10 the impedance of L at 29.1 kHz:

C= 10 _ 10
@xmxf’xL (2x3.14 x 29100)* x 500x10°

= 0.6 uF

(10)

The test motor and driver, operated unloaded (nothing con-
nected to the output shaft) and in the configuration of Figure 2,
used values of 500 uH for the inductor and 0.47 uF for the capaci-
tor. Figure 1 and Figures 3 through 6 are waveforms obtained
from that motor.

The lower trace of Figure 3 (Figure 3b) shows the 330 mA cur-
rent sawtooth in the inductor, while the upper trace (Figure 3a)
shows an 8 mA p-p current ripple in the motor winding. While this
may seem to indicate only a 12 dB reduction in EMI over Figure 1,
comparing the sinusoidal waveform of Figure 3a to the “noisy”
sawtooth waveform of Figure 1 will quickly point out sources of
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EMI. In Figure 1, the oscillations immediately following each
switch of the driver are due to the motor's distributed capacitance
resonating with itsinductance and are a possible source of EMI. In
addition, sharp current spikes are allowed to pass along the motor
leads and through the motor's distributed capacitance unhin-
dered, thus creating high frequency EMI. EMI spikes were vir-
tually eliminated from Figure 3a by using a low ESR capacitor and
connecting the motor leads close to the body of the capacitor.
Figure 4 shows motor current superimposed over the inductor
current. Just to the left of the center graticle line a ringing occurs in
the inductor current that also appears in the motor current,
although attenuated. This ringing occurs at a frequency of:

a)VERT = 2
mA / DIV AC
component of
Motor  Cur-
rent with L.C
filter.

b) VERT = 100
mA / DIV AC
component of
inductor cur-
rent with L.C
filter.

HORIZ = 5 uS /
oIV

Figure 3. Motor and inductor current waveforms.

1/2aVLxC = 1/6.28 x V500x10° x 0.47x10°
10.4 kHz (1)

which is the resonant frequency of the L-C filter. This frequency
can be lowered by increasing the value of either L or C, although
at a cost of reducing the high speed performance of the motor.

The high frequency sawtooth waveforms at the upper, flat por-
tion of the motor current waveform are the 29.1 kHz chopping cur-
rents in the inductor. They cause a small corresponding ripple in
the motor current but, because the chopping frequency is more
than twice the break frequency of the 2-pole L-C filter, we would
expect, and can see, an attenuation greater than 12 dB.

In a 2 phase step motor (sometimes referred to as a 4 phase
step motor because of the 4 windings used in the unipolar version)
the STEP RATE, in full steps per second (FSPS), is 4 times the pri-
mary frequency of the motor current waveform. The two phases of

res

10z¥ 20045

VERT = 500 mA/
DIv

HORIZ = 200mS/
DIV

Figure 4. Filter current
current waveform.

form superimposed over motor
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the step motor are operated in quadrature and thus will generate
4 distinct states in the 2 phases which correspond to 4 mechanical
steps for each electrical cycle.

FSPS = 4 x frequency (for a 2 or “4" phase step motor) (12)

Itis important to note at this time that 10.4 kHz is the highest fre-
quency that can be passed to this motor without attenuation using
the selected components, but that this corresponds to a step rate
of 41,600 FSPS! The test motor was able to run at 17,000 full steps
per second with the L-C filter in place, which is high enough for
most situations.

Figures 5 and 6 are current waveforms for the motor running at
1600 FSPS and 16,000 FSPS respectively. The motor was opera-
ted with the L-C filter on only the lower trace winding so that the
waveforms could be compared easily. Looking at Figure 5, one
can see that the leading edges of both waveforms have the same

VERT = 500mA /
DIV

Motor  current
without L-C filter.

VERT = 500mA /
DIv

Motor current with
LC filter.

HORIZ = 5004 /
DIV

Figure 5. Motor currents at 1600 FSPS.

risetimes, although the filtered one has more suscepibility toward
ringing. From Figure 6, one can see that torque is down only 3 dB
at 16,000 FSPS and that there are “glitches” in the unfiltered
waveform that do not appear in the filtered waveforms.

1004,

T,

VERT = 500mA /
Div

Motor  current
without L-C filter.

VERT = 500 mA /
DIV

Motor current with
L-C filter.

HORIZ = 100mS/
DIv

Figure 6. Motor currents at 16,000 FSPS.

L

Conclusions

The use of a low-pass filter can be an effective heat and EMI
reduction mechanism when used with a step motor chopper
driver such as the UC3717. The price one pays for a “clean” EMI
environment is a small loss in very high speed performance. The
technique may be applied equally well to non-IC chopper drivers
but the peak currents must be accounted for and the minimum
value of L adjusted accordingly. 500 uH is the smallest practical L
that should be used with the UC3717 since we do not want the
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- i larger in order to maintain continuous current in the inductor, but
UC3717 and L C F' Iter the physical size may be decreased. If an average current in
excess of 850 mA is required, then a PIC900 Power Amplifier may
be added as shown in Figure 7. This will extend the peak current
peak of the ripple to exceed 1.0 amps. This limits the usefulness of ~ capabilities of the chopper drive to 5A and will also allow the value
the technique to motors with inductances of 2 mH or more. At of L to be decreased.

average currents less than 300 mA, the value of L may have to be n

o5y Y
n 6
va Vee
PHASE ——9
" 4 ucany

J U

Figure 7. UC3717 chopper drive with PIC900B Power Amplifier on one phase of step motor.
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UC3842 PROVIDES LOW-COST
CURRENT-MODE CONTROL

The fundamental challenge of power supply design is to
simultaneously realize two conflicting objectives: good
electrical performance and low cost. The UC3842 is an
integrated pulse width modulator (PWM) designed with
both these objectives in mind. This IC provides designers
an inexpensive controller with which they can obtain all the
performance advantages of current-mode operation. In
addition, the UC3842 is optimized for efficient power
sequencing of off-line converters and for driving increas-
ingly popular power MOSFETS.

