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Abstract – In three-phase applications, the six-switch boost PFC 
rectifier is the most widely employed topology because of its good 
performance and cost effectiveness. A vast amount of literature 
that deals with this circuit is exclusively focused on various control 
schemes aimed at optimizing different aspects of its steady-state 
and/or transient performance. However, almost no literature is 
available on its start-up procedure which is an indispensable part 
of control design of any practical circuit.  To fill this gap, in this 
paper, a detailed start-up procedure is described.  This three-step 
start-up procedure ensures that the inrush currents stay below a 
specified level and that the output voltage increases monotonically 
to its reference value, i.e., it does not exhibit any overshoot. The 
proposed start-up procedure is illustrated with Matlab/Simulink 
simulation waveforms and also experimentally verified.  
 

Index Terms –Three-phase six-switch boost PFC rectifier, 
average-current control, digital signal processor (DSP), start-up 
procedure, inrush current, start-up resistor, output-voltage 
overshoot, duty-cycle soft start, balanced input voltages, 
unbalanced input voltages. 

 

I.  INTRODUCTION 

Today, active three-phase PFC rectifiers need to meet very 
challenging performance requirements.  In the majority of 
applications, the input current of active three-phase PFC 
rectifiers is required to have a total harmonic 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].  

Many control methods that can achieve a high-quality input 
current in the three-phase six-switch boost PFC rectifier are 
available [3], [4].  Today, the control circuit is usually 
implemented with digital technology.  One control method well 
suited for digital implementation is average current control [5], 
[6].  Fundamentally, the average current control of the three-
phase six-switch boost PFC rectifier can be implemented with 
three independent current controllers with a common triangular 
carrier [7], [8].  It was shown in [8] 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-signal (ZSS) injections, advanced 
control methods can be achieved which are equivalent to 
different space vector modulation methods [9]-[12].  

 
 
 
 

Regardless of the control method used, start-up of the circuit 
should be controlled so that the input currents and output 
voltage do not experience abrupt changes, such as current 
spikes and voltage overshoots.  Unfortunately, start-up control 
methods have largely been ignored in the literature.  With the 
exception of [13], where it was shown that the current spike 
during start up can be reduced if duty-cycle feedforward is 
employed, and [14], where a start-up procedure for operation 
with load-dependent on-the-fly switchover between diode and 
PWM-rectifier mode aimed at maximizing the efficiency is 
proposed, no other literature is available on this subject.  One 
reason for this lack of academic community interest for start-up 
control issues might be the perception that the start-up control 
of the single-phase boost PFC can be straightforwardly 
extended to the three-phase boost rectifier.  While it is correct 
that the general principles of single-phase boost converter start-
up control [5] can and are used in the three-phase boost 
converter start-up procedure, the implementation in the three-
phase circuit is much more complex and far from 
straightforward because of the increased number of voltage 
sources and switches, as well as the bidirectional nature of the 
three-phase boost PFC rectifier. 

In this paper, a detailed three-step start-up procedure for the 
three-phase boost PFC rectifier is described.  To limit the inrush 
currents after the boost switching is enabled, a duty-cycle soft-
start procedure is proposed.  In addition, to avoid output-
voltage overshoot, the voltage-loop bandwidth during soft start 
is increased compared to that designed for steady-state.  The 
start-up procedure is illustrated with Matlab/Simulink 
simulation waveforms.  Experimental results, which are in good 
agreement with the simulation results, are also provided. 

II.  POWER STAGE AND CONTROL CIRCUIT 

The 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: 

• input phase-voltage range  120 ± 15% Vrms  
• line-frequency range 45-65 Hz 
• nominal output voltage  400 V 
• maximum output power  3 kW 
• input current OCP  16 A 
• output voltage OVP  450 V 

The switches are implemented with an IGBT six-pack 
module [15].  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 value of the start-up 
resistors is Rstart-up = 62 Ω. 

The block diagram of the average current control that is 
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implemented with digital signal processor (DSP) 
TMS320F2808 from TI [16] is also shown in Fig. 1.  For 
average current control, the input phase-to-phase voltages, 
phase currents, and the output voltage are sensed and 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.  As 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 and upper switches.  The gate signals for the upper 
switches, generally, are the complementary signals of the 
bottom switches.  The DPWM is implemented with a triangular 
carrier, i.e., up-down counter.  As the clock frequency of the 
DSP is fsysclock = 100 MHz, the peak value of the triangular 
carrier (i.e., the maximum counter value) is 
Cpk = (fsysclock/fsw)/2 = 2500.  All the sensed signals are sampled 
at the peak of the triangular carrier. 

As shown in Fig. 1, the average current control is 
implemented with voltage feedforward (VFF), represented with 
the KmAB/C2 block, which makes the output voltage practically 
insensitive to the line voltage variations [5].  In the design of 
the voltage controller and current controller, the digital redesign 
approach is used, i.e., the control loops are designed in 
continuous-time domain (s-domain) and then translated to 
discrete-time domain (z-domain) which can be handled by the 
DSP.  In the s-domain, the voltage controller and the current 
controller are designed by following the conventional 
procedure for the design of a single-phase boost PFC rectifier 

[5].  The voltage controller is implemented with an adaptive PI 
compensation so that the voltage-loop bandwidth is 10 Hz in 
steady-state operation to meet the strict phase-current THD 
requirements and 100 Hz during start-up and load transients to 
reduce the output voltage overshoot and undershoot.  The 
parameters of the adaptive digital PI compensator (z-domain 
parameters) are KpLBW = 3.5, KiLBW= 3.3·10-3 and KpHBW = 30.9, 
KiHBW= 29.2·10-3 for the 10-Hz low bandwidth and 100-Hz high 
bandwidth, respectively.  The current controller is implemented 
with P compensation so that the current-loop bandwidth is 2.5-
kHz, which results in 450 phase margin.  It is shown in [17] that 
the current controller with P compensation generates lower 
THDs of the phase currents than the current controller with PI 
compensation.  The P compensator is designed with 
proportional gain Kp = 3337.   

It is also shown in Fig. 1 that the control implementation 
includes zero-sequence-signal (ZSS) injection [11] and duty-
cycle feedforward (DFF) [18].  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 increased by up to 15% [11].  In this 
paper, symmetrical ZSS is used, which is obtained as the 
negative average of the positive and negative envelopes of the 
input phase voltages, i.e., as 
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Fig. 1.  Circuit diagram of power stage and block diagram of control circuit. 
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when current controllers with PI compensation are used to 
reduce the phase shift between a phase voltage and phase 
current and, consequently, improve the PF.  In case of current 
controllers with P compensation, DFF enables proper operation 
with voltage feedforward control [17].  As shown in Fig. 1, the 
duty cycle of the bottom switches is obtained as 
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where the output of current controller *
CCxD is much smaller 

than the DFF+ZSS term *
ZSS

*
FFx DD + .  In steady-state 

operation, the output of the current controller 
*
xERRp

*
CCx iKD ⋅=  is practically zero, which means that the 

error signal *
x

*
xref

*
xERR iii −=  at the input of the current 

controller is approximately zero, i.e., the sensed current *
xi  is 

approximately equal to the reference current *
xrefi . 

III.  START-UP PROCEDURE 

In the proposed start-up procedure, it is assumed that the 
downstream converter(s) is kept off until the start-up is finished 
so that the three-phase boost PFC-rectifier front end starts at no 
load.  This is a standard start-up sequence in power systems for 
data-processing and telecom equipment.  The key waveforms 
during the proposed start-up procedure for balanced input 
voltages and nominal phase voltage of 120 Vrms are shown in 
Fig. 2.  As seen in Fig. 2, the bulk capacitor charges from 0 V 
to the reference value of the output voltage (400 V) in three 
steps.  During time interval [T0 – T1] when all switches are 
turned off, the bulk capacitor pre-charges to slightly below the 
peak value of the phase-to-phase voltages (294 V) through 
start-up resistors Rstart-up and the anti-parallel diodes of the 
switches.  To ensure enough time for pre-charging of the bulk 
capacitor, a one-second delay is introduced after the bulk-
capacitor voltage has increased to the average value of the 
phase-to-phase voltages (~187 V).  At T1, the inrush-current 
relays are turned on and the bulk-capacitor voltage increases to 

 
 

Fig. 2. Simulated waveforms of inductor currents [A] (top) and output voltage 
[V] (bottom) during start-up at nominal phase voltage (120Vrms) and no load. 

the peak value of the phase-to-phase voltages.  
During time interval [T1 – T2], current transients initiated by 

the turning on of the inrush-current relays are settled, before the 
switches are enabled at T2.  To allow current transients to settle, 
in this design, the duration of time interval [T1 – T2] is set to 
approximately 0.25 sec.  Finally, during time interval [T2 – T3], 
the bulk-capacitor voltage increases to the reference value of 
the output voltage by the boost operation of the bridge switches. 

It is also seen in Fig. 2 that at the beginning of each start-up 
time interval, the amplitude of the inductor currents is 
increased.  Therefore, the start-up circuit should be designed to 
limit the inductor currents below the over-current protection 
(OCP) level.   

During time interval [T0 – T1], the inductor currents are 
limited by the start-up resistors.  The value of the start-up 
resistors is designed for the worst case, i.e., when the circuit 
starts at the peak value of a maximum phase voltage 
(√2·138 Vrms = 195 V).  As shown in Fig. 2, the maximum 
inrush current occurs at T0, i.e., right after the input phase 
voltages are applied.  Assuming that the circuit starts at the peak 
value of phase voltage va0, its equivalent circuit diagram at T0 
is shown in Fig. 3(a).  After the input phase voltages are applied, 
the inrush currents flow through the anti-parallel diodes of 
switches Sap, Sbn, and Scn.  Because at T0, output voltage Vo = 0, 
the equivalent circuit in Fig. 3(a) can be further simplified as 
shown in Fig 3(b).  It should be noted that due to the 3-phase 
symmetry, voltage vn0 = 0.  The maximum inrush current flows 
in phase “a”.  

The circuit equation for phase “a” is 

         00 =−− − dt

di
LRiv a

upstartaa   .                    (3) 

Since at the peak of inductor current ia, its slope dia /dt = 0, it 
follows that 

                   00 =− −upstartaa Riv   .               (4) 

Rstart-up
v  a0 

0

vb0 

v  c0 

C  p 

C  n

La

L b

L c

Rstart-up

Rstart-up

aR  

bR  

cR  

p  

n  

i a 

i b

i c

D ap

D bn D cn 

 
 

Rstart-up
v  a0 

0

vb0 

v  c0 

L a

L b

L c

Rstart-up

Rstart-up

n  

i a 

i b

i c
 

 

 

Fig. 3.  (a) Equivalent circuit at T0, (b) Simplified equivalent circuit at T0. 
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At maximum input voltage of 138 Vrms and for an over-current 
protection level of 16A, the start-up resistors should be selected 
as, 

              Ω=⋅>− 212
16

1382
.R upstart   .               (5) 

During time interval [T1 – T2], after the inrush-current relays 
are turned on, the inductor currents are limited by the 
characteristic impedance of the corresponding LC resonant 
circuit formed by the boost inductors and output capacitors and 
by the equivalent series resistance of the circuit.  It is shown in 
Fig. 2 that with the selected component values, the peak value 
of the inductor currents during time interval [T1 – T2] is well 
below the OCP limit.   

During time interval [T2 – T3], the inductor currents are 
limited by implementing a duty-cycle soft-start procedure, 
which is described in the next section.  

IV.  DUTY-CYCLE SOFT START 

To illustrate the necessity for a duty-cycle soft-start control, 
Fig. 4 shows simulated key waveforms of the rectifier in Fig. 1 
without duty-cycle soft-start control.  The simulated waveforms 
in Fig. 4 are obtained for nominal phase voltage of 120 Vrms 
and by enabling switches at the peak of phase voltage va0.  As 
can be seen in Fig. 4, without duty- cycle soft start, after the 
first two switching cycles, inductor current ia increases to 17.5 
A, which is above the OCP level.  

