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Improved Small-Signal Analysis for the Phase-Shifted
PWM Power Converter

Michael J. SchutterMember, IEEEand David A. TorreyMember, IEEE

Abstract—A closed form cycle by cycle analysis forms the associated with the output L-C filter; this is in direct contrast to
basis for a new zero-voltage switching (ZVS) phase-shifted PWM a hard-switched buck converter. There is a characteristic pole
(PSPWM) full bridge power converter small-signal model. The dependent upon the switching frequency, leakage inductor, and

paper derives the small-signal response equations. The PSPWM . - L .
converter has an implicit “slew interval,” making the converter output inductor values. This pole is independent of operating

dynamics difficult to analyze using traditional averaging tech- conditions.

niques. The converter control to output transfer function under The large and small-signal operating characteristics of a
continuous conduction mode operation and using voltage-mode phase-shifted PWM power converter are largely determined by
control does not exhibit a second order pole associated with the the static and dynamic characteristics of the “slew interval.”
output L-C filter, making it different from a conventional PWM . L - .

converter. This new PSPWM converter model shows that the _The slew interval is implicit to conve_rter operation. _The slew
output L-C filter is separated into two real poles, with one pole interval makes the converter dynamics and large-signal oper-
held at constant frequency independent of operating conditions. ation difficult to analyze. The PSPWM steady-state operating
A characteristic pole depends only upon the converter switching condition depends upon load current, further complicating the
frequency and inductor values. This characteristic pole is fun- analysis.

damental to understanding the PSPWM converter natural and . .
forced responses. The new small-signal model is shown to be in The PSPWM converter slew interval is perturbed due to

excellent agreement with experimental results. system disturbances (duiu, vout, l0ad current). During the
Index Terms—DC-DC power conversion, full-bridge converter, slew interval the full input voltageus) is applied across the

phase-shifted full bridge, phase-shifted pulse-width modulation, '€@kage inductork.c.). Increasing the load current increases
zero-voltage switching. the slew interval. The power delivery interval (for a constant

duty cycle,D) decreases as load current increases, reducing the

output voltage [4]. This unique operating characteristic, asso-

ciated with the slew interval, contributes to the unconventional
HE phase-shifted pulse-width modulated (PSPWM) fuimall-signal transfer functions of the PSPWM converter.
bridge dc to dc power converter is a popular topology due

to its inherent electrical robustness and excellent electrical char- II. LARGE SIGNAL ANALYSIS

acteristics [1]-[3]. The converter uses zero-voltage switching )

(ZVS) to reduce switching loss, allowing high switching fre- Fig- 1 shows the PSPWM power converter schematic. The

quency operation and small energy storage components. following assumptions are used for analyzing the PSPWM

The PSPWM power converter using voltage mode control beOWer converter.

haves differently from a conventional hard-switched buck con- 1) The switches (S1-S4) have zero on and infinite off resis-

verter. The PSPWM power converter duty cycle is a function tance.

of input voltage, output voltage, and load current. Thus, the 2) The switches (S1-S4) have negligible junction capaci-

PSPWM converter operating with a constant duty cycle and  tance.

constant input voltage uniquely determines the output voltage3) The rectifiers (R1-R4) have zero forward drop and zero

I. INTRODUCTION

only if load current is also specified. This has a significant im- junction capacitance.
pact upon the large-signal and small-signal characteristics of the#) Output voltage is constant over a switching cycle (small
PSPWM power converter. ripple voltage assumption).

The PSPWM power converter is in the “buck class,” how- It is important to emphasize that there is no small ripple as-
ever the small-signal dynamics are different from a conventiorgymption for either the leakage inductor currefif (...) or the
hard-switched buck converter. The PSPWM converter cont@ltput inductor currentl{o,:). It is imperative to maintain
to output transfer function under continuous conduction modfeese ac components to properly derive an accurate small-signal
using voltage-mode control does not exhibit a second order pot@del [5]. When the PSPWM power converter load current is at

the boundary of continuous conduction mode (ilgg.. is al-
, . . ways greater than zero) the peak-to-peak output inductor ripple
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Fig. 1. Phase-shifted PWM power converter schematic.
Fig. 3. Steady-state inductor current waveforms.

cik — ' * | L y - .
0 T 2T 3T rectifier circuit. This CCM positive definite current requirement

st I L[ L—— implies that during the slew interval'{’) the magnitude of
s2 1. I 1___ [ theslope oflto. must be smaller than the magnitude of the
slope of I 1.k If this were not the case, the currefitoys
would reach zero during thET" interval in violation of CCM

s L [ operation. Thus, a required condition for CCM operation is

+V, v v
i 0 l In Out ] 2
AB.V I.___| I__I— LLeak > LOut ( )

T Leak ] \//j \\/ A. Inductor Current Analysis

The following equations provide the steady-state inductor
Fig. 2. PSPWM converter waveforms. current and duty cycle values of Fig. 3 [5]

leakage and output inductor currents and voltages under steady- 11 :E ( Vi Vou ) (3)
state operation.DT " represents the controlled on-time of the 2 \Lreax  Lout
switches. TT” represents the slew interval. During the slew in- 91T ( Vin VOut) Vout
terval the leakage inductor current ramps from a value b3 2 \ Lpecax Lout Licax + Lout
until it clamps to the output inductor current valuedf. The x (1—-D)T 4)
slew interval is implicit to PSPWM converter operation, that is, I'T [ Vi, Vout
there is no control command that determines the slew interval I3 =79 (LL x Io t) (6)
duration {"'T): its length depends upon PSPWM converter op- v “ Vu L

