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Small-Signal Modeling of Nonideal
Magamp PWM Switch
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Abstract—Circuit-based small-signal models of the magnetic the assumption of the ideal squareness of the B-H curve of
amplifier (magamp) which include the effects of the nonideal magamp’s core material [4]-[11].
squareness of the magamp's core B-H curve are derived for both g gpjective of this paper is to introduce accurate circuit-
the voltage-reset and current-reset control techniques. Since in ) . .
this modeling approach the small-signal behavior of the magamp based smaII-Slgnf':lI models of magamps Wh'Ch include '_[he
is described by equivalent circuits, circuit simulators can be €ffects of the nonideal squareness of magnetic-core materials.

easily used to facilitate the control-loop design optimization of Since, in this approach, the small-signal behavior of magamps

the magamp. is described by equivalent circuits, circuit simulators such as
Index Terms—B-H characteristic, control-loop interactions, Spice and Saber can be easily used to facilitate the control-
magnetic amplifier, small-signal modeling. loop design optimization of magamps as well as perform their

loop-interaction analysis.

I. INTRODUCTION
Il. KEY WAVEFORMS OF NONIDEAL MAGAMP

HE MAGNETIC amplifier (magamp) technique 'S one of A simplified circuit diagram of a typical, two-output forward
the most reliable and cost-effective postregulation meth- : ) A
converter with a magamp postregulator is shown in Fig. 1. In

ods for multiple-output power supplies. This is especially trug¢. . . .
P putp PP b y ut%{s converter, the regulation of output voltag is achieved

for high-current postregulated outputs since at higher outpu . .
currents the efficiency of linear postregulators is unaccepta%q @ pulse\_/wdth modulation (PWM) of the _duty cycle of the
imary switch S, whereas output voltaye; is regulated by

I hile th lexi f ffici itch- : .
ow, while t € comp e_X|ty ot more € !qlent swite mOdeghlocal magamp feedback loop, which modulates the duration
postregulators is associated with a significant cost. Althou

in the past the magamps were used in numerous applicationfsthe blocking time of magamp inductdry 4. It should be

their usage has dramatically increased with the introducti coﬁ?olﬂ\]/ztlt;heevou:gﬂhcg \Egﬁam:ﬂamepr;:ftacr::jmfgggflclirent
of 3.3-V integrated circuits (IC’'s). Namely, in today’s data- 9evc ge-typ '
i for the current-type reset [3].

processing equipment, which is based on both 3.3- and 5-V_. :
; : ! L . Fig. 2 shows the key waveforms of a nonideal magamp
IC’'s (mixed-power designs), it is necessary to provide at least

two high-current tightly regulated outputs. The most cosY\-”t:. dt2:| \églrt:glge_l_:e(fﬁgr;:’;:rr:?(fs Fl?f']es Sgogiré:f.gssy mgd
effective approach to meet the tight-regulation requiremenqg ! IStes. wav in 9.

at both outputs is to directly regulate the 5-V output ang->o o thatload currefy; = {ir.r) is large compared to the

postregulate the 3.3-V output using a magamp. Very OﬂeW,agpeUZ_mg current aliay 4 SO thatisecz = 1.4 IS 2€r0 during
: . . . the time intervals in whiclL ;s 4 is not saturated and thatgz»
in computer power supplies, the regulation requirements on

the 12-V output, which is mainly used for driving the storag's large so that theég, i ripple is negligible. It should be noted

disk(s), warrant the use of a second magamp. As a restlat the above assumptions greatly simplify the derivations of

today’s multiple-output power supplies are complex Contr:gh]i;nggﬁligvgzgztffgrl;?pgiom?ndguéh»?cl,r:%Cour:%?; SqUAreness
systems which contain multiple control loops that requi 9. 2 4

r S
suitable small-signal models for the control-loop performanfgQ . B”./BS < 1) of the B-H Curve, the magamp exhibits a

T . . small residual inductance when it is saturated. As a result, the
optimization as well as for the analysis of possible loo

interactions [1]. gommutatlon of output-filter inductor currentr, between

Various issues related to the operation, design, modé?—rward d'OdeDFQ. and freewheelmg diode)py2 is not
Instantaneous as in the case of an ideal magamp=SQ).

