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Abstract—Open-loop interleaving methods for PFC boost con-
verters operating at the boundary of discontinuous-conduction
mode and continuous-conduction mode with a master-slave re-
lationship are analyzed. It is shown that the only method that
results in stable operation is the synchronization of the slave
converter to the turn-on instant of the master converter, where
each converter operates with current-mode control. Effects of
mismatched inductances, phase-shift error, switching-frequency
limit, and valley switching on the quality of the input current are
discussed in detail.

Index Terms—Interleaved boost, open-loop control, power
factor correction (PFC), variable frequency, zero-voltage switching
(ZVS).

I. INTRODUCTION

I N off-line power supplies that require active power factor
correction (PFC), a boost converter operating at the

boundary of discontinuous conduction mode (DCM) and
continuous conduction mode (CCM) is a widely employed
topology at low-power levels (up to 200–300 W) because it
is more efficient and more cost effective than the CCM boost
PFC converter [1]–[4]. These benefits are brought about by
the elimination of the reverse-recovery losses of the boost
diode and by turning on the boost switch with zero-voltage
switching (ZVS) or near ZVS (also called valley switching).
Neither the CCM nor the DCM boost PFC converter, which
operate with a constant switching frequency, can achieve ZVS
without an additional active snubber circuit. Other benefits of
the DCM/CCM boundary boost PFC converter compared to
the constant-switching-frequency DCM boost PFC converter
are a lower total-harmonic distortion (THD) of the line current,
and a smaller peak inductor current resulting in lower turn-off
switching losses and lower conduction losses [5]. Although the
DCM/CCM boundary boost PFC converter exhibits a smaller
peak inductor current than the DCM boost PFC converter, its
peak inductor current is still twice its average current, which
often necessitates a large differential mode (DM) electromag-
netic interference (EMI) filter [11]. Another drawback is that
its switching frequency, which changes with the instantaneous
line voltage and the output power, varies over a wide range.
In order to prevent excessive switching losses, a maximum
switching-frequency limit is often implemented.
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Fig. 1. Basic topology of two interleaved PFC boost converters.

Generally, the input current ripple and, consequently, the
input DM-EMI filter can be significantly reduced by inter-
leaving two or more boost PFC converters as shown in Fig. 1
[6]–[19]. In addition, the output current ripple can be also
significantly reduced, resulting in a reduced equivