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Abstract- Circuit-based, small-signal mod-
els of the magamp which include the effects
of the non-ideal squareness of the magamp’s
core B-H curve are derived for both the
voltage-reset and current-reset control tech-
niques. Since in this modeling approach the
small-signal behavior of the magamp is de-
scribed by equivalent circuits, circuit simula-
tors can be easily used to facilitate the control-
loop design optimization of the magamp.

1 Introduction

The magnetic amplifier (magamp) technique is one
of the most reliable and cost-effective post-regulation
methods for multiple-output power supplies. This is
especially true for high-current post-regulated outputs
since at higher output currents the efficiency of linear
post-regulators is unacceptably low, while the com-
plexity of more efficient switch-mode post-regulators
is associated with a significant cost. Although in
the past' the magamps were used in numerous appli-
cations, their usage has dramatically increased with
the introduction of 3.3-V integrated circuits (ICs).
Namely, in today’s data-processing equipment, which
is based on both 3.3-V and 5-V ICs (mixed-power de-
signs), it is necessary to provide at least two high-
current, tightly regulated outputs. The most cost-
effective approach to meeting the tight-regulation re-
quirements at both outputs is to directly regulate the
5-V output and post-regulate the 3.3-V output using a
magamp. Very often, in computer power supplies, the
regulation requirements on the 12 -V output, which
is mainly used for driving the storage disk(s), war-
rant the use of a second magamp. As a result, today’s
multiple-output power supplies are complex control
systems which contain multiple control loops that re-
quire suitable small-signal models for the control-boop
performance optimization as well as for the analysis
of possible loop interactions [1].

Various issues related to the operation, design, mod-
eling, control, and simulations of magamps were dis-
cussed in [2] - [11]. However, while the operation of
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magamps with non-ideal magamp-core materiais was
analyzed in [2] and [3], the small-signal analysis, mod-
eling, and simulations of magamps have been, so far,
exclusively carried out under the assumption of the
ideal squareness of the B-H curve of magamp’s core
material [4]-[11].

The objective of this paper is to introduce accu-
rate, circuit-based, small-signal models of magamps
which include the effects of the non-ideal squareness
of magnetic-core materials. Since, in this approach,
the small-signal behavior of magamps is described by
equivalent circuits, circuit simulators, such as Spice
and Saber, can be easily used to facilitate the control-
loop design optimization of magamps as well as to
perform their loop-interaction analysis.

2 Key Waveforms of Non-ideal
Magamp

A simplified circuit diagram of a typical, two-output
forward converter with a magamp post regulator is
shown in Fig. 1. In this converter, the regulation of
output voltage V,; is achieved by a pulse-width modu-
lation (PWM) of the duty cycle of the primary switch
S, whereas output voltage V2 is regulated by a local
magamp feedback loop, which modulates the duration
of the blocking time of magamp inductor Lprs. It
should be noted that the output of the magamp reset
circuit Zcoontror is control voltage ve for the voltage-
type reset, and reset current ¢g for the current-type
reset [3].

Figure 2 shows the key waveforms of a non-ideal
magamp with the voltage reset, whereas Fig. 3
shows the assumed non-ideal core B-H characteris-
tics. The waveforms in Fig. 2 assume that load current
I,s =< ippz > is large compared to the magnetiz-
ing current of Lpr4 so that i,..9 = ipr4 is zero during
the time intervals in which Lz 4 is not saturated, and
that Lpy is large so that the ippy ripple is negligi-
ble. It should be noted that the above assumptions
greatly simplify the derivations of the models without
compromising their accuracy.

