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Abstract—In this paper, it is shown that in the three-phase six-
switch boost power factor correction rectifier with average-current
control with mismatched input-voltage and input-current sensing
gains as well as offset errors in input-voltage and input-current
sensing, the current controller with proportional (P) compensation
exhibits lower total harmonic distortion (THD) and higher power
factor compared with that of proportional and integral compensa-
tion. It is also shown that P compensation with input-voltage feed-
forward is effective in improving output-voltage transient response
with respect to input-voltage changes only if duty-cycle feedfor-
ward is also implemented. Finally, it is shown that zero-sequence-
signal injection, in addition to enabling the output-voltage
regulation in a wider input-voltage range, also improves the THD
of the input currents.

Index Terms—Average-current control, duty-cycle feedforward
(DFF), mismatched sensing gains, offset errors, power factor (PF),
proportional and integral (PI) compensation, proportional (P)
compensation, three-phase six-switch boost power factor correc-
tion (PFC) rectifier, total harmonic distortion (THD), voltage feed-
forward (VFF), zero-sequence signal (ZSS) injection.

I. INTRODUCTION

TODAY, active three-phase power factor correction (PFC)
rectifiers need to meet very challenging performance re-

quirements. In the majority of applications, the input current of
active three-phase PFC rectifiers is required to have a total har-
monic distortion (THD) less than 5% and a power factor (PF)
greater than 0.99 [1]. One of the most cost-effective topologies
that can meet these requirements is the three-phase six-switch
boost PFC rectifier [2], which is usually implemented without
neutral-point connection.

Many control methods that can achieve a high quality of in-
put currents in the three-phase six-switch boost PFC rectifier
are available [3], [4]. Generally, approaches using direct con-
trol of input current result in better quality of the input currents
compared to those using direct power control [5]. Today, the
control circuit is usually implemented with digital technology.
One direct current control method, well suited for digital imple-
mentation, is average-current control [6], [7].
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Fundamentally, the average-current control of the three-phase
six-switch boost PFC rectifier supplied from a three-wire power
system, i.e., without neutral-point connection, can be imple-
mented with three independent current controllers with a com-
mon triangular carrier [5], [8]. It was shown in [5] that although
the three-phase currents in such a system are not independent
because without the neutral-point connection the sum of the
phase currents is zero, the whole rectifier system is stable if
the equivalent single-phase control loops are stable. By adding
appropriate zero-sequence signals (ZSSs) to the output of the
current controllers, advanced control methods can be achieved,
which are equivalent to different continuous and discontinuous
space vector modulation methods [9]–[12].

In the average-current control, the output-voltage controller
is usually implemented with proportional and integral (PI) com-
pensation to make the output voltage follow the output-voltage
reference with minimum error, whereas the current controller
can be implemented with PI [13] or proportional (P) compensa-
tion [5]. The average-current control in most implementations
also includes voltage feedforward (VFF), ZSS injection, and
duty-cycle feedforward (DFF). With VFF, it can be achieved that
the output voltage is practically insensitive to the line-voltage
variations [6]. Generally, in boost PFC rectifiers, ZSS injection
is employed to extend the input-voltage regulation range and/or
to reduce the output voltage. With ZSS injection, the maximum
input-voltage amplitude for a given output voltage can be in-
creased by up to 15% [11]. Finally, DFF is mostly employed
when current controllers with PI compensation are used to re-
duce the phase shift between a phase voltage and phase current,
and consequently, improve the PF [14].

It should be noted that if the output-filter capacitance is very
small, the low-frequency ripple in the output voltage can be
considerable, resulting in increased distortions in the input cur-
rents. To reduce these distortions, the triangular carrier can be
modulated with the output voltage waveform [15]. However,
in applications where the output-filter capacitance is relatively
large such as in applications that require holdup time, which
are primarily considered in this paper, the output-voltage rip-
ple is generally very small and its effect on the input-current
distortions is negligible.

Although design considerations for the current controllers in
three-phase rectifiers are almost identical to those for single-
phase rectifiers, the performance of the three-phase three-wire
rectifiers under unbalanced conditions, caused by unbalanced
input voltages, mismatched sensing gains, and offset errors in
input-voltage and input-current sensing, can be significantly
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Fig. 1. Simplified circuit diagram of power stage and block diagram of control circuit.

different from that of single-phase rectifiers due to the coupling
of the input phase currents.

In this paper, it is shown that in the three-phase six-switch
boost PFC rectifier with average-current control and mis-
matched input-voltage and input-current sensing gains as well
as offset errors in input-voltage and input-current sensing, the
current controller with P compensation exhibits better perfor-
mance, i.e., lower THD and higher PF, compared with that of the
PI compensation. It is also shown that the DFF, in addition to re-
ducing the phase shift between the respective input voltages and
currents in the PI-compensation implementation, significantly
improves the effectiveness of VFF in the P-compensation im-
plementation. Finally, it is shown that ZSS injection improves
the THD of input currents in both current controllers with PI and
P compensation. The operation with PI and P compensation is
illustrated with MATLAB/Simulink simulation waveforms and
experimentally verified on a 3-kW prototype.

II. POWER STAGE AND CONTROL CIRCUIT

The simplified circuit diagram of the three-phase six-switch
boost PFC rectifier used in this study is shown in Fig. 1.
The evaluation circuit was designed with the following basic
specifications:

1) input phase-voltage range 120 ± 15% Vrms;
2) line-frequency range 45–65 Hz;
3) nominal output voltage 400 V;
4) maximum output power 3 kW.
The switches are implemented with an IGBT six-pack mod-

ule [16]. The switching frequency is selected as fsw = 20 kHz,
which is the maximum recommended fsw for the selected
IGBT module. The values of boost inductors and output filter

capacitors are La = Lb = Lc = 1 mH and Cp = Cn = 2240
μF, respectively.

The block diagram of the average-current control that is im-
plemented with digital signal processor (DSP) TMS320F2808
from Texas Instruments, Dallas, TX, USA [17] is also shown in
Fig. 1. For average-current control, the input phase-to-phase
voltages, phase currents, and the output voltage are sensed.
The input phase-to-phase voltages and the output voltage are
sensed by using differential amplifiers, whereas the phase cur-
rents are sensed by using Hall sensors and differential amplifiers.
As shown in Fig. 1, the sensing gain of the input phase-to-
phase voltages, phase currents, and output voltage are denoted
as Kvs , Kcs , and Kd , respectively. The sensed voltages and cur-
rents are converted to digital signals through the 12-bit analog-
digital converter (ADC) of the DSP. The input-voltage range
of the ADC is 0–3 V, i.e., the full-scale range FSR = 3 V.
Since only positive voltages can be applied to the input of the
ADC, the bipolar phase-to-phase voltages and the bidirectional
phase currents are scaled to ±FSR/2 and level shifted by FSR/2.
The output signals of the DSP are the digital PWM (DPWM)
gate signals for the bottom switches Sxn , x � {a, b, c}. The
gate signals for the upper switches are the complementary sig-
nals of the bottom switches. The DPWM is implemented with
a triangular carrier, i.e., up–down counter. As the clock fre-
quency of the DSP is fsysclock = 100 MHz, the peak value
of the triangular carrier (i.e., the maximum counter value) is
Cpk = fsysclock/(2fsw ) = 2500. All the sensed signals are sam-
pled at the peak of the triangular carrier. The sampling frequency
fs = fsw .

As shown in Fig. 1, the average-current control is imple-
mented with VFF represented by the Km AB/C2 block [6].
The voltage controller is implemented with an adaptive PI



HUBER et al.: PERFORMANCE COMPARISON OF PI AND P COMPENSATION IN DSP-BASED AVERAGE-CURRENT-CONTROLLED 7125

compensation so that the voltage-loop bandwidth is 10 Hz in
steady-state operation to meet the strict phase-current THD– re-
quirements and 100 Hz during load transients to reduce the
output-voltage overshoot and undershoot. The proper com-
pensator is determined by monitoring the output-voltage er-
ror. Whenever the absolute error exceeds 2.1 V, the controller
changes from the low-bandwidth to the high-bandwidth com-
pensator. To avoid controller-output bouncing, the change from
the high-bandwidth to the low-bandwidth compensator is im-
plemented with a 1.5-V hysteresis, i.e., the change occurs
when the absolute error falls below 0.6 V. The parameters
of the adaptive digital PI compensator (z-domain parameters)
are KpV ,LBW = 3.5, KiV ,LBW = 3.3 × 10−3 and KpV ,HBW =
30.9, KiV ,HBW = 29.2 × 10−3 for the 10-Hz and 100-Hz band-
width, respectively. The current controller with PI and P com-
pensation is designed so that the current-loop bandwidth is 2-
kHz and 2.5-kHz, respectively, which both result in 45° phase
margin. The PI compensation also includes a conditional anti-
windup implementation [18]. The z-domain parameters of the
PI and P compensator are KpI ,PI = 2640, KiI ,PI = 124, and
KpI ,P = 3337, respectively. The design of the current and volt-
age controllers is outlined in Appendix A.

It is also shown in Fig. 1 that the control implementation
includes ZSS injection and DFF. Injected ZSS value v∗

ZSS is
obtained as the negative average of the positive and negative
envelopes of the input phase voltages (symmetrical ZSS) [11],
i.e., as

v∗
ZSS = −max(v∗

a0 , v
∗
b0 , v

∗
c0) + min(v∗

a0 , v
∗
b0 , v

∗
c0)

2

= −
v∗

envp + v∗
envn

2
. (1)

The value of DFF signal D∗
FFx for each phase is obtained

directly from the corresponding phase voltage. It should be noted
that without DFF, the ZSS signal can also be obtained from the
output signals of the current controllers D∗

CCx . However, when
DFF is employed, the duty cycle of the switches in steady-state
operation is dominated by the DFF signals, and therefore, the
ZSS injection obtained from the output signals of the current
controllers is not effective. As shown in Fig. 1, the duty cycle
of the bottom switches is obtained as

D∗
xn =

1
2

+ D∗
FFx + D∗

ZSS + D∗
CCx

=
1
2
− v∗

x0 + v∗
ZSS

v∗
oref

+ D∗
CCx ≈ 1

2
− v∗

x0 + v∗
ZSS

v∗
oref

x ∈ {a, b, c} (2)

where output of current controller D∗
CCx is much smaller than

the DFF + ZSS term D∗
FFx + D∗

ZSS .
Finally, it should be noted that in order to meet the dead-time

requirements for the IGBT module [16] and taking into account
the propagation delay times of the optocouplers in the interface
circuit between the DSP and IGBT module [19], the duty-cycle
range is limited from Dmin,Lim = 0.07 to Dmax,Lim = 0.93.

Fig. 2. Simulated waveforms of phase voltages and inductor currents in
steady-state operation (120 Vrms, 2 kW) with PI compensation (with VFF,
without ZSS injection and DFF), without offset errors in sensing: (a) phase
voltages [V]; inductor currents [A] at (b) matched sensing gains, (c) mis-
matched current-sensing gains (Kcsa = 0.9Kcsb , Kcsb = Kcsc ), (d) mis-
matched voltage-sensing gains (Kvsa b = 0.9Kvsbc , Kvsbc = Kvsca ).

III. PERFORMANCE COMPARISON OF CURRENT CONTROLLERS

WITH PI AND P COMPENSATION

A. Steady-State Operation

First, steady-state performance comparison of current con-
trollers with PI and P compensation implemented only with VFF,
i.e., without ZSS injection and DFF, is done. The comparison
is performed for balanced input voltages for both matched and
mismatched sensing gains, and without offset errors in input-
voltage and input-current sensing. As an example, simulated
waveforms of phase voltages and inductor currents at nominal
phase voltage of 120 Vrms and 2-kW load with PI and P compen-
sation are presented in Figs. 2 and 3, respectively. The inductor-
current waveforms in Figs. 2(b) and 3(b) are obtained with
matched sensing gains (Kvsab = Kvsbc = Kvsca and Kcsa =
Kcsb = Kcsc ), in Figs. 2(c) and 3(c) with mismatched current-
sensing gains (Kcsa = 0.9Kcsb ,Kcsb = Kcsc ), and in Figs. 2(d)
and 3(d) with mismatched voltage-sensing gains (Kvsab =
0.9Kvsbc ,Kvsbc = Kvsca ).

With matched sensing gains, the waveform of the inductor
currents with both PI and P compensation is almost perfectly
sinusoidal with THDs slightly greater than 2%. However, as
shown in Fig. 2, the inductor currents with PI compensation are
significantly phase shifted with respect to the phase voltages
(φ ∼16.5°), which results in a reduced PF. To explain the
origin of the phase shift, Fig. 4 shows the input and out-
put waveforms of the PI current controller. To achieve a
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Fig. 3. Simulated waveforms of phase voltages and inductor currents in
steady-state operation (120 Vrms, 2 kW) with P compensation (with VFF,
without ZSS injection and DFF), without offset errors in sensing: (a) phase
voltages [V]; inductor currents [A] at (b) matched sensing gains, (c) mis-
matched current-sensing gains (Kcsa = 0.9Kcsb , Kcsb = Kcsc ), (d) mis-
matched voltage-sensing gains (Kvsa b = 0.9Kvsbc , Kvsbc = Kvsca ).

sinusoidal current in phase x, where xє{a, b, c}, controller out-
put DCCx must be sinusoidal (and proportional to the nega-
tive value of the phase voltage), as shown in Fig. 4(d). Since
the integrator introduces a phase shift of 90°, to obtain a si-
nusoidal signal at the output of the PI controller, the input of
the controller ixERR = ixref − ix must be a cosine signal, as
illustrated in Fig. 4(c). This cosine signal at the input of the
controller can only be generated as a difference of two phase-
shifted sine signals, i.e., if there is a phase shift between si-
nusoidal signal ixref that is proportional to the phase voltage
and sinusoidal signal ix that is proportional to the phase cur-
rent, as shown in Fig. 4(b). It should be noted that the phase
shift is proportional to the amplitude of the required input signal
ixERR , which for a given PI-controller gain at line frequency is
proportional to the amplitude of the output signal DCCx . Since
when DFF is employed, the output of the current controller
DCCx is very much reduced (because it only needs to correct
for relatively small imperfections of DFF), the phase shift with
DFF is also dramatically reduced.

With mismatched current-sensing gains, the quality of the
inductor currents with P compensation, Fig. 3(c), is almost the
same as that with perfectly matched sensing gains, Fig. 3(b).
However, with mismatched current-sensing gains, the quality
of the inductor currents with PI compensation, Fig. 2(c), is
noticeably deteriorated compared to that with matched sensing
gains, Fig. 2(b). This behavior can be explained by considering

Fig. 4. Illustration of operation of controller with PI compensation and sinu-
soidal reference signal: (a) block diagram, (b) input signals, (c) error signal,
(d) output signal.

the output signal of the current controllers and the duty-cycle
limits.

In steady-state operation, with matched sensing gains, with-
out ZSS injection and DFF, the output signal of the current
controllers is sinusoidal with amplitude

D∗
CCx,max =

Vm

Vo
· Cpk , x ∈ {a, b, c} (3)

where Vm is the amplitude of the input phase voltages and Vo

is the output voltage. It should be noted in (3) that D∗
CCx,max is

scaled to peak value Cpk of the triangular carrier. At the nominal
phase voltage of 120 Vrms

D∗
CCx,max =

√
2 · 120
400

· 2500 = 1061. (4)

Considering the duty-cycle limits, the linear-operation range
is determined as

D∗
CCx,Lim =

Dmax,Lim − Dmin,Lim

2
· 2500

=
0.93 − 0.07

2
· 2500 = 1075. (5)

From (4) and (5), it can be concluded that in this design the
margin to compensate errors, such as dc offsets, mismatched
sensing gains, and offset errors in input-voltage and input-
current sensing, is very narrow, i.e.

δD∗
CCx <

1075 − 1061
1061

= 1.32%. (6)

This narrow margin for compensation of errors has a detri-
mental effect on the current controllers with PI compensation.
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Fig. 5. Illustration of effect of duty-cycle limits on linear operation range
of current controller with PI compensation: (a) without ZSS, (b) with ZSS
injection.

The simulations show that the output signal of the current
controllers with PI compensation contains a negative dc offset,
such that even with matched sensing gains, the minimum duty
cycle is very close to the minimum limit. This dc offset is gen-
erated by the integrator and it is due to the nonzero steady-state
error of the PI controller. In fact, when the reference signals
are sinusoidal, the PI controller cannot achieve zero steady-
state error due to the finite gain at the line frequency [20]. With
mismatched current-sensing gains, the minimum duty cycle in
phases “b” and “c,” which have larger current-sensing gain than
phase “a,” becomes saturated, resulting in distorted phase cur-
rents as shown in Fig. 2(c). The effect of the duty-cycle limits
on the linear operation range of the current controller with PI
compensation is illustrated in Fig. 5(a).

With mismatched voltage sensing gains, for both PI and P
compensation, the quality of inductor currents is similar to that
with mismatched current sensing gains, as shown in Figs. 2(c),
(d) and 3(c), (d), respectively. Referring to Fig. 1, this similarity
can be explained by recognizing that the mismatching of the
current sensing gains produces differences at the negative input
of the current controllers, i.e., differences in ix , whereas the
mismatching of the voltage sensing gains produces differences
at the positive input, i.e., differences in ixref . Since the input of
the current controllers is ixERR = ixref − ix , the effect of the
mismatching of the current and voltage gains at the input of the
controller is the same. However, as shown in Fig. 2(c), (d) for
the implementation with PI compensation, the THD of inductor
currents with mismatched voltage sensing gains is slightly lower
than that with the same mismatching of the current sensing gains.
This is due to the fact that a 10% mismatch in phase-to-phase
voltage sensing gains results in only 5% mismatch in calculated
phase-to-neutral voltages, which are used in determining ixref .

Generally, for a given input voltage, the duty-cycle satu-
ration margin can be increased by selecting a higher output
voltage and/or extending the available duty-cycle range. Both
approaches increase the difference between the required max-
imum (minimum) duty cycle and the duty-cycle limits. How-
ever, both approaches also suffer from major drawbacks that
make them impractical in any applications. Besides increas-
ing the size and cost of the output filter, increasing the output
voltage of the three-phase front end beyond 420–450 V pre-
vents the use of downstream dc–dc converters for single-phase

Fig. 6. Simulated waveforms of phase voltages and inductor currents in
steady-state operation (120 Vrms, 2 kW) with PI compensation (with VFF and
DFF, without ZSS injection), without offset errors in sensing: (a) phase volt-
ages [V]; inductor currents [A] at (b) matched sensing gains, (c) mismatched
current-sensing gains (Kcsa = 0.9Kcsb , Kcsb = Kcsc ).

applications that are typically designed for 340–420-V range.
Widening the duty-cycle limits requires lowering the switching
frequency and/or selecting faster switches and faster interface
circuits, if available. Lowering the switching frequency below
20 kHz is not desirable because of increased size of magnetic
components and possible audio-noise issues.

It should be noted that instead of PI controller, a proportional
plus resonant controller can be employed, which results in zero
steady-state error due to the infinite gain at resonant frequency,
when the resonant frequency is set to the line frequency [4],
[20]–[24]. It should be also noted that zero steady-state error can
also be achieved with PI controller if the control is implemented
instead of in the stationary (a, b, c) reference frame in the
rotating (d, q) reference frame, where the sinusoidal signals are
transformed to dc signals [3], [4], [20]–[25].

The power factor of the inductor currents with PI compensa-
tion can be vastly improved by implementing DFF. As shown in
Fig. 6(b), with DFF, the phase shift of the phase currents with
respect to the phase voltages is φ ∼1.5°, which is a significant
reduction compared to φ ∼16.5° without DFF in Fig. 2(b). As
already explained, this phase-shift reduction is the result of the
fact that with DFF the duty cycle of the switches in steady-state
operation is dominated by the DFF signals, which are propor-
tional to the phase voltages, while the effect of the output signals
of the current controllers on the duty cycles is practically negli-
gible. However, it should be also noted that with DFF, the dis-
tortion of the inductor currents with PI compensation and with
mismatched current-sensing gains is approximately the same as
that without DFF, as it can be seen in Figs. 2(c) and 6(c).

The THD of the inductor currents with PI compensation and
with mismatched sensing gains can be improved by implement-
ing ZSS injection, as illustrated in Fig. 7(c). In fact, with sym-
metrical ZSS injection, which is implemented in this paper,
the effective amplitude of the input phase voltages is reduced
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Fig. 7. Simulated waveforms of phase voltages and inductor currents in
steady-state operation (120 Vrms, 2 kW) with PI compensation (with VFF, DFF,
and ZSS injection), without offset errors in current: (a) phase voltages [V]; in-
ductor currents [A] at (b) matched sensing gains, (c) mismatched current-sensing
gains (Kcsa = 0.9Kcsb , Kcsb = Kcsc ).

to 86.6% [sin(60°)], as shown in Fig. 5(b). As a result, the
maximum duty cycle is proportionally reduced

D∗
CCx,max =

√
2 · 120 · 0.866

400
· 2500 = 918 (7)

and therefore, more margin is available for compensation of
errors, i.e.

δD∗
CCx <

1075 − 918
918

= 17.1%. (8)

This increased margin is sufficient to keep the duty cycle
of the switches away from saturation at nominal phase voltage
of 120 Vrms, as illustrated in Fig. 7(b). However, at maximum
phase voltage of 138 Vrms, even with ZSS injection, the inductor
currents are distorted with mismatched sensing gains, as shown
in Fig. 8(c).

It should be noted in Fig. 7(b) that with ZSS injection, the
THD of the inductor currents with PI compensation and matched
sensing gains is also improved compared to that without ZSS
injection shown in Fig 6(b). Specifically, the THD of the inductor
currents is reduced from ∼2.1% to ∼1.6%.

ZSS injection also improves the THD of inductor currents
with P compensation, as shown in Fig. 9. Specifically, at
120-Vrms phase voltage and matched sensing gains, the THD
of the inductor currents with P compensation and with ZSS in-
jection is reduced to∼1.7% from∼2.1% without ZSS injection.
This is the result of the reduced peak-to-peak ripple in the in-
ductor currents at the peak values of the phase voltages, as it can
be observed by comparing Fig. 9(b) and (c). In fact, it can be
seen in Fig. 9 that the peak-to-peak ripple in the inductor current
waveforms increases and decreases four times in a line cycle,
having maximum values at the positive peak, negative peak,
and zero crossings of the input phase voltages. This means that
the ripple current of inductors contains low-frequency (120 and

Fig. 8. Simulated waveforms of phase voltages and inductor currents in
steady-state operation (138 Vrms, 2 kW) with PI compensation (with VFF,
DFF, and ZSS injection), without offset errors in sensing: (a) phase voltages
[V]; inductor currents [A] at (b) matched sensing gains, (c) mismatched current-
sensing gains (Kcsa = 0.9Kcsb , Kcsb = Kcsc ).

Fig. 9. Simulated waveforms of phase voltages and inductor currents in
steady-state operation (120 Vrms, 2 kW) with P compensation (with VFF, DFF)
with matched sensing gains and no offset errors in sensing: (a) phase voltages
[V]; inductor currents [A] (b) without ZSS injection, (c) with ZSS injection.

240 Hz) harmonics, which contribute to the THD of the inductor
currents. Since with ZSS injection the peak-to-peak ripple in the
inductor currents decreases at the peaks of the input phase volt-
ages compared to that without ZSS injection, the low-frequency
ripple components of the inductor currents decrease, and con-
sequently, the THD decreases. An analysis of the peak-to-peak
ripple in the inductor currents with and without ZSS injection
is given in the Appendix B.

Finally, steady-state performance comparison of current con-
trollers with PI and P compensation implemented with VFF,
DFF, and with/without ZSS injection is done with offset
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Fig. 10. Simulated waveforms of phase voltages and inductor currents in
steady-state operation (120 Vrms, 2 kW) with PI compensation (with VFF,
DFF), with matched sensing gains and with offset errors in current sensing
[ΔIoff set = −50 (Q12)]: (a) phase voltages [V]; inductor currents [A] (b)
without ZSS injection, (c) with ZSS injection.

Fig. 11. Simulated waveforms of phase voltages and inductor currents in
steady-state operation (120 Vrms, 2 kW) with P compensation (with VFF,
DFF), with matched sensing gains and with offset errors in current sensing
[ΔIoff set = −50 (Q12)]: (a) phase voltages [V]; inductor currents [A] (b)
without ZSS injection, (c) with ZSS injection.

errors in the input-current sensing (with matched sensing gains).
As an example, with an equal offset error of 1.25% of FSR
[ΔIoffset = −50(Q12)] in all three input-current sensing cir-
cuits (same 1.5-V offset applied in all three phases, as shown
in Fig. 1), simulated waveforms of phase voltages and inductor
currents at nominal phase voltage of 120 Vrms and 2-kW load
with PI and P compensation are presented in Figs. 10 and 11,

respectively. The inductor–current waveforms in Figs. 10(b) and
11(b) are obtained without ZSS injection and in Figs. 10(c) and
11(c) with ZSS injection. As shown in Fig. 11(b), with P com-
pensation, the inductor currents with offset errors in the current
sensing are only slightly distorted compared to those without
offset errors in Fig. 9(b). However, as shown in Fig. 10(b),
with PI compensation, the quality of inductor currents with
offset errors in the current sensing is significantly deteriorated
(THDa, b, c � 13%) compared to those without offset errors in
Fig. 6(b). ZSS injection, as shown in Figs. 10(c) and 11(c),
slightly improves the quality of inductor currents for both PI
and P compensation. However, even with ZSS injection, the in-
ductor currents with PI compensation are considerably distorted
(THDa, b, c � 9%). This distortion in the inductor currents with
PI compensation is caused by the integration error. It should be
noted that identical offset errors in input-voltage sensing do not
affect the quality of the input currents because an offset error
in the phase-to-phase voltage sensing is cancelled in the cal-
culated phase voltages because they are given by difference of
phase-to-phase voltages.

