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ABSTRACT Power factor correction (PFC) boost converters are widely used for single-phase industrial ac-
dc applications, where simulation is typically used for design and verification. However, running simulations
with an ac source at the line frequency (50-60 Hz) can be time-consuming due to the long line period
compared to the converter switching period. For PFC converters, the control loop, input impedance, and
output impedance are critical to analyze the converter performance. We show that the ac analysis of the
control loop and output impedance yields the same frequency response when using an ac and dc voltage
source with the same rms value for a single-phase constant-frequency PFC boost converter operating in
continuous conduction mode with a high power factor. The mathematical basis for this finding is derived
based on a line-averaged rectified converter model. In contrast, for the ac analysis of the input impedance,
an ac source must be used for the simulation. A mathematical derivation of this result is presented based on
a line-averaged ac-side converter model. From these findings, the use of a dc source for ac analysis of the
control loop and output impedance reduced the simulation time to less than 6.8% of that with an ac source.

INDEX TERMS AC analysis, boost converter, input impedance, outer control loop, output impedance, power
factor correction, simulation techniques, small-signal modeling.

I. INTRODUCTION More recently, higher-power applications in the kW power

Power factor correction (PFC) circuits in ac-to-dc converters
are critical for modern applications because they reduce
the harmonics imposed on the grid by nonlinear electronic
loads, such as computer power supplies and household
appliances [1]. Since harmonic suppression limitations and
maximum harmonic currents are regulated by international
standards, such as IEC 61000-3-2 [2], commercial ac-to-
dc converters with input power over 75 W are generally
equipped with PFC circuits. The boost converters are the
most common topology used to implement a PFC circuit
because they have the advantages of a continuous input
current and a straightforward design of the gate driver and
control circuits [3].
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range are also incorporating PFC circuits, including data
centers [4], electric vehicle charging [5] and induction heating
systems [6]. The higher the power draw, the larger the
potential effect on the power quality of the grid. For example,
in applications such as data centers, where there are numerous
PFC converters drawing power from the same point of
common coupling (PCC) [7], low-frequency stability issues
have been identified that are linked to the design of the
PFC circuit [8]. The work in [9] showed mathematically that
instability can occur after a certain number of PFC converters
are connected in parallel to the same PCC. Another study
in [10] shows the importance of input impedance analysis for
PFC converters to avoid resonance problems when connected
to the grid.

To characterize and validate the operation of a PFC
converter, ac small-signal analysis (often referred to simply as
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ac analysis) is used to understand the converter performance
in response to transients and noise [11]. For ac analysis
in the frequency domain, we add an ac signal to perturb
the system and observe the magnitude and phase of the
perturbation signal at the designated output. This is the
frequency response that is typically graphed on a Bode plot.
Ac analysis demonstrates how the output signal is affected
over a wide frequency range and can be used to judge the
stability and dynamic response [7], [8], [12]. For a PFC
converter, we are primarily concerned with the ac analysis
of the control loop, input impedance, and output impedance.

For a converter with feedback control, the frequency char-
acteristics of the closed-loop control transfer function can
be used to judge converter stability. For dual-loop feedback
control, ac analysis can be performed on the outer control
loop [13] to assess the stability and response characteristics of
the PFC converter. The frequency characteristics of the input
and output impedances are also analyzed, which can affect the
devices connected to the input and output of the converter.
For example, when two converters are cascaded, the input
impedance of the back-end converter should be larger than the
output impedance of the front-end converter [ 14]. If the input
impedance of the back-end converter is not high enough, the
system may become unstable [15], [16]. Generally, the output
impedance of the PFC converter should be smaller than the
input impedance of its load [17]. The input impedance of the
PFC boost converter is particularly important because it can
affect the stability of the PCC from which it draws power,
which has become a bigger issue in applications such as data
centers with increasing power demands [7], [8].

Simulation is often used to conduct an ac analysis of a
PFC converter during the design and verification process.
This study utilizes SIMPLIS simulation software (created
by SIMPLIS Technologies), a simulation engine used for
switched-mode power supply design. SIMPLIS is a powerful
design tool to analyze switching systems that can reduce
simulation time for transient analysis compared to SPICE,
and perform both time-domain and ac analysis with high
accuracy. A complete validation of a design that tests various
conditions over the input voltage range and output load
range could include hundreds of simulation runs. Since the
PFC input is the ac grid, each time-domain simulation must
capture multiple periods of the line frequency (50 or 60 Hz),
which is a much longer time period than that of the boost
converter switching period. For example, if a boost converter
switches at 100 kHz and the line frequency is 50 Hz, the line
period is 2000 times that of the converter switching period.
Thus, validating a PFC converter with the ac source at line
frequency can take a significant amount of simulation time.

Design engineers and companies can greatly benefit
from a faster PFC converter analysis method that does not
compromise accuracy. More specifically, if we can use a dc
source in place of the ac source without loss of accuracy,
it would drastically decrease each simulation run’s time.
In this article, we use simulation and modeling to analyze
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when it is effective to use a dc source instead of an ac source
in the verification of the PFC boost converter to significantly
reduce the simulation time. We also derive the appropriate
small-signal models to calculate the transfer functions for the
loop gain, input impedance, and output impedance in order to
back up the findings mathematically.

