
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 18, NO. 2, MARCH 2003 659

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

Michael J. Schutten, Member, IEEE,and David A. Torrey, Member, IEEE

Abstract—A closed form cycle by cycle analysis forms the
basis for a new zero-voltage switching (ZVS) phase-shifted PWM
(PSPWM) full bridge power converter small-signal model. The
paper derives the small-signal response equations. The PSPWM
converter has an implicit “slew interval,” making the converter
dynamics difficult to analyze using traditional averaging tech-
niques. The converter control to output transfer function under
continuous conduction mode operation and using voltage-mode
control does not exhibit a second order pole associated with the
output L-C filter, making it different from a conventional PWM
converter. This new PSPWM converter model shows that the
output L-C filter is separated into two real poles, with one pole
held at constant frequency independent of operating conditions.
A characteristic pole depends only upon the converter switching
frequency and inductor values. This characteristic pole is fun-
damental to understanding the PSPWM converter natural and
forced responses. The new small-signal model is shown to be in
excellent agreement with experimental results.

Index Terms—DC-DC power conversion, full-bridge converter,
phase-shifted full bridge, phase-shifted pulse-width modulation,
zero-voltage switching.

I. INTRODUCTION

T HE phase-shifted pulse-width modulated (PSPWM) full
bridge dc to dc power converter is a popular topology due

to its inherent electrical robustness and excellent electrical char-
acteristics [1]–[3]. The converter uses zero-voltage switching
(ZVS) to reduce switching loss, allowing high switching fre-
quency operation and small energy storage components.

The PSPWM power converter using voltage mode control be-
haves differently from a conventional hard-switched buck con-
verter. The PSPWM power converter duty cycle is a function
of input voltage, output voltage, and load current. Thus, the
PSPWM converter operating with a constant duty cycle and
constant input voltage uniquely determines the output voltage
only if load current is also specified. This has a significant im-
pact upon the large-signal and small-signal characteristics of the
PSPWM power converter.

The PSPWM power converter is in the “buck class,” how-
ever the small-signal dynamics are different from a conventional
hard-switched buck converter. The PSPWM converter control
to output transfer function under continuous conduction mode
using voltage-mode control does not exhibit a second order pole
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associated with the output L-C filter; this is in direct contrast to
a hard-switched buck converter. There is a characteristic pole
dependent upon the switching frequency, leakage inductor, and
output inductor values. This pole is independent of operating
conditions.

The large and small-signal operating characteristics of a
phase-shifted PWM power converter are largely determined by
the static and dynamic characteristics of the “slew interval.”
The slew interval is implicit to converter operation. The slew
interval makes the converter dynamics and large-signal oper-
ation difficult to analyze. The PSPWM steady-state operating
condition depends upon load current, further complicating the
analysis.

The PSPWM converter slew interval is perturbed due to
system disturbances (duty, , , load current). During the
slew interval the full input voltage ( ) is applied across the
leakage inductor ( ). Increasing the load current increases
the slew interval. The power delivery interval (for a constant
duty cycle, ) decreases as load current increases, reducing the
output voltage [4]. This unique operating characteristic, asso-
ciated with the slew interval, contributes to the unconventional
small-signal transfer functions of the PSPWM converter.

II. L ARGE SIGNAL ANALYSIS

Fig. 1 shows the PSPWM power converter schematic. The
following assumptions are used for analyzing the PSPWM
power converter.

1) The switches (S1-S4) have zero on and infinite off resis-
tance.

2) The switches (S1-S4) have negligible junction capaci-
tance.

3) The rectifiers (R1-R4) have zero forward drop and zero
junction capacitance.

4) Output voltage is constant over a switching cycle (small
ripple voltage assumption).