. e . '] . . _ YOut Out L/Leak
erating conditions. The implicit slew interval complicates con- D= " +T (1 + Vi Lou > . (6)

verter analysis. As load current increases the slew interval also
increases. ™ is the system clock, corresponding to one-half of The average output inductor current is computed by aver-

a Complete full-bridge SWitChing CyCle. aging over a Comp|ete interv@
The PSPWM converter is constrained to the output voltage
(Vout) being smaller than the input voltag&i(). Thus, this . 1 T
converter is in the “buck classification” of power converterd/Lout) = T/t iLout (T)dT
Guidelines for designing this converter are to make the conver- D 1 T 1 T D
sion ratio (ou:/ Vi) less than unity at the worst case operating = <5> 1+ (5 - 5) + <§ t3- 5) 3. (7)
condition of low input voltage and large load current.
The relationships between the currents in Fig. 3 are Equation (7) relates the average output inductor current to
currents/ 1, 12, andI3 of Fig. 3. The only additional required
12> 13> 11 (1) information is another independent relationship between the

output voltage and output inductor current.

For the PSPWM converter, as well as any well-designed dc to
dc converter, the output voltage ripple is much smaller than the
dc voltage component. This means that the output voltage is well

proximated by its dc component; this is the “small voltage
HJpIe assumption” [6]. Using the small voltage ripple assump-
ion, charge conservation, and steady-state operation gives

since the output inductor currenf ;) increases fronT1 to
12 during time(D — I')T', then decreases froif2 to 13 during
(1 — D)T, and decreases frofi8 to /1 duringI'T".

It is important to determine the criterion for maintainin
continuous conduction mode (CCM) operation of the PSPW
power converter. CCM is defined as converter operation Wi[
the output inductor currentl{o,:) always positive. CCM
requires that the output inductor current cannot reach zero. . Vout
I1,0u: Can never become negative due to the output diode bridge (iLow) = Riond (8)
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Equation (8) requires all output inductor current, averagemltage Vo), and load R1..q4) to uniquely specify the duty
over a complete switching cycle, to flow into the load resistotycle (D). This is different from a buck converter where speci-
If any net current flowed into or out of the output capacitor ifying the input voltage and output voltage determines the duty
would charge or discharge to a different voltage during the nesytcle (in continuous conduction mode).
switching cycle, violating the equilibrium assumption. The PSPWM converter using voltage mode control has a slew

Substituting the output inductor current valdas 72, andI3  interval ["1") perturbation when any other parameter is per-
into (7), replacing(irow) from (8), and simplifying gives the turbed. There is no dual of the slew interval in the buck con-

following important PSPWM converter equation verter. If the PSPWM converter input voltage is perturbed, the
) output voltage will reach a new steady state value dependent
0= (VOut Licak + LLeak) 2 upon load current (assuming duty and load are constant), and
Vin L3y Lous the slew interval responds appropriately. This creates different

‘/In LOut LOut VOut LLeak VOut
Lieak + Lom) A. PSPWM Power Converter Natural Response

N (2 Vout LLeak  Lieak  Vin Louwt  Vin +1> r PSPWM converter small-signal dynamics.

+<VO“ — 142 9)

(%™ TRioad The natural response of a system is the dynamic behavior of
a perturbed system returning back to steady-state operation. For
the phase-shifted PWM power converter the perturbed output
0=al2+ bl + ¢ (10) Parameter of interest is the output inductor curréng{:). The
PSPWM power converter has a natural response characteristic
where there are in general two solutions. Only one of these similar to a sampled data system. The natural response of the
lutions corresponds to the correct answer. Only the “subtractismall-signal output inductor currenh¢ro,¢) remains constant
guadratic solution” correctly maps increasing load current to #or a half switching cycleT’). The magnitude then reduces by
increasing slew interval(). Thus, the solution of interestis  a constant ratio during the small-signal slew interval.
The PSPWM power converter slew interval is perturbed
—b— vb* —dac (11) by any input disturbanceNvr,, Avout, Ad). A small-signal
2a ' input perturbation causes a small-signal output inductor current
Another justification for (11) is this is the only solution thafA?Lout) perturbation.
allowsI" to approach zero, a necessary operating condition forFig. 4 shows the output inductor current and leakage in-
decreasing load current. The boundary condition for discontifuctor currentunder steady-sta.6u, /1Leak) @nd perturbed
uous conduction mode (output inductor current becomes zef§)out +AiLout, [LLeak + AiLreak) OPerating conditions. The

Equation (9) is a quadratic equation of the form

I'=

forces the slew intervall{) to approach zero. inductor currents are perturbed, but no additional external dis-
turbance or perturbation is introduced. The input voltdge,
B. Discontinuous Conduction Mode output voltage Vo, and duty cycle,D, are all unperturbed.

For any power converter it is important to understand tc;%he magnitude of the output inductor current perturbation is

boundary condition for discontinuous conduction mode (DC ‘Lo The perturbation magnitude is the same for the output
inductor current and leakage inductor current, since previous

operation. DCM operatlon IS deﬁned as th(_a ou.tput'mductor Y5 DT the output and leakage inductors are connected in series
rent (ILow:) reaching zero during the switching interval an

: - . hrough the output bridge rectifier [7]. The output and leakage
staying at zero for a finite Ieng_th of time. The PSPWM POWShductor currents are the negatives of each other due to the
converter DCM boundary condition occurs when the valuBl of

) " X ' conduction of bridge rectifiers R2 and R3 of Fig. 1.
is exactly zero. The only condition for whidil equals zero is A perturbation of output and leakage inductor currents
for the slew interval ) to also equal zero. Theand—b terms

7/ with magnitudeAir o, €xists just beforeDT. Before DT
of (9) are always positive i¥1,, > Vout andLous > Lieak [5]-

| : ' ) / the steady-state and perturbed output inductor currents are
The requirement fof" to be identically zero is thec” term of  ¢5cp rising with a slope ofVin — Vout)/(Lout + Lieak)
(9) equaling zero. The critical resistance value for discontinuoysy the steady-state and perturbed leakage inductor currents

conduction mode is are falling with a slope of-(Vi, — Vout)/(Lout + Lieak).
2{Liecax + Lou } Between times 7', T7') and (I, 7 + I'T") the perturbed
Bpen = 711 Vou LU 12) output inductor current slope is the same as the steady-state
{ { - T}} output inductor current slope, similarly the perturbed leakage

Any value of load resistance smaller thBpc, ensures that ?nductor current slope is the same as the steady-state leakage

the converter operates in continuous conduction mode. If tﬁ dﬁgzg: C?;;::qrt't( Slon'Aynt'l )tg?jrle?l?a p:{;‘éf;grgﬁ';?g;t
load resistor is larger thaRpcy the PSPWM power converter LOut T 2LOut 9

operates in discontinuous conduction mode. (JLLeak + AirLea) have equal magnitudes, but the perturbed
leakage inductor current is the negative of the perturbed output

inductor current due to the conduction of the bridge rectifier
diodes. The magnitude of the output inductor current and
The closed form large-signal operating conditions provide theakage inductor current perturbations each remains constant at
operating point for small-signal operation. The PSPWM com\ir, oy until time 7" 4+ T'T". The perturbed output and leakage
verter load characteristics require input voltadg,}, output inductor currents at tim& + T'T differ by 2Ai;04. The

I1l. SMALL SIGNAL ANALYSIS
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Fig. 4. Steady-state and perturbed currebts (Vou:, D unperturbed). The value ofk is constrained between zero and one, since

0< LLoak < I:JOut- ) )
perturbed output inductor current continues to fall with a slo eTh.e small-signal output inductor current of each successive
e interval reduces by a factor dependent upon the output and

of —Vout/Lout, and the perturbed leakage inductor curreI K induct Thi turbati lue is held
continues to rise with a slope f,,/Ly..x. At the end of the cakage inductances. 1his new perturbation value 1S hela con-
stant for a half-cycle switching intervel; (minus the small-

perturbed slew intervall’ + I'T" + AynT', the perturbed output . .
inductor current and perturbed leakage inductor current &nal slelvv mltgrvaI,A;yN{’), fn?ﬁ redutcels bY ‘? facltor d;f b
again equal since they are connected in series by rectifier dio S ?hew evg,- IS cobns an tEn 'f f nli))fr‘ri ew 'tﬂ ef"g‘ pfr urba-
R1 and R4 of Fig. 1. Since the inductors are again connecte Ion, then reduces by another factoratihus, the inductance
series they must have the same perturbation val&; oy . values Lreak, Loue) and the switching intervalT) determine

; ; ; . the PSPWM power converter natural response.
The corresponding small-signal slew interval(y7) is a )
characteristic of the PSPWM converter. The PSPWM converter natural response is
Solving the small-signal slew interval using the geometry of Airout(NT) = kN Aipow (0) (16)

Fig. 4 gives . L :
whereN is a positive integer corresponding to the number of

2L 1, Lout A 13 half-cycle switching intervals since the small-signal inductor
Vout biear + VinLow — LOut: (13) " current perturbation was introduced.
The characteristic valuek™ corresponds to the PSPWM
The length of this slew interval perturbation depends upon thewer converter natural response. The output inductor current
magnitude of the small-signal inductor current perturbatiqgerturbation Qirou) relaxes back toward its steady-state
(AiLou) attimeT (or atT + I'T), the steady-state convertergperating condition with the characteristic staircase ramp
voltages {1, Vout), and inductances.cax, Lout)- pattern shown in Fig. 5, where the small-signal output inductor
There is a rapid change in the small-signal output inductgrrent perturbation Aipo4) Was introduced at time zero.
current during the small-signal slew interval{yT"), as shown The time intervall’ corresponds to one-half of a switching
in Fig. 5. The outputinductor current perturbation stays constaiériod. Each successive time interval has the perturbation
with a value ofAiroy Until time'T". AttimeI'T" + AynyT the  magnitude reduced by a factor of.” The value ofk in Fig. 5
smalll-signal outputinductor current s a different constant valug. approximately 3/4 (0L 2 6L1.cax). The slope associated
During the small-signal slew interval\(yxT') the small-signal with the piecewise constant staircase fall time is very large. The
output inductor current ramps between a constant value angraplitude change occurs during the small-signal slew interval,
different constant value. AvnT. The small-signal slew interval decreases toward zero
The slopes of the steady-state and perturbed output inducd@r the small-signal output inductor current returns toward
currents in Fig. 4 are identical before tifie-I'T" since the input  steady-state with increasing switching cycles.
voltage (1,,), output voltage o), and inductor values are the
same for both cases. Similarly, the slopes of the steady-state Bad®SPWM Power Converter Complete Response

perturbed output inductor currents are again equal after timer,e pspwM converter forced response is its dynamic
T + I'T + AyxT. The small-signal output inductor currentesnonse due to external disturbances. The PSPWM power
(Airou) of Fig. 4 changes its value at the end of the perturbe@nyerter disturbances are input voltage, ), output voltage
slew interval "' + I'T" + AynT') by (vout), and duty cycled).
Vou Vi — Vour The sm.all—signal model uses gnit stgp input perturbations that
kAt ouw = AiLouwt — ——AynT — ————= AxyyT. occur at time zero. The small-signal inputs are duty cycle per-
Lout Lreak + Lot (14) turbation, Adu(t), input voltage perturbationAvr,u(t), and
output voltage perturbatiod v u(t). To simplify the equa-
tions the unit step functiony(t), is not explicitly included in
the equations. The unit step perturbations of duty cycle, input
- Lout — Lreak (15) voltage, and ogtput voltage are presentedAas Awr,, and
" Lout + Lieax Avout, respectively.

AyNT =

Substituting the value ahynT from (13) and solving fok
gives
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The important small-signal transfer functions for Chara(V|_om=f_"-0+(vln+AVIn'vOui'Av0ut)
terizing the PSPWM power converter are control to outp! Leak™ ~Out

(Avout/Ad), audio susceptibility (or input to output voltage,  [2iLout:o

v _ I'Leak
stteak™L caktlout

; . . ] "Lom","VOut'A"o;;\\ ___________
Avoy/Avr,), output impedanceXvou:/Aioy:), and input 13 < 270l DO T e e e

impedance Awvr,/Aidr,). These transfer functions provide 4 7 ‘~~;‘"r~:--_-'—"—'—?’; __ lreak Ve Ve )
the necessary information for deriving the important PSPW Viour=Vout 4 Lo e Lieaktbou "M O
converter small-signal model. The small-signal slew interv YLour™ L,_e,,k+L°u,(V'n'v°"t’
(Avynr) response is a necessary intermediate parameter () ?'\FT I DT
develop the PSPWM power converter small-signal transf /\\\VLLeak=Vln Lleak
functions. -l /' Vi Leak= Vin*AV), - L Leat Al eak

The small-signal model is derived from perturbing thi-13 o )
PSPWM power converter steady-state operation. Proper ci LOutd — mmemeemeeenes Lou Al out
verter modeling requires understanding slew interval dynamics
associated with the natural and forced responses. The s|gyVe. steady-state and perturbed output and leakage inductor currents.
interval is implicit to the converter operation. There is no
switching event or control operation causing the end of the slew ) )
interval. This is different from classical PWM power converters Equation (18) provides a tremendous amount of phys-
where the duty cycle begins when a switch is explicitly turné§@l insight into the phase-shifted PWM power converter
on and ends when the controlled switch is turned off. small-signal dynamics. The small-signal slew interval depends

The PSPWM power converter dynamics are determined BN the inductor valuesifc.i and Lout), the steady-state
the system response while transitioning between one operaffgrating conditionsoue, Vin, 7, andl’), the small-signal
condition and a different operating condition. The PSPw@UIPUt inductor current at the beginning of the half-switching
converter dynamics result from the combination of natur@¢le @iLouto), and the input and output voltage pertur-
and forced responses. Fig. 6 shows the PSPWM convef@tions Bum and Awvoy). Positive current perturbations
leakage and output inductor currents under steady-state &ndrouto>0) increase the slew interval. Positive input voltage
perturbed operating conditions. The time scale is expand@d OUtPut voltage perturbationsAfr,, Avou:) decrease the

to demonstrate slew interval operation under steady-state SV Interval. The small-signal slew interval provides damping

perturbed operating conditions. The perturbed output inductGf the output L-C filter [4]. L
current at time 0 has a value 68 + Airou.0. The perturbed Duty cycle perturbationsXd1’) are not explicitly included

leakage inductor current at time 0493 — Adr.ouso, Since the N (18). Any small-signal duty perturbation occurs after the per-

leakage inductor was in series with the negative of the outgfPed slew interval (7" + AywrT) has ended. The output
inductor at time 0 (i.e., just before time 0). inductor current and leakage inductor current are updated at

The small-signal output inductor current of Fig. 6 has g’e end of each half switphing cycle to int_:lude the _effect of
nonzero value of\ir oo at time zero. This is the instanta- uty cycle (AdT) perturbations. The small-signal slew interval

neous difference between the perturbed and steady-state ou_g %NFT) de_pendence upon duty cycl_e perturbatlc_mslT) IS
inductor currents. The terminology for the small-signal outpI cluded by its effect upon the small-signal output inductor cur-
inductor current is rent at the beginning of the next switching intervak{ ou:.1).

Vin*aVi-VouraVour)

AiLout:0 = Airout(0)- (17) C. Output Inductor Current Small-Signal Response

) ) ) Time evolution of the small-signal output inductor current
Small-signal input voltage and output voltage perturbationgqyides dynamic information necessary to derive the PSPWM
(Avm,; Avous) @lso exist at time 0. Since the output inductopgywer converter small-signal model. The small-signal output
and leakage inductors were connected in series (through iR ctor current is an important parameter since all load cur-

output bridge rectifier) before time 0, the perturbation Qfant and output capacitor current must flow through the output
—Adrou:0 Must be also added to the leakage inductor curreffq,ctor.