ing, control, and simulations of magamps were discussed l\'ﬂamely as seen from Fig. 2, magamp curtagl, takes time
[2]-[11]. However, while the operation of magamps Wiﬂ% ' - ,

h . . o, ramp up afterL,s4 becomes saturated at= ¢;, and
nonideal magamp-core materials was analyzed in [2] an
so to ramp down after secondary voltagg.. becomes

[3], the small-signal analysis, modeling, and simulations Oe ative att — #.. In fact. during the commutation time
magamps have been, so far, exclusively carried out un 9 s X 9
3, t4], during whichiy, z» commutates fromD g t0 D gy,

the magamp core receives additional reset (additional volt
Manuscript received November 5, 1997; revised March 1, 1999. Recoseconds compared to ideal magamp),, as indicated in

mended by Associate Editor, O. Mandhana. Fig. 2. This additional reset is caused by the commencement
The authors are with the Power Electronics Laboratory, Delta Product? h ducti D - hich cl |

Corporation, Research Triangle Park, NC 27709 USA. of the con UCt'c_m O pw2 _at t=13W 'C_ c gmps voltage
Publisher Item Identifier S 0885-8993(99)07291-9. va to zero during the entire commutation interviah, ¢4].
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Fig. 1. Two-output forward converter with magamp.

With v4 = 0, the core receives more reset volt secondg/? = 0 (i.e., ideal squareness), is a function of the primary-

during [tg,tv] interval compared to the ideal case wherswitch duty cycled = Ton/7s and the blocking duty

VA = ZControl = Yo <0 from¢ = ¢35 to ¢ = ¢5. This additional cycle dg = T5/Ts. This dependence od and dp can be

reset not only limits the minimum blocking time, i.e., thaepresented by an equivalent magamp PWM switch shown

maximum duty cycle of the magamp, but also has a significant Fig. 4(d), obtained by equivalent substitutions given in

effect on the small-signal behavior of the magamp regulatoFig. 4(a)—(c). As indicated in Fig. 4(b), generally, the blocking
It should be noted that the reverse recovery of forwamlty cycledg of the magamp is a function of control signal

diode D, or its capacitance in case of a Schottky diode, hag.nio1, reflected transformer reset voltage = Viset /72,

the identical effect on the magamp behavior as the nonideald duty cycled. The instantaneous (denoted with ™) and

squareness of the magamp core. Namely, angg reaches average (denoted with lower case letters) terminal voltages

zero att = ty4, it continues to flow in the reverse (negativepnd currents of the three-terminal magamp PWM switch in

direction whileD - recovers. Since during the recovery periodrig. 4(d) are shown in Fig. 5.

v4 = 0, the core receives yet another additional reset. Because

this additional reset can be minimized by employing a simp}. Power Stage Models

circuit described in [2] and [5], the effect of the reverse-

recovery characteristic of diod@z> on small-signal behavior

of the magamp is neglected.

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

The operation of the magamp with the current reset is d—d tMA 1
similar to that of the magamp with the voltage reset, except vp = v ( B) — Ve Ts (1)
for differences in thes4 andw,; 4 voltage waveforms. Since i MA - 4MA
, . . . . o LF rise fall
ina andvp waveforms, which are used in the small-signal iva =irr(d—dp) — - [T—s T } 2)

derivations of magamp power stage, are identical for both

reset techniques, the current reset will be addressed in thigere t}4 and ¢}%:* are the rise and fall times ofy 4,

next section, where the small-signal models for the voltagespectively. From thé, + waveform in Fig. 224 andtM

rise fall

and current resets are derived. can be written (using the notation in Fig. 2) as

t]\lA Py I VA
ll. SMALL-SIGNAL MODELING = ni}LLFL?\%fs === 3)
S in (Zel
The small-signal models of the magamp were derived using A I7s
the PWM-switch approach introduced and described in [12]. ?2 " ——=Ltafs = - (4)
rset

In this approach, the small-signal characteristics of a converter
power stage are derived by perturbing the average currents artbre Zs = L3, fs is the saturation impedance of the
voltages of a three-terminal PWM switch. Therefore, to applpagamp, fs = 1/7s is the switching frequency of the
this approach, it is necessary to identify the three-terminptimary switch,f, = i, p is the output currentyg = vin/n2
PWM-switch structure of the magamp postregulator. is the positive secondary-winding voltage at the magamp
As can be seen from Fig. 2, the duty cycle of the voltagaput (Fig. 2), andvg = wvet/n2 iS the negative (reset)
waveform vp at the input of the output filter, assumingsecondary-winding voltage at the magamp input (Fig. 2). It
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Fig. 2. Key waveforms of nonideal magamp with voltage res@tonizol = ve).