It is important to emphasize that there is no small ripple as-
sumption for either the leakage inductor current ( ) or the
output inductor current ( ). It is imperative to maintain
these ac components to properly derive an accurate small-signal
model [5]. When the PSPWM power converter load current is at
the boundary of continuous conduction mode (i.e., is al-
ways greater than zero) the peak-to-peak output inductor ripple
is twice the level of its DC component. Ignoring these large
ripple currents creates inaccuracies in the PSPWM power con-
verter small-signal model.

The switching signals, control signals, and electrical wave-
forms are shown in Fig. 2. Fig. 3 displays the instantaneous
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Fig. 1. Phase-shifted PWM power converter schematic.

Fig. 2. PSPWM converter waveforms.

leakage and output inductor currents and voltages under steady-
state operation. “ ” represents the controlled on-time of the
switches. “ ” represents the slew interval. During the slew in-
terval the leakage inductor current ramps from a value of
until it clamps to the output inductor current value of. The
slew interval is implicit to PSPWM converter operation, that is,
there is no control command that determines the slew interval
duration ( ): its length depends upon PSPWM converter op-
erating conditions. The implicit slew interval complicates con-
verter analysis. As load current increases the slew interval also
increases. “ ” is the system clock, corresponding to one-half of
a complete full-bridge switching cycle.

The PSPWM converter is constrained to the output voltage
( ) being smaller than the input voltage (). Thus, this
converter is in the “buck classification” of power converters.
Guidelines for designing this converter are to make the conver-
sion ratio ( ) less than unity at the worst case operating
condition of low input voltage and large load current.

The relationships between the currents in Fig. 3 are

(1)

since the output inductor current ( ) increases from to
during time , then decreases from to during

, and decreases from to during .
It is important to determine the criterion for maintaining

continuous conduction mode (CCM) operation of the PSPWM
power converter. CCM is defined as converter operation with
the output inductor current ( ) always positive. CCM
requires that the output inductor current cannot reach zero.

can never become negative due to the output diode bridge

Fig. 3. Steady-state inductor current waveforms.

rectifier circuit. This CCM positive definite current requirement
implies that during the slew interval ( ) the magnitude of
the slope of must be smaller than the magnitude of the
slope of . If this were not the case, the current
would reach zero during the interval in violation of CCM
operation. Thus, a required condition for CCM operation is

(2)

A. Inductor Current Analysis

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

(3)

(4)

(5)

(6)

The average output inductor current is computed by aver-
aging over a complete interval,

(7)

Equation (7) relates the average output inductor current to
currents , , and of Fig. 3. The only additional required
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
approximated by its dc component; this is the “small voltage
ripple assumption” [6]. Using the small voltage ripple assump-
tion, charge conservation, and steady-state operation gives

(8)
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Equation (8) requires all output inductor current, averaged
over a complete switching cycle, to flow into the load resistor.
If any net current flowed into or out of the output capacitor it
would charge or discharge to a different voltage during the next
switching cycle, violating the equilibrium assumption.

Substituting the output inductor current values, , and
into (7), replacing from (8), and simplifying gives the
following important PSPWM converter equation

(9)

Equation (9) is a quadratic equation of the form

(10)

where there are in general two solutions. Only one of these so-
lutions corresponds to the correct answer. Only the “subtraction
quadratic solution” correctly maps increasing load current to an
increasing slew interval (). Thus, the solution of interest is

(11)

Another justification for (11) is this is the only solution that
allows to approach zero, a necessary operating condition for
decreasing load current. The boundary condition for discontin-
uous conduction mode (output inductor current becomes zero)
forces the slew interval () to approach zero.

B. Discontinuous Conduction Mode

For any power converter it is important to understand the
boundary condition for discontinuous conduction mode (DCM)
operation. DCM operation is defined as the output inductor cur-
rent ( ) reaching zero during the switching interval and
staying at zero for a finite length of time. The PSPWM power
converter DCM boundary condition occurs when the value of
is exactly zero. The only condition for which equals zero is
for the slew interval ( ) to also equal zero. Theand terms
of (9) are always positive if and [5].
The requirement for to be identically zero is the “” term of
(9) equaling zero. The critical resistance value for discontinuous
conduction mode is

(12)

Any value of load resistance smaller than ensures that
the converter operates in continuous conduction mode. If the
load resistor is larger than the PSPWM power converter
operates in discontinuous conduction mode.