The THDs of inductor currents with PI and P compen-
sation in steady-state operation at nominal phase voltage of
120 Vrms and 2-kW load at different operating conditions are
summarized in Tables I and II, respectively. It can be concluded
from Tables I and II that with mismatched sensing gains, no
offset errors, and without ZSS injection, the THD of inductor
currents with PI compensation is significantly higher than that
with P compensation; whereas, with ZSS injection, the THD of
inductor currents with PI compensation is similar to that with
P compensation. However, in the whole input voltage range, PI
compensation does not perform as well as P compensation. In
fact, at the maximum phase voltage of 138 Vrms, even with ZSS
injection, with mismatched sensing gains the inductor currents
with PI compensation are distorted, as shown in Fig. 8(c). Fi-
nally, it can be concluded from Tables I and II that with offset
errors and matched sensing gains, the THD of inductor currents
with PI compensation, even with ZSS injection, is much higher
than that with P compensation.

B. Operation With Phase-Voltage Transients

First, performance comparison of current controllers with
PI and P compensation during phase-voltage transients is per-
formed with balanced input voltages, matched sensing gains,
no offset errors in input-current sensing, and for a control im-
plemented with VFF and ZSS injection and without DFF. In
this evaluation, the phase voltage is stepped from 102 to
138 Vrms and back to 102 Vrms at 2-kW load. It should be noted
that ZSS injection was necessary to achieve output-voltage reg-
ulation in the entire input-voltage range from 102 to 138 Vrms.
During the phase-voltage transients, the voltage-loop bandwidth
was 10 Hz. Key simulated waveforms with PI and P compen-
sation are presented in Figs. 12 and 13, respectively. It can be
seen in Fig. 12 that the output voltage with PI compensation
and VFF is almost insensitive to input voltage transients. The
output voltage overshoot and undershoot when the amplitude of
the input phase voltages step changes between 144 and 195 V
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TABLE I
THD OF INDUCTOR CURRENTS WITH PI COMPENSATION (120 VRMS, 2 KW)

Phase current sensing∗ Phase–Phase voltage sensing∗ PI w/o DFF, w/o ZSS PI w/ DFF, w/o ZSS PI w/ DFF, w/ ZSS

Δ Io f f s e t ΔVo f f s e t THDa THDb THDc THDa THDb THDc THDa THDb THDc

K c sa

K c s

K c s b

K c s

K c s c

K c s
[%FSR]

Kv sa b

Kv s

Kv s b c

Kv s

Kv s c a

Kv s
[%FSR] [%] [%] [%] [%] [%] [%] [%] [%] [%]

1 1 1 0 1 1 1 0 2.02 2.01 2.02 2.1 2.09 2.09 1.61 1.62 1.61
0.9 1 1 0 1 1 1 0 4.4 4.84 8.07 4.2 4.3 7.55 1.7 1.8 1.79
1 1 1 0 0.9 1 1 0 3.64 3.46 4.68 3.89 3.55 4.59 1.68 1.74 1.64
0.9 1 1 0 0.9 1 1 0 6.12 6.16 11.27 5.97 5.98 10.98 1.71 1.8 1.68
1 1 1 1.25 1 1 1 0 12.12 12.13 12.13 12.74 12.74 12.75 8.91 8.91 8.9

∗ Sensing gains normalized to their matched values.

TABLE II
THD OF INDUCTOR CURRENTS WITH P COMPENSATION (120 VRMS, 2 KW)

Phase current sensing ∗ Phase–Phase voltage sensing ∗ P w/o DFF, w/o ZSS P w/ DFF, w/o ZSS P w/ DFF, w/ ZSS

Δ Io f f s e t ΔVo f f s e t THDa THDb THDc THDa THDb THDc THDa THDb THDc

K c sa

K c s

K c s b

K c s

K c s c

K c s
[%FSR]

Kv sa b

Kv s

Kv s b c

Kv s

Kv s c a

Kv s
[%FSR] [%] [%] [%] [%] [%] [%] [%] [%] [%]

1 1 1 0 1 1 1 0 2.08 2.08 2.08 2.04 2.03 2.05 1.72 1.71 1.71
0.9 1 1 0 1 1 1 0 2.08 2.08 2.11 1.96 2.06 2.05 1.69 1.74 1.74
1 1 1 0 0.9 1 1 0 2.03 2.02 2.02 2.01 2.03 2.15 1.67 1.69 1.72
0.9 1 1 0 0.9 1 1 0 1.98 2.11 2 2.14 2.16 2.77 1.64 1.71 1.77
1 1 1 1.25 1 1 1 0 2.36 2.36 2.36 2.35 2.35 2.35 1.68 1.69 1.68

∗ Sensing gains normalized to their matched values.

Fig. 12. Key simulated waveforms at phase-voltage transients 102 Vrms
→138 Vrms →102 Vrms, 2-kW load, with PI compensation (with VFF and
ZSS injection, without DFF), with matched sensing gains and without offset
errors in sensing: (a) phase voltages [V], (b) inductor currents [A], (c) output
voltage and reference output voltage [V], (d) output of voltage controller [digital
value in Q12 format], (e) reference phase currents [A], (f) duty cycles [digital
values scaled to Cpk = 2500].

is around 3–4 V. However, as shown in Fig. 13, despite the
VFF, the output voltage with P compensation exhibits a signifi-
cant overshoot and undershoot (∼20 V) when the amplitude of
the input phase voltages steps up from 144 to 195 V and steps

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Fig. 13. Key simulated waveforms at phase-voltage transients 102 Vrms
→138 Vrms →102 Vrms, 2-kW load, with P compensation (with VFF and
ZSS injection, without DFF), with matched sensing gains and without offset
errors in sensing: (a) phase voltages [V], (b) inductor currents [A], (c) output
voltage and reference output voltage [V], (d) output of voltage controller [digital
value in Q12 format], (e) reference phase currents [A], (f) duty cycles [digital
values scaled to Cpk = 2500].

down from 195 to 144 V, respectively. As can be seen from the
waveforms in Fig. 12(b) and (e), in the implementation with PI
compensation, the sensed inductor currents follow the reference
currents, whereas in the implementation with P compensation,
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the sensed inductor currents are very different from the refer-
ence currents, as shown in waveforms in Fig. 13(b) and (e). This
behavior of the P compensation can be explained by analyzing
the output signal of the current controllers. For simplicity, the
ZSS injection is not included in the following considerations.

In steady-state operation, without DFF and ZSS injection, the
current controllers generate the desired duty cycles. Using the
notations in Fig. 1, the following relationship can be written at
the peak value of the phase voltage

Kp ·

⎡
⎢⎣Km

Kv s
FSR Vm · V ∗

EA(
Kv s
FSR

Vm√
2

)2
· K2

FF

− Kcs

FSR
· Im

⎤
⎥⎦ = −Vm

Vo
· Cpk

(9)
where the first and second term in the bracket represent the
reference current and sensed current at the input of the current
controller, respectively, Kp is the gain of the P compensation,
Im is the amplitude of the input phase currents, and KFF is the
conversion factor from rms to average value, i.e.