To better understand the rise of inductor current ia, the duty 
cycle of the switches is also included in Fig. 4, whereas, the 
slope of inductor current ia in different switching states is 
presented in Table I.  The equivalent circuit for calculation of 
the slope of the inductor currents is given in Fig. 5.  It should 
be noted that the polarity of the slope of the inductor current ia 
in the last column of Table I is given for the 600 segment around 
the maximum of phase voltage va0, i.e., for the segment where 
va0 > 0, vb0 < 0, and vc0 < 0.  

During the first highlighted switching cycle in Fig. 4, the 
sequence of switching states is nnnnpppppnppnnn, 
which all result in a positive slope of inductor current ia.  As 
shown in Table I, in switching states nnn and ppp, ia increases 
with slope va0/L, whereas, in switching state npp, ia increases 
with a larger slope (va0+2Vo/3)/L.  However, the duration of 
switching state npp is very short.  Therefore, the total rise of 
inductor current ia in the first switching cycle of 10 A is only 
slightly larger than that when only switching states nnn and ppp  

  
Fig. 4. Key simulated waveforms obtained without duty-cycle soft start at 
nominal phase voltage (120Vrms) (with duty-cycle feedforward and ZSS 
injection). From top to bottom: reference currents [A]; inductor currents [A]; 
state of bottom switch of phases “a”, “b”, and “c”; triangular carrier and duty 

cycle of bottom switches [digital values with respect to Cpk], phase voltages 
[V]; output of voltage controller [digital value in Q12 format]. 

caused the rise of ia [(va0/L)Tsw=8.5A].  It should be noted that 
the short duration of switching state npp is the result of the duty-
cycle feedforward.  In fact, without duty-cycle feedforward, 
duty cycles Dan, Dbn and Dcn would be generated mostly from 
the output signals of the current controllers, which are 
proportional to the difference of reference currents ixref and 
sampled inductor currents ix, xϵ{a,b,c}.  In that case, because 
the sampled currents ix which are used to calculate the duty 
cycles in the first switching cycle are zero (obtained from the 
previous switching cycle), duty cycles Dan, Dbn, and Dcn would 
be proportional to the corresponding reference currents.  
Therefore, Dan would be significantly greater than Dbn and Dcn, 
resulting in a longer duration of switching state npp and, 
consequently, larger increase of inductor current ia.  

It should also be noted that the ZSS injection does not affect 
the duration of switching state npp because the ZSS signal is 
common to all three phases.  Since ZSS injection has the same 
contribution to all three duty cycles Dan, Dbn, and Dcn, the 
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Fig. 5.  Equivalent circuit for calculation of 
slope of inductor currents, xϵ{a,b,c}. 

p 

p 

p 

n

n

n

n 

n 

n n 

n 

p p 

p 

p 

n

n

n

17.5A10A 

n

p

p

n 

p 

p n 

n 

p 

OCP=16A

Iaref
Ibref 
Icref

Ia

Ib

Ic

San

Sbn

Scn

VCAR

Dan
Dbn 
Dcn

VEA

Va0
Vb0
Vc0

t [sec] 

*

*

*
*
*

aR  bR  cR VaRn VbRn VcRn Vn0 0nxRn0x
x v-V-v

dt

di
L =

dt

dia * 

x=a x=b x=c 

n    n    n 0 0 0 0 Va0 Vb0 Vc0 + 

n    n    p 0 0 Vo -Vo/3 Va0+Vo/3 Vb0+Vo/3 Vc0-2Vo/3 + 

n    p    n 0 Vo 0 -Vo/3 Va0+Vo/3 Vb0-2Vo/3 Vc0+Vo/3 + 

n    p    p 0 Vo Vo -2Vo/3 Va0+2Vo/3 Vb0-Vo/3 Vc0-Vo/3 + 

p    n    n Vo 0 0 -Vo/3 Va0-2Vo/3 Vb0+Vo/3 Vc0+Vo/3 - 

p    n    p Vo 0 Vo -2Vo/3 Va0-Vo/3 Vb0+2Vo/3 Vc0-Vo/3 + 

p    p    n Vo Vo 0 -2Vo/3 Va0-Vo/3 Vb0-Vo/3 Vc0+2Vo/3 + 

p    p    p Vo Vo Vo -Vo Va0 Vb0 Vc0 + 
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difference between the duty cycles with and without ZSS 
injection is the same. 