This application note gives a functional description of the
UC3842 and suggests how toincorporate the IC into practi-
cal power supplies. A review of current-mode control and
its benefits is included and methods of avoiding common
pitfalls discussed. The final section presents designs of two
power supplies utilizing UC3842 control.

CURRENT-MODE CONTROL

Figure 1 shows the two-loop current-mode control system
in a typical buck regulator application. A clock signal
initiates power pulses at a fixed frequency. The termination
of each pulse occurs when an analog of the inductor
current reaches a threshold established by the error signal.
In this way the error signal actually controls peak inductor
current. This contrasts with conventional schemes in
which the error signal directly controls pulse width without
regard to inductor current.

Vi,

Vee
CLOCK

REFERENCE

ERROR H
PWM
AMPLIFIER COMPARATOR

VSENSE

Rsense %

CLOCK J__I_I__
o W
VseENSE _'

LATCH l I I | I I
OUTPUT

FIGURE 1. TWO-LOOP CURRENT-MODE CONTROL SYSTEM.
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Several performance advantages result from the use of
current-mode control. First, an input voltage feed-forward
characteristic is achieved; i.e., the control circuit instan-
taneously corrects for input voltage variations without
using up any of the error amplifier's dynamic range. There-
fore, line regulation is excellent and the error amplifier can
be dedicated to correcting for load variations exclusively.

For converters in which inductor current is continuous,
controlling peak current is nearly equivalent to controlling
average current. Therefore, when such converters employ
current-mode control, the inductor can be treated as an
error-voltage-controlled-current-source for the purposes
of small-signal analysis. This is illustrated by Figure 2. The

Vin

VRer

v VOLTAGE

c CONTROLLED
CURRRENT
SOURCE

E/A

—O Vour

L
FIGURE 2. INDUCTOR LOOKS LIKE A CURRENT SOURCE
TO SMALL SIGNALS.

two-pole control-to-output frequency response of these
converters is reduced to a single-pole (filter capacitor in
parallel with load) response. One result is that the error
amplifier compensation can be designed to yield a stable
closed-loop converter response with greater gain-
bandwidth than would be possible with pulse-width control,
giving the supply improved small-signal dynamic response
to changing loads. A second result is that the error amplifier
compensation circuit becomes simpler and better
behaved, as illustrated in Figure 3. Capacitor Ciand resistor
Riz in Figure 3a add a low frequency zero which cancels
one of the two control-to-output poles of non-current-mode
converters. For large-signal load changes, in which conver-
ter response is limited by inductor slew rate, the error
amplifier will saturate while the inductor is catching up with
the load. During this time, C; will charge to an abnormal
level. When the inductor current reaches its required level,
the voltage on Ci causes a corresponding error in supply
output voltage. The recovery time is R.Ci, which may be
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milliseconds. However, the compensation network of Fig-
ure 3b can be used where current-mode control has elimi-
nated the inductor pole. Large-signal dynamic response is
then greatly improved due to the absence of Ci.

Viet ~——
b.

FIGURE 3. REQUIRED ERROR AMPLIFIER COMPENSATION FOR
CONTINUOUS INDUCTOR CURRENT DESIGNS USING
(a) DUTY CYCLE CONTROL AND
(b.) CURRENT-MODE CONTROL.

Current limiting is simplified with current-mode control.
Pulse-by-pulse limiting is, of course, inherent in the control
scheme. Furthermore, an upper limit on the peak current
can be established by simply clamping the error voltage.
Accurate current limiting allows optimization of magnetic
and power semiconductor elements while ensuring relia-
ble supply operation.

U-100

Finally, current-mode controlled power stages can be oper-
ated in parallel with equal current sharing. This opens the
possibility of a modular approach to power supply design.

FUNCTIONAL DESCRIPTION

A block diagram of the UC3842 appears in Figure 4. This IC
will operate from a low impedance DC source of 10V to
30V. Operation between 10V and 16V requires a start-up
bootstrap to a voltage greater than 16V in order to over-
come the under-voltage lockout. Ve is internally clamped
to 34V for operation from higher voltage current-limited
sources (lec < 30mA).

Under-Voltage Lockout (UVLO)

This circuit insures that Vec is adequate to make the
UC3842 fully operational before enabling the output stage.
Figure 5a shows that the UVLO turn-on and turn-offthresh-
olds are fixed internally at 16V and 10V respectively.* The
6V hysteresis prevents Ve oscillations during power
sequencing. Figure 5b shows supply current requirements.
Start-up current is less than 1mA for efficient bootstrapping
from the rectified input of an off-line converter, as illustrated
by Figure 6. During normal circuit operation, Vec is deve-
loped from auxiliary winding Waux with D1 and Cin. At
start-up, however, Ciy must be charged to 16V through Rin.
With a start-up current of 1mA, Rin can be as large as
100kq and still charge Cin when Vac = 90V RMS (low line).
Power dissipation in Rin would then be less than 350mwW
even under high line (Vac = 130V RMS) conditions.