The specific PFC boost converter used in this study is
shown in Fig. 1, where the rated power is 200 W, output
voltage is 400 V, and input voltage ranges from 105 to 265 V
rms. The PFC boost converter employs average current mode
(ACM) control, which can achieve a high power factor,
supply current with low harmonics over a wide range of input
voltages and load currents, and yield high efficiency [18],
[19]. This design is an example from an industrial application,
but component values are not necessarily fully optimized.
This shows that the simulation technique presented here can
be used to analyze the converter throughout the design and
optimization process. This study focuses on single-phase PFC
boost converters that are assumed to operate in continuous
conduction mode (CCM) over a full half-line cycle, and
the control is implemented such that a high power factor is
achieved over the operating range.

Ac analysis in SIMPLIS is used to investigate the
single-phase PFC boost converter operating in CCM with
high power factor and show that the outer control loop
(hereafter, simply called control loop) and output impedance
measured with an ac source are equivalent to when a dc source
set to the rms value of the ac source is used. In contrast, the
input impedance results with an ac and dc source are shown
to differ, which has not yet been investigated in the existing
literature. The contributions of this work are: 1) verifying
that the frequency responses for the control loop and output
impedance are the same (excluding the region around twice
the line frequency) for an ac source and a dc source with
the same rms value; 2) quantifying that this dc-input-source
method can reduce simulation time to less than 7% compared
to using an ac input source; 3) deriving the small-signal model
referred to as the line-averaged rectified model for the control
loop and output impedance to prove why the RMS value can
be used as the equivalent dc source value; and 4) deriving the
small-signal model referred to as the line-averaged ac-side
model for the input impedance to explain why the same dc-
input-source method cannot be used for the input impedance.

The rest of the article is organized as follows. Section II
describes the setup and design of the single-phase boost
converter investigated in this work. Section III provides the
simulated frequency response plots and simulation times of
the control loop, output impedance, and input impedance
when an ac and dc source with the same rms values are
used. Section IV gives a mathematical derivation of the
line-averaged rectified converter model, for the control loop
and output impedance, and a separate line-averaged ac-side
converter model, for the input impedance. This derivation
shows why a dc source equivalent to the rms value of the ac
source can be used for the line-averaged rectified converter
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FIGURE 1. Schematic diagram in SIMPLIS of a single-phase boost PFC converter with ACM control. The output voltage is fed back through a voltage
compensator and then goes to pin B of the multiplier. The rectified source voltage is fed through a multiplier to pin A of the multiplier. The output of
the multiplier forms the moving reference for the current compensator that takes the feedback of the inductor current and produces the PWM signal

for the converter.

model but not the line-averaged ac-side converter model.
Section V discusses the significance and limitation of the
findings and Section VI concludes the article. A full list of
simulation parameters and links to the simulation files used
in this work are provided in the appendix.

Il. PFC BOOST CONVERTER DESIGN
This study applies ac analysis to a single-phase PFC boost
converter using ACM control [13] in SIMPLIS, as shown in
Fig. 1. ACM control is a dual-loop control that consists of
an output voltage and an inductor current feedback loop to
ensure that the input current waveform tracks the ac input
voltage waveform. In Fig. 1, output voltage is multiplied by
the proportion of the voltage divider, R, and is compared to
the reference voltage, V,r, in the voltage compensator. The
output of the voltage compensator is then multiplied by the
boost input voltage divided by the constant K. The resulting
product of i,r acts as the reference value for the current
control, which follows the shape of the rectified ac input
voltage waveform. The inductor current is multiplied by a
voltage divider proportion, R;, and then it is compared to iyr
through the current compensator, as shown in Fig. 1. Then,
the current compensator output is compared to a sawtooth
waveform operating at the switching frequency of 100 kHz,
which creates the PWM signal that drives the MOSFET of
the boost converter via a gate driver.

The converter is designed to operate with an input voltage
range of 105 V to 265 V rms at 50 Hz line frequency. The

165132

TABLE 1. Converter design specifications.

Specification Value

AC input voltage 105 -265 V rms
AC line frequency 50 Hz

DC output voltage 400 V

DC output current 05A
Output power 200 W
Switching frequency 100 kHz

input filter reduces the noise created by the converter from
going back into the ac line. The full-bridge rectifier converts
the ac waveform into a full-wave rectified waveform, and
then the boost converter steps up the output voltage to 400 V
at a rated power of 200 W. The specifications of the boost
converter and its components are summarized in Table 1.
The single-phase boost converter is assumed to operate in
CCM over the full half-line cycle (possibly excluding a few
switching cycles during the zero-crossing of the ac line) and
the power factor is greater than 98% in the input voltage range
at full load.

Ill. FREQUENCY RESPONSE WITH DC AND AC SOURCES

Ac analysis is a method used to assess the frequency response
of a system. The frequency response can be calculated by
superimposing a perturbation on a defined input signal and
measuring the amplitude and phase of the perturbation at the
defined output signal. In an experiment, frequency response
measurements can be limited in accuracy due to poor
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signal-to-noise conditions. SIMPLIS simulation can be an
effective tool for determining the frequency response even
down to very low frequencies, which would be challenging
to measure experimentally. Using simulation, we examine the
frequency responses of the control loop, output impedance,
and input impedance over a wide frequency range for a
single-phase PFC boost converter.

The early work in [20] and [21], showed that the frequency
response of a PFC converter can be directly measured in
the experiment using an ac source. In [20], the experimental
control loop results were compared using an ac source and a
dc source, and it was found that their frequency responses
were approximately the same when the dc source was set
to the rms value of the ac source. We also applied the dc
source technique to the relevant frequency responses of the
single-phase PFC boost converter and found that using a dc
source at the rms value of the ac source yields the same
response for the control loop and output impedance, but not
the input impedance. The simulated results for both the ac and
dc sources are as follows.