The input and output voltages are perturbe#jo+ A, and From the steady-state and the perturbed output inductor

Vour + Avou, respectively. The perturbed output 'nducm{:urrents of Fig. 7 it is possible to derive the time evolution

and leakage inductor currents result in a small-signal SI%’Y the perturbed output inductor current. The generalized

g?rvag@y%Fi;)hcomgongn:ﬁ;T% pertturb;ahd tsiﬁw mttirvgl I?esponse calculates the perturbed output inductor current due
+ Al The subscrip enotes that the perturba-y, small-signal current perturbatioA{r,ous.0), Small-signal

tion is due 1o bOtE the natSurlaI. res?onfhbq(omo?l ar_1d folrc<|ad output voltage perturbatiomNvo,), small-signal input voltage
responses Avra, Avou). Solving for the small-signal slew perturbation QAwvy,), and small-signal duty cycle perturbation

interval using the geometry of Fig. 6 gives (AdT)
The perturbed output inductor current can be calculated by
AwrT . projecting forward in time. The steady-state output inductor cur-
_ 2LreakLout Atrout:o = TTLouwAvim — I'T LreakAvouws  renthas a value of3 attime zero/1 at timeI'T’, and/2 at time
Vout Lteak + VinLout " DT. The perturbed output inductor currentli$+ Airouto at

(18) time zero.
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Fig. 7. Steady-state and pertur

The perturbed output inductor current at timi#’ is solved
using the perturbed output inductor current at time zero of Fig

bed output inductor currents.

and projecting forward in time t67’

Iouwt(TT)+Airowt(I'T)
. V u + A u
= ILOut(O) + AZLOut:O - OtLiv()tF
Out
Vou Avoy )
= [3— 2Qutpp _ ZPOU A
LOut LOut
Avoy
— 1+ Adpouo — —20utpp, (19)
LOut

The small-signal output inductor current is the difference b&
tween the perturbed and steady-state output inductor currefit
The steady-state output inductor currentisatI7". The small-

signal output inductor current &t is

AiLOut(FIﬂ’) = AiLOut:O - T

Similarly solving the small-signal output inductor current at

rr

AvQut- (20)

ut

all the other times of interest gives [5]

Airout(I'T + AyneT) =

kAiLOut:O‘i‘

AZ.LOut (DT) =

kAiLOut:O‘i‘

Airou (DT + AdT) =

kAL ou:0+

Nirout(T) = AiLou.T =

kAiLOut:O‘i‘

D. Generalized Small-Sig

Equations (20)—(24) provide the small-signal output inductor
current response during the first switching interval after the Adrous(
unit step input perturbations. The small-signal output inductor
current is not zero at time zerd\(Lout.0 7 0) when the unit
step input perturbation begins. The generalized small-signal

FT{A’UIH — AUOut}

LLoak + LOut
(21)
DT{A’UIH — AvOut}
LLcak + LOut
(22)

DT{A’UIH — A’UOut} + ‘/InAdT
LLeak + LOut

(23)

DT Avr, — TAvout + Vin AdT
LLoak + LOut .

(24)

nal Output Inductor Current
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response solves the instantaneous small-signal output inductor
current for all input perturbations)irout:0, AV, AVOut,
AdT.

The small-signal model requires input perturbations to be in-
troduced after the PSPWM converter has reached steady-state
operation. The small-signal output inductor current is solved for
all times after introduction of the small-signal unit step input
perturbations. Unit step input perturbations are introduced at
an arbitrary time “zero,” corresponding to the beginning of a
PSPWM power converter switching interval.

The method of calculating the small-signal response assumes
PSPWM power converter steady-state operation before time
zero. Thus, there is no small-signal output inductor current
at time zero Qipou:0 = 0). A unit step input perturbation
begins at time zero, and the resultant converter small-signal
oyitput inductor response is calculated using (20)-(24). The
small-signal output inductor current at tirfies used as the new
starting value in (17) and represented/ss,o.t.7. Equations
(20)—(24) are again used to determine the small-signal output
inductor currents between timésand 2". This process is then
repeated for the next switching intervall’20 37", and so on.
This response is generalized for any time after the perturbation
was introduced. The resulting equations have the form of
a geometric progression. This simplifies the small-signal
equations. The final generalized small-signal output inductor
urrent during switching interval¥” after the introduction of
émit step input perturbation is

Airouw(NT)
1— kY
= {DTAUIH — TAvout + ‘/inAdT}
2LLeak
(25)
Aigou (NT + T'T)
1—kN
= {DTA’UIH — TA’UOut + ‘/inAdT}
2I/Leak
I'T
- A’UOut (26)
LOut
AiLouw(NT + I'T + AywrT)
1— kN
=k {DTAvy, — TAvou + Vin AdT'}
2LLoak
I'T{Av, — Avou
{Avr VOut } 27)
LLeak + LOut
AiLout (NT + DT)
1— kN
=k {DTAUIH — TAvou + ‘/inAdT}
2LLeak
DT{Avr, — Avoy
{ U1 e} t} (28)
LLeak + LOut
Airow(NT + DT + AdT)
= kA= DT Avr, — T Avous + Vin AdT}
DT{A’UIH —A’Uout}-l-‘/inAdT
LLeak + LOut
(29)
NT +7T)
1— N+
= [DTAwvp, — TAvou + VinAdT}.
2LLeak
(30)
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E. Averagedsmall-Signal Response Putting the values from (25)—(30) into (31), simplifying, and

ignoring terms that are the product of two small-signal values
The technique to derive the PSPWM power converter smajig] gives

signal model is now summarized to clarify the averaging

approach. The averaging process used in this paper begir@,gmutm _ T {(1 —EN)(k+ T — kD)

with the exact small-signal output inductor currents at each 2L1ecax

subinterval from (25)—(30). The first step involves averaging _I_ﬂ (1 +12 LLoak)}

these subinterval equations over one complete (half) switching 2 Lout

interval, T'. This linearization process provides a first order T 1-k

discrete sampled data equation. All resulting coefficients in the X {DAvwm = Avou + VinAd} + 2ok 2

cycle by cycle averaged (32) are simple constants except the r2 5 Lieak

1—k% term. Equation (32) is a first order discrete time staircase X {(1 - D~ D r Lout > DAw,

response with amplitude step changes occurring at the beginning I !