As can be seen from Fig. 3, due to a non-ideal
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Fig. 1: Two-output forward converter with magamp.

squareness (SQ=B,/B, < 1) of the B-H curve, the
magamp exhibits a small residual inductance when it
is saturated. As a result, the commutation of output-
filter inductor current ippy between forward diode
Dpsy and freewheeling diode Dpwy is not instanta-
neous as in the case of an ideal magamp (SQ=1).
Namely, as seen from Fig. 2, magamp current isr4
takes time to ramp up after Lpsra becomes saturated
at t=t;, and also to ramp down after secondary volt-
age Vsecz becomes negative at t=t3. In fact, during the
commutation time [t3, t4], during which ¢z ry commu-
tates from Dy to DFw2, the magamp core receives
additional reset (additional volt-seconds compared to
ideal magamp), A,,:, as indicated in Fig. 2. This
additional reset is caused by the commencement of
the conduction of Dpw2 at t=ts which clamps volt-
age v4 to zero during the entire commutation interval
[ts, ta]. With v4=0, the core receives more reset volt-
seconds during [t3, t5] interval compared to the ideal
case where v4 = Zoontrol = V¢ < 0 from t=t3 to
t=ts. This additional reset not only limits the mini-
mum blocking time, i.e., the maximum duty cycle of
the magamp, but also has a significant effect on the
small-signal behavior of the magamp regulator.

It should be noted that the reverse recovery of for-
ward diode Dgy, or its capacitance in case of a Schot-
tky diode, has the identical effect on the magamp
behavior as the non-ideal squareness of the magamp
core. Namely, once iy 4 reaches zero at t=t4, it con-
tinues to flow in the reverse (negative) direction while
Dp4 recovers. Since during the recovery period v4=0,
the core receives yet another additional reset. Because
this additional reset can be minimized by employing a
simple circuit described in {2] and [5], the effect of the
reverse-recovery characteristic of diode Dpg on small-
signal behavior of the magamp is neglected.

The operation of the magamp with the current re-
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Fig. 2: Key waveforms of non-ideal magamp with
voltage reset (Zcontrot = vc).

set is similar to that of the magamp with the voltage
reset, except for differences in the v4 and var4 voltage
waveforms. Since ip4 and vg waveforms, which are
used in the small-signal derivations of magamp power
stage, are identical for both reset techniques, the cur-
rent reset will be addressed in the next section, where
the small-signal models for the voltage and current
resets are derived.

sat
Lma

Fig. 3: Non-ideal B-H characteristic. Squareness of
characteristic defined as SQ=B, /B;, where B, is mea-
sured at H,=80 A/m. Slopes of B-H curve are pro-
portional to unsaturated L%74%*" and saturated L33’
inductances of Lpsa.
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3 Small-Signal Modeling

The small-signal models of the magamp were derived
using the PWM-switch approach introduced and de-
scribed in [12]. In this approach, the small-signal
characteristics of a converter power stage are derived
by perturbing the average currents and voltages of a
three-terminal PWM switch. Therefore, to apply this
approach, it is necessary to identify the three-terminal
PWM-switch structure of the magamp post regulator.
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Fig. 4: Reduction of magamp to equivalent three ter-
minal PWM switch.

As can be seen from Fig. 2, the duty cycle of the
voltage waveform at the input of the output filter, vpg,
assuming tMA=0 (i.e., ideal squareness), is a functlon
of the primary-switch duty cycle d = Ton/Ts and the
blocking duty cycle dg = Tg/Ts. This dependence on
d and dp can be represented by an equivalent magamp
PWM switch shown in Fig. 4(d), obtained by equiva-
lent substitutions given in Figs. 4(a)-(¢c). As indicated
in Fig. 4(b), generally, the blocking duty cycle dp of
the magamp is a function of control signal z¢onlror,
reflected transformer reset voltage vg = Vpset/n2, and
duty cycle d. The instantaneous (denoted with ")
and average (denoted with lower case letters) terminal
voltages and currents of the three-terminal magamp
PWM switch in Fig. 4(d) are shown in Fig. 5.
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Fig. 5: Relationships between instantaneous and av-
erage terminal voltages and currents.

