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Magnetic amplifier technology dates back considerably-
further than transistors but its wide-spread use has been
slow in developing. While many factors may have been
responsible for this, at least one — the high cost of
tape-wound magnetic cores — has been alleviated with
significant recent price reductions and the introduction
of less expensive materials. And now, another one — the
problems in designing effective control loops utilizing
mag amps as voltage regulators — has fallen with the
introduction of an IC dedicated to mag amp control —
the UCI1838.

While there are many types of power supply applications
where mag amps may effectively be used, one of the most
popular current uses is as a secondary regulator in multiple
output power supplies configured as shown in Figure 1. The
problem with multiple outputs stems from the fact that the
open-loop output impedance of each winding, rectifier, and
filter is not zero. Thus, if one assumes that the overall feed-
back loop holds the output of Vi, constant, then increasing
the loading on V,, will cause the other outputs to rise as
the primary circuit compensates; similarly; increasing the
loading on any of the other outputs will cause that output
to droop as the feedback is not sensing those outputs. While
these problems are minimized by closing the feedback loop
on the highest power output, they aren’t eliminated and
auxiliary, or secondary regulators are the usual solution. A
side benefit of secondary regulators, particularly as higher
frequencies reduce the transformer turns, is to compensate
for the fact that practical turns ratio may not match the
ratio of output voltages. Clearly, adding any form of regu-
lator in series with an output adds additional complexity
and power loss. Mag amps are a hands down winner in
both areas.
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Figure 1. A typical multiple output power supply
architecture with overall control from one output.
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Although called a magnetic amplifier, this application really
uses an inductive element as a controlled switch. A mag amp
is a coil of wire wound on a core with a relatively square
B-H characteristic. This gives the coil two operating modes:
when unsaturated, the core causes the coil to act as a high
inductance capable of supporting a large voltage with little
or no current flow. When the core saturates, the impedance
of the coil drops to near zero, allowing current to flow with
negligible voltage drop. Thus a mag amp comes the closest
yet to a true ‘‘ideal switch’’ with significant benefits to
switching regulators.

Before discussing the details of mag amp design, there are
a few overview statements to be made. First, this type of
regulator is a pulse-width modulated down-switcher imple-
mented with a magnetic switch rather than a transistor. It’s
a member of the buck regulator family and requires an
output LC filter to convert its PWM output to DC. Instead
of DC for an input, however, a2 mag amp works right off the
rectangular waveform from the secondary winding of the
power transformer. Its action is to delay the leading edge of
this power pulse until the remainder of the pulse width is
just that required to maintain the correct output voltage
level. Like all buck regulators, it can only subtract from the
incoming waveform, or, in other words, it can only lower
the output voltage from what it would be with the regulator
bypassed. As a leading-edge modulator, a mag amp is
particularly beneficial in current mode regulated power
supplied as it insures that no matter how the individual
output loading varies, the maximum peak current, as seen
in the primary, always occurs as the pulse is terminated.

MAG AMP OPERATION

Figure 2 shows a simplified schematic of a mag amp
regulator and the corresponding waveforms. For this
example, we will assume that Ns is a secondary winding :
driven from a square wave such that it provides a +10 voit
waveform at v,. At time t = 0, v, switches negative. Since
the mag amp, L1, had been saturated, it had been delivering
+10V to v; prior tot = 0 (ignoring diode drops). If we
assume ve = -6V, as defined by the control circuitry, when
v,-goes to -10V, the mag amp now has four volts across it
and reset current from v. flows through D1 and the mag
amp for the 10 S that v, is negative. This net four volts for
10 uS drives the mag amp core out of saturation and resets it
by an amount equal to 40V-uS.
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Figure 2. A simplified mag amp regulator and
characteristic waveforms.

When t = 10 4S and v, switches back to +10V, the mag
amp now acts as an inductor and prevents current from
flowing, holding v, at OV. This condition remains until the -
voltage across the core — now 10 volts — drives the core
back into saturation. The important fact is that this takes
the same 40 volt-uS that was put into the core during reset.

When the core saturates, its impedance drops to zero and v,
is applied to v, delivering an output pulse but with the lead-
ing edge delayed by 4 uS.

Figure 3 shows the operation of the mag amp core as it
switches from saturation (point 1) to reset (point 2) and
back to saturation. The equations are given in cgs units as:

N = mag amp coil turns
Ae = core cross-section area, cm?

fe = core magnetic path length, cm
B = flux density, gauss
H = magnetizing force, oersteads

The significance of a mag amp is that reset is determined by

the core and number of turns and not by the load current.
Thus a few milliamps can control many amps and the total
power losses as a regulator are equal to the sum of the con-

trol energy, the core losses, and the winding IR loss — each

term very-close to zero relative to the eutput power.
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Figure 3. Operating on the B-H curve of the magnetic core.

Figure 4 shows how a mag amp interrelates in a two-output
forward converter illustrating the contribution of each
output to primary current. Also shown is the use of the
UCI1838 as the mag amp control element.

U-109

Figure 4. Control waveforms for a typical two-output,
secondary regulated, forward converter:

THE UCI1838 MAG AMP CONTROLLER

While bringing no major breakthroughs in either integrated

circuit or power supply technology, the UC1838 provides

a low-cost, easy-to-use, single-chip solution to mag amp

control. The block diagrams of this device, as shown in

Figure 5, includes three basic functions:

1. An independent, precise, 2.5V reference

2. Two identical, high-gain operational amplifiers

3. A high-voltage PNP reset current driver. |

Figure 5. The block diagram of the UC1838 mag-amp
control integrated circuit.

The reference is a common band-gap design, internally trim-

med to 1%, and capable of operating with a supply voltage

of 4.5 to 40 volts. The two op amps are identical with a

structure as shown simplified in Figure 6. These amplifiers

have PNP inputs for a common mode input range down to |
slightly below ground and have class A outputs with a 1.5
MA current sink pull down. The open loop voltage gain
response, as shown in Figure 7, has a nominal 120 dB of
gain at DC with a single pole roll-off to unity at 800 KHz.
These amplifiers are unity-gain stable and have a slew rate
of 0.3 V/uS.

9-113



APPLICATION NOTE

¢ ®
4pA 150
“‘,‘A‘

0

Figure 6. Simplified schematic of each of the operational
amplifiers contained within the UC1838.
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Figure 7.- Open-loop gain and phase response for the
UC1838 op amps.

Two op amps are included to provide several design options.
For example, if one is used to close the voltage feedback
loop, the other could be dedicated to some protective
function such as current limiting or over-voltage shutdown.
Alternatively, if greater loop gain is required, the two
amplifiers could be cascaded.

The PNP output driver can deliver up to 100 MA of reset
current with a collector voltage swing of as much as 80 volts
negative (within the limits of package power dissipation).
Remembering that the mag amp will block more volt-
seconds with greater reset, pulling the input of the driver
low will attempt to reduce the output voltage of the regu-
lator. Thus, there are two inputs, diode ‘‘OR’’ ed to turn

on the driver, turning off the supply output.

With internal emitter degeneration, this reset driver operates
as a transconductance amplifier providing a reset current as
a function of input voltage as shown in Figure 8. The fre-
quency response of this circuit is plotted in Figure 9 showing
flat performance out to one megahertz.
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Reset Driver DC Transfer Function
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Figure 8. Transconductance characteristics of the UC1838
reset current generator.
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Figure 9. Reset driver frequency response.

Current limiting to protect the output driver is achieved by
means of the 3.5 V Zener clamp (which is temperature com-
pensated to match two VBE’s) in conjunction with the 20
emitter resistor. It should be noted that thermal shutdown is
purposely not included since protecting the driver by turning
it off would mean losing control of the power supply output.
Pin 11 — the emitter of the driver — can be connected to
any convenient voltage source from 5VDC to the level used
to supply the op amps. Note that the op amp supply must
be at least 2 volts higher than the DC level on the inputs, a
point to remember when selecting a location for current
sensing. One possible configuration for a complete
secondary regulator with shutdown control is shown in
Figure 10.
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Figure 10. Using the UC1838 to provide both voltage control and over-current shutdown in a typical 12V, 4A regulator.