of successive switching intervals. The next step is to perform a + <1 —-2D — F2%> VInAd} . (32)
ut

Laplace transform on the averaged first order sampled equation.
The resulting Laplace equation includes a complicating®” Equation (32) is the important PSPWM power converter av-
term. The final step uses a Pade approximation to simplify teeaged small-signal output inductor equation. This provides the
s-domain averaged small-signal equation to a simple pole-zemact averaged small-signal output inductor current response
form. due to small-signal inputs. The resulting small-signal model

Equations (25)—(30) provide information for calculating theses the dc operating condition® (V1,,I") and the PSPWM
PSPWM power converter small-signal model. It is important ggower converter component parameters. ok, Lout, k, 7).
understand the averaging process. The averaging interval is 3h€ output voltage Wo.:) is implicitly included from the
complete (half) switching cycle, beginning and ending at théc duty ratio (). The input perturbations arfwr,u(t) ,
system clock. Thus, the first averaging interval is from @to Avouwu(t), Adu(t). All coefficients in (32) are constant,
the next fromT to 2T, and so on. The averaged small-signa#xcept the importantl“— k™" term. This term provides the
output inductor current exhibits a “step change” in amplitudeharacteristic staircase pattern that represents the frequency
at the beginning of each half-cycle switching cycle. The valu¢ependence of the PSPWM power converter.
stays constant until the next half-cycle switching interval. This A(iLout)n IS @ staircase function, where the amplitude
averaged value during a switching interval is exactly the saraBanges at the beginning of every half switching cycle.
as the average of the exact model. This averaging approastiLout)n IS exactly the same as the continuous value
provides a basis for developing the PSPWM power convertdrrou:(t) averaged over a PSPWM converter half switching
small-signal model. period,T. Fig. 8 shows the responses forM,u(t) pertur-

The averaging technique uses the exact small-signal eq@ation. This instantaneous small-signal result uses the values
tions of (25)—(30). The exact small-signal output inductdfom (25-30). The averaged waveform has the same average
current response is known at each time interval. The averag@i/e (averaged over a half switching intervE), as the exact
small-signal output inductor current is evaluated by averagifgptantaneous signal, but the averaged signal has a more abrupt
the exact small-signal output inductor current equations ov@nplitude step change. This creates a small high frequency
one complete switching interval. For the Nth cycle after th@ismatch between the gain and phase of the instantaneous and

perturbation is introduced the averaged value is averaged responses.
Alirou(t))y F. PSPWM Converter Small-Signal Model
1 [NTHT The PSPWM power converter dynamic behavior has some
=T /A o Airout(T)dr electrical properties best represented using discretahs-
I . forms” and other continuous features best represented using
1 [Airout(NT) + Aipout(NT + T'T - .
=7 { iLow(NT) + ;LO (N + )FT Laplace or $-transforms.” It is important to merge these into

] ] a single electrical model. Traditional power converter small-
+ Airou(NT + I'T) + Airow(NT + T + AyweT) signal models are represented in thdomain. The sampled

2 converter characteristics will be mapped into equivalent Laplace
X A7NFT ) transforms to provide a completedomain representation of the
+ Airout(NT + T + AwrT) + Airow(NT + DT) PSPWM power converter small-signal model.

2 The PSPWM converter output filter includes a capacitor
X {DT —{I'T+ A'VNFT}}. and load resistor Ry,.4). These components are modeled
n Airout(NT + DT) + AiLou(NT + DT + AdT) AgT  Using Laplace transforms. The dynamic averaged small-signal

. 2 . response of the PSPWM power converter includes thek™”
+A’LLOut(NT + DT + AdT) + Airou(NT +T) term of (32). This 1 — k™" term is best represented using
2 a discretez-transform. It is important to remember that this
x {T —{DT + AdT}}}. “1 — kN" response results from a small-signal unit step pertur-

(31) bation. The 1 — kN transfer function has the time response
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Input (7
AV u() Input u(t)l JJ
{ Perturbed Output
I2 —— E\imior Current T ——
T Inductor C t Output
4 : Inductor Curren ™ : : > R
N e T TiesRense
0 rT DT T T+I'T T+DT 2T 2T+I'T
L G L L T 1-k%(=0) r
- n Q
sow(® | ST T o T TLeakiouw 3 0 T 2T 3T a1 Y oo
—e— Leak” "Out k(k+1)DT+L' T "
i ' : Toaclogr - n:
A\ : - \ . Loak™"out :__: Fig. 9. Graph of inputu(t), and piecewise constant staircase response.
0 rT DT T T+I'T T+DT 2T 2T+I'T
I av,, LkDT+ET av,
L L . . . . . .
. Leak™out ’-:’i"+ °;" A< gy The small-signal model of Fig. 10 is quite simple, yet pro-
A<i > A .
LOut™N a<i_ou>p I Lour 1 I vides an extremely accurate PSPWM power converter model.
The converter has a high frequency zero. The effect of the
[} T 2T converter dynamics upon the output L-C filter is significant.