3.1 Power Stage Models

From Fig. 5, the relationships between the average
terminal voltages and currents are:

MA

t
vp = v(d—dp)—v, :r{wse (1)
. ipr |tMA t%ﬁ
3 = drp(d—dg)— — | B2& — 2
MA Lr(d—dp)— = Te ~ Ts | )
where t}/ and t},f} are the rise and fall times of ipr4,

respectlvely From the ipr4 waveform in Fig. 2, t4A
and t¥ it can be written (using the notation in Fig. 2),
as

tMa naiLF Zs
- Lsat -
TS Vin fS Vg (3)
tY 1,Z
i NYILF |, sa s
= Ly = — 4
Ts Urset fS ( )

where Zg = L33, fs is the saturation impedance of
the magamp, fs = 1/Ts is the switching frequency of
the primary switch, I, = irr is the output current,
Vg = Vin /Ny is the positive secondary-winding voltage
at the magamp input (Fig. 2), and vR = Vpset/n2 is
the negative (reset) secondary-winding voltage at the
mag amp input (Fig. 2). It should be noted that for
the RCD-reset method of the forward-converter trans-
former core, reset voltage vg is constant, i.e., it is in-
dependent of input voltage v,. On the other hand, for
the active-clamp reset technique, vg is dependent on
vg. To simplify the analysis, in the following deriva-
tions, it is assumed that vg is constant, i.e., vg = Vg.
As a result, the derived models represent approximate
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models for magamps operating in the forward convert-
ers with active-clamp reset.

Substituting Eqs. (3) and (4) in Egs. (1) and (2),
the average vg and ipr4 can be written as

(5)
1
V—R] (6)

vp = vy(d—dp)—iLrZs,

, 1, 1
lLF(d - dB) - §Z%FZ5 |::U— -
. g

iMa

By perturbing the average quantities in Egs. 5 and
6 around their dc values (denoted with uppercase let-
ters), i.e., by setting v, = V; + 9, vg = Vg + i3,
d=D+d dg = Dp+dp, ima = Inga + ina,
and irr = ILp + 1L r, where ~ denotes a small-signal
perturbation, the dc and small-signal models can be
obtained.

From the perturbed Eqs. 5 and 6, after a number
of simple algebraic operations, the dc model of the
magamp can be extracted as

IMA

Vi

Ip(D - Dg) — 1ILFZS [; VR] (7)
Ve(D — D)~ ILrZs, (8)

whereas, the small-signal model, after the second-
order terms are neglected, is

ima = Ipr(d—dp)+irr(D ~ Dp) (9)
1’ 1 “ 1 ILF -

—ILrZs [Vg - VR] i+ 5 (Vg ) Zsy,

pg = Vy(d—dp)+9,(D—Dg)~Zsirr. (10)

The set of equations describing the dc model can be
represented by the equivalent circuit shown in Fig. 6,
whereas the set of equations describing the small-
signal model can be represented by the equivalent cir-
cuit shown in Fig. 7.
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Fig. 6: Dc equivalent-circuit model magamp with
non-ideal core.

As can be seen from Fig. 6, the effect of the non-
ideal squareness of the core on the dc behavior of
the magamp is modeled by the saturated inductance
Zs/(D — Dg)? and the current source 1/2Z5(1/V, —
1/Vr)I%p. Since impedance Zs is connected in series
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Fig.  7: Small-signal equivalent-circuit model of mag-
amp with non-ideal core.

with the input and output terminals of the model, it
makes the dc output voltage of the non-ideal mag-
amp dependent on the output current. Similarly, as
can be seen from Fig. 7, the effect of the non-ideal
squareness of the core on the small-signal behavior of
the magamp is modeled by impedance Zs/(D— Dg)?,
current source Iy pZg(1/V, — 1/VRr)iLr, and conduc-
tance g; = 1/2(ILr/Vy)?Zs. Due to Zs and g;, the
small-signal transfer functions of the non-ideal mag-
amp are damped. This damping is not accounted for
when ideal magamp core characteristics are assumed.
It should be noted that the ideal dc and small-signal
magamp models can be obtained from the models in
Figs. 6 and 7 by setting Zg=0.

The small-signal equivalent circuit shown in Fig. 7
can be mgdiﬁed to include control variable £contror In-
stead of dg. To make this modification, it is necessary
to find the functional relationship between control sig-
nal Zeontror and blocking duty cycle dg. Generally,
this functional relationship depends on the type of the
magamp core reset circuit. The magamp reset circuit
shown as a block in Fig. 1 can be implemented either
by using the voltage reset of the magamp core, shown
in Fig. 8(a), or the current reset, shown in Fig. 8(b).
In the voltage-reset circuit, control voltage v, which
is proportional to the error voltage vg 49, is applied to
the magamp core to obtain the desired core reset, t.e.,

to obtain the desired blocking time ¢g. In the current-

reset circuit, reset current ¢, which is proportional to
the error voltage, is used to control the magamp reset.

3.2 Voltage Reset

From the vpr4 waveform in Fig. 2, which represents
the voltage across the magamp inductor with the volt-
age reset, the volt-second (flux) balance during the
blocking and reseting time intervals yields

Vin

____qﬂ 4_ vln tﬂllq

rise

v
— ( rnset + C> Trset — vct%ﬁ, (11)

where T,;e: is the reset time of the transformer core.
This reset time can be calculated from the volt-second
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Fig. 8: Magamp reset circuit implementations: (a)
voltage reset; (b) current reset.
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Fig. 9: Equivalent small-signal circuit of non-ideal
magamp with voltage reset.

balance requirement of the transformer core, i.¢., from
VinTon = VrsetTrset-

(12)
After substituting tf{;i and t¥ fa” from Eqs. 3 and 4
and Thset from Eq. 12 in Eq. 11, the relationship be-

tween dp and ¥¢ can be derived as

S Vc 2 VC ZSI ~
= 1+ —7]d 14— —
I ( * VR> * ( * VR) VE °
Ve D .
- 14 =)= —pc. (13
( +VR> yLF+Vc+VRvC( )

Using the relationship given in Eq. 13 to eliminate dp
in the equivalent circuit in Fig. 7, the equivalent cir-
cuit, small-signal model of the magamp with voltage
reset shown in Fig. 9 is obtained. Since all the® de-
pendent current and voltage sources in this model are
controlled by currents or voltages, the implementation
of this model in circuit simulators is easier compared
to the model in Fig. 7, whose implementation requires
additional modeling steps.
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Fig. 10: Magamp with current reset: (a) vsec2, VM4,
and ipr4 waveforms; (b) topological stages during re-
set time. Note that reset current (negative ipr4) is
much smaller than the load current so that it can be
neglected. In this figure, it is shown much larger for
clarity.

3.3 Current Reset

The major difference between the current reset and
voltage reset of the magamp is seen in the magamp
voltage waveform vps 4 during the magamp reset inter-
val. Figure 10 shows the v,ec2, vama, and iprgq wave-
forms of a magamp with the current reset, along with
the equivalent circuits of the magamp during different
phases of the reset. The other waveforms of the mag-
amp with the current reset are identical with those for
the voltage reset shown in Fig. 2. It should be noted
that in Fig. 10(b) the current reset circuit shown in
Fig. 8(b) is modeled by an ideal current source ig with
output resistance Ry in parallel.

As can be seen from Fig. 10(a), the reset period
can be divided into three intervals. During the [t3 -
t4] interval, ipr4 linearly decreases from I, towards
zero and vpra = —Urset/n2. In this interval, the be-
havior of the magamp with current reset is identical
to that of the voltage reset. After iprq reaches zero
at t = t4, diode Dy in the reset circuit in Fig. 8(b),
continues to conduct ig because the current through
unsaturated La4 can not increase (in the negative
direction) instantaneously. Because of the diode con-
duction, var g4 = —Vrset/n2, as shown in Fig. 10. When
ima reaches ig at t = t}, diode Dy ceases conducting,
and voltage vy 4 starts exponentially decreasing with
time constant 7 = LY74% /Ry, as shown in Fig. 10(a).
At t = ts, the transformer reset is finished so that
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Fig. 11: Equivalent small-signal circuit of non-ideal
magamp with current reset.

vpma=0. It should be noted that the current reset
requires that unsaturated inductance L}73% of mag-
amp be finite, t.e., that the slope of B-H curve in the
unsaturated region be less than oo (non-ideal core).