MAG AMP DESIGN PRINCIPLES In addition to selecting the core material, there are
additional requirements to define, such as:

One of the first tasks in a mag amp design is the selection 1. Regulator output voltage
of a core material. Technology enhancements in the field of 2. Maximum output current
magnetic materials have given the designer many choices 3. Input voltage waveform including limits for both voltage
while at the same time, have reduced the costs of what might amplitude and pulse width
have been ruled out as too expensive in the past. A compari- 4, The maximum volt-seconds — called the “‘withstand
son of several possible materials is given in Figure 11. Some area;” A — which the mag amp will be expected to
considerations affecting the choices could be: support
L. A lower Bmax requires more turns — less important at With these basic facts, a designer can proceed as follows:

higher frequencies since fewer turns are required. 1. Select wire size based on output current. 400 amp/cm? is

2. Higher squareness ratios make better switches a common design rule.
3. ngl_ler Im fequires more power from the control circuit 2. Determine core size based upon the area product:
4. Ferrites are still the least expensive ‘ .
5. Less is required of the mag amp if it only has to regulate AwAe = AX X A X 10° yhere : ‘
and not shut down the output completely k AB x K
; - Aw = Window area, cm?
MATERIALS Ac = Effective core area, cm?
Ax = Wire area, (one conductor) cm?
Example: Similar Toroids, 1” 0.D., 0.75"' 1.D., 0.25" High, 25KHz, 20V. A = Required withstand area, V-SCC
Bmax - CoreLoss Squareness Tums. b4 AB = Flux excursion, gauss
TradoName ~  Composion (kG) @Bmax _ Ratio  Reqd (), K = Fill factors = 0.1 to 0.3
Sq. Permalloy B0 79% Ni, 7 12w 09 19 004 3. Calculate number of turns from
17%Fe A x 10*
Supermalioy 78% Ni 7 ow 055 19 003 N =
| N K . R
17% Fo, . AB X Ae
5% Mo 4. Estimate control current from
Orthonol 50% Ni “7ow 097 10 039 Ic = __Hle where
soFe 047N
Sg. Metglass Fe,B 16 7.6W 0.5 9 0.06 ]c = core path length, cm
Power Ferrites Mn, Zn a7 18w 0.4 LA A H is taken from manufacturer’s curves. Note that it
Sq. Ferrite Mn 38 28w 09 13 04 increases with frequency.
(Fair-Rite #83) 5. Check the temperature rise by calculating the sum of the
core loss and winding loss and using
) L . AT = __ Pwatts ®8 o gq40c
Figure 11. A comparison of several types of core materials A (surface) cm?
available for mag amp usage. 6. Once the mag amp is defined, it can'be used in the power

supply to verify Ic and to determine the modulator gain
so that the control requirements may be determined.
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COMPENSATING THE MAG AMP CONTROL LOOP

The mag amp output regulator is a buck-derived topology,
and behaves exactly the same way with a simple exception.
Its transfer function contains a delay function which results

in additional phase delay which is proportional to frequency.

Figure 12 shows the entire regulator circuit, with the modu-
lator, filter, and amplifier blocks identified. The amplifier,
with its lead-lag network, is composed of the op-amp

plus R1, R2, R3, Cl, C2, and C3. The modulator, for the
purpose of this discussion, includes the mag amp, the.

two rectifier diodes, plus the reset driver circuit which

is composed of D1, Ql, and R7. . : .
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Figure 12. Schematic diagram of a typical regulator
control loop.

The basic filter components are the output inductor (L)
and filter capacitor (C4) and their parasitic resistances R4
and RS. For this discussion, a 20 KHz, 10 Volt, 10 Amp
regulator is used. The output inductor has been chosen to
be 100 xH, the capacitor is 1000 xF and each has .01 ohms
of parasitic resistance. The load resistor (R6) of 1 ohm is
included since it determines the damping of the filter.