i ) ) ] ) ] The output filter inductor Loy:), leakage inductor Iy cax),
Fig. 8. Large signal, small-signal instantaneofs (o), and small-signal

averaged4\ {irout) v) Output inductor current responses due toasmall-signsﬁnd SWItChlng frequgncyﬂ) became comp_onents of 'Fhé
input voltage step change vy, u(t). term discussed previously. The mathematical analysis showed

that the output inductor became a constituent of the left-half
shown in Fig. 9, where the breakf[” indicates that a long Plane pole at2Li.c.x)/(1'Lout). The second real pole is due

time has passed. to the output capacitor in parallel with the load resistance.
The Laplace transform of the function of Fig. 9 is Thus, the output L-C filter is split into two real, distinct
0o poles. The pole associated with the output inductor is constant
L{Z(l—k‘N)[u(t—NT)—u(t — {N+1}T)]} and independent of input voltage, output voltage, and load
N—0 resistance. All remaining terms in the small-signal model are

e~ T(1— k) simple constants that depend upon component values and dc
= m (33) operating conditions. There is a “feedforward path” for both
where ‘L{...}" means “the Laplace transform of.” the .AUI“ andAd small-signal inputs. .
. ' Fig. 10 has an added “Xfmr Turns Ratio” constant to account

While (33). IS th_es-domaln representation fo_r th_e st_alrcas? r the voltage gain due to a PSPWM power converter isola-
response, it is quite cumbersome. The complication is due, o

. T ST . . —tion transformer. This transformer turns ratio term, “Xfmr Turns
the “e=*"” term. The model is simplified using the following _~.." . ;
: N Ratio,” is necessary to properly model the small-signal output
first order Pade approximation : ) :
voltage on the secondary side of an isolation transformer. The

=T _, (_5 + %) ) (34) transformer turns ratio is conventionally defined as the ratio of
(s + %) secondary side turns to primary side turns. For a center-tapped
Simplifying and substituting: = (Lout — Lreak)/(Louw +  transformer the number of secondary sid.e turns is the number
Lycax) into the transfer function of ' — k" gives of turns of each separate center-tapped winding, or half the total
=T (1 — k) sy 2 number of total secondary turns.

— 5 (35) All constants in the model of Fig. 10 use parameters refer-
(1 —ke™=T) TonSTT enced to the primary side of the isolation transformer. All volt-
Substituting the first order Pade approximation provides ages and currents on the secondary side of the isolation trans-
s-domain small-signal model for the PSPWM power convertdormer are scaled by the transformer turns ratio. Impedances on
Fig. 10 shows the PSPWM power converter small-signal modbke secondary side are scaled by the square of the transformer
using the first order Pade approximation. turns ratio. Parameters on the secondary side of the isolation
All necessary information for the small-signal averagedlansformer use “primed” designators (e.8wg,,,). Parame-
model of the PSPWM power converter has been calculatéets referenced to the transformer primary side use “nonprimed”
The only other required information is the transfer functiodesignators (e.gQAvout)-
between the averaged small-signal output inductor currentBoth the forward gain and the feedforward path have gain
(Airow)n) and the small-signal output voltage\¢oys). terms ofl’/(2Li..x). The feedforward path has a constant mul-
This transfer function is simply the output capacitor and load tiplier of (1 — k)/2. Since k is nearly unity frcax < Lout)
parallel. Zo 4 (s) is the parallel impedance of the output filteffor a well designed PSPWM power converter, these terms have
capacitor, Zc,,(s), and load resistanceRi..a. The values a much smaller effect than the dominant frequency dependent
of capacitor impedanceZc.,(s), and output impedance,forward gain term. Similarly, the forward gain term has a con-
Zout(s), (output capacitor in parallel with load resistance) arstant value ofl + I'> L cax/Lout. SiNC€L1cak < Lou: and

1 I' <« 1, this constant is approximately one.
Zecap(5) 50 (36) There is an output voltage feedback term in the small-signal
Rioad model of Fig. 10. This modifies the phase-shifted PWM power

Z0out(s) =Zcap|| Rroad = SCRioaq +1° (37)  converter output impedance.
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AV, D o4 2 .
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ad vln [ L Leak TL 0:: Ratio
1-k 2 “Leak AVout .
0 2ot SR “Vout
1-2D-1'2 I-Leak 1.p-L.r2_Leak
Out Out [
T 1k
2 LLeak 2

Fig. 10. Complete PSPWM power converter small-signal model.

The slew intervall’, increases with increasing load current

The voltage conversion ratibp..: / Vi, depends upon the input
voltage, output voltage, inductor values, duty cycle, and lo:
current. If inductor component values, duty cycle, and inp
voltage are all kept constant, then increasing load current ms
to areduced output voltage. Thus, the PSPWM power conver

T (D212

667

2(Ly eatlour)

L
T(2er2 2 Out_)
Leak

.. . 2(L L :
has a finite output impedance at low frequency. Grcattou) A<hip>N
The output impedanceZpspwas is for the phase-shifted T s+ 2 2T L,
; ; ; Dk- .
PWM power converter only, it does not include the load resistc 2Licac Low 2. P e om
Rroaq- Atlow frequency § — 0) the PSPWM converter output " Lok T

. . V,
impedance is Out

2L1cak
T

1+(k—1)(%—r—%2m)~

Fig. 11. Small-signal input current model.