A. CONTROL LOOP

For the control loop Bode plot, comparison results for an ac
and dc source are shown in Fig. 2, where three different input
rms voltages were tested: 105V, 185 V, and 265 V. The solid
curves (with circles) are the simulation results with an ac
input source and the dashed curves are the simulation results
with a dc input source at the rms value. Both source types
show well-matched results over the full frequency range.
The control loop Bode plot results are the same with an ac
source and with a dc source at the equivalent rms value.
System stability and dynamic performance can be analyzed
using the control loop transfer function. The corresponding
crossover frequencies for the outer loop were 3, 9, and 15 Hz,
respectively; while the phase margins were 67, 56, and
44 degrees.
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FIGURE 2. Bode plot of the outer control loop simulated with an ac
source at rms voltages of 105, 185, and 265 V and a dc source set to the
same value as the three rms values. The output voltage is 400 V at 0.5 A
with a resistive load of 800 ohms for all input voltage cases.
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FIGURE 3. Frequency response of the output impedance simulated with
an ac source at rms voltages of 105, 185, and 265 V and a dc source set to
the same value as the three rms values. The output voltage is 400 V at
0.5 A with a resistive load of 800 ohms for all input voltage cases.

B. OUTPUT IMPEDANCE

The output impedance frequency response results are com-
pared when using an ac and dc source, as shown in Fig. 3,
for the three different input rms voltages of 105 V, 185V,
and 265 V. The solid curves (with circles) are the PFC output
impedance simulation results with an ac input source and the
dashed curves are the results with a dc input source. In Fig. 3,
both curves are well matched over the full frequency range
(0.1 Hz to 100 kHz).

C. INPUT IMPEDANCE

In a PFC converter, the low-frequency input impedance
should act resistively such that any noise or distortion in
the voltage waveform would produce a proportional in-phase
response in the current waveform [22]. For the simulated
input impedance frequency response, the results using an
ac and dc source are compared, as shown in Fig. 4, for
the input rms voltages of 105 V, 185 V, and 265 V. The
solid curves (with circles) show the PFC input impedance
simulation results with an ac input source. At low frequency,
the magnitude is constant and the phase is 0°, such that
the input exhibits the desired purely resistive characteristics.
There is a magnitude peak around 50 Hz (line frequency)
where the ac perturbation signal interferes positively with the
line frequency. The dashed curves in Fig. 4 are the PFC input
impedance simulation results with a dc input source. With the
dc source input, the low-frequency phase is —180°, which
means that the input acts as an effective negative impedance,
similar to a boost converter that provides power to a constant-
power load. Notice that above 1 kHz the characteristics of the
input filter dominate both the dc and ac curves.

The frequency response results show that using a dc source
at the rms value of the ac source gives the same results for the
outer loop and output impedance, but not at low frequencies
for the input impedance. Hence, for the frequency response of
the control loop and output impedance, a dc source at the ac
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FIGURE 4. Frequency response of the input impedance simulated with an
ac source at rms voltages of 105, 185, and 265 V and a dc source set to
the same value as the three rms values. The output voltage is 400 V at
0.5 A with a resistive load of 800 ohms for all input voltage cases.

source’s rms value for a single-phase PFC boost converter (in
CCM and with a high power factor) yields the same results as
with an ac source. Note that these findings are valid for full-
load conditions, but the ac-source and dc-source results can
begin to diverge for some control schemes under light-load
conditions, which requires further study.

D. SIMULATION TIMES

For the simulations of the control loop, output impedance, and
input impedance frequency responses, Table 2 shows each
simulation time using an ac source (at 256 V rms) and a dc
source (at 256 V); the ac analysis simulation was run from
0.1 to 100 kHz with 15 points per decade (using SIMPLIS
version 8.4). Frequency response simulations with an ac
source took more than 4 minutes and 38 seconds to measure,
while those with the dc source took 19 seconds (6.8% of
the ac-source case). In validating the single-phase PFC boost
converter design operating in CCM with a high power factor,
we can use a dc input voltage source to significantly reduce
simulation time. However, the same cannot be said for the
input impedance, as the frequency characteristics do not
match, as shown in Fig. 4. Thus, the small-signal model
for the input impedance requires further investigation to
accurately model and interpret the simulation results obtained
with an ac and dc source. An ac source should be used
to properly validate the input impedance of a PFC boost
converter. In other words, attempting to reduce the simulation

TABLE 2. Simulation time with AC and DC sources (Input voltage: 256 V,
Frequency range: 0.1 to 100 kHz, points per decade: 15).

Simulation AC Source (265 Vrms) | DC Source (265 V)
Control Loop 4 min. 38 s 19s
Output Impedance | 4 min. 43 s 19s
Input Impedance Smin. 3 s 19s
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time by using a dc source does not yield an accurate input
impedance result.

IV. SMALL-SIGNAL MODELING

In this section, the small-signal models for the control loop,
output impedance, and input impedance transfer functions
are derived. The results are then compared to the simulation
results found using SIMPLIS. Line averaging will be applied
to a rectified model of the PFC boost converter for the control
loop and output impedance ac analysis, and it will be applied
to an ac-side model for the input impedance ac analysis.