The purpose of proper design of the control loop is to -
provide good regulation of the output voltage, not only
from a dc standpoint, but in the transient case as well. This
requires that the loop have adequate gain over as wide a,
bandwidth as practical, within reasonable economic
constraints. These are the same objectives Wwe find in all -
regulator designs, and the approach is also the same.

A straightforward method is to begin with the magnitude
and phase response of the filter and modulator, usually

by examining its Bode plot. Then we can choose a desired
crossover frequency (the frequency at which the magnitude
of the transfer function will cross unity gain), and design the
amplifier network to provide adequate phase margin for
stable operation.

Figure 13 shows a straight-line approximation of the filter
response, ignoring parasitics. Note that the corner frequency
is 1/(2 * v/ LC), or 316 Hz,.and that the magnitude of the
response “‘rolls off*’ at the slope of -40 dB per decade
above the corner frequency. Note also that the phase lag-.
asymptomatically approaches 180 degrees above the corner
frequency. . . -

§

GAIN

PHASE IN DEGREES

MAGNITUDE IN d8

60 N ) s L
1 10 100 1000 10K 100K ™

FREQUENCY, Hz
Figure 13. Output filter response.

To include the effects of the mag amp modulator, we must
consider the additional phase shift inherent in its transfer
function. This phase delay has two. causes:

1. The output is produced after the reset is accomplished.
We apply the reset during the ‘‘backswing’’ of the
secondary voltage, and then the leading edge of the
power pulse is delayed in accordance with the amount
of reset which was applied.

2. The application of reset to the core is a function of the
impedance of the reset circuit. In simple terms, the core
has inductance during reset which, when combined with
the impedance of the reset circuit, exhibits an L-R time
constant. This contributes to a delay in the control
function.

The sum of these two effects can be expressed as:

@m =-2D + &) © , where
ws
@m = Modulator phase shift
D = Duty ratio of the *‘off”’ time .
a = resetting impedance factor: = O for a current

source; = 1 when resetting from a low-impedance
source; and somewhere in between foran. .~ .
imperfect current source.

ws = 2 7 fs, where fs = the switching frequency. .

When the unity-gain crossover frequency is placed at or
above a significant fraction (10%) of the switching fre-
quency, the resultant phase shift should not be neglected.
Figure 14 illustrates this point. With o = 0, we insert no

‘phase delay, and with @ = 1 we insert maximum phase

delay, which results from resetting from a voltage source
(low impedance). The phase delay is minimized in the
UCI838 by using a collector output to reset the mag amp.

0 — FULL WAVE
D= 55
T a=0
\ _— \\\4;%
% vl
2 -so° . NS
z HALF WAVE >( ~
D =875 /\ \
o= 0/ ~
) a=1 N
-180°
0 A 2 3 4

FREQUENCY, <
ws

Figure 14. Mag amp phase shift.

1t is difficult to include this delay function in the transfer

function of the filter and modulator. A simple way to

handle the problem is to calculate the Bode plot of the
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filter/modulator transfer function without the delay
function, and then modify the phase plot according to
the modulator’s phase shift.

Using this technique, the Bode plot for the modulator and
output filter of this example has been calculated assuming
o = 02and D = 0.6 yielding the graph of Figure 15.
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Figure 15. Filter-modulator response including the effects of
mag amp phase delay.

If we now close the loop with an inverting error amplifier,
introducing another 180 degrees of phase shift, and cross
the unity gain axis above the corner frequency, we will have
built an oscillator — unity gain and 360 degrees of phase
shift.

An alternative, of course, is to close the loop in such a way
as to cross the unity-gain axis at some frequency well below
the corner frequency of the filter, before its phase lag has
come into play. This is called ‘“‘dominant pole’” compen-
sation. It will result in a stable system, but the transient
response (the settling time after an abrupt change in the
input or load) will be quite slow.