KFF =
2
π · Vm

Vm√
2

= 0.9. (10)

The amplitude of the phase currents Im can be expressed
through the input–output power balance as

Im =
2
3
· Po

Vm
(11)

where Po is the output power and efficiency of 100% is assumed.
After substituting (11) into (9), it is obtained that

V ∗
EA =

KvsK
2
F F

2Km FSR
·
[
2
3

Kcs

FSR
Po −

Cpk

KpVo
· V 2

m

]
(12)

where it is shown that the voltage controller output V ∗
EA varies

proportionally to the square of the peak value of the phase
voltages Vm . In fact, this variation is significant, as shown in
Fig. 13(d). The voltage controller output V ∗

EA changes approxi-
mately between 0 and−850 (in Q12 format) when the amplitude
of the input phase voltages step changes between 144 to 195 V.
Due to the slow voltage loop, V ∗

EA slowly changes, resulting in
significant overshoot and undershoot in the output voltage.

The transient performance of the P compensator with VFF
can be vastly improved by simultaneously implementing DFF.
The effect of the DFF on phase-voltage transients with P com-
pensation is presented in Fig. 14. It can be seen in Fig. 14
that the output voltage with P compensation when VFF is used
along with DFF becomes practically insensitive to input-voltage
transients. It should be noted that with DFF, the sensed inductor
currents with P compensation properly follow the reference cur-
rents, as seen comparing waveforms in Fig. 14(b) and (e). This
behavior of the P compensation can be explained by considering
how the switch duty cycles are generated. As already explained,
in steady-state operation with DFF, the switch duty cycles are
dominated by the DFF signals, whereas the effect of the output
signals of the current controllers on the duty cycles can be ne-
glected, i.e., the output signals of the current controllers can be
considered as zero. By equating the left-hand side of (9), which

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Fig. 14. Key simulated waveforms at phase-voltage transients 102 Vrms
→138 Vrms →102 Vrms, 2-kW load, with P compensation (with VFF, ZSS
injection, and DFF), with matched sensing gains and without offset errors in
sensing: (a) phase voltages [V], (b) inductor currents [A], (c) output voltage
and reference output voltage [V], (d) output of voltage controller [digital value
in Q12 format], (e) reference phase currents [A], (f) duty cycles [digital values
scaled to Cpk = 2500].

represents the output of the current controllers, with zero, and
by using (11), it is obtained that

V ∗
EA =

KvsKcsK
2
FF

3Km FSR2 Po. (13)

From the aforementioned equation, it can be seen that the
voltage-controller output is independent of the peak value of
the phase voltages. In fact, when the amplitude of the input
phase voltages step changes between 144 to 195 V, the volt-
age controller output V ∗

EA changes only by approximately ±10
around 2240 (in Q12 format) to compensate the small changes
in the output voltage due to the fact that the inductor currents
cannot instantly change.

In the case of the PI compensation, when VFF is used with
DFF, the output voltage overshoot and undershoot is practically
negligible (less than 1 V) when the amplitude of the input phase
voltages step changes between 144 and 195 V.

IV. EXPERIMENTAL RESULTS

Experimental waveforms of phase voltage va0 and phase cur-
rents ia , ib , and ic in steady-state operation, at nominal phase
voltage of 120 Vrms and 2-kW load, at balanced input volt-
ages are presented in Figs. 15–20. It should be noted that the
input-voltage and input-current sensing gains are not completely
matched and that the offset in input-voltage and input-current
sensing is not exactly 1.5 V due to component tolerances. The
waveforms in Figs. 15 and 16 are obtained with PI and P
compensation, respectively, for operation with VFF and ZSS
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Fig. 15. Steady-state experimental waveforms (120 Vrms, 2 kW) with PI
compensation (with VFF and ZSS injection, without DFF): (a) phase voltage
Va0 , (b) phase currents Ia , Ib , Ic .

Fig. 16. Steady-state experimental waveforms (120 Vrms, 2 kW) with P com-
pensation (with VFF and ZSS injection, withoutDFF): (a) phase voltage Va0 ,
(b) phase currents Ia , Ib , Ic .

injection, and without DFF. The waveforms in Figs. 17 and 18
are obtained with PI and P compensation, respectively, for op-
eration with VFF and DFF, and without ZSS injection. Finally,
the waveforms in Figs. 19 and 20 are obtained with PI and P
compensation, respectively, for operation with VFF, DFF, and
ZSS injection. Generally, these results are in good agreement
with the simulated waveforms and verify that the current con-
troller with PI compensation is more sensitive to mismatches
in input-voltage and input-current sensing gains and offset er-
rors in input-current sensing than the current controller with P
compensation. It should be noted by comparing the measured
phase currents with PI compensation in Figs. 17 and 19 with the
corresponding simulated phase currents in Fig. 10(b) and (c)
that the distortions in the measured phase currents are mainly
caused by the offset errors in input-current sensing.

Finally, comparing the measured currents and PFs with PI
compensation in Figs. 15, 17 and 19, it can be seen that
DFF improves the PF with PI compensation from 0.956–0.959

Fig. 17. Steady-state experimental waveforms (120 Vrms, 2 kW) with PI
compensation (with VFF and DFF, without ZSS injection): (a) phase voltage
Va0 , (b) phase currents Ia , Ib , Ic .

Fig. 18. Steady-state experimental waveforms (120 Vrms, 2 kW) with P com-
pensation (with VFF and DFF, without ZSS injection): (a) phase voltage Va0 ,
(b) phase currents Ia , Ib , Ic .

Fig. 19. Steady-state experimental waveforms (120 Vrms, 2 kW) with PI
compensation (with VFF, DFF, and ZSS injection): (a) phase voltage Va0 , (b)
phase currents Ia , Ib , Ic .
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Fig. 20. Steady-state experimental waveforms (120 Vrms, 2 kW) with P com-
pensation (with VFF, DFF, and ZSS injection): (a) phase voltage Va0 , (b) phase
currents Ia , Ib , Ic .

to 0.998. The THD measurements with PI compensation in
Figs. 15 and 19 compared to Fig. 17, and THD measurements
with P compensation in Figs. 16 and 20 compared to Fig. 18
show that ZSS injection improves the quality of the input cur-
rents in both implementations.

V. CONCLUSION

In this paper, it is shown that in the three-phase six-switch
boost PFC rectifier with average-current control and mis-
matched input-voltage and input-current sensing gains as well
as offset errors in input-voltage and input-current sensing, the
current controller with P compensation exhibits better perfor-
mance, i.e., lower THD and higher PF, compared with that of
the PI compensation. The sensitivity of the current controller
with PI compensation to both mismatches in the sensing gains
and offset errors in the input-current sensing is the result of the
relatively small margin in the linear operation range (due to the
limits of the switch duty cycles), which is available for compen-
sation of various parameter mismatches and offset errors.

It is also shown that the DFF, in addition to reducing the
phase shift between the respective input voltages and currents
in the implementation with PI compensation, significantly im-
proves the effectiveness of VFF in improving the output-voltage
transient response with respect to input-voltage changes in the
P-compensation implementation. This behavior of the current
controller with P compensation is the result of the variation of
the voltage-controller output V ∗

EA with the changes of the input-
voltage amplitude. Without DFF, V ∗

EA varies with the square of
the input-voltage amplitude, whereas with DFF, V ∗

EA is inde-
pendent of the input-voltage amplitude.

Finally, it is shown that ZSS injection improves the THD of
input currents in current controllers with both PI and P com-
pensation. This is the result of the reduced peak-to-peak ripple
in the inductor currents around the peak values of the phase
voltages. In addition, ZSS injection increases the margin in the
linear operation range for compensation of various parameter
mismatches and offset errors.

Fig. A1. Equivalent continuous-time small-signal block diagram of current
loop.

APPENDIX A
CONTROLLER DESIGN

In the design of the voltage and current controllers, the digi-
tal redesign approach is used, i.e., the controllers are designed
in continuous-time domain (s-domain), and then, translated to
discrete-time domain (z-domain), which can be handled by the
DSP. Since to achieve low distortions of the input currents,
the voltage-loop (outer-loop) bandwidth must be well below the
line frequency, whereas the current-loop (inner-loop) bandwidth
should be in the kilohertz range, the control loops are well sep-
arated so that they can be independently designed. The faster
current loop is designed first assuming that the voltage loop is
open, and then, the slow voltage loop is designed by considering
the boost power stage with the current loop closed to be a new
plant.

A. Current-Controller Design

For the three-phase-rectifier-control implementation with
three independent current controllers, the design of the phase-
current controllers reduces to the single-phase design. The
equivalent continuous-time small-signal block diagram of the
phase-current loop is shown in Fig. A1, which is obtained di-
rectly from the block diagram in Fig. 1 assuming that the volt-
age loop is open, i.e., v̂∗

EA = 0, and that for several switch-
ing cycles the input phase voltage can be considered constant,
i.e., v̂∗

x0 = 0, where x�{a, b, c}. In Fig. A1, Gid(s) is the
duty-cycle-to-inductor-current transfer function, GLPF(s) is the
current-sensing low-pass filter transfer function, GCC(s) is the
phase-current controller transfer function, 1/Cpk is the gain of
the digital PWM, and 1/FSR is the gain of the ADC converter.
The current loop in Fig. A1 also includes delay time TDLY ,
which consists of the transport delay (delay from the instant the
inductor currents are sampled at the peak of the triangular car-
rier to the instant the duty cycle is updated at the beginning of
the next switching cycle) TDLY Transport = Tsw/2, where Tsw
is the switching period, and the PWM delay of the triangular
carrier TDLY PWM = Tsw/2 [26]. Therefore, the total delay in
the current loop is TDLY = Tsw .

Since the crossover frequency of the current loop is relatively
high (typically greater than 1–2 kHz), transfer function Gid(s)
at frequencies around the crossover frequency of the current
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loop can be approximated as [27]

Gid(s) ≈
Vo

sL
=

ωid

s
(A1)

where ωid = Vo/L. Then, the plant transfer function is obtained
as

GPL,I (s) =
1

Cpk
· Gid(s) · Kcs · GLPF(s) · 1

FSR
· e−sTD LY

=
Kcs

FSR · Cpk
· 1
1 + s

ωL P F

· 1
s

ωi d

· e−sTD LY (A2)

where ωLPF = 2πfLPF is the corner frequency of the low-pass
filter.

To facilitate the explanation of the current controller de-
sign, Bode plots of transfer functions Gid(s), GPL,I (s), and
GCC(s), as well as loop-gain transfer function TI (s) are shown
in Fig. A2(a) and (b) for P and PI compensation, respectively.
To achieve a 45° phase margin, the current-loop bandwidth
fC I with P and PI compensation is selected as 2.5 and 2 kHz,
respectively.

For the P compensation, gain of the current-controller KpI ,P
is

KpI ,P = |GCC ,P (fC I ,P )| =
1

|GPL,I (fC I ,P )| = 3337 (A3)

whereas for the PI compensation, proportional gain KpI ,PI is

KpI ,PI =
|GCC ,PI(fC I ,PI)|√

1 +
(

fZ C C
fC I , P I

)2

=
1

|GPL,I (fC I ,PI)| ·
√

1 +
(

fZ C C
fC I , P I

)2

= 2640 (A4)

and integral gain KiI ,PI is

KiI ,PI = 2πfZCCKpI ,PI = 4976282 (A5)

where the zero of PI compensation is selected fZCC = 300Hz <
fC I ,PI to achieve 45° phase margin.

Translation from s-domain to z-domain is performed by bi-
linear (Tustin’s) approximation

s =
2
Ts

· z − 1
z + 1

. (A6)

where Ts = 1/fs is the sampling period. Finally, the current
controller parameters in z-domain are obtained as

KpIz,P = KpI ,P = 3337 (A7)

for P compensation, and

KpIz,PI = KpI ,PI = 2640 (A8)

and

KiIz,PI = KiI ,PI ·
Ts

2
= 124 (A9)

for PI compensation.

Fig. A2. Current controller design with: (a) P compensation, (b) PI
compensation.

B. Voltage-Controller Design

The equivalent continuous-time small-signal block diagram
of the voltage loop is shown in Fig. A3. Because the band-
width of the voltage loop is very low, i.e., it is below the line
frequency, the effect of time delays in the voltage loop is negli-
gible. The low-frequency small-signal control-to-output-voltage
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Fig. A3. Equivalent continuous-time small-signal block diagram of voltage
loop.