During UVLO, the UC3842 output driver is biased to a high
impedance state. However, leakage currents (up to 10uA),
if not shunted to ground, could pull high the gate of a
MOSFET. A 100kq shunt, as shown in Figure 6, will hold the
gate voltage below 1V.

w [
&3 UvLO X
=1 sv
Sy a
6V VRer
GROUND 16V 50V
asov 1 INTERNAL 50mA
AN I BIAS |
— AL
RyCr [4] Lo |
ERROR
AMP
VFBIE——:[>—
CURRENT
COMPD——_ SENSE
COMPARATOR
3
CURRENT
SENSE FIGURE 4. UC3842 BLOCK DIAGRAM.

UNITRODE CORPORATION « 5 FORBES ROAD
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TWX (710) 326-6509 « TELEX 95-1064

*For operation from a low voltage input, the UC3843 is available. This IC has
UVLO thresholds of 10.8V and 7.9V, and is otherwise identical to UC3842.
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Vee [7 ON/OFF COMMAND
TO REST OF IC lec
Voy =16V <15mA
Vorr =10V
<1mA " v,
v 16V o
a. b.
FIGURE 5. (a.) UNDER-VOLTAGE LOCKOUT AND (b.) SUPPLY CURRENT REQUIREMENTS.
o
Rin
Dy
f— 11
N .
90-130VAC Ve Waux
.
O— uC3842
— ow out
GND
100K
B FIGURE 6. PROVIDING POWER TO THE UC3842.
Oscillator

The UC3842 oscillator is programmed as shown in Figure
7a. Oscillator timing capacitor Cr is charged from Veer (5V)
through Rr, and discharged by an internal current source.
Charge and discharge times are given by:

tc = 0.55 RTCT

o~ ReCr In (.0063 Rr-27 )

0063 Ry - 4.0
Frequency, then, is:

1
te+ta.

For Rr > 5k, 14 is small compared to te, and:

1 18
055 R:Cr RrCr.
UNITRODE CORPORATION + 5 FORBES ROAD

LEXINGTON, MA 02173 » TEL. (617) 861-6540
TWX (710) 326-6509 + TELEX 95-1064

\

During the discharge time, the internal clock signal blanks
the output to the low state. Therefore, tq limits maximum
duty cycle (Dmax) to:

e 4 _ Mo
Duax = —— 1-=2

where: 7= 1/f = switching period.

The timing capacitor discharge current is not tightly con-
trolled, so t4- may vary somewhat over temperature and
from unit to unit. Therefore, when very precise duty cycle
limiting is required, the circuit of Figure 7b is recommended.

One or more UC3842 oscillators can be synchronized
to an external clock as shown in Figure 8. Noise immunity
is enhanced if the free-running oscillator frequency
(f = 1/(tc + ta)) is programmed to be ~20% less than the
the clock frequency.
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FIGURE 7. (a.) OSCILLATOR TIMING CONNECTIONS AND (b.) CIRCUIT FOR LIMITING DUTY CYCLE.

Vee

VRer

uc3sa2

Rr/Cr
EXTERNAL
CLOCK

At

FIGURE 8. SYNCHRONIZATION TO AN EXTERNAL CLOCK.

Error Amplifier

The error amplifier (E/A) configuration is shown in Figure 9.
The non-inverting input is not brought out to a pin, but is
internally biased to 2.5V + 2%. The E/A output is available
at pin 1 for external compensation, allowing the user to
control the converter's closed-loop frequency response.

Figure 10a shows an E/A compensation circuit suitable for
stabilizing any current-mode controlled topology except for
flyback and boost converters operating with continuous
inductor current. The feedback components add a pole to
the loop transfer function at f, = 1/2m RiCy. Ry and C; are
chosen so that this pole cancels the zero of the output filter
capacitor ESR’in the power circuit. Ri and R fix the low-
frequency gain. They are chosen to provide as much gain
as possible while still allowing the pole formed by the output
filter capacitor and load to roll off the loop gain to unity (0dB)
at f = fewitening/ 4. This technique insures converter stability
while providing good dynamic response.
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Continuous-inductor-current boost and flyback converters
each have a right-half-plane zero in their transfer function.
An additional compensation pole is needed to roll off loop
gain at a frequency less than that of the RHP zero. Rp and
Gy in the circuit of Figure 10b provide this pole.

The E/A output will source 0.5mA and sink 2mA. A lower
limit for Ry is given by:

_ BV -25V
0.5mA

VEA out (max - 2.5V

=7kQ.
0.5mA ¢

Reving =

E/Ainput bias current (2uA max) flows through R;, resulting
in a DC error in output voltage (Vo) given by:

AVo max = (2uUA) Ri

It is therefore desirable to keep the value of R; as low as
possible.

Figure 11 shows the open-loop frequency response of the
UC3842 E/A. The gain represents an upper limit on the
gain of the compensated E/A. Phase lag increases rapidly
as frequency exceeds 1MHz due to second-order poles at
~10MHz and above.