B st it is independent of input voltages. On the other hand,

B, tq Lya for the active-clamp reset techniquez is dependent onrg.

To simplify the analysis, in the following derivations, it is

assumed thatg is constant, i.e.pg = Vg. As a result, the

derived models represent approximate models for magamps

operating in the forward converters with active-clamp reset.
Substituting (3) and (4) in (1) and (2), the averageand

ipm4 Can be written as

unsat
Lwa

vR IUG(d—dB)—'L'LFZS (5)
. . - o . . 1, 1 1

Fig. 3. Nonideal B-H characteristic. Squareness of characteristic defined as ipa =trp(d—dp)— —ijpls|— — —|. (6)
SQ = B, /Bs, where B, is measured at{; = 80 A/m. Slopes of the B-H 2 e Vg

curve are proportional to unsaturaté;5** and saturated 33, inductances

of the magamp. By perturbing the average quantities in (5) and (6) around

their dc values (denoted with uppercase letters), i.e., by setting
should be noted that for the RCD-reset method of the forward: = Vo + g, v = Vg + i, d = D + d dg =
converter transformer core, reset voltage is constant, i.e., Dg + d;;, ivva=Iva+inva, andipe = I g+, Where
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Fig. 4. Reduction of magamp to equivalent three-terminal PWM switch.
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Fig. 6. DC equivalent-circuit model of magamp with nonideal core.
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Fig. 7. Small-signal equivalent-circuit model of magamp with nonideal core.

extracted as
1 1 1
Iyja =Ip(D—Dpg)— =I%,.2¢| — — —
MA LF( B) 2 LF S|:VG VR

Ve =Vo(D — Dp)

} ™)
©®)

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

inA :ILF(CZ_ CZB) +ipp(D — Dp)

1 17, 1/Ir\>,, .
—IrrZs |:V—G - V—R:| iLF + 3 <é—§) Zstg  (9)

bp =Va(d — dp) + da(D — Dg) —

—IrrZs

Zsipp. (10)

The set of equations describing the dc model can be rep-
resented by the equivalent circuit shown in Fig. 6, whereas
the set of equations describing the small-signal model can be
represented by the equivalent circuit shown in Fig. 7.

As can be seen from Fig. 6, the effect of the nonideal
squareness of the core on the dc behavior of the magamp is
modeled by the saturated inductange/(D — Dg)? and the
current source /27s(1/Vg—1/Vr)I? . Since impedancgs
is connected in series with the input and output terminals of the
model, it makes the dc output voltage of the nonideal magamp
dependent on the output current. Similarly, as can be seen from
Fig. 7, the effect of the nonideal squareness of the core on the
small-signal behavior of the magamp is modeled by impedance
Zs/(D — DB)Q, current SOUdeLFZS(]./VG — 1/VR)'ZLF7
and conductance; = 1/2(I.r/Va)?Zs. Due to Zs and g;,
the small-signal transfer functions of the nonideal magamp

Fig. 5. Relationships between instantaneous and average terminal voltagt® damped. This damping is not accounted for when ideal

and currents.

magamp core characteristics are assumed. It should be noted
that the ideal dc and small-signal magamp models can be

" denotes a small-signal perturbation, the dc and small-sige@tained from the models in Figs. 6 and 7 by settifig= 0.

models can be obtained.