The amplifier network included in Figure 12 allows us to

do a much better job, by adding a few inexpensive passive
parts. It has the.simplified response shown in Figure 16. The
phase shift is shown without the lag of 180 degrees inherent
in the.inversion. This is a legitimate simplification, provided
that we use an overall lag of 180 degrees (not 360 degrees) as
our criterion for loop oscillation. .
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Figure 16. Compensated amplifier frequency and

phase response.
The important point is that this circuit provides a phase
“‘bump’> —-it can have nearly 90° of phase boost at a
chosen frequency, if we provide enough separation between
the corner frequencies, fl and f2. This benefit is not free,
however. As we ask for more boost (by increasing the sepa-
ration between f1 and f2) we demand more gain-bandwidth
of the amplifier.
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DESIGN EXAMPLE

An 8V, 8A Output Derived from a 12V Output —

20 KHz Push-Pull Converter

This example uses the UC1838 to control a full-wave mag
amp output regulator, with independent shutdown current
limiting. Capsule specifications are as follows:

INPUT. PWM quasi-square wave which, without the
magamp, produces 12 Vdc.

OUTPUT: 8.0 Vdc +1% at load currents from 1 to 8A.
OUTPUT RIPPLE: Less than 50 mV p-p.

TRANSIENT RESPONSE: For load changes of 6 to 8 and
8 to 6A, peak excursion of the output shall be less than +2%
and settle to within 1% of the final value within 500 4S.
OUTPUT PROTECTION: The 8V output shall have
independent current limiting, so as not to shut down the
12V output when the 8V output is overloaded or short-
circuited. It shall recover from the overload automatically
when the overload is removed. . v,
Figure 17 shows the proposed circuit approach. A current -
transformer has been used to sense the overload, simply to-
illustrate this approach. A simple series resistor of perhaps -
.01 or .02 ohms would do as well here, but the current trans-
former is preferred for high-current outputs.

Re L=70H@8A
o012 ——

Figure 17. Control and current limiting for a 8V, 8 amp,
20 KHz push-pull converter.

- DESIGN APPROACH

With the input waveform already set by the converter
design, and the above specifications to define the desired
output, the new output circuit will be approached as
follows: . :

1. Draw the preliminary schematic.

2. Design the mag amp. .

3. Design the feedback loop.

4. Design the current limiter.

5. Build the breadboard and test it.

PRELIMINARY SCHEMATIC

Figure 17 shows the preliminary circuit diagram. Parasitic
resistance of the output filter inductor and capacitor (R4
and R5) are shown, along with the expected feedback com-
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pensation elements (R1, R2, R3, Cl, C2, and C3). These will
be referenced in the mag amp design.

MAG AMP DESIGN

The information necessary to the design is as follows:

1. Input pulse: nominally 32V x 9 S, = 288
volt-microseconds.

2. Duty ratio of the ‘“‘off”’ time: nominally (25 - 9 uS)/
25 uS = .76, since the frequency at the output is 40 KHz.

3. Output current: 8A.

4. Regulation only, or complete shutdown required?
Shutdown,

Comments on the output filter

Design of the output filter is not complicated by the
presence of the mag amp. In this case, it was designed with
output ripple specs, and capacitor ripple ‘current in mind.
Although this design has adequate inductance for contin-
uous conduction of the inductor at minimum load, this is
not mandatory. The mag amp, when designed for shutdown,
is capable of regulating the output in the discontinuous
conduction mode.

Mag amp core selection

1. Wire size: The current waveform in the magamp can be
analyzed as follows: During the power pulse, the current
is approximately 8A (inaccurate only due to the “‘tilt” of
the top of the current pulse); the duty ratio of this pulse
is half the ratio of the output voltage to the pulse height,
or .5 x 8/30 = .12. During the dead time between
pulses, the inductor current is shared by the rectifier
diodes and the ‘‘catch’’ diode. The duty ratio is
1-2 X .12 = .76, and the current during this interval is
8/3A. During the remaining interval the current is zero,
because the entire 8A is flowing in the other mag amp.
The rms value of the current can now be computed:

Irms = V8 X .12 + (8/3)* x .76 = 3.62 A.

At 400 Amp/cm?, a wire area of approx. .0091 cm? is
required. 16 gauge wire has an area of .0131 and is chosen
for the mag amp.