Current Sensing and Limiting

The UC3842 current sense input is configured as shownin
Figure 12. Current-to-voltage conversion is done externally
with ground-referenced resistor Rs. Under normal opera-
tion the peak voltage across Rs is controlled by the E/A
according to the following relation:

Ve - 1.4V

v =
Hs(pk) 3

where: ve = control voltage = E/A output voltage.
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FIGURE 10. (a.) ERROR AMPLIFIER COMPENSATION.
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FIGURE 12. CURRENT SENSING.
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Rs can be connected to the power circuit directly or
through a current transformer, as Figure 13 illustrates.
While a direct connection is simpler, a transformer can
reduce power dissipation in Rs, reduce errors caused by
the base current, and provide level shifting to eliminate the
restraint of ground-referenced sensing. The relation
between vc and peak current in the power stage is given by:

. VRg (pk) N
=N 5 = - 14V
e ( Rs ) 3Rs (V° )

where: N = current sense transfomer turns ratio
=1 when transformer not used.

For purposes of small-signal analysis, the control-to-
sensed-current gain is:

g _ N

Ve 3Rs

When sensing current in series with the power transistor, as
shown in Figure 13, the current waveform will often have a
large spike at its leading edge. This is due to rectifier
recovery and/or inter-winding capacitance in the power
transformer. If unattenuated, this transient can prematurely
terminate the output pulse. As shown, a simple RC filter is
usually adequate to sﬁppress this spike. The RC time con-
stant should be approximately equal to the current spike
duration (usually a few hundred nanoseconds).

The inverting input to the UC3842 current-sense compara-
tor is internally clamped to 1V (Figure 12). Current limiting
occurs if the voltage at pin 3 reaches this threshold value,
i.e. the current limit is defined by:

N-1V
Rs

imax =

gl
et

Rs

uc3846

.

FIGURE 13. TRANSFORMER-COUPLED
CURRENT SENSING.
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Totem-Pole Output

The UC3842 has a single totem-pole output. The output
transistors can be operated to 1A peak current and
+200mA average current. The peak current is self-limiting,
SO Nno series current-limiting resistor is needed when driv-
ing a MOSFET gate. Cross-conduction between the output
transistors is minimal, as Figure 14 shows. The average
added power due to cross-conduction with Vin = 30V is
only 80mW at 200kHz.

Vour

ENUEEEEEEN
- I

200ns/div.

FIGURE 14. OUTPUT CROSS-CONDUCTION.

Figures 15-17 show suggested circuits for driving
MOSFETSs and bipolar transistors with the UC3842 output.
The simple circuit of Figure 15 can be used when the
control IC is not electrically isolated from the MOSFET.
Series resistor Ry provides damping for a parasitic tank
circuit formed by the MOSFET input capacitance and any
series wiring inductance. Resistor Rz shunts output leak-
age currents (10uA maximum) to ground when the under-
voltage lockout is active. Figure 16 shows an isolated
MOSFET drive circuit which is appropriate when the drive
signal must be level-shifted or transmitted across an isola-
tion boundary. Bipolar transistors can be driven effectively
with the circuit of Figure 17. Resistors R1 and Rz fix the
on-state base current. Capacitor C4 provides a negative
base current pulse to remove stored charge at turn-off.

Since the UC3842 has only a single output, an interface
circuit is needed in order to control push-pull or full bridge
topologies. The UC3706 Dual Output Driver performs this
function. A circuit example at the end of this paper illus-
trates a typical application for these two ICs. For more
information on the UC3706, consult Reference 3.
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12 to 20V
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FIGURE 15. DIRECT MOSFET DRIVE.
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FIGURE 16. ISOLATED MOSFET DRIVE.

12 to 30V

7
Vee C1

uc3g42

out 6 /\/ '/I
R1 Rz
GND
5

FIGURE 17. BIPOLAR DRIVE WITH NEGATIVE
TURN-OFF BIAS.

PWM Latch

This flip-flop, shown in Figure 4, ensures that only a single
pulse appears at the UC3842 output in any one oscillator
period. Excessive power transistor dissipation and poten-
tial saturation of magnetic elements are thereby averted.
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Shutdown Techniques

Shutdown of the UC3842 can be accomplished by two
methods; either raise pin 3 above 1V or pull pin 1 below 1V.
Either method causes the output of the PWM comparator to
be high (refer to block diagram, Figure 4). The PWM latchis
reset dominant so that the output will remain low until the
first clock pulse following removal of the shutdown signal at
pin 1 or pin 3. As shown in Figure 18, an externally latched
shutdown can be accomplished by adding an SCR which
will be reset by cycling Ve below the lower under-voltage
lockout threshold (10V). At this point all internal bias is
removed, allowing the SCR to reset.

4.7K

uc3s42
SHUTDOWN —»

TO CURRENT
SENSE RESISTOR

compP

SHUTDOWN —»

uc3s42

FIGURE 18. SHUTDOWN ACHIEVED BY
(a.) PULLING PIN 3 HIGH OR
(b.) PULLING PIN 1 LOW.

AVOIDING COMMON PITFALLS
Current-mode controlled converters can exhibit perfor-
mance peculiarities under certain operating conditions.
This section explains these situations and how to correct
them when using the UC3842.

Slope Compensation Prevents Instabilities

It is well documented that current-mode controlled conver-
ters can exhibit subharmonic oscillations when operated at
duty cycles greater than 50% (References 4, 5 and 6).
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Fortunately, a simple technique (usually requiring only a
single resistor to implement) exists which corrects this
problem and at the same time improves converter perfor-
mance in other respects. This “slope compensation” tech-
nique is described in detail in Reference 6. It should be
noted that “duty cycle” here refers to output pulse width
divided by oscillator period, even in push-pull designs
where the transformer period is twice that of the oscillator.
Therefore, push-pull circuits will almost always require
slope compensation to prevent subharmonic oscillation.