A. LINE-AVERAGED RECTFIED MODEL

A PFC boost converter with an input filter is a complex
system to model, but we can make a number of assumptions
to simplify the system while maintaining the accuracy of the
small-signal model. This model will be used for both the
control loop and output impedance modeling, but not for the
input impedance. The schematic of the rectified PFC boost
converter used for this model is shown in Fig. 5 and is derived
based on the following key assumptions.

iL
_>
= C3
1/K
X

Voltage
Compensator «— |/

FIGURE 5. System diagram showing the rectified PFC boost converter
with a simplified two-component input filter. This model is averaged over
half the line period to derive the small-signal models of the control loop
and output impedance.

1) ASSUMPTION 1

The first key assumption is that the input to the boost PFC
converter is a rectified sinusoidal waveform. In a sense,
this model is viewing the system from the boost converter’s
side such that the input to the converter is already rectified.
Although the rectifier is actually after the line filter, the
filter components are designed to attenuate frequencies above
twice the line frequency; hence, they can be moved after the
rectified signal without compromising the integrity of the
model. The ac source voltage is defined as

Vs = N2V, sin Qfit) 1)

where Vs is the rms value of the source voltage, f; is
the line frequency, and ¢ is time. Then the rectified source
voltage is the absolute value of the sinusoidal voltage, which
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is expressed as

Vsl = |V/2Vims sin Qrfit)| 2)

2) ASSUMPTION 2

The second key assumption is that the input filter is simplified
to a series inductance Ly and a parallel capacitance Cy before
the boost converter. For this analysis, the series resistances of
the filter elements are ignored. For this specific design, the
series filter inductance is modeled as

Ly =L3+ Ly 3
and the parallel filter capacitance is modeled as
Cr=Co+Cs “4)

where all parameters are listed in Table 3 of the appendix.

3) ASSUMPTION 3
The third key assumption is that the inductor current perfectly
matches the current reference i,r. This assumption can
generally be made for PFC converters because the current
compensation is designed to react much faster than the
voltage compensation so that the inductor current can follow
the rectified sinusoidal reference. Mathematically, this means
that the inductor current iy, is defined by

ip = chon = iref )

K

where vy is the rectified voltage after it has gone through the
input filter, K is a control parameter, and v.,, is the output
signal of the voltage compensation. By assuming perfect
current control, we also reduce the order of our model since
the inductor no longer has a derivative component, which also
simplifies our overall model.

4) ASSUMPTION 4

The fourth key assumption is that the boost converter operates
in CCM and has no losses. Thus, the follow voltage gain
equation is assumed to be true

v
(1—-d)=— (6)
Vo
where d is the on-time duty ratio of the boost converter, vy is
the voltage at the input of the boost converter stage, and v, is
the output voltage of the boost converter.

5) DYNAMIC EQUATIONS
First, we start with the differential equations of the inductor
and capacitors in the rectified boost converter model. The
dynamic states for this model are the input filter inductor iy,
input filter capacitor voltage vy, and output capacitor voltage
Vvo. The dynamic equation for the input filter inductor Ly is
L di = |Vy| — 7)
o = [V — vy (
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where | V| is the rectified source voltage defined in (2). The
dynamic equation for the input filter capacitor Cy is

d
G =i (8)

where i;, is the boost converter’s inductor current. Note that
due to Assumption 3, iy, is a state but not a dynamic state in
this model and therefore does not have a differential equation.
The dynamic equation for the output capacitor C is

dv, . v .
Cd_:=lL(1_d)_Eo+lz 9

where R is the load resistance and i; is the injected current
used to measure the output impedance.

Because we assume that the inductor current perfectly
matches the reference value (Assumption 3), we can substi-
tute (5) into (8), which yields

dv ) v
Cr— =i = 2 Veon (10)
Using Assumption 3 again and assuming the converter
operates in CCM (Assumption 4), we can substitute (5)
and (6) into (9), which yields

2
dav, 1 vy Vo
- _ L - = ] 11
Ky m T RTE (i

6) LARGE-SIGNAL VALUES

Next, we examine the large-signal values of the variables in
the model. In addition to the state variables (if, vy, v,), the
control signal v, and the injected load current i, are also
variables in the model. The large-signal values for each of
the variables are denoted with capital letters. To determine
the large-signal relationships when the dynamic states are at
equilibrium, the derivatives of the dynamic states are set to 0,
such that (7) and (11), respectively, become

0=V -V (12)
1 V7 1%
0= KV—fv ot (13)

Next, since i is an injected ac signal over the load terminals to
measure the output impedance, its large-signal current value
is equivalent to an open circuit such that I, = 0. Then,
from (13), we find that

o

—3 (14)
2

RV}

Veon =

holds true for large signals, which will be used later.

7) LINEARIZATION
Next, we linearize (7), (10), and (11) around the large-signal
equilibirum values to get the equations in terms of the
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small-signal variables (denoted with hats), which yields

d’:
A (15)

Tar
de A chn N Vf A

Cfﬂ =1 — K Vf — ?Vcon (16)

by 2VeonV, Ver V1 V2 .
C& = — f{}f - = 2f + =)+ _f‘A’con +i;
dt KV, KVZ 'R KV,

)

We can substitute V., from (14), into (16) and (17), and
simplify to get

d{\}f ~ V2 ~ Vf ~

— r— o —_——
Cf? = vaz Vf % Veon (18)
dv, 2V, 2. V& _
dto = RV; Vr — Evo + I('—fVovC(m + 1 (19)

8) AVERAGEING OVER HALF THE LINE PERIOD
Now, we take the average over half the line period for (15),
(18), and (19). This only affects the large-signal terms that
are not constant dc values, which is V. Notice that (15) is
not affected by taking the average over half the line period
and remains the same.