During the second highlighted switching cycle in Fig. 4, the 
sequence of switching states is nnnpnnppp pnnnnn, 
where pnn results in a negative slope of  inductor current ia, as 
shown in Table I.  Therefore, in the second switching cycle, the 
rise of inductor current (7.5 A) is smaller than in the first 
switching cycle.  

To limit the rise of the inductor currents after the switches are 
enabled, a duty-cycle soft-start control is employed where the 
duty-cycle signal, before being applied to the input of the digital 
PWM, is multiplied with a linear ramp signal.  Specifically, the 
duty-cycle soft start is implemented by linearly ramping up the 
duty cycle of the bottom switches, while the upper switches are 
disabled to prevent complimentary operation, which would 
result in large current spikes.  After the duty-cycle soft start of 
the bottom switches is finished, the upper switches are enabled 
sequentially when their duty cycles have a minimum value, 
which occurs at the minimum of the corresponding phase 
voltages.  Key simulated waveforms during the duty-cycle soft 
start are presented in Fig. 6.  To simplify the explanation of the 
duty-cycle soft-start procedure, duty-cycle soft-start 
simulations were performed without ZSS injection. 

As can be seen in Fig. 6, the duty-cycle soft start lasts for 
slightly less than three line cycles during which the amplitude 
of the duty-cycle signals of the bottom switches approximately 
linearly increases.  Specifically, the duty-cycle soft-start ramp 
increases from zero to one in 128 steps with a step time = 7·Tsw 

= 7·50 µsec = 350 µsec, i.e., the duty-cycle soft start interval is 
equal to 44.8 ms.  The maximum amplitude of the inductor 
currents during the duty-cycle soft start is around 7 A.  After 
the duty-cycle soft start of the bottom switches is finished, the 
upper switch of phase “b” turns on first as voltage vb0 reaches  

  
Fig. 6. Key simulated waveforms during duty-cycle soft start. From top to 
bottom: phase voltages [V]; inductor currents [A]; duty-cycle soft-start ramp; 
duty cycle of bottom switches [digital values with respect to Cpk]; output 
voltage [V]. 

minimum first, which results in an ib current spike of 
approximately 7 A.   

It can also be seen in Fig. 6 that during most of the duty-cycle 
soft start, alternately one phase current is zero and the other two 
phase currents are equal with opposite signs, i.e., the role of the 
phase currents changes every 60o segment of a line cycle.  This 
kind of operation leads to the conclusion that in each 60o 
segment, the three-phase boost rectifier operates as a single 
boost rectifier whose input voltage is equal to the maximum 
phase-to-phase voltage.  To better understand the operation of 
the circuit during the duty-cycle soft start, additional key 
waveforms are presented in Fig. 7.  The waveforms in Fig. 7 
are obtained during the time interval Z1 that is highlighted in 
Fig. 6, where the maximum phase-phase voltage is vac and the 
current of phase “b” is zero.  

In Fig. 7, the state of the switches is explained by observing 
the leg voltages vaRn, vbRn, and vcRn.  During a short interval at 
the beginning and end of a switching cycle, all three leg 
voltages are zero.  As a result, the state of the switches is nnn 
and according to Table I the inductor currents increase with a 
slope vx0/L, x ϵ {a,b,c}.  It should be noted that the small change 
of current ib around zero can be barely seen in Fig. 7.  During 
the remaining part of a switching cycle, when all switches are 
off, currents ia and ic flow through the diodes of switches Sap 
and Scn, respectively, whereas current ib is zero because the 
voltage of leg “b” is 0 < vbRn < Vo and neither the upper nor the 
bottom diode in leg “b” conducts.  Current ia=|ic| decreases with 
a slope (vac - Vo)/2L, which is becoming more negative as 
voltage vac decreases. 

It can also be seen in Fig. 6 that during the duty-cycle soft 
start, as the duty cycles and the output voltage increase, the 
magnitude of the ripple in inductor currents also increases.  This 
is the result of the increased duration of the switching state nnn 
when the inductor currents increase and the increased output  

 
Fig. 7. Simulated waveforms obtained during highlighted interval Z1 in    Fig. 
6. From top to bottom: phase voltages [V]; inductor currents [A]; output voltage 
[V] and leg voltage of phases “a”, “b”, and “c” [V]; triangular carrier. 