Figure 19 illustrates the slope compensation technigue. In
Figure 19a the uncompensated control voltage and current
sense waveforms are shown as a reference. Current is
often sensed in series with the switching transistor for
buck-derived topologies. In this case, the current sense
signal does not track the decaying inductor current when
the transistor is off, so dashed lines indicate this inductor
current. The negative inductor current slope'is fixed by the
values of output voltage (Vo) and inductance (L):

di _ Vo _ Ve-Vo

- = (Ve +Vo)
dt L L L

where: Vg = forward voltage drop across the freewheeling
diode. The actual slope (m2) of the dashed lines in Figure
19a is given by:

Mo = Rs . dL _ —Rs!VF‘FVo!
2 N dt NL

where: Rs and N are defined as in the “Current Sensing”
section of this paper.

In Figure 19b, a sawtooth voltage with slope m has been
added to the control signal. The sawtooth is synchronized
with the PWM clock, and in practice is most easily derived
from the control chip oscillator as shown in Figure 20a. The
sawtooth slope in Figure 19b is m = mz/2. This particular
slope value is significant in that it yields “perfect” current-
mode control; i.e. with m2/2 the average inductor current
follows the control signal so that, in the small-signal analy-
sis, the inductor acts as a controlled current source. All
current-mode controlled converters having continuous
inductor current therefore benefit from this amount of slope
compensation, whether or not they operate above 50%
duty.

More slope is needed to prevent subharmonic oscillations
at high duty cycles. With slope m = mg, such oscillations will
not occur if the error amplifier gain (Av ea) at half the
switching frequency (fs/2) is kept below a threshold value
(Reference 6):

m2Co
Aviena —_—
m = mz ar
f=1s/2
where: Co = sum of filter and load capacitances.
T7=1 /fs.
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FIGURE 19. SLOPE COMPENSATION WAVEFORMS:
(a.) NO COMP.
(b.) COMP. ADDED TO CONTROL VOLTAGE.
(c.) COMP. ADDED TO CURRENT SENSE.

Slope compensation can also improve the noise immunity
of a current-mode controlled supply. When the inductor
ripple current is small compared to the average current (as
in Figure 19a), a small amount of noise on the current
sense or control signals can cause a large pulse-width
jitter. The magnitude of this jitter varies inversely with the
difference in slope of the two signals. By adding slope as in
Figure 19b, the jitter is reduced. In noisy environments it is
sometimes necessary to add slope m > mz in order to
correct this problem. However, as m increases beyond
m = mz/2, the circuit becomes less perfectly current con-
trolled. A complex trade-off is then required; for very noisy
circuits the optimum amount of slope compensation is best
found empirically.
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Once the required slope is determined, the value of Rsiore
in Figure 20a can be calculated:

3m = _AVeawe - Aview = 0.7v ( RsLore ) _ 14 ( Rsiope )

Atpamp 7/2 Zds, ) T Zds,

3m
Rstore = # (Zdr)=21m -7 - Zds,

where: Zd,is the E/A feedback impedance at the switch-
ing frequency.

Form=my Afrawe

Revore = 177 (.BjVN_LLL Zd,

VRer

Ry/Cr

RsLope

- 2| ]
Vour Zin - Ve

E/A

250V

uc3sa2

U-100
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4 Ry/Cr

FROM E/A

— ¢
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iL/N

R uc3sa2
P v
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FIGURE 20. SLOPE COMPENSATION ADDED (a.) TO CONTROL SIGNAL OR (b.) TO CURRENT-SENSE WAVEFORM.
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Note that in order for the error ampilifier to accurately repli-
cate the ramp, Zr must be constant over the frequency
range fs to at least 3fs.

In order to eliminate this last constraint, an alternative
method of slope compensation is shown in Figures 19c
and 20b. Here the artificial slope is added to the current
sense waveform rather than subtracted from the control
signal. The magnitude of the added slope still relates to the
downslope of inductor current as described above. The
requirement for RsLope is now:

m= —AVrawe ( Re _ 07 ( R )
Atpamp Rt + RsLore 7/2 \ Ri+ Rstore
_ 1.4R¢ A= 14 B
RsLore = “mr Re = Re ( - 1) ‘
For m = maz:
1.4NL
Rstore = Rt (m —1)‘

Rstore loads the UC3842 Rr/Cr terminal so as to cause a
decrease in oscillator frequency. If Rstope >> Rr then the
frequency can be corrected by decreasing Rr slightly.
However, with Rs.ore < 5Rr the linearity of the ramp
degrades noticeably, causing over-compensation of the
supply at low duty cycles. This can be avoided by driving

RsLoee With an emitter-follower as shown in Figure 21.

Veer

Ry

4
2N2222 R1/Cr

i&

20r3

RsLope

uc3s42

FIGURE 21. EMITTER-FOLLOWER MINIMIZES
LOAD AT Ry/Ct TERMINAL.
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Noise

As mentioned earlier, noise on the current sense or control
signals can cause significant pulse-width jitter, particularly
with continuous-inductor-current designs. While slope
compensation helps alleviate this problem, a better solution
is to minimize the amount of noise. In general, noise immu-
nity improves as impedances decrease at critical points in
a circuit.