2. Core selection: An appropriate material at this frequency
is square-loop 80% nickel (Square Permalloy 80 or eq.)
with a tape thickness of 1 mil. The saturation flux
density if this material is 7000 gauss. A fill factor of 0.2 is
chosen for the winding. The required area product is:.
AwAe = AX X A X 10* _ 0131 x 288 X 106 X 10' _ 135 e

ABxK( 2 x 7000 x 0.2
which can be divided by 5.07 x 10-¢ cm?/C.M. in order
to refer to core manufacturer’s tables.
An appropriate core is the Magnetics 52002-10, which
(with 1 mil tape thickness) has an area product of .026 X
10° C.M. cm?. The core area of this core is 0.076 cm?’.

3. Determine the number of turns: The mag amp must be
able to withstand the entire area of the input pulse, which
is 288 volt-microseconds.

N = A x 10 — 288 X 10 X 10* _ 27 turns.
2 X Bm x Ac 2 x 7000 x .076

Allowing an extra 20% for variations in Bm, pulse

dimensions, etc., the winding is chosen to be 33 turns.

U-109

FEEDBACK LOOP DESIGN

The key steps in the design of the feedback loop

are as follows:

1. Determine the modulator’s dc transfer function.

2. Plot the transfer function of the modulator and filter,
to determine the gain and phase boost required of the
feedback amplifier.

. Design the feedback amplifier.

. Plot the results in the form of the closed-loop
transfer function.

S»w

Plotting the modulator’s transfer function can be easily
done experimentally with the UC1838 by opening the feed-
back loop at the input to the Reset Driver and driving this
point (pin 15 or 16) directly. For interest, the reset current is
also measured with the help of a 1 ohm resistor placed in
series with the emitter of the reset transistor (pin 11 of the
UC1838). The results are shown in Figure 18, with load
resistors of 1 ohm and 10 ohms.

HLOAD ~ 109

Blogp s Py

el
~
T T T T

RESET DRIVER — PIN 15

REGULATOR Vour
Figure 18. DC gain of the mag amp modulator.

Note that the results are practically the same at both load
values. This is to be expected, since the output inductor is
still in the continuous conduction mode at the minimum
load.

In the region of the desired output (8V and 8A load), the
modulator dc gain is approximately 12.5, or 22 dB. In
addition to the phase shift of the filter, the modulator con-
tributes additional phase lag! Assuming that we will not
attempt to cross unity-gain at a frequency above one-tenth
the switching frequency, we can neglect the phase lag due
to the impedance of the core and the reset circuit. But
we cannot neglect the phase lag resulting from the delay
between the time of resetting the core and the time when
the core delivers its output:
@m = 2D @, where

ws
@wm = Modulator phase shift
D = Duty ratio of the ““off”’ time (.76 in this example)
ws = 2D f,, where fa = the switching frequency (40 KHz)

We can use any one of the common circuit analysis pro-
grams for analyzing the filter-modulator, neglecting the
modulator phase lag when running the program, and then
adding it later. Or, the lag may be included in a more sophis-
ticated analysis program. The resultant response prediction
is shown in Figure 19. :
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Figure 19, Calculated respense plot for the modulator
and filter.

Note the shape of the phase response. 1n the region of

2 KHz the phase lag is decreasing, due to the ESR of the
output capacitor. Above 6 KHz the modulator’s phase lag
becomes important, and the phase lag increases.

Choosing one-tenth the switching frequency for the unity-
gain crossover frequency (4 KHz), we can determine the
desired gain and phase boost of the feedback amplifier. At

4 KHz, the gain of the modulator is -15 dB (a factor of .179)
and the phase shift is ~135 degrees. It is generally recom-
mended that there be at least 60 degrees of phase margin at
the crossover frequency. This will require reduction of the
phase lag to -120 degrees.

In accordance with the design procedure of Venable2 the
required boost is:
Bc M - P - 90, where

= desired phase margm, and P = filter & modulator
phase shift.
In this case, Bc = 60 - (-135) -90 = 105 degrees. This is
comfortably within the theoretical limit of 180 degrees,
inherent in the amplifier configuration shown in Figure 17.
The gain required at the crossover frequency is the reciprocal
of the modulator’s gain, or +15dB = a gain of 5.6.

Continuing with ‘the procedure, we can now compute the
amplifier components:

K = (Tan [ (Bc/4) + 45])* = 865 .

C2 = 1/ nfGRI) = 00071 uF
Cl =C2(K-1) = 0055 uF
R2 = VK/QxfCY) ='21,485 ohms
R3 = RI/K-1) = 1,302 ohms
C3 =1/QxfVKR)) = .01 yF

where f = crossover frequency in Hz, G = amplifier gain at
crossover (expressed as a ratio, not as dB), and K is a factor
which describes the required separation of double poles and
zeroes to accomplish the desired phase boost. These
frequencies are:

fl = f/v'K (double zero), and f2 = v K (double pole),

In this example, f1 = 1361 Hz and f2 = 11.76 KHz. With
this information at hand, it is wise to check the gain-band-
width required of the feedback amplifier to see that the
circuit’s needs can be met with one of the amplifers in the
UCI1838. Knowing that the amplifier rolloff is 20 dB per
decade, we can simply calculate the required gain-bandwidth
at f2 and see that it is well below the gain-bandwidth of

the amplifier.
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The gain at f2 is: o

Gf, = ¥V K G, and hence the required gain-bandwidth is:
GBW = VK G 2 = K G f, where G is the desired gain at
Crossover.

In this example, GBW = 8.65 x 5.6 x 4000 = 194 KHz.

This is comfortably below the gain-bandwidth of the
amplifier, which is 800 KHz.

For interest, the response of the amplifier is plotted in
Figure 20. Note that the gain reaches a minimum at 1.3
KHz, and that the phase boost peaks at 4 KHz, as intended.
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Figure 20. Compensated amplifier response.

Figure 21 shows the overall response, combining the
filter-modulator’s response with that of the feedback
amplifier. Note the 60 degrees of phase margin at the
crossover frequency.
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Figure 21. Total loop response with 60 degrees of phase
margin at crossover.

CURRENT LIMITER DESIGN

Although a series sensing resistor might have been accept-
able at this level of output current, a current transformer,
T1 in Figure 17, has been used for the sake of interest. The
secondary has 100 turns, and each primary winding is
simply one pass through- the toroid.

The amplifier performs as an integrator rather than as

a comparator, the form found in many primary current
limiters of switched-mode controllers. This is not an arbi-
trary choice: Since the current pulse occurs during the time
that the core is abwously not being reset, the circuit must
have ‘“‘memory’’ — it must apply a shutdown command to
the reset transistor during the next reset interval. Although
many sophisticated schemes can be devised, the integrator
is attractive because of its simplicity.
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A diode is placed across the input resistor of the integrator,
to farce its output down quickly when receiving the narrow
pulses which occur when the circuit is in current limit. The
circuit of this example was developed experimentally. A
future goal is to explore this in detail and develop a more
rigorous approach. The performance of this circuit is
illustrated with waveform photos later in the paper.

BREADBOARD TEST RESULTS

Figure 22 shows the waveform of the input voltage which

is applied to the mag amp core, and the current of the two
mag amps combined (by placing a current probe on the
return leg of the secondary of the converter’s transformer).
The lower two traces are expanded versions of the top ones,
and one can see clearly the effect of the transformer’s leak-
age inductance: the voltage pulse has a ‘‘dent’’ in it during
the rise of the current in the mag amp.

1. Secondary voltage, 50V, 5 ps/div.
2. Current in return (center tap) of secondary. SA, § us/div.
3. Secondary voitage, S0V, 1 us/div.
4. Current in return (center tap) of secondary. 5A, 5 us/div.

Figure 22. Input voltage and current to the mag amp.

Also note the “‘backswing’’ at the end of each voltage pulse.

This is the discharge of the energy stored in the saturated
inductance of the mag amp core. Finally, note the rate of
rise of the current pulse, which is determined by the satu-
rated inductance of the mag amp, in series with the leakage
inductance of the transformer.