Substituting (2) and (12) into the term sz yields

V? = [ﬁv,ms sin (27'rf1t)]2 (20)

averaging (20) over half the line period is expressed as

1
V=2 / 7 I:\/Evrms sin (ZJTﬁt)]2 2D
0

Recall that V,,,;, is the rms value of the input voltage defined
in (1). Based on the definition of rms, the right side of (21)
can be put in terms of V,,,; which yields

v2=v2

f rms (22)
Conversely, Vy averaged over half the line period is
not equivalent to the RMS value, so it is denoted as Vy.
Substituting these values into (18) and (19) yields the half-
line-averaged small-signal equations which are

df/f A Vo2 R ‘_/'f R
sz =ir — RV, 2 v — ?vwn (23)

Vims® .

dv 2V, . 2. A
- 2 Veon +1;  (24)

a ~ry TR kY,

9) LAPLACE TRANSFORM
Finally, the Laplace transform is applied to (15), (23),
and (24), and like terms are gathered, which, respectively,
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yields
Lysip = =Py (25)
V2 sV

C o Vo =i — L9 26
( rs + ermsz) Vp =i = S Veon (26)

2\. Vo,  Veml. 4
Cs+ = =2 RALLCE 27
( s + R) Vo RVfo + XV, Veon +1i;  (27)

These equations represent the line-averaged (over half the
line period) small-signal model for the rectified boost
converter and will be used to derive the outer loop and output
impedance transfer functions.

B. CONTROL LOOP TRANSFER FUNCTION

To understand the control loop, we can follow the output
voltage feedback signal in Fig. 1. First, the voltage signal
is scaled down by R, and then compared to a set reference
voltage when fed into the voltage compensator. The output
of the voltage compensator iS V., Which is one of the
variables in the derived rectified PFC boost converter model.
The small-signal diagram of this control loop is shown in
Fig. 6. Note that the negative before the voltage compensator
is because the measured signal is subracted from a fixed
reference. Then, the transfer function of the control loop 7,
can be expressed as

T = _GvconRvac (28)

where G, is the transfer function of the control signal to the
output voltage for the rectified PFC boost converter model,
R, is a scalar value given in Table 3, and G, is the transfer
function of the voltage compensation.

>

Gvctrl(s) .

;

Vewi
- Gvc(s)

FIGURE 6. Small-signal diagram used to analyze the control loop of the
PFC boost converter. To determine the transfer function, the loop of the
diagram can be broken at Vcop, such that the perturbation signal is
inserted before Gycon and the response is measured after the voltage
compensator.

1) CONVERTER CONTROL-TO-OUTPUT TRANSFER
FUNCTION

To derive the control-signal-to-output-voltage transfer func-
tion, we set V¢, as our input, v, as our output, and other
non-state variables to zero, which is ?z = 0. Then, the
system of three equations given in (25), (26), and (27) can
be used to solve for the transfer function in terms of V.,
and V,,.. After careful calculation, the control-signal-to-output-
voltage transfer function for the rectified PFC boost converter

VOLUME 12, 2024



K. A. Kim, T. G. Wilson Jr.: Simulation Technique and Mathematical Basis for Faster AC Analysis

IEEE Access

can be expressed as

2 vz
G B RV,s? LiCys* — RVrm:ZLfs +1
veon —
2KV, Vs
0 (a)ip —+ l) (Lfos2 + RVrms2Lfs + 1)

(29)

where the pole originating from the boost converter power
stage wp is
2

“» = RC
Notice that in Gyc., the only value related to the voltage
source is V5. This means that the small-signal model is the
same as if the voltage source were a dc source set to the rms
value of the original ac source.

(30)

2) VOLTAGE COMPENSATOR TRANSFER FUNCTION
The transfer function for the voltage compensator G, can be
derived as in [13] and expressed as

Ky 1+ 52)

Gye = — . (31)
s (1+520)
where the gain term is
1
Ke=—"7— 32
" Ry(Cy + C) 2
the zero w,. is
1
Wzye = m (33)
and the pole wp, is
1
Wpve = —— 0 (34
R3 C22+C3‘3

This voltage compensator transfer function in (31) along
with the boost converter transfer function in (29) can
be substituted into (28) to find the control loop transfer
function T'.

C. CONTROL LOOP MODEL COMPARISON

The small-signal model for the control loop, given in (28), can
be used to generate the frequency response. Fig. 7 shows the
Bode plot of the outer loop frequency response, comparing
the derived model and with the measured simulation results
using an ac source with rms voltages of 105 V, 185 V,
and 265 V. The rectified line-averaged model and simulation
results are well matched up to 50 Hz, above the cross-over
frequency for all source voltages. Around the rectified line
frequency of 100 Hz, the simulation slightly diverges from
the model because the line-averaged model does not consider
interactions with the line frequency. Above 500 Hz, the
effects of input filter are observed, indicated by the drop in
frequency; since the input filter in the model is simplified,
there is some divergence, but that gain at these frequencies is
quite low, such that the model is still effective for evaluating
the control loop.
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FIGURE 7. Frequency response of the outer control from the simulation
(ac source) for rms voltages of 105, 185, and 265 V compared to the
small-signal models with the dc value set to the same value as the three
rms values. The output voltage is 400 V at 0.5 A with a resistive load of
800 ohms for all input voltage cases.