-200
-100

0
100
200

-10

-5
0

5
10

500
1000
1500
2000
2500

0

0 0.02 0.04 0.06 0.08 0.1 0.12
250

300

350

400

0

0.5

1

-200

0

200

-2
-1
0
1
2

0

300

0

300

0

300

0.001 0.0015 0.002 0.0025
0

1000

2000

t [sec] 

SS 
Ramp 

Va0 
Vb0 
Vc0 

Ia 
Ib 
Ic 

Dan 
Dbn 

Z1 Z2 

Dcn 

Vo 

n

n

n

p

n

O
F 
F

t [sec] 

*

Va0
Vb0

Vc0

Ia

Ib

Ic

VaRn

VbRn

VcRn

Vo

Vo

Vo

VCAR

* 
* 
* 

Current spike ~7A when 
upper switch Sbp enabled 

Current ripple increased 

15V 

44.48 ms 

Current spike ~7A during 
duty-cycle soft start 



0885-8993 (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TPEL.2014.2351752, IEEE Transactions on Power Electronics

voltage, which increases the negative slope of the inductor 
currents when all switches are off.  Eventually, if the duty-cycle 
soft-start interval is extended, the inductor currents will change 
operation from continuous conduction mode (CCM) to 
discontinuous conduction mode (DCM). 

To better understand the generation of the current spike when 
the upper switch of phase “b” turns on after the duty-cycle soft 
start of the bottom switches is finished, additional key 
waveforms during the time interval Z2 in Fig. 6 are presented 
in Fig. 8. 

In Fig. 8, two consecutive switching cycles are highlighted: 
one before enabling the upper switch and the other one after 
enabling the upper switch.  In the first highlighted switching 
cycle, switching state nnn causes absolute value inductor 
current |ib| to increase with slope |vb0|/L, whereas, switching 
state pnp causes |ib| to decrease with slope (|vb0|-2Vo/3)/L, as 
shown in Table I.  During switching state ppp, as the upper 
switch of phase “b” is still not enabled, ib can only flow through 
the diode of switch Sbn.  Therefore, switching state ppp behaves 
as pnp resulting in the decrease of |ib|, as already discussed.  In 
the second highlighted switching cycle, switching states nnn 
and pnp cause |ib| to change the same way as when the upper 
switch was disabled.  However, in switching state ppp, ib can 
flow through the enabled upper switch of phase “b”.  Therefore, 
|ib| increases with slope |vb0|/L. This increase of current during 
switching state ppp over a few consecutive switching cycles 
eventually produces a current spike. 

Finally, it can be observed in Fig. 6 that at the occurrence of 
the current spike (7 A) in phase “b”, the output voltage is 
approximately 15 V lower than its reference value and, 
therefore, more current is needed to further charge the bulk 
capacitor.  This current spike can be decreased by extending the 
duty-cycle soft-start interval so that when the upper switch of 
the relevant phase voltage turns on, the output voltage is closer 
to its reference value.  For example, by increasing the step time  

 
Fig. 8. Simulated waveforms obtained during highlighted interval Z2 in    Fig. 
6, when upper switch of phase “b” is enabled. From top to bottom: phase 
voltages [V]; inductor currents [A]; state of bottom and upper switch of phases 
“a”, “b”, and “c”; triangular carrier. 

of the soft-start ramp from 350 µsec to 600 µsec, the current 
spike will be reduced from 7 A to 4 A and the output voltage 
will be only 3 V lower than its reference value at the turn on of 
the upper switch in phase “b”.  

The current spike can also be reduced without extending the 
duty-cycle soft-start interval by enabling the turn-on of the 
upper switches after the output voltage is increased very close 
to its reference value (for example, 1 V below reference 
voltage).  Key simulated waveforms obtained with this 
improved duty-cycle soft-start method are presented in Fig. 9.  
It can be seen in Fig. 9 that at the turn-on of the upper switch of 
phase “a”, the output voltage has already reached its reference 
value, the inductor currents are in DCM, and the current spike 
is practically eliminated. 