One such point for a switching supply is the ground line.
Small wiring inductances between various ground points
on a PC board can support common-mode noise with
sufficient amplitude to interfere with correct operation of the
modulating IC. A copper ground plane and separate return
lines for high-current paths greatly reduce common-mode
noise. Note that the UC3842 has a single ground pin. High
sink currents in the output therefore cannot be returned
separately. If this causes erratic operation, then use the
output to drive the high impedance input of a UC3706.

Ceramic bypass capacitors (.1uF) from Vec and Veer to
ground will provide low-impedance paths for high fre-
quency transients at those points. The input to the error
amplifier, however, is a high-impedance point which cannot
be bypassed without affecting the dynamic response of the
power supply. Therefore, care should be taken to lay out
the board in such a way that the feedback path is far
removed from noise generating components such as the
power transistor(s).

Figure 22a illustrates another common noise-induced
problem. When the power transistor turns off, a noise spike
is coupled to the oscillator Rr/Cr terminal. At high duty
cycles the voltage at Rr/Cr is approaching its threshold
level (~2.7V, established by the internal oscillator circuit)
when this spike occurs. A spike of sufficient amplitude will
prematurely trip the oscillator as shown by the dashed
lines. In order to minimize the noise spike, choose Cr as
large as possible, remembering that deadtime increases
with Cr. It is recommended that Cr never be less than
~1000pF. Often the noise which causes this problem is
caused by the output (pin 6) being pulled below ground at
turn-off by external parasitics. This is particularly true when
driving MOSFETS. A diode clamp from ground to pin 6 will
prevent such output noise from feeding to the oscillator. If
these measures fail to correct the problem, the oscillator
frequency can always be stabilized with an external clock.
Using the circuit of Figure 8 results in an Ry/Cr waveform
like that of Figure 22b. Here the oscillator is much more
immune to noise because the ramp voltage never closely
approaches the internal threshold.
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a.

NOISE INDUCED
OSCILLATOR PRE-FIRING

U-100

< INTERNAL > A
THRESHOLD

< VPIN 4 ——»

FIGURE 22. (a.) NOISE ON PIN 4 CAN CAUSE OSCILLATOR TO PRE-TRIGGER.
(b.) WITH EXTERNAL SYNC., NOISE DOES NOT APPROACH THRESHOLD LEVEL.

Maximum Operating Frequency

Since output deadtime varies directly with Cr, the restraint
on minimum Cr (1000pF) mentioned above results in a
minimum deadtime capability for the UC3842. This min-
imum deadtime varies with Rr and therefore with fre-
quency, as shown in Figure 23. Above 100kHz, the
deadtime significantly reduces the maximum duty cycle
obtainable at the UC3842 output (also shown in Figure 23).
Circuits not requiring large duty cycles, such asthe forward
converter and flyback topologies, could operate as high as
500kHz. Operation at higher frequencies is not recom-
mended because the deadtime becomes less predictable.

The speed of the UC3842 current sense section poses an
additional constraint on maximum operating frequency. A

650 100
Cr = 1000pF
600 — 95
\ _ouvemnn

550 < %
% MAX ta "‘<
& __’/%\DU \
3 500 = e < 85
w DUTY @ MAX i3 \\”P:\\
5 450 ——— | %
3 TYPta | — /\
[=}

400 — | \L )

350 7

/
| it ]
300 65

200 300

FREQUENCY (kHz)

FIGURE 23. DEADTIME AND OBTAINABLE DUTY CYCLE VS. FREQUENCY

WITH MINIMUM RECOMMENDED Cr.
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maximum current sense delay of 400ns represents 10% of
the switching period at 250kHz and 20% at 500kHz. Mag-
netic components must not saturate as the current con-
tinues to rise during this delay period, and power
semiconductors must be chosen to handle the resulting
peak currents. Inshort, above ~250kHz, many of the advan-
tages of higher-frequency operation are lost.

Half-Bridge Topology

Figure 24 shows a typical half-bridge converter operable
from either 110VAC or 220VAC. While okay at 110V with a
fixed capacitor center-tap voltage, when operated from
220VAC, the input rectifiers act as a full-wave bridge and
charge C+ and Cz in series. In this configuration, the circuit
will always be unstable if current-mode controlled. While
the input capacitors charge at the same rate, they will
discharge at different rates because the modulator will
imbalance the pulse widths in order to provide symmetry
correction for the transformer. This is a runaway condition
which will quickly cause all of the input voltage to appear
across one capacitor only. While a resistive voltage divider
connected in parallel with C1 and C2 would correct the
problem, power dissipation in the resistors would be prohib-
itively large. A capacitor in series with the transformer
primary provides no correction for this particular problem.