The small-signal equivalent circuit shown in Fig. 7 can be

From the perturbed (5) and (6), after a number of simpteodified to include control variablecop.o; instead ofds. To
algebraic operations, the dc model of the magamp can tmake this modification, it is necessary to find the functional
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reset.
Fig. 8. Magamp reset circuit implementations: (a) voltage reset and (b)

current reset.
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relationship between control signat..,:.c1 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 byVrset |
using the voltage reset of the magamp core, shown in Fig. 8(a)f'2
or the current reset, shown in Fig. 8(b). In the voltage-resetiya |
circuit, control voltageve, which is proportional to the error
voltage v 42, IS applied to the magamp core to obtain the ,
desired core reset, i.e., to obtain the desired blocking time TN . 7 i | C%)
tg. In the current-reset circuit, reset currei, which is OFF 3 'R
proportional to the error voltage, is used to control the magamp t?’;ﬁ‘f‘__ ten ‘[ 1]

reset.
(@ (b)
Fig. 10. Magamp with current reset: (@kcz2. vara, andips 4 waveforms
B. VOItage Reset and (b) topological stages during reset time. Note that reset current (negative
From thewr 4« waveform in Fig 2 which represents thé'M‘“) is much smaller than the load current so that it can be neglected. In
MaA . o tp]is figure, it is shown much larger for clarity.
voltage across the magamp inductor with the voltage reset, the
volt-second (flux) balance during the blocking and resetting

time intervals yields C. Current Reset

" " v The major difference between the current reset and voltage
2Ty 4 2eMA - <i"t + vc)ﬂset — vttt (11) reset of the magamp is seen in the magamp voltage waveform
2 2 "2 vama during the magamp reset interval. Fig. 10 shows the
where T, is the reset time of the transformer core. Thi§sec2: Unma, and iy, waveforms of a magamp with the

reset time can be calculated from the volt-second balardrent reset, along with the equivalent circuits of the magamp

requirement of the transformer core, i.e., from during different _phases of the reset. The _othe_r Wave_forms of
the magamp with the current reset are identical with those
VinLon = Vesot Tosct - (12) 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
After substitutingt}/** and t}/:* from (3) and (4) andl}... modeled by an ideal current sourtg with output resistance

from (12) in (11), the relationship betweeh; and ¢ can Ry in parallel.

be derived as As can be seen from Fig. 10(a), the reset period can be
divided into three intervals. During tHes — 4] interval,éps .4
dg = <1 + &)JJF <1 + &) Zslpr be linearly decreases frorh, toward zero andp; 4 = —Vrset /M2
Vr Ve) V& In this interval, the behavior of the magamp with current reset
(14 Ve s n Dr . (13) is identical to that of the voltage reset. Aftgr 4 reaches zero
Ve ) Vo LE Ve + Vi c att = t4, diode Dy in the reset circuit in Fig. 8(b), continues

to conductig because the current through unsaturateg.
Using the relationship given in (13) to eliminatl; in the can not increase (in the negative direction) instantaneously.
equivalent circuit in Fig. 7, the equivalent circuit, smallBecause of the diode conductiany, = —v;set /72, @s shown
signal model of the magamp with voltage reset shown in Fig. 10. Wheni, 4 reaches g att = ¢, diode D ceases
Fig. 9 is obtained. Since all the dependent current and voltagenducting, and voltage,; 1 starts exponentially decreasing
sources in this model are controlled by currents or voltagesith time constant = L4752/ R, as shown in Fig. 10(a). At
the implementation of this model in circuit simulators ig = t;, the transformer reset is finished so thats = 0. It
easier compared to the model in Fig. 7, whose implementatishould be noted that the current reset requires that unsaturated
requires additional modeling steps. inductanceLy=* of magamp be finite, i.e., that the slope of