III. SMALL SIGNAL ANALYSIS

The closed form large-signal operating conditions provide the
operating point for small-signal operation. The PSPWM con-
verter load characteristics require input voltage (), output

voltage ( ), and load ( ) to uniquely specify the duty
cycle ( ). This is different from a buck converter where speci-
fying the input voltage and output voltage determines the duty
cycle (in continuous conduction mode).

The PSPWM converter using voltage mode control has a slew
interval ( ) perturbation when any other parameter is per-
turbed. There is no dual of the slew interval in the buck con-
verter. If the PSPWM converter input voltage is perturbed, the
output voltage will reach a new steady state value dependent
upon load current (assuming duty and load are constant), and
the slew interval responds appropriately. This creates different
PSPWM converter small-signal dynamics.

A. PSPWM Power Converter Natural Response

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
parameter of interest is the output inductor current ( ). The
PSPWM power converter has a natural response characteristic
similar to a sampled data system. The natural response of the
small-signal output inductor current ( ) remains constant
for a half switching cycle ( ). The magnitude then reduces by
a constant ratio during the small-signal slew interval.

The PSPWM power converter slew interval is perturbed
by any input disturbance ( ). A small-signal
input perturbation causes a small-signal output inductor current
( ) perturbation.

Fig. 4 shows the output inductor current and leakage in-
ductor current under steady-state ( ) and perturbed
( ) operating conditions. The
inductor currents are perturbed, but no additional external dis-
turbance or perturbation is introduced. The input voltage,,
output voltage, , and duty cycle, , are all unperturbed.
The magnitude of the output inductor current perturbation is

. The perturbation magnitude is the same for the output
inductor current and leakage inductor current, since previous
to the output and leakage inductors are connected in series
through the output bridge rectifier [7]. The output and leakage
inductor currents are the negatives of each other due to the
conduction of bridge rectifiers R2 and R3 of Fig. 1.

A perturbation of output and leakage inductor currents
with magnitude exists just before . Before
the steady-state and perturbed output inductor currents are
each rising with a slope of
and the steady-state and perturbed leakage inductor currents
are falling with a slope of .
Between times ( , ) and ( ) the perturbed
output inductor current slope is the same as the steady-state
output inductor current slope, similarly the perturbed leakage
inductor current slope is the same as the steady-state leakage
inductor current slope. Until time the perturbed output
inductor current ( ) and leakage inductor current
( ) 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
leakage inductor current perturbations each remains constant at

until time . The perturbed output and leakage
inductor currents at time differ by . The
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Fig. 4. Steady-state and perturbed currents (V , V ,D unperturbed).

perturbed output inductor current continues to fall with a slope
of , and the perturbed leakage inductor current
continues to rise with a slope of . At the end of the
perturbed slew interval, , the perturbed output
inductor current and perturbed leakage inductor current are
again equal since they are connected in series by rectifier diodes
R1 and R4 of Fig. 1. Since the inductors are again connected in
series they must have the same perturbation value, .
The corresponding small-signal slew interval ( ) is a
characteristic of the PSPWM converter.

Solving the small-signal slew interval using the geometry of
Fig. 4 gives

(13)

The length of this slew interval perturbation depends upon the
magnitude of the small-signal inductor current perturbation
( ) at time (or at ), the steady-state converter
voltages ( ), and inductances ( ).

There is a rapid change in the small-signal output inductor
current during the small-signal slew interval ( ), as shown
in Fig. 5. The output inductor current perturbation stays constant
with a value of until time . At time the
small-signal output inductor current is a different constant value.
During the small-signal slew interval ( ) the small-signal
output inductor current ramps between a constant value and a
different constant value.

The slopes of the steady-state and perturbed output inductor
currents in Fig. 4 are identical before time since the input
voltage ( ), output voltage ( ), and inductor values are the
same for both cases. Similarly, the slopes of the steady-state and
perturbed output inductor currents are again equal after time

. The small-signal output inductor current
( ) of Fig. 4 changes its value at the end of the perturbed
slew interval ( ) by

(14)
Substituting the value of from (13) and solving for

gives

(15)

Fig. 5. Characteristic staircase natural response for the PSPWM converter.

The value of is constrained between zero and one, since
.

The small-signal output inductor current of each successive
time interval reduces by a factor dependent upon the output and
leakage inductances. This new perturbation value is held con-
stant for a half-cycle switching interval, (minus the small-
signal slew interval, ), then reduces by a factor of.
This new level is constant until the next slew interval perturba-
tion, then reduces by another factor of. Thus, the inductance
values ( ) and the switching interval ( ) determine
the PSPWM power converter natural response.

The PSPWM converter natural response is

(16)

where is a positive integer corresponding to the number of
half-cycle switching intervals since the small-signal inductor
current perturbation was introduced.

The characteristic value “” corresponds to the PSPWM
power converter natural response. The output inductor current
perturbation ( ) relaxes back toward its steady-state
operating condition with the characteristic staircase ramp
pattern shown in Fig. 5, where the small-signal output inductor
current perturbation ( ) was introduced at time zero.
The time interval corresponds to one-half of a switching
period. Each successive time interval has the perturbation
magnitude reduced by a factor of “.” The value of in Fig. 5
is approximately 3/4 (or ). The slope associated
with the piecewise constant staircase fall time is very large. The
amplitude change occurs during the small-signal slew interval,

. The small-signal slew interval decreases toward zero
as the small-signal output inductor current returns toward
steady-state with increasing switching cycles.

B. PSPWM Power Converter Complete Response

The PSPWM converter forced response is its dynamic
response due to external disturbances. The PSPWM power
converter disturbances are input voltage (), output voltage
( ), and duty cycle ().

The small-signal model uses unit step input perturbations that
occur at time zero. The small-signal inputs are duty cycle per-
turbation, , input voltage perturbation, , and
output voltage perturbation, . To simplify the equa-
tions the unit step function, , is not explicitly included in
the equations. The unit step perturbations of duty cycle, input
voltage, and output voltage are presented as, , and

, respectively.
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The important small-signal transfer functions for charac-
terizing the PSPWM power converter are control to output
( ), audio susceptibility (or input to output voltage,

), output impedance ( ), and input
impedance ( ). These transfer functions provide
the necessary information for deriving the important PSPWM
converter small-signal model. The small-signal slew interval
( ) response is a necessary intermediate parameter to
develop the PSPWM power converter small-signal transfer
functions.

The small-signal model is derived from perturbing the
PSPWM power converter steady-state operation. Proper con-
verter modeling requires understanding slew interval dynamics
associated with the natural and forced responses. The slew
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
where the duty cycle begins when a switch is explicitly turned
on and ends when the controlled switch is turned off.

The PSPWM power converter dynamics are determined by
the system response while transitioning between one operating
condition and a different operating condition. The PSPWM
converter dynamics result from the combination of natural
and forced responses. Fig. 6 shows the PSPWM converter
leakage and output inductor currents under steady-state and
perturbed operating conditions. The time scale is expanded
to demonstrate slew interval operation under steady-state and
perturbed operating conditions. The perturbed output inductor
current at time 0 has a value of . The perturbed
leakage inductor current at time 0 is , since the
leakage inductor was in series with the negative of the output
inductor at time 0 (i.e., just before time 0).

The small-signal output inductor current of Fig. 6 has a
nonzero value of at time zero. This is the instanta-
neous difference between the perturbed and steady-state output
inductor currents. The terminology for the small-signal output
inductor current is

(17)

Small-signal input voltage and output voltage perturbations
( ) also exist at time 0. Since the output inductor
and leakage inductors were connected in series (through the
output bridge rectifier) before time 0, the perturbation of

must be also added to the leakage inductor current.
The input and output voltages are perturbed to and

, respectively. The perturbed output inductor
and leakage inductor currents result in a small-signal slew
interval ( ) component. The perturbed slew interval is

. The subscript “ ” denotes that the perturba-
tion is due to both the natural response ( ) and forced
responses ( ). Solving for the small-signal slew
interval using the geometry of Fig. 6 gives

(18)

Fig. 6. Steady-state and perturbed output and leakage inductor currents.

Equation (18) provides a tremendous amount of phys-
ical insight into the phase-shifted PWM power converter
small-signal dynamics. The small-signal slew interval depends
upon the inductor values ( and ), the steady-state
operating conditions ( , , , and ), the small-signal
output inductor current at the beginning of the half-switching
cycle ( ), and the input and output voltage pertur-
bations ( and ). Positive current perturbations
( ) increase the slew interval. Positive input voltage
or output voltage perturbations ( ) decrease the
slew interval. The small-signal slew interval provides damping
for the output L-C filter [4].

Duty cycle perturbations ( ) are not explicitly included
in (18). Any small-signal duty perturbation occurs after the per-
turbed slew interval ( ) has ended. The output
inductor current and leakage inductor current are updated at
the end of each half switching cycle to include the effect of
duty cycle ( ) perturbations. The small-signal slew interval
( ) dependence upon duty cycle perturbations ( ) is
included by its effect upon the small-signal output inductor cur-
rent at the beginning of the next switching interval ( ).

C. Output Inductor Current Small-Signal Response

Time evolution of the small-signal output inductor current
provides dynamic information necessary to derive the PSPWM
power converter small-signal model. The small-signal output
inductor current is an important parameter since all load cur-
rent and output capacitor current must flow through the output
inductor.

From the steady-state and the perturbed output inductor
currents of Fig. 7 it is possible to derive the time evolution
of the perturbed output inductor current. The generalized
response calculates the perturbed output inductor current due
to a small-signal current perturbation ( ), small-signal
output voltage perturbation ( ), small-signal input voltage
perturbation ( ), and small-signal duty cycle perturbation
( ).

The perturbed output inductor current can be calculated by
projecting forward in time. The steady-state output inductor cur-
rent has a value of at time zero, at time , and at time

. The perturbed output inductor current is at
time zero.
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Fig. 7. Steady-state and perturbed output inductor currents.

The perturbed output inductor current at time is solved
using the perturbed output inductor current at time zero of Fig. 7
and projecting forward in time to

(19)

The small-signal output inductor current is the difference be-
tween the perturbed and steady-state output inductor currents.
The steady-state output inductor current isat . The small-
signal output inductor current at is

(20)

Similarly solving the small-signal output inductor current at
all the other times of interest gives [5]

(21)

(22)

(23)

(24)

D. Generalized Small-Signal Output Inductor Current

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

response solves the instantaneous small-signal output inductor
current for all input perturbations; , , ,

.
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 ( ). A unit step input perturbation
begins at time zero, and the resultant converter small-signal
output inductor response is calculated using (20)–(24). The
small-signal output inductor current at timeis used as the new
starting value in (17) and represented as . Equations
(20)–(24) are again used to determine the small-signal output
inductor currents between timesand 2 . This process is then
repeated for the next switching interval, 2to 3 , 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
current during switching interval “ ” after the introduction of
a unit step input perturbation is

(25)

(26)

(27)

(28)

(29)

(30)
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E. AveragedSmall-Signal Response

The technique to derive the PSPWM power converter small-
signal model is now summarized to clarify the averaging
approach. The averaging process used in this paper begins
with the exact small-signal output inductor currents at each
subinterval from (25)–(30). The first step involves averaging
these subinterval equations over one complete (half) switching
interval, . This linearization process provides a first order
discrete sampled data equation. All resulting coefficients in the
cycle by cycle averaged (32) are simple constants except the

term. Equation (32) is a first order discrete time staircase
response with amplitude step changes occurring at the beginning
of successive switching intervals. The next step is to perform a
Laplace transform on the averaged first order sampled equation.
The resulting Laplace equation includes a complicating “ ”
term. The final step uses a Pade approximation to simplify the
-domain averaged small-signal equation to a simple pole-zero

form.
Equations (25)–(30) provide information for calculating the

PSPWM power converter small-signal model. It is important to
understand the averaging process. The averaging interval is one
complete (half) switching cycle, beginning and ending at the
system clock. Thus, the first averaging interval is from 0 to,
the next from to 2 , and so on. The averaged small-signal
output inductor current exhibits a “step change” in amplitude
at the beginning of each half-cycle switching cycle. The value
stays constant until the next half-cycle switching interval. This
averaged value during a switching interval is exactly the same
as the average of the exact model. This averaging approach
provides a basis for developing the PSPWM power converter
small-signal model.

The averaging technique uses the exact small-signal equa-
tions of (25)–(30). The exact small-signal output inductor
current response is known at each time interval. The averaged
small-signal output inductor current is evaluated by averaging
the exact small-signal output inductor current equations over
one complete switching interval. For the Nth cycle after the
perturbation is introduced the averaged value is

(31)

Putting the values from (25)–(30) into (31), simplifying, and
ignoring terms that are the product of two small-signal values
[6] gives

(32)

Equation (32) is the important PSPWM power converter av-
eraged small-signal output inductor equation. This provides the
exact averaged small-signal output inductor current response
due to small-signal inputs. The resulting small-signal model
uses the dc operating conditions ( ) and the PSPWM
power converter component parameters ( ).
The output voltage ( ) is implicitly included from the
dc duty ratio ( ). The input perturbations are ,

, . All coefficients in (32) are constant,
except the important “ ” term. This term provides the
characteristic staircase pattern that represents the frequency
dependence of the PSPWM power converter.

is a staircase function, where the amplitude
changes at the beginning of every half switching cycle.

is exactly the same as the continuous value
averaged over a PSPWM converter half switching

period, . Fig. 8 shows the responses for a pertur-
bation. This instantaneous small-signal result uses the values
from (25–30). The averaged waveform has the same average
value (averaged over a half switching interval,) as the exact
instantaneous signal, but the averaged signal has a more abrupt
amplitude step change. This creates a small high frequency
mismatch between the gain and phase of the instantaneous and
averaged responses.

F. PSPWM Converter Small-Signal Model

The PSPWM power converter dynamic behavior has some
electrical properties best represented using discrete “-trans-
forms” and other continuous features best represented using
Laplace or “ -transforms.” It is important to merge these into
a single electrical model. Traditional power converter small-
signal models are represented in the-domain. The sampled
converter characteristics will be mapped into equivalent Laplace
transforms to provide a complete-domain representation of the
PSPWM power converter small-signal model.

The PSPWM converter output filter includes a capacitor
and load resistor ( ). These components are modeled
using Laplace transforms. The dynamic averaged small-signal
response of the PSPWM power converter includes the “ ”
term of (32). This “ ” term is best represented using
a discrete -transform. It is important to remember that this
“ ” response results from a small-signal unit step pertur-
bation. The “ ” transfer function has the time response
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Fig. 8. Large signal, small-signal instantaneous (�i ), and small-signal
averaged (�hi i ) output inductor current responses due to a small-signal
input voltage step change,�v u(t).

shown in Fig. 9, where the break “” indicates that a long
time has passed.

The Laplace transform of the function of Fig. 9 is

(33)

where “ ” means “the Laplace transform of.”
While (33) is the -domain representation for the staircase

response, it is quite cumbersome. The complication is due to
the “ ” term. The model is simplified using the following
first order Pade approximation

(34)

Simplifying and substituting
into the transfer function of “ ” gives

(35)

Substituting the first order Pade approximation provides an
-domain small-signal model for the PSPWM power converter.

Fig. 10 shows the PSPWM power converter small-signal model
using the first order Pade approximation.

All necessary information for the small-signal averaged
model of the PSPWM power converter has been calculated.
The only other required information is the transfer function
between the averaged small-signal output inductor current
( ) and the small-signal output voltage ( ).
This transfer function is simply the output capacitor and load in
parallel. is the parallel impedance of the output filter
capacitor, , and load resistance, . The values
of capacitor impedance, , and output impedance,

, (output capacitor in parallel with load resistance) are

(36)

(37)

Fig. 9. Graph of input,u(t), and piecewise constant staircase response.

The small-signal model of Fig. 10 is quite simple, yet pro-
vides an extremely accurate PSPWM power converter model.
The converter has a high frequency zero. The effect of the
converter dynamics upon the output L-C filter is significant.
The output filter inductor ( ), leakage inductor ( ),
and switching frequency () became components of the “”
term discussed previously. The mathematical analysis showed
that the output inductor became a constituent of the left-half
plane pole at . The second real pole is due
to the output capacitor in parallel with the load resistance.
Thus, the output L-C filter is split into two real, distinct
poles. The pole associated with the output inductor is constant
and independent of input voltage, output voltage, and load
resistance. All remaining terms in the small-signal model are
simple constants that depend upon component values and dc
operating conditions. There is a “feedforward path” for both
the and small-signal inputs.

Fig. 10 has an added “Xfmr Turns Ratio” constant to account
for the voltage gain due to a PSPWM power converter isola-
tion transformer. This transformer turns ratio term, “Xfmr Turns
Ratio,” is necessary to properly model the small-signal output
voltage on the secondary side of an isolation transformer. The
transformer turns ratio is conventionally defined as the ratio of
secondary side turns to primary side turns. For a center-tapped
transformer the number of secondary side turns is the number
of turns of each separate center-tapped winding, or half the total
number of total secondary turns.

All constants in the model of Fig. 10 use parameters refer-
enced to the primary side of the isolation transformer. All volt-
ages and currents on the secondary side of the isolation trans-
former are scaled by the transformer turns ratio. Impedances on
the secondary side are scaled by the square of the transformer
turns ratio. Parameters on the secondary side of the isolation
transformer use “primed” designators (e.g., ). Parame-
ters referenced to the transformer primary side use “nonprimed”
designators (e.g., ).

Both the forward gain and the feedforward path have gain
terms of . The feedforward path has a constant mul-
tiplier of . Since k is nearly unity ( )
for a well designed PSPWM power converter, these terms have
a much smaller effect than the dominant frequency dependent
forward gain term. Similarly, the forward gain term has a con-
stant value of . Since and

, this constant is approximately one.
There is an output voltage feedback term in the small-signal

model of Fig. 10. This modifies the phase-shifted PWM power
converter output impedance.
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Fig. 10. Complete PSPWM power converter small-signal model.

The slew interval, , increases with increasing load current.
The voltage conversion ratio, , depends upon the input
voltage, output voltage, inductor values, duty cycle, and load
current. If inductor component values, duty cycle, and input
voltage are all kept constant, then increasing load current maps
to a reduced output voltage. Thus, the PSPWM power converter
has a finite output impedance at low frequency.

The output impedance, is for the phase-shifted
PWM power converter only, it does not include the load resistor,

. At low frequency ( ) the PSPWM converter output
impedance is

(38)

G. Small-Signal Input Current

The final parameter of interest is the averaged small-signal
input current. This is required for calculating the resulting input
current perturbations, especially due to input voltage distur-
bances. The ratio of small-signal input voltage to small-signal
input current ( ) is the PSPWM power converter
small-signal input impedance. Using the same small-signal
derivation approach as earlier gives the averaged small-signal
response

(39)

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

IV. EXPERIMENTAL RESULTS

A prototype phase-shifted PWM power converter was
constructed to experimentally verify the small-signal model.
Several small-signal measurements are performed using analog
small-signal injection techniques. There is excellent agreement

Fig. 11. Small-signal input current model.

between the model and experimental measurements. The
“primed” values in Fig. 12 (e.g., ) represent the actual
values on the secondary side of the center-tapped isolation
transformer. The “nonprimed” values (e.g., ) represent the
normalized values referenced to the transformer primary side.
Fig. 13 is the small-signal model.

The capacitor ESR has only a very minor effect upon the
model presented earlier. The capacitor ESR creates a-domain
“zero” at 7.2 kHz. There is also a small capacitor equivalent se-
ries inductance (ESL) not included in the schematic.

Fig. 14 is the important control to output transfer function
( ). The experimental and model results are in excel-
lent agreement, even up to half the switching frequency. The
predicted pole at 19.7 kHz, due to the ratio of the inductors
and switching frequency, corresponds well with measured re-
sults. The phase of the small-signal model and experimental
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-
proximation. Still, the experimental measurement differs from
the small-signal model by only 25at half the switching fre-
quency.

Fig. 15 is the measured and predicted PSPWM converter
audio susceptibility ( ). There is again excellent
agreement between the model and experimental results. The
frequency range for this measurement is 5 Hz to 50 kHz. This
frequency range is limited by the signal injection transformers
required to perform this measurement.

Fig. 16 shows the measured and predicted PSPWM con-
verter output impedance, . At low frequencies
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Fig. 12. Schematic of PSPWM power converter.

Fig. 13. Small-signal model for PSPWM power converter of Fig. 12.

Fig. 14. PSPWM converter control to output: measured result and small-signal
model.

(up to approximately 30 Hz) the output impedance is con-
stant, then a pole occurs. The output impedance at dc, from
(38) is 16.46 6 (.46 ), or 6.8 dB . This agrees ex-
tremely well to the measured dc output impedance of 0.48
( 6.4 dB ). Above 100 Hz the output impedance is dominated
by the output capacitance.

Fig. 17 is the measured and predicted PSPWM converter
input impedance. This is the ratio of small-signal input voltage
to small-signal input current ( ). This is a difficult
measurement to perform. There is a large high frequency
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 1.2F of
high frequency decoupling capacitance included in the input
impedance measurement. Both the theoretical and experimental
input impedances include 1.2F of input capacitance. This

Fig. 15. PSPWM converter audio susceptibility: measured result and
small-signal model.

Fig. 16. PSPWM converter output impedance: measured result and
small-signal model.

Fig. 17. PSPWM converter input impedance: measured result and small-signal
model. Includes 1.2�F input capacitance.

additional high frequency decoupling capacitance creates a
“pole” at 660 Hz.

V. CONCLUSION

Conventional small-signal derivation techniques do not prop-
erly model the PSPWM power converter due to the complex
and implicit slew interval dynamics. A small-signal technique
is presented which derives the PSPWM power converter natural
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and forced responses, then solves for the generalized response
at any time after the introduction of a small-signal input pertur-
bation. The resulting small-signal model uses the instantaneous
small-signal currents of the perturbed system. Cycle by cycle
averaging is performed using the exact small-signal response
equations. Since complete high frequency dynamic information
is maintained until averaging, an accurate high frequency small-
signal model results. This model provides a simple, extremely
accurate representation for the dynamics associated with the
PSPWM power converter. This model provides the exact aver-
aged small-signal dynamics associated with the PSPWM power
converter. The PSPWM converter model shows that the output
L-C filter is separated into two real poles, with one pole at a
constant frequency independent of operating conditions. The
small-signal model is in excellent agreement with experimental
measurements.
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