Assuming that 7 <« Ty,et, t.e., assuming that the
reset circuit in Fig. 8(b) approaches an ideal current
source, the approximation of the volt-second balance
on Lps4 can be obtained from the vyr4 waveform in
Figs. 2 and 10(a) as

Vraet Vr.!et

Vi Vg
—m'T + thA faII+ CR,

Ny rise

(14)

where tcr is calculated from Fig. 10(b) when diode
Dy is conducting as

Lipittin _

tcr =
Vraet/n2 Vr

Substituting t#A and tX fali # from Egs. 3 and 4, and tcr

from Eq. 15 into Eq. 14 the small-signal relationship
between dp and ig can be derived as

Luncatl

E. (15)

(16)

Using the relationship in Eq. 16 to eliminate dg in
equivalent circuit in Fig. 7, the equivalent circuit,
small-signal model of the magamp with current reset
shown in Fig. 11 is obtained. ‘

It should be noted that the presented models do
not take into account the phase-shift of the magamp
modulator {4]. As a result, they are only accurate at
frequencies at which the modulator phase shift can
be neglected. Since for practical magamp implemen-
tations the modulator phase shift becomes important
at frequencies above the crossover frequencies of the
magamp loop, the derived models are quite accurate
in predicting the close loop behavior of practical mag-
amps. If necessary, the modulator phase shift aswell
as the B-H curve dynamic resistance {4], [5] can be
incorporated into the models.

Finally, it should be noted that the modulator gain
of the primary switch and its circuit implementations
are discussed in [13] and [14].

4 Model Verification

The experimental verifications of the derived mod-
els were performed on an off-line, 100-W, two-output
power supply implemented with a 100 kHz, forward-
converter power stage. The main output, imple-
mented with the current-mode control, is rated at
Vo1=b6 V and I,;=16 A, whereas the rating of the
magamp output is V,2=3.3 V and I,3=6 A.
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Fig.. 12: Measured and calculated small-signal

control-to-output transfer functions for experimen-
tal magamp with current reset. Main-loop crossover
frequency fc=8.5 kHz, magamp-loop crossover fre-
quency fM4=25 kHz.

Flgure 12 shows the measured and calculated (ideal
and non-ideal) control-to-output v,,z/zR characteris-
tics of the magamp with current reset. As it can be
seen, the measured amplitude and phase characteris-
tics are in very good agreement with the corresponding
theoretically calculated characteristics obtained using
the proposed non-ideal magamp small-signal model.
The proposed non-ideal model accurately models the
damping of the control-to-output transfer function.
The discrepancy between the measured phase and the
predicted phase which is observed at frequencies above
5 kHz is caused by the phase shift of the modulator,
which is not included in the model given in Fig. 11.
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Fig. 13: Measured and calculated small-signal

control-to-output transfer functions for experimen-
tal magamp with current reset. Main-loop crossover
frequency fc=0.1 kHz, magamp-loop crossover fre-
quency fé"4=2.5 kHz.

Because the crossover frequency of the main loop of
8.5 kHz is higher than that of the magamp loop which
is approximately 2.5 kHz, no measurable interaction
between the loops is noticeable in Fig. 12.

If the crossover frequency of the main loop is re-
duced bellow the crossover frequency of the magamp
loop, the two loops exhibit strong interactions. Fig-
ure 13 shows the calculated and measured control-to-
output 9,9 /i’R transfer functions of the experimental
converter when the crossover frequency of the main
loop is reduced to 0.1 kHz, i.e., below the crossover
frequency of the magamp loop. As can be seen from
Fig. 13, the main loop affects the magamp control-
to-output of the magamp by reducing its gain in® the
80-500 Hz range. The agreement between the calcu-
lated and measured gain is very good up to 10 kHz,
whereas the calculated and measured phase show good
agreement up to approximately 6 kHz. Above 6 kHz,
the modulator phase lag becomes significant.

5 Summary

Circuit-based, small-signal models of magamps which
are suitable for the analysis of control-loop interac-
tions in multiple-output power supplies are derived.
The models include the effects of the non-ideal square-
ness of the magnetic-switch-core B-H curve and also
account for the differences in small-signal characteris-
tics of the voltage-reset and current-reset techniques.
Since the small-signal behavior of magamps is de-
scribed by equivalent circuits, circuit simulators can
be easily used to facilitate the control-loop design op-
timization of the magamp.
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