/7//;\ ’ Zp(s) 2 >

+
N |_' Gvctrl(s)
vcrr/

'Gvc( S)

FIGURE 8. Small-signal diagram used to analyze the output impedance of
the PFC boost converter, where the perturbation signal is the small-signal
output current ip and the response is measured at the output

voltage vo.

D. OUTPUT IMPEDANCE TRANSFER FUNCTION

To understand the output impedance, we can again refer
to Fig. 1 and look at the output side. A small-signal
current i, injected in parallel with the resistor load and
observe the small-signal changes in the output voltage v,.
The boost converter has some output impedance properties
based on the converter components, and since the converter
employs feedback control, the effect of feedback also
needs to be taken into account for small-signal modeling.
The small-signal diagram of the output impedance is
shown in Fig. 8, where both output impedance of the
open-loop converter (plant), Z,, and the feedback loop
are illustrated. Based on this model, the transfer function
of the boost converter’s output impedance is expressed
as

Z

7, =
°T1-T

(35)

where Z, is the converter’s open-loop output impedance
transfer function and T is the control loop transfer function
given in (28).
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1) CONVERTER OUTPUT IMPEDANCE TRANSFER FUNCTION
To derive the open-loop converter output impedance transfer
function, we set ?Z as our input, v, as our output, and
other nonstate variables to zero, which is V.., = 0. Then,
we examine the system of three equations given in (25),
(26), and (27). We see that (27) contains both the input and
output variables, but (25) and (26) only contain the state
variables ;'f and ?/f; this means that the only valid solution
the yields the transfer function is for ;’f = O0and ¥y = 0.
This also makes sense intuitively because the input filter
components are effectively decoupled from the output side
when the inductor current of the boost converter is assumed
to be perfect (Assumption 3), so they do not affect the output
impedance in this model. Thus, (27) can be used to solve
for the transfer function in terms of ;Z and V,, such that
open-loop PFC boost’s output impedance transfer function
can be expressed as

R 1
Z, == (36)

N
2 o +1
where w), is the pole from the boost converter power stage
given in (30). The converter transfer function in (36) can be
substituted into (35) to determine the output impedance of the
closed-loop converter.

E. OUTPUT IMPEDANCE MODEL COMPARISON

The small-signal model for the output impedance, given
in (35), can be used to generate the frequency response. Fig. 9
shows the output impedance frequency response, comparing
the derived model with the simulation results using an ac
source at rms voltages of 105 V, 185V, and 265 V. As shown
in Fig. 9, the line-averaged rectified model and simulation
results are well matched for the gain up to 10 kHz and for
the phase up to 1 kHz. The simulation slightly diverges from
the model above these frequencies because the non-idealities
of the current control loop, which are ideal in the model
(Assumption 3) start to be observed. However, the gain where
the divergence occurs is at very low gain, so the model is still
effective for evaluating the output impedance.

F. LINE-AVERAGED AC-SIDE MODEL

For examining signals before the full-wave rectifier, such as
the input impedance, we cannot assume the rectified model
given in Section I'V-A. For this ac-side model, we can also
make a number of assumptions to simplify the system while
maintaining the accuracy of the small-signal model. This
model is used only for the input impedance. The schematic
of the ac-side input filter and the PFC boost converter used
for this model is shown in Fig. 10 and is derived based on the
following key assumptions.

1) ASSUMPTION 5

The first key assumption for this model is that the input to
the boost PFC converter is a sinusoidal waveform. In a sense,
this model views the system from the ac sources side such
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FIGURE 9. Frequency response of the output impedance from the
simulation (ac source) for rms voltages of 105, 185, and 265 V compared
to the small-signal model with the dc value set to the same values as the
three rms values. The output voltage is 400 V at 0.5 A with a resistive load
of 800 Ohms for all input voltage cases.

)T

Voltage
Compensator F— |/

FIGURE 10. System diagram showing the PFC boost converter viewed
from the ac-side with a simplified three-component input filter. This
model is averaged over half the line period to derive the small-signal
model for the input impedance.

that only the boost converter stage is rectified. The ac source
voltage is defined in (1).

2) ASSUMPTION 6

The second key assumption for this model is that the input
filter is simplified to three components: an input capacitor
C;, a series inductance Ly, and parallel capacitance Cy before
the boost converter. Again, the series resistances of the filter
elements are ignored. For this specific design, the input filter
capacitance is modeled as

Ci=0Cy (37)

where all parameters are listed in Table 3 of the appendix.
The series filter inductance is given in (3) and the parallel
filter capacitance is given in (4).

3) ASSUMPTION 3

The third key assumption for this model is the same as
Assumption 3 (inductor current perfectly matches the current
reference) given in Section IV-A3.
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4) ASSUMPTION 4
The fourth key assumption for this model is the same as

Assumption 4 (boost converter operates in CCM) given in
Section IV-A4.

5) DYNAMIC EQUATIONS

First, we start with the differential equations of the input
filter and boost converter model from the ac source
side. The dynamic states for this model are the input
filter capacitor voltage v;, filter inductor ir, and parallel
filter capacitor voltage vy. The dynamic equation for the
input filter capacitor C; is

dvi . .
C,-d—t’zz,-—zf (38)

where i; is the input current from the ac source. The dynamic
equation for the filter inductor Ly is

L di =Vvi—V 39

Ty T

The dynamic equation for the parallel filter capacitor Cy is
the same as in (8), but note that in this model, the boost
converter’s inductor current iy is seen from the unrectified
side. Due to Assumption 3, i; is a non-dynamic state
governed by (5), where vy is also seen from the unrectified
side. Although (5) is not a dynamic equation, it can still be
used to determine the impedance in the following steps.