Figure 23 illustrates the operation of the mag amp in more
detail. The upper trace is the input voltage of the mag amp,
and the lower trace is its output. The reset volt-second prod-
uct is the difference between the negative pulses of the two
traces. The shape of the negative pulse in the lower trace is
due to the changing impedance of the mag amp core during
reset.

Top: Secondary voltage (into mag amp), 20V x 5 us/div.
Bot: Vour of mag amp, 20V X 5 ps/div.

Figure 23. Mag amp operation.
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Control loop transient response

To test the response of the regulator to step changes in load,
an electronic load was square-wave modulated at 500 Hz,
between the values of 6A and 8A. The results are shown in
Figure 24. The upper trace is the regulator’s output voltage,
showing peak excursions of less than 50 mV, and recovery
time of .5 ms. The lower trace is the reset current, measured
with a current probe at the collector of the reset transistor in
the IC.

Qutput transient response 6-8A Alpoap

Top: Output voltage, 50mV x .5 ms/div.

Bot: Reset current, 20mA X .5 ms/div.
(Measured at collector of UC1838 transistor)

Figure 24. Dynamic regulator response to step change in
load between 6 and 8 amps.

Response of the current limiter

To illustrate the dynamic operation of the limiter, the .
current limit was set at 7A, and then the electronic load was
modulated between 5.7A and 8.7A at a rate of approximately
25 Hz. Figure 25 shows the output voltage in the top trace.
The lower trace is the current in the output inductor. Note
that the output voltage is well-behaved and that there is no
overshoot of the inductor current.

Top: VourT, 2V X 20 ms/div.
Bot: Inductor current, 2A X 20 ms/div.

Figure 25. Response of current limiter with load switched
between 5.7 and 8.5A; with-current limit set at 7.5A.

Finally, Figure 26 shows the operation of the current-limit-
ing amplifier. The upper trace is the inductor current, and
the lower trace is the output voltage of the current-detecting
amplifier. Note the output waveform of the amplifier.
Although the amplifier performs as an integrator, it slews
fast enough to keep up with the rate of rise of the inductor
current, thus adequately protecting the converter and output
rectifiers.
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Top: Inductor current, 2A x .1 ms/div.
Bot: Vour of C.L. amp (pin 1), 2V x .1 ms/div.

Figure 26. Response time of current limit amplifier.

APPLICATIONS AT HIGHER
SWITCHING FREQUENCIES

As mag amp output regulators are applied at higher and
higher switching frequencies, the second-order effects, of
course, become more significant.> Leakage inductance of the
transformer and saturated inductance of the mag amp rob
the circuit of its control range, since these produce addi-
tional dead time at the leading edge of the output pulse.
Even without the mag amp output regulator, this can be

a problem in high-frequency switched-mode converters.

Diode storage time has the same result. If the output side of
the mag amp “sticks’’ at ground (during reverse recovery of
the rectifier) while its input voltage swings negative, some
unwanted reset will be applied to the mag amp. There are
techniques to deal with this problem, by providing a shunt
recovery path around the mag amp to remove the stored
charge in the diode.*

The control circuit of the mag amp regulator is not involved
in the cycle-by-cycle operation of the circuit; hence, the
control IC is not a major barrier to raising the operating
frequency. It does.affect the situation in an indirect way,
however. Its gain-bandwidth may limit the speed of transient
response such that the loop crossover frequency cannot be
raised in proportion to the switching frequency. In most
applications this will not be objectionabie. If it is, an out-
board op amp can provide the additional gain-bandwidth. If
the regulator is not required to have its own current limiter,
then the second amplifier can be used in cascade with the
first, to provide additional gain-bandwidth.

The integration of the circuit blocks required to implement
mag amp output regulators is an important contribution. It
is especially beneficial to have the reset transistor included,
as this can even eliminate a small heat sink. Finally, it is
helpful not only in the design process but also in production
to have a single component which encompasses all of the
active control functions. As more and more designers are
working with the same component, the development of the
technology will be more focused, and this will be universally
beneficial.

Unitrode Integrated Circuits Corporation
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