JOVANOVIC AND HUBER: SMALL-SIGNAL MODELING OF NONIDEAL MAGAMP PWM SWITCH 887

Veé\ Zy A DB(/\ Zs LTI T 11
A DDs DDg® DD; ® 5w 2 2 — \deal model
Ima (D DB) ILF w =N .
- ' . - U Non-ideal model |
;-\ = = = Measured
N
A L . . 20 - -+ 4H
o oz ® 3§ 0 ™
ke Ted Teut iy ™
ilte jlrd LFvéln k=A "'1..
1 /1\2. Dyl 11\ Zy=L"% 1:(D-Dg) 5 ° it
0= (ve) 2o+ 2 mheZslyvn) S O | va=20v ¥
Vg Vg G VR/ Zg=Lpyafs Vo1=5V, l,1=10A l.\\
) ) ) o ) . 20 T V=33V, [,=3A
Fig. 11. Equivalent small-signal circuit of nonideal magamp with current T T
reset. 10 100 1,000 10,000 50,000
B-H curve in the unsaturated region be less tharfnonideal o Li—
core). - ’“'?L_
Assuming thatr <« T, i.e., assuming that the reset B\
circuit in Fig. 8(b) approaches an ideal current source, the o
approximation of the volt-second balance énR;s can be é T gl
obtained from thevy; 4 waveform in Figs. 2 and 10(a) as @ _gp . —
g ", . il
Vin Uin pra _ Viset ;pra | Viset o NI
o TB + no trise - N tfall + N tcr (14) -135 b LL] -
where tcg is calculated from Fig. 10(b) when diodB; is 180
conducting as 10 100 1,000 10,000 50,000
¢ _ LX?fiatiR _ LX??%R (15) Frequency [Hz]
CR = = .
Vrset/n? Vr Fig. 12. Measured and simulated small-signal control-to-output transfer

T MA MA functions(t,2/ir @ 9 = 0) for experimental magamp with current reset.
SUbStItUtmgtrise and trall from (3) and (4), andc}f from Main-loop crossover frequencf.: = 8.5 kHz and magamp-loop crossover

(15) into (16), the small-signal relationship betweén and  frequency /&4 = 2.5 kHz.
1z can be derived as

e (16) The magamp inductor was implemented with the MSx13
x 4.5-W Toshiba core with six turns of AWG#18 magnet wire.

. . o T : The current-reset method is used to reset the magamp core.
Using the relationship in (16) to eliminaiés in equivalent ; . .
. . L . Fig. 12 shows the measured and simulated (ideal and non-
circuit in Fig. 7, the equivalent circuit, small-signal model of

! S : ; édeal) control-to-output characteristics of the experimental
the magamp with current reset shown in Fig. 11 is obtained, . S
fhagamp with current reset. The values of the relevant circuit

It should be noted that the presented models do not take

. . arameters and the parameters of the nonideal and ideal mod-
into account the phase shift of the magamp modulator [4]. '&)?g are given in Tables | and Il. The saturated and unsaturated

a result, they are only accurate at frequencies at which tﬁ .
' . ; .inductances of the magamp$d', and Ly72t, were estimated
modulator phase shift can be neglected. Since for practi a? 9ampy7, Ma

rom the measured B-H characteristic at 100 kHz. As it can

magamp implementations the modulator phase shift beconE)ees seen from Fig. 12, the measured amplitude and phase

important at frequencies above the crossover frequenCIeScf%f’:lracteristics are in good agreement with the corresponding

the magamp loop, the derived models are quite accurate_in . . : .
. ) . mulated characteristics obtained using the proposed nonideal
predicting the close loop behavior of practical magamps. }

necessary, the modulator phase shift as well as the B[nH’:\gamp small-signal mode_l. The proposed nonideal model
accurately models the damping in the control-to-output transfer

(r:nuc:\ézlgynamlc resistance [4], [5] can be incorporated into tl?&nction. The discrepancy between the measured phase and the

Finally, it should be noted that the modulator gain of thBeriCteddpt?aS(ha Whirfh s ort:ier\;edhat fregulencies E:?or\]/e. 5 kHz

primary switch and its circuit implementations are discussé%j caused by the p ase s '.t of the modulator, which is not

in [13] and [14]. included in the mod_el given in Fig. 11_. B_ecause 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
IV. ' MODEL VERIFICATION interaction between the loops is noticeable in Fig. 12.

The experimental verifications of the derived models were If the crossover frequency of the main loop is reduced
performed on an off-line 100-W two-output power supplypelow the crossover frequency of the magamp loop, the two
implemented with a 100-kHz forward-converter power stagops exhibit strong interactions. Fig. 13 shows the simulated
The main output, implemented with the current-mode contr@nd measured control-to-output transfer functions of the ex-
is rated atV,; = 5V and I,; = 16 A, whereas the rating of perimental converter when the crossover frequency of the
the magamp-regulated output¥,; = 3.3 V and/,» =6 A. main loop is reduced to 0.1 kHz, i.e., below the crossover
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TABLE |

CIRcUIT PARAMETERS OF EXPERIMENTAL CONVERTER

Lp, [uH]

ESR 1 [ImQ]

Cr1 [UF]

Fig. 13. Measured and simulated small-signal control-to-output trans

Gain [dB]

Phase [Deg]

-135

-180

ESRcr [m€2]

L, [uH]

ESR;r [mQ]

Cr2 [uF]

ESR; r, [mQ]

fs [kHz]

11

10

1900

85

44

14

4700

28

100

Np

NSl

NSZ

Ve [V]

Ve [V]

D

Dg

Ly [uH]

LA (mH]

32

18.75

21

0.295

0.09

0.54

0.8

TABLE 11

SMALL -SIGNAL MODEL PARAMETERS OF EXPERIMENTAL CONVERTER

MODEL

gimS]| ki

17 [A]

V4

M [
D-D, <!

Dpg

D-Dy

NON-IDEAL

15.1

9.26-10™ 3

12.8

390

0.44

IDEAL

14.4 0

12.8

915

390

0.44

LI

L1

40

- Non-ideal mode!
] = = » Measured

20

V=200V
Vor=5V, ly=

V=33V, 1,=3A

10A

»/

[ TTIIIN

[ T1

100

10,000 50,000

-45

-90

100

1,000

Frequency [Hz]

10,000 50,000

show good agreement up to approximately 6 kHz. Above 6
kHz, the modulator phase lag becomes significant.

It should be noticed that besides the saturated impedance
(Zs) of the magamp, the load resistance, the resistances of the
output filter, and the parasitic interconnect resistances on the
secondary side, the winding loss and the core loss of the mag-
amp also contribute to the damping in the control-to-output
transfer function. The winding loss of the magamp can be
easily included in the model by adding the winding resistance
in series with the saturation impedance of the magamp. In the
experimental circuit, the ac resistance of the magamp winding
was approximately 3 @ and it was neglected compared to
Zs = 54 m&2. The core loss, which is usually dominated by
the winding loss at larger load current, has not been taken into
account in the developed model. However, if necessary, the
core loss can be incorporated into the model as proposed in
[5]. It should be also noticed that the parasitic inductances in
series with the magamp such as the leakage inductance of the
transformer and layout inductances have the same effect on
the small-signal model of the magamp as saturated inductance
of the magampL53%,. Since in the experimental circuit these
parasitic inductances were much smaller than the saturated
inductance of the magamp, they were neglected. If necessary,
the effect of the leakage inductance of the transformer and
interconnect inductance can be easily taken into account by
jgcreasing the value of saturated magamp inductabigé,

functions (.2 /i @ i¢; = 0) for experimental magamp with current resetfor the amount of the parasitic inductances.
Main-loop crossover frequencfi- = 0.1 kHz and magamp-loop crossover

frequency fA14 =

.5 kHz.

V. SUMMARY
Circuit-based small-signal models of magamps which

frequency of the magamp loop. As can be seen from Fig. Ige suitable for the analysis of control-loop interactions
the main loop affects the control-to-output transfer function ¢ multiple-output power supplies are derived. The models
the magamp by reducing its gain in the 80-500-Hz range. Thelude the effects of the nonideal squareness of the magnetic-
agreement between the simulated and measured gain is \v@gjtch-core B-H curve and also account for the differences in
good up to 10 kHz, whereas the simulated and measured phssall-signal characteristics of the voltage-reset and current-
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reset techniques. Since the small-signal behavior of maganiy® R. B. Ridley, “A new, continuous-time model for current-mode control,”
is described by equivalent circuits, circuit simulators can IEEE Trans. Power Electronvol. 6, pp. 271-280, Apr. 1991.

4] V. Vorpérian, “Analysis of current-mode controlled PWM converters

easily used to facilitate the control-loop design optimization ~ ysing the model of the current-controlled PWM switch,” Rower

of the magamp. Conversion & Intelligent Motion Conf. (PCIML990, pp. 183-195.
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