It should be noted that the output voltage in Fig. 2 reaches its 
reference value without an overshoot.  This is obtained by 
increasing the voltage-loop bandwidth during start-up to 100 
Hz (from 10 Hz during steady-state operation).  In fact, if the 
voltage-loop bandwidth during start-up is kept the same as 
during steady-state operation, the output voltage exhibits a 
significant overshoot, as illustrated with simulated waveforms 
at maximum phase voltage (138 Vrms) in Fig. 10.  Specifically, 
the overshoot in the output voltage in Fig. 10 is approximately 
30 V.  The simulated output voltage during start-up at 
maximum phase voltage when the voltage-loop bandwidth is 
increased from 10 Hz to 100 Hz is presented in Fig. 11.  It 
should be noted that the simulated waveforms in Fig. 11 are 
obtained with the improved duty-cycle soft-start method, where 
the turn-on of the upper switches is enabled after the output 
voltage is increased to 1 V below its reference level.  As shown 
in Fig. 11, the overshoot in the output voltage is practically 
eliminated.  

Although the proposed start-up procedure was developed 
considering balanced input-voltages, it also satisfactorily works  

 

Fig. 9. Key simulated waveforms during duty-cycle soft start with improved 
duty-cycle soft-start method. From top to bottom: phase voltages [V]; inductor 
currents [A]; duty-cycle soft-start ramp signal; duty cycle of bottom switches 
[digital values with respect to Cpk]; output voltage [V]. 
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Fig. 10. Simulated waveforms of inductor currents [A] (top) and output voltage 
[V] (bottom) during start-up at maximum phase voltage (138Vrms) with 
voltage-loop bandwidth = 10Hz.   

 
Fig. 11. Simulated waveforms of inductor currents [A] (top) and output voltage 
[V] (bottom) during start-up at maximum phase voltage (138Vrms) with 
voltage-loop bandwidth = 100Hz.   

with unbalanced input voltages.  To illustrate the operation with 
unbalanced input voltages,  key simulated waveforms during duty-
cycle soft start at nominal phase voltage of 120 Vrms for two cases 
of unbalanced input voltages (conventionally used in testing of 
telecom power supplies) are presented in Figs. 12 and 13.  As 
shown in Fig. 12 for the case when the normalized amplitude of 
unbalanced input phase voltages va0, vb0, and vc0 is 1, 1, and 0.7, 
respectively, the current spike is approximately 10 A, whereas, as 
shown in Fig. 13 for the case when the normalized amplitude of 
unbalanced input phase voltages va0, vb0, and vc0 is 1, 0.7, and 0.3, 
respectively, the current spike is approximately 14 A.  It should be 
noted that when the amplitude of only one input phase voltage is 
reduced, the initial value of the output voltage before the beginning 
of the duty-cycle soft start is the same as that with balanced input 
voltages; whereas, when the amplitude of two input phase voltages 
is reduced, the initial value of the output voltage before the duty-
cycle soft start is smaller than that with balanced input voltages,  

  

Fig. 12. Key simulated waveforms during duty-cycle soft start with improved 
duty-cycle soft-start method at unbalanced input voltages, where normalized 
amplitude of va0, vb0, and vc0 is 1, 1, and 0.7, respectively (Vm=√2 ∙ 120V). 
From top to bottom: phase voltages [V]; inductor currents [A]; duty-cycle soft-
start ramp signal; duty cycle of bottom switches [digital values with respect to 
Cpk]; output voltage [V]. 

  
Fig. 13. Key simulated waveforms during duty-cycle soft start with improved 
duty-cycle soft-start method at unbalanced input voltages, where normalized 
amplitude of va0, vb0, and vc0 is 1, 0.7, and 0.3, respectively (Vm=√2 ∙ 120V). 
From top to bottom: phase voltages [V]; inductor currents [A]; duty-cycle soft-
start ramp signal; duty cycle of bottom switches [digital values with respect to 
Cpk]; output voltage [V]. 

which results in increased current spike compared to that when 
only one phase-voltage is reduced. 