CIRCUIT EXAMPLES
1. Off-Line Flyback

Figure 25 shows a 25W multiple-output off-line flyback
regulator controlled with the UC3842. This regulator is low
in cost because it uses .only two magnetic elements,
a primary-side voltage sensing technique, and an inex-
pensive control circuit. Specifications are listed below.
For a more detailed description of this circuit, consult
Reference 7.
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FIGURE 24. HALF-BRIDGE CIRCUIT IS NOT STABLE WHEN Cy AND C2 CHARGE IN SERIES AND TRANSISTORS ARE CURRENT-MODE CONTROLLED.
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FIGURE 25. 25W OFF-LINE FLYBACK REGULATOR.
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1. Off-Line Flyback (continued) REFERENCES
1. B. Holland, “A New Integrated Circuit for Current-
SPECIFICATIONS: Mode Control”, Proceedings of Powercon 10, Paper
Input Voltage: 95VAC to 130VAC C-2,1983.
(50Hz/60Hz) 2. L. Dixon, “Closing the Feedback Loop”, Unitrode
Output Voltage: A. +5V, 5%: 1A to 4A load Power Supply Design Seminar (Unitrode publication
Ripple voltage: 50mV P-P Max SEM-300), Topic 2.
B. +12V, 3%: 0.1A to 0.3A load 3. R. Patel, R. Mammano, “A New IC Optimizes High
Ripple voltage: 100mV P-P Max Speed Power MOSFET Drive for Switching Power
C. -12V. 3% 01A to 0.3A load Supplies”, Proceedings of Powercon 11, Paper C-1,
Ripple voltage: 100mV P-P Max 1984.
. . 4. Shi-Ping Hsu, A. Brown, L Rensink, R. Middlebrook,
oo lsolaton - 3750 Volis “Modeling and Analysis of Switching DC-10-DC Con-
witching Frequency: 40Ktz verters in Constant Frequency Current-Pro d
Efficiency @ full load: 70% 5 1 rrequency gramme
Mode”, PESC '79 Record (IEEE Publication
79CH1461-3 AES), pp. 284-301.
2. DC-To-DC Push-Pull Converter o
. . s 5. R.Redl |. Novak, “Instabilities in Current-Mode Con-
Figure 26 is a 500W push-pull DC-to-DC converter utilizing trolled Switching Voltage Regulators”, PESC '81
the UC3842, UC3706 and UC3901 ICs. It operates from a Record (IEEE Publication 81CH1652-7 AES), pp.17-
standard telecommunications bus to produce 5V at up to 28,
100A. Operation of this circuit is detailed in Reference 8. . .
6. B. Holland, “Modeling, Analysis and Compensation
SPECIFICATIONS: of the Current-Mode Converter”, Proceedings of
|npUt Voltage: _48V + 8V Powercon 11, Paper |'2, 1984.
Output Voltage: +5V 7. D.Reilly, “A 25 Watt Off-Line Flyback Switching Reg-
Output Current: 25A to 100A ulator”, Unitrode Application Note U-96.
e oy e 8. G. Fiitz,* A 500 Watt, 200kHz Push-Pull DC-t0-DC
Load Regulation: 1% Converter”, Unitrode Application Note U-101.
Efficiency @ Vin = 48V
lo = 25A: 75%
lo = 5QAS 80% ACKNOWLEDGMENT
Output Ripple Voltage: 200mv P-P Lloyd Dixon was instrumental in clarifying the

half-bridge problem.
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U-101

200KHz CURRENT-MODE
CONVERTER PROVIDES 500W

This Application Note describes a push-pull converter
which develops up to 100A at 5V from a standard 48V input.
It provides equations used to specify all critical compo-
nents, so that a designer can adapt the circuit to meet a
different set of requirements. Specifications, performance
data, and waveform photographs are included. The sche-
matic appears in Figure 1.

SPECIFICATIONS
InputVoltage .......ccvviviniiinnnnnn. —48V + 8V
OutputVoltage « v oo vevvviiinniiiniinninennn. +5V
Output Current ..oovvvvivviiineenennn. 25A to 100A
Short-Circuit Current .........oovviiiiinn.. 120A
Oscillator Frequency «.....vvevvinennineanns 200KHz
Line Regulation .........coevvviivvinnennnn. 0.12%
Load Regulation...............oooviiinint, 0.25%
EffiCIeNCY vuvveeiiiiiiiiiiii e 75%
Output Ripple Voltage .....oovvvvineivinennns 300mV
Large-Signal Output Slew Rate .............. 30A/ms
PERFORMANCE DATA
Cor.lm-;zt)ns Performance
lo Vin Vo I | Efficiency Ripple
wiMl M A (%) (mV p-p)
25 |40 | 5002 | 39 80 50
25 |56 | 4996 | 30 75 75
50 |40 | 5000 | 7.8 80 100
50 |56 | 4995 | 58 77 150
75 | 40 | 5000 (118 79 200
75 |56 | 4996 | 86 78 220
100 | 40 | 4990 |16.7 75 250
100 | 56 | 4990 (118 76 300

UNITRODE CORPORATION * 5 FORBES ROAD
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OVERVIEW™ 23 4

This design utilizes a center-tap push-pull topology operat-
ing with continuous inductor current and current-mode
control. This push-pull configuration optimizes transformer
utilization while allowing common-source operation of the
power MOSFETS.

Current-mode control was chosen for this application for
several reasons. Power fransformer flux balancing is
achieved without the cost of added sensing circuits. The
filter inductor behaves like a current source, which allows a
closed-loop frequency response of greater bandwidth than
would otherwise be possible for stable operation. More
importantly, the error amplifier compensation becomes
simpler and better behaved under conditions of large-
signal load changes.®'Finally, current-mode control pro-
vides instantaneous (single-cycle) correction for input
voltage variations.

The UC2842 pulse width modulator provides all these
advantages at an extremely low cost. Since this IC has only
a single output, a UC2706 Dual Output Driver is used to
perform a single-ended to push-pull conversion. The
UC2706 provides the added advantages of rapid (180ns)
current limiting and high peak current MOSFET drive
needed to operate at high frequencies. Since input-to-
output isolation is required, a UC2901 Isolated Feedback
Generator is employed to return a feedback signal fromthe
output to the primary-side PWM controller.

Block diagrams of these three ICs appear in Figures 2-4.
Waveforms at critical circuit points are shown in Figures
5-8.
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FIGURE 1. 500W PUSH-PULL DC-TO-DC CONVERTER.
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FIGURE 3. UC2706 BLOCK DIAGRAM.
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APPLICATION NOTE U-101

FIGURE 5. TOP: MOSFET Vps @ 50V/div. FIGURE 6. A: MOSFET Vps @ 20V/div.
BOTTOM: MOSFET Ip @ 5A/div. B: MOSFET Ip @ 5A/div.
2us/div. 500ns/div.

FIGURE 7. LARGE-SIGNAL OUTPUT SLEW RATE. FIGURE 8. A: MOSFET Ip @ 2A/div.
TOP: OUTPUT VOLTAGE @ 1V/div. B: CURRENT SENSE (UC2842 — PIN 3) @ 100mV/div.
BOTTOM: OUTPUT CURRENT @ 5A/div. 500ns/div.
200us/div.
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DESIGN EQUATIONS

Power Transformer®

Several design iterations resulted in the choice of a Ferrox-
cube EC52-3C8 ferrite core for the power transformer. This
is the smallest EC core with a wire window area Ay, large
enough for the required high-current windings.

For this buck-derived converter, duty cycle D is given by:

D= (Vo + VEIN

Vin — Vosion

where: Vo, VF, Vin and Vosion are defined as in Figure 9.

N = primary-to-secondary turns ratio (Np/Ns).

This equation is used for selecting N to give an optimum
range of D as Vi varies from 40V 'to 56V. D should be as
large as possible in order to minimize peak currents, but not
so large that circuit delays and losses limit D when
Vin = 40V.

For this design, N = 5 was chosen so that:

~ (BV+6V)5 _
Dmax 20V - 1V 72

~ BV+BV)5 _
Dmin 56V = 1V 51

Nl

U-101

Next, the minimum number of primary turns required to
prevent core saturation is determined from the following
equation;®

Vinen tonmax | 4 e
Ne > — ABA, A 10

where: AB = maximum flux swing (Gauss).
A = effective magnetic area (cm?).

A safe peak operating flux density for 3C8 ferrite is ~ 2500
Gauss (saturation occurs at ~ 3000 Gauss). Therefore,
B = 2 x 2500 = 5000 Gauss for push-pull operation.

40V - 5us

B 4=
5000G 183 om0 - 2%

Np >

This design uses Np =5, Ns = 1.

Wire size requirements are determined by the worst-case
RMS current in each winding. Refer to Figure 9.

+ Vg - L

JYYY\TO Vo
' Is Co
Ns .
. O -Vo

+Vin O

1.

I +
v Vos Vbs

I

=Vin O

FIGURE 9. BASIC PUSH-PULL POWER CIRCUIT AND FILTER.
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Primary:
T Y2 Pinavax - Pomax
Vinmine — Vosion 2n(Vinemiv — Vosion)
500W
= OW __ _g5a
275)a0v 1) o0
| 8.5A
PR = P(:VG)(MAX) - — = 24A
Yo Dmax %(.72)
lramsimax) = lpeomax 4 / %2Dmax = 24A A/ %(72)
=14A
Secondary:

Isrmsimax) = \/| omax (%5 Dmax) + (IO(;AX)) (1 — Dmax)

2
\/1 00A) (2)(72) + (1 020 A) (1-72)

66A

For a core with an “area product” AP=(AcAw), an
RMS current density of:

J =450 (AP)™'% A/cm?

gives a core temperature rise of ~ 30°C above ambient for
natural convection cooling.® For an EC-52, AP = 5.7cm®,
and:

J =450 (5.7) ™' A/cm? = 362 A/cm?.

The required wire cross-sectional areas Ax are:

Primary:
Axp = JA— =039 cm? used 4 parallel AWG18
XP =
362A/cm for Axe = .033 cm?.
Secondary:
- __66A _ _ 2
Axs = 362A/om? 18 cm® used 3 parallel

copper straps, each
20 x 400 mil, glvmg
Axs =16 Cm

UNITRODE CORPORATION « 5 FORBES ROAD
LEXINGTON, MA 02173 « TEL. (617) 861-6540
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OUTPUT FILTER

The filter capacitor (Co) and inductor (L) are chosen to
minimize output ripple voltage (va) while allowing fast
response to a changing load. This design uses a polypropy-
lene capacitor with extremely low ESR (7mQ), allowing
relatively high ripple currents, a small L, and therefore good
large-signal dynamic response.

Maximum ripple current inmaxs OCCurs at minimum duty
cycle and relates to vamax as follows:

200mV

VR(MAX)

IRMAX) = TDwn = 5us(51) =2.8A.
—_— +7mQ
2Co 2(20uF)
The inductance requirement:
L = (VIN(MAX) V- Vo> TDMIN
N iRMAX)
56V 5US(51) g1
( sy 0%V 5V) YT

An Arnold A325360-2 ferrite toroid was chosen. It has an
inductance index A. of 360mH/1000 turns; the required

number of turns T is:

10° - Lmi(mH)

10° (.0051)
> = 38.
L

360

rz,/

Four turns gives L = 58uH. Wire size is given by:
Ju = 450(864)'% A/cm? = 344 A/cmP.

100A

—_— 12 Il IAW 14
324 AJorE 29 cm? used 12 para