Fig. A4. Voltage controller design with PI compensation.

transfer function Gvc(s) in Fig. A3 is derived in [28]. With resis-
tive load RLoad , which was used in the presented experimental
performance evaluation, Gvc(s) is given by [28]

Gvc(s) =
v̂o

v̂EA
=

gC RLoad

2
· 1
1 + s

ωp V C

(A10)

where

ωpV C =
2

CoRLoad
=

2
RLoad

·
(

1
Cp

+
1

Cn

)
(A11)

and gC is the transconductance, defined in steady state as

gC · VEA = Io . (A12)

To provide an adequate margin for output-voltage low-
frequency ripple and transients, the scaled value of VEA

is selected as VEAmax = 0.8 V at Iomax = Pomax/Vonom =
3000/400 = 7.5 A. Therefore, transconductance gC is obtained
as

gC =
Io max

VEA max
= 9.375

A
V

. (A13)

Fig. B1. Key simulated waveforms obtained during steady-state operation
(120 Vrms, 2 kW) with P compensation (with VFF and DFF, without ZSS
injection), with matched sensing gains and without offset errors in sensing:
(a) phase voltages [V] (b) inductor current of phase “a” [A]; state of bottom
switch of phase (c) “a,” (d) “b,” (e) “c,” (f) triangular carrier [peak of carrier =
Cpk = 2500].

Fig. B2. Key simulated waveforms obtained during steady-state operation
(120 Vrms, 2 kW) with P compensation (with VFF, DFF, and ZSS injection),
with matched sensing gains and without offset errors in sensing: (a) phase
voltages [V] (b) inductor current of phase “a” [A]; state of bottom switch of
phase (c) “a,” (d) “b,” (e) “c,” (f) triangular carrier [peak of carrier = Cpk =
2500].

The plant transfer function for the voltage loop is given as

GPL,V (s) =
gC KdRLoad

2FSR
· 1
1 + s

ωA A F

· 1
1 + s

ωp C V

(A14)

where ωAAF = 2πfAAF is the corner frequency of the antialias-
ing filter.

The design of the voltage controller with PI compensation is
illustrated with Bode plots in Fig. A4. For low distortions of the
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TABLE BI
SLOPE OF INDUCTOR CURRENTS

aR bR cR Va R n Vb R n Vc R n Vn 0 L d i x
d t = V ∗

x 0 − Vx R n − Vn 0

x = a x = b x = c

n n n 0 0 0 0 Va 0 Vb 0 Vc 0

n n p 0 0 Vo −Vo /3 Va 0 + Vo /3 Vb 0 + Vo /3 Vc 0 − 2Vo /3
n p n 0 Vo 0 −Vo /3 Va 0 + Vo /3 Vb 0 − 2Vo /3 Vc 0 + Vo /3
n p p 0 Vo Vo −2Vo /3 Va 0 + 2Vo /3 Vb 0 − Vo /3 Vc 0 − Vo /3
p n n Vo 0 0 −Vo /3 Va 0 − 2Vo /3 Vb 0 + Vo /3 Vc 0 + Vo /3
p n p Vo 0 Vo −2Vo /3 Va 0 − Vo /3 Vb 0 + 2Vo /3 Vc 0 − Vo /3
p p n Vo Vo 0 −2Vo /3 Va 0 − Vo /3 Vb 0 − Vo /3 Vc 0 + 2Vo /3
p p p Vo Vo Vo −Vo Va 0 Vb 0 Vc 0

∗With ZSS injection,Vx 0 is replaced with Vx 0 + VZ S S .

input currents, the voltage-loop bandwidth fC V is selected as
10 Hz. The voltage-controller parameters are obtained as

KpV =
|GC V (fC V )|√
1 +

(
fZ C V

fC V

)2

=
1

|GPL,V (fC V )| ·
√

1 +
(

fZ C V

fC V

)2
= 3.5 (A15)

and

KiV = 2πfZC V KpV = 132 (A16)

where the zero is selected as fZCV = 6 Hz < fC V , which re-
sults in a phase margin of 77◦ >> 45◦.

Finally, the voltage controller parameters in z-domain by us-
ing the bilinear (Tustin’s) approximation are obtained as

KpV z = KpV = 3.5 (A17)

and

KiV z = KiV · Ts

2
= 3.3 × 10−3 . (A18)

APPENDIX B
INDUCTOR-CURRENT RIPPLE

Simulated waveforms of inductor current ia around the pos-
itive peak of input phase voltage va in steady-state operation
at nominal phase voltage of 120 Vrms and 2-kW load with P
compensation (with VFF and DFF), for matched sensing gains
and no offset errors in sensing, without and with ZSS injection
are shown in Figs. B1 and B2, respectively. To better understand
the ripple waveform of inductor current ia , the gate pulses of the
bottom switches are also included in Figs. B1 and B2, whereas
the slope of inductor current ia in different switching states is
summarized in Table BI. The equivalent circuit for calculation
of the slope of inductor currents is given in Fig. B3.

As shown in Figs. B1 and B2, for both cases (without and
with ZSS injection), the peak-to-peak ripple of inductor cur-
rent ia in a switching period Tsw around the positive peak of
input phase voltage va0 is obtained during switching state ppp,
where inductor current increases with slope (va0 + vZSS)/L (see
Table BI).

Fig. B3. Equivalent circuit for calculation of slope of inductor currents, x
� {a, b, c}.

Without ZSS injection, the duration of switching state ppp,
Tppp1 , is determined as

Tppp1 = Tsw ·
(

1
2
− 1

2
Vm

Vo

)
. (B1)

Multiplying Tppp1 with the current slope
(

dia
dt

)

1
=

va0

L
=

Vm

L
(B2)

at the positive peak of the phase voltage, the peak-to-peak ripple
of inductor current without ZSS injection is obtained as

ΔiaPP1 =
Vm

2Lfsw
·
(

1 − Vm

Vo

)
(B3)

where 1/fsw = Tsw .
With symmetrical ZSS injection [11], used in this paper, the

duration of switching state ppp, Tppp2 , is determined as

Tppp2 = Tsw ·
(

1
2
− 3

4
Vm

Vo

)
. (B4)

Multiplying Tppp2 with the current slope
(

dia
dt

)

2
=

va0 + vZSS

L
=

3
4

Vm

L
(B5)

at the positive peak of the phase voltage, the peak-to-peak ripple
of the inductor current with ZSS injection is obtained as

ΔiaPP2 =
3Vm

8Lfsw
·
(

1 − 3
2

Vm

Vo

)
. (B6)

From (B1)–(B6), it can be seen that with ZSS injection both
the slope of inductor current ia and the duration of switching
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state ppp are decreased compared to those without ZSS injec-
tion, which results in a decreased peak-to-peak ripple of the
inductor current with ZSS injection compared to that without
ZSS injection. Specifically, in this example, the slope of the
inductor current is decreased 1.33 times and the duration of
switching state ppp is decreased 1.59 times, resulting in a to-
tal reduction of the peak-to-peak ripple of the inductor current
approximately two times, which can also be seen in Figs. B1
and B2.
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