6) LARGE-SIGNAL VALUES

Next, we examine the large-signal values of the variables in
the model. In addition to the state variables (v;, ir, vy, iL),
the input source current i; is also a variable in the model.
The large-signal values are denoted with capital letters.
To determine the large-signal relationships at equilibrium, the
derivatives of the dynamic states are set to 0, such that (39)
becomes

0=V, =V (40)
From (40) we see that
V=V, (41)

holds true for large signals. Note that the equilibrium
relationships for (38) and (8) are not used in the following
analysis, so their equations are omitted. Although the output
capacitor of the boost converter is not considered a dynamic
state in this analysis because it is decoupled from the input
side, its large-signal equilibrium values given in (13) are still
valid for this model (assuming I, = 0). Then, it follows
that (14) also holds for this model. Substituting (41) into (14)
yields

KV?
Veon = RV?

(42)

which will be used in the next step.
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7) LINEARIZATION

Next, we linearize (38), (39), (8), and (5) around the
large-signal equilibirum values to get the equations in terms
of the small-signal variables, which yields

dvi

Lftil—itf =V —Vr (44)
ddr o~ s
&y -h (45)
f o =l
i = Veon by (46)

We can substitute V., from (42) into (46) and simplify to get

. v2
iL =50 (47)
RV2

Next, we can substitute (47) into (45), which yields

dyy .~ V2,
Cfd—tf =i — 0 (48)
S

as our third dynamic equation.

8) AVERAGEING OVER HALF THE LINE PERIOD
Now, we take the average over half the line period for (43),
(44), and (48). Taking this average only affects Vj, such
that (43) and (44) are not affected and remain the same.
Using the large-signal relationship in (41) and the
same mathematical development previously shown in (20)
and (21), we see that V> averaged over half the line period
is

2=y (49)

Then, substituting (49) into (48) yields the half-line-averaged
small-signal equation which is

df)f _,: VOZ ~
Far =Y " jy2 Y

rms

(50)

9) LAPLACE TRANSFORM

Finally, the Laplace transform is applied to (43), (44),
and (50), and like terms are gathered, which, respectively,
yields

Cishi = i; — iy (51)
Lysip = b — ¥y (52)
V2 .
(CfS+ : 2) vy =iy (53)
R rms

These equations represent the line-averaged (over half the
line period) small-signal model for the PFC boost converter
with an input filter, and will be used to derive the input
impedance transfer function.
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G. INPUT IMPEDANCE TRANSFER FUNCTION
Notice that (47) can be rearranged into the input impedance
of only the boost converter (without the input filter), which is

br RV
g 7 (54)
L 0

Then, applying averaging over half the line period and using
the relationship given in (49) results in

ﬁf RVrms2
~ = Rzi = V2
L 0

(55)

where we denote R;; as the equivalent input resistance of the
boost converter.

We use (55) to substitute R ; into (53). Then, we solve
the system of equations given in (51), (52), and (53) to
find the transfer function in terms of ?i and v;. After careful
calculation, the input impedance transfer function for the PFC
boost converter with the simplifed input filter is expressed as

Lfos2 + %S +1
— R . 2l
“ CiLy CrRys® + Cilys? + (Ci + Cp)Rys + 1

Z (56)
Although the input impedance is fully captured in (56), the
small-signal diagram of the input impedance is shown in
Fig. 11 for completeness.

A AN

l. — Z,(S) — ],,v/,

1

FIGURE 11. Small-signal diagram used to analyze the input impedance of
the PFC boost converter from the ac-side, where the perturbation signal
is the small-signal input current J; and the response is measured at the
voltage v;.

H. INPUT IMPEDANCE MODEL COMPARISON

The small-signal model for the input impedance, given
in (56), can be used to generate the frequency response.
Fig. 12 shows the input impedance frequency response,
comparing the derived model with the simulation results
using an ac source at rms voltages of 105V, 185V, and 265 V.
Above twice the line frequency of 100 Hz, the ac-side model
and simulation results are fairly well matched. The model
slightly diverges from the simulation due to the simplification
of the input filter in the model, but at frequencies above 5 kHz,
the high-frequency filter characteristics are quite accurate.
Around the line frequency (10-100 Hz), the injected small
signals interact with the line frequency such that a magnitude
peak occurs. This interaction is difficult to model and is
not included in the derived ac-side model. Although the
model is useful for evaluating the input impedance above
the line-frequency interaction range, using an ac source in
simulation is the recommended way to determine the accurate
input impedance for a boost PFC converter over the full
frequency range.
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FIGURE 12. Frequency response of the input impedance simulated with
an ac source for rms voltages of 105, 185, and 265 V compared to the
ac-side PFC boost converter small-signal model with the same three rms
values. The output voltage is 400 V at 0.5 A with a resistive load of

800 ohms for all input voltage cases.