The proposed start-up procedure also properly works when the 
input voltages contain higher harmonics.  As an example, key 
simulated waveforms during duty-cycle soft start at nominal phase  
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Fig. 14. Key simulated waveforms during duty-cycle soft start with improved 
duty-cycle soft-start method at balanced input voltages (120Vrms) with 
superimposed 10% fifth harmonic and 30% seventh harmonic. From top to 
bottom: phase voltages [V]; inductor currents [A]; duty-cycle soft-start ramp 
signal; duty cycle of bottom switches [digital values with respect to Cpk]; 
output voltage [V]. 

voltage of 120 Vrms with balanced input voltages and 
superimposed 10% fifth harmonic and 30% seventh harmonic 
(conventionally used in testing of telecom power supplies) are 
presented in Fig. 14.  As shown in Fig. 14, the initial value of the 
output voltage before the duty-cycle soft start is greater than that 
without higher harmonics, while the current spike during the duty-
cycle soft start is slightly less than 10 A.   

V.  EXPERIMENTAL RESULTS 

Experimental waveforms during duty-cycle soft start at 
nominal phase voltage of 120 Vrms obtained with the improved 
duty-cycle soft-start method are presented in Figs. 15 and 16.  
These results are in good agreement with the simulation results. 
It can be seen that the output voltage increases monotonically 
to its reference value, i.e., it does not exhibit any overshoot.  
The peak value of the inductor currents during the duty-cycle 
soft-start is around 6A, as shown in Fig. 15.  At the turn-on 
instant of the first upper switch (in phase “a”), after the soft start 
of the bottom switches is finished, the output voltage has 
already reached its reference value, the inductor currents are in 
DCM, and there is no current spike, as shown in Fig. 16. 

VI.  SUMMARY 

In this paper, a detailed three-step start-up procedure for the 
three-phase boost PFC rectifier is described.  The proposed 
start-up procedure ensures that the inrush currents stay below a 
specified level and that the output voltage increases 
monotonically to its reference value, i.e., it does not exhibit any 
overshoot.  

During the first step, when all switches are turned off, the 
bulk capacitor pre-charges to slightly below the peak value of 
the phase-to-phase voltages through the inrush-current limiting 
resistors and the anti-parallel diodes of the switches.  After the  

 
 

 Fig. 15.  Experimental waveforms of inductor currents ia, ib, ic, and output 
voltage Vo during duty-cycle soft-start at nominal phase voltage (120 Vrms). 

 
 

Fig. 16. Experimental waveforms of input voltage va0, output voltage Vo, 

inductor current ia, and control flag signal for enabling upper switch of phase 
“a” during duty-cycle soft-start at nominal phase voltage (120Vrms). 

start-up resistors are shorted by turning on the parallel inrush-
current relays at the beginning of the second step, bulk-
capacitor voltage increases to the peak value of the phase-to-
phase voltages.  During the third step, the bulk-capacitor 
voltage increases to the reference value of the output voltage by 
the boost operation of the switches. 

To limit the inrush currents after the boost switching is 
enabled, a duty-cycle soft start control is employed, where the 
duty-cycle signal, before being applied to the input of the digital 
PWM, is multiplied with a linear ramp signal.  Specifically, the 
duty-cycle soft start is implemented by linearly ramping up the 
duty cycle of the bottom switches, while the upper switches are 
disabled to prevent complimentary operation, which would 
result in large current spikes.  After the duty-cycle soft start of 
the bottom switches is finished, the upper switches are enabled 
sequentially when their duty cycles have a minimum value, 
which occurs at the minimum of the corresponding phase 
voltages.  As a result, the current spikes at turning on the upper 
switches are significantly decreased.  These current spikes can 
be completely eliminated by delaying the turn on of the upper 
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switches after the output voltage increases very close to its 
reference value. 

To avoid output-voltage overshoot, the voltage-loop 
bandwidth during the soft start is increased compared to that 
designed for the steady-state operation.  

The start-up procedure is illustrated with Matlab/Simulink 
simulation waveforms.  Experimental results, which are in good 
agreement with the simulation results, are also provided. 
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