ZpSPWM-DC = (38)

Lout between the model and experimental measurements. The

“primed” values in Fig. 12 (e.g.vg,,) represent the actual

G. Small-Signal Input Current values on the secondary side of the center-tapped isolation
Qnsformer. The “nonprimed” values (e.gout) represent the

The final parameter of interest is the averaged small—sigﬁ lized val ‘ q h : i id
input current. This is required for calculating the resulting inpu'}Orma 1z€d values reterence to the transformer primary side.
. 13 is the small-signal model.

current perturbations, especially due to input voltage distdﬁg

bances. The ratio of small-signal input voltage to small-signal T(?e; capacito; EST hashonly a very minor effectl upon the
input current Qor,/Aidr,) is the PSPWM power converterModel presented earlier. The capacitor ESR cre Enain

small-signal input impedance. Using the same small-sigﬁZFrc_)" at 7.2 kHz. There |s_alsoasmall capacnorequwalent se-
inductance (ESL) not included in the schematic.

derivation approach as earlier gives the averaged small—sigﬂgf ; . .
Fig. 14 is the important control to output transfer function

response ; .
(Avg,/Ad). The experimental and model results are in excel-

A(im(t)) N lent agreement, even up to half the switching frequency. The
T N 2T Lout predicted pole at 19.7 kHz, due to the ratio of the inductors

= {1-k"} Dk — ——F— d switching f d Il with d re-
2L eak Lieax + Lout and switching frequency, corresponds well with measured re

x {DAvr, — Avous + VinAd}+ sults. The phase of the small-signal model and experimental

(D? + T2 £220) Ay, — (D? = T?)Avou

2(LLoak + LOut)

converters is less accurate at higher frequencies because the av-
eraged model assumes a “step-change” in amplitude at the start
of every switching interval, and it also includes the Pade ap-

N {F_T < Vin VOut) n Vout (1- D)T} A4 Proximation. Still, the experimental measurement differs from
2 \Lreax Lout Licak + Lout the small-signal model by only 25at half the switching fre-
(39) quency.

Fig. 15 is the measured and predicted PSPWM converter
audio susceptibility fvg,,,./Avin). There is again excellent
agreement between the model and experimental results. The
frequency range for this measurement is 5 Hz to 50 kHz. This

A prototype phase-shifted PWM power converter wasequency range is limited by the signal injection transformers
constructed to experimentally verify the small-signal modelequired to perform this measurement.

Several small-signal measurements are performed using analogig. 16 shows the measured and predicted PSPWM con-
small-signal injection techniques. There is excellent agreemestter output impedanceZpspwas. At low frequencies

The small-signal input current model is shown in Fig. 11.

IV. EXPERIMENTAL RESULTS
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Fig.14. PSPWM converter control to output: measured result and smaII-S|g|: P
model. ® &
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(up to approximately 30 Hz) the output impedance is cor  ©f - - -4 -105

stant, then a pole occurs. The output impedance at dc, frc

-10 -145

(38) is 16.462/6% (.46 ), or —6.8 dBQ. This agrees ex- 10 100 1000 10K 100K ™
tremely well to the measured dc output impedance of 048 Frequency (Hz) Measured
(—6.4 dB?). Above 100 Hz the output impedance is dominate — — — Model

by the output capacitance. ) - )

~ Fig. 17 is the measured and predicted PSPWM converfggag.'mgfggsv "f;%”:’fgﬁrc'gggtc'lgﬁﬁgance measured resultand small-signal
input impedance. This is the ratio of small-signal input voltage

to small-signal input currentA(vln/A_un). This is a difficult additional high frequency decoupling capacitance creates a
measurement to perform. There is a large high frequenpalole,, at 660 Hz

circulating input current for the PSPWM converter, compli- '

cating the measurement. Performing this measurement requires
adding a high frequency decoupling capacitance close to
the input of PSPWM converter H-bridge. There is LR of Conventional small-signal derivation techniques do not prop-
high frequency decoupling capacitance included in the inpetly model the PSPWM power converter due to the complex
impedance measurement. Both the theoretical and experimeatad implicit slew interval dynamics. A small-signal technique
input impedances include 1,2F of input capacitance. This is presented which derives the PSPWM power converter natural

V. CONCLUSION
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and forced responses, then solves for the generalized respc
at any time after the introduction of a small-signal input pertufs
bation. The resulting small-signal model uses the instantane@§
small-signal currents of the perturbed system. Cycle by cy¢ \*
averaging is performed using the exact small-signal respor
equations. Since complete high frequency dynamic informati
is maintained until averaging, an accurate high frequency sm:
signal model results. This model provides a simple, extremes= NS Ess E;escggl Sgopt;ﬂ ngﬁéﬁcﬂ&egéi’;iwsﬁaﬁﬁ?;?&xﬁr
accurate representation for t_he dynamlcs'assomated with Elaﬁlerters for commercial, industrial, and military applicatiyons. His research
PSPWM power converter. This model provides the exact avéfeludes high performance power conversion with an emphasis on advanced
aged small-signal dynamics associated with the PSPWM povggrpverter topologies and novel electromagnetic compatibility approaches. His
The PSPWM del sh h h areas of expertise include power converter topologies, electromagnetic interfer-
Convgrter._ e b converter model s OWSt atthe OUtQH e, soft-switching conversion, high frequency magnetics, nonlinear control
L-C filter is separated into two real poles, with one pole at teory, and analog electronics. He has 13 issued patents, with several additional
constant frequency independent of operating conditions. Tegading. He has authored several conference and transactions papers.
small-signal model is in excellent agreement with experimen@En Schutten is a member of Tau Beta Pi, Eta Kappa Nu, and the IEEE Power
measurements.
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