V. DISCUSSION

Comparing the model and simulation results in Fig. 7 and
Fig. 9 showed that the line-averaged rectified PFC boost
converter model is accurate for the frequency responses of
the control loop and output impedance. After averaging over
half the line period, the input source voltage in transfer
function (29) is mathematically equivalent to the source
rms voltage, which means that the input ac source can be
replaced with a dc source in simulation to produce equivalent
Bode plot results. Although the early literature observed this
relationship [20], [21], no other published papers explicitly
derived this relationship, as done in this paper, to prove
that the rms value is mathematically equivalent to the
line-averaged source in the rectified PFC boost converter
model. Looking back at the derivation, particularly from (7)
to (11), this relationship with the rms value holds because
the voltage vy at the input of the boost converter stage
is fed forward to the multiplier that produces the current
reference value; without this, the relationship to the rms and
the ability to replace the ac source with a dc source would
not necessarily hold. However, since the presented control
method is common for PFC implementation, these findings
are profound for simplifying the analysis and simulation time
to determine the control loop and output impedance of PFC
boost converters.

For the input impedance of the PFC boost converter, the
comparison of model and simulation results in Fig. 12 showed
that the line-averaged ac-side PFC boost converter model
is accurate for the input impedance frequency response,
excluding the region around the line frequency. Unlike the
line-averaged rectified model, the ac-side model focuses
on the small signals before the rectifier so a dc source
cannot directly replace the ac source for the input impedance
frequency response, as shown in Fig. 4. Input impedance

VOLUME 12, 2024



K. A. Kim, T. G. Wilson Jr.: Simulation Technique and Mathematical Basis for Faster AC Analysis

IEEE Access

has been modeled in previous literature, but the precise
meaning of some early models can be difficult to navigate.
For example, an early approach was to treat the ac source
as a series of dc values ranging from 0 V to the maximum
value of the ac line [23] (referred to as a piece-wise linear
model in [24]), but this was found not to be equivalent to the
input impedance in [24]. Similarly, a model in [25] examined
the effect of amplitude modulation on the input impedance
of the boost converter stage, which is not the same as the
input impedance at the ac source. Other input impedance
models have been developed that accurately capture the
interaction with the line frequency [7], [26], but are more
complex to model. Hence, despite the nontrivial simulation
time, simulation with an ac source is an effective method to
accurately determine the input impedance of the PFC boost
converter over the full frequency range.

VI. CONCLUSION

Power factor correction converters for industrial applications
often require extensive simulation to design and verify the
PFC converter and its controller. In this study, a single-phase
PFC boost converter with average current-mode feedback
control (in CCM and with a high power factor) was
simulated in SIMPLIS to investigate the ac analysis of its
control loop, output impedance, and input impedance. The
control loop (T) is used to verify the stability and dynamic
performance of the converter through ac analysis. The output
impedance (Z,) and the input impedance (Z;) are used to
analyze the impedance interactions that determine system
stability.

The small-signal models for the control loop and output
impedance were derived using a line-averaged rectified
model of the PFC boost converter, and the derived transfer
functions matched the simulated results using either an ac or
dc source. The small-signal model for the input impedance
was derived using a line-averaged ac-side model of the PFC
boost converter, and its frequency response matched the
simulated results using an ac source.

The derivation and simulation results verified that a dc
voltage source set to the rms value of the ac voltage source
can be used for accurate ac analysis of the control loop (T)
and the output impedance (Z,). However, a dc source cannot
be subsituted in the same way and an ac source should be
used for accurate ac analysis of the input impedance (Z;). The
findings presented in this paper can aid in effective use of dc
sources and ac sources during simulation to achieve accurate
ac analysis results while minimizing simulation time.

APPENDIX A

SIMULATIONS PARAMETERS

For the small-signal modeling of the single-phase PFC boost
converter operating in CCM shown in Fig. 1, all converter
parameters, their variable names, and their values in this
application are given in Table 3. Note that some values are
neglected in the modeling.
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TABLE 3. Complete converter parameters.

Parameter Variable Value
Output voltage Vo 400V
Supply voltage (dc) Vs 105 — 265V
Load resistance R 800 €2
Inductance L 2.2mH
Capacitance C 180 uH
Switch on-resistance rds 3.9048 €2
Diode on-resistance rq 0.01Q2
Diode voltage drop Va 0.75V
ESR of inductor rL 0.1
ESR of capacitor re 30 mS)
Filter inductor L3 5mH
Filter inductor resistance R 3 100 mS$2
Filter inductor Ly 5mH
Filter inductor resistance R4 100 m$2
Filter capacitor Cs 220 nF
Filter capacitor Cr 100 nF
Filter capacitor Cg 470 nF
Filter capacitor Co 4.7nF
Filter capacitor Cio 4.7 nF
Filter resistor Ry 30 m<)
Filter resistor R5 30 mS)
Filter resistor Rg 30 mS)
Filter resistor R1io 2MSQ
Filter resistor Ri1 2MSQ
Feedforward divider 1/K 0.00411
Modulation factor Fn 0.2
Voltage sensor factor R, 0.0075
Voltage compensator capacitor Co 490 nF
Voltage compensator capacitor C3 120 nF
Voltage compensator resistor Ro 20 k2
Voltage compensator resistor R3 20 k2
Current sensor factor R; 1
Current compensator capacitor Cy 22 nF
Current compensator capacitor Cs 820 pF
Current compensator resistor R¢ 1.8kQ2
Current compensator resistor R~ 3.3kQ2
APPENDIX B

ONLINE RESOURCES
Downloadable files of the SIMPLIS schematic and Matlab
files are available at: http://pearslab.net/pfc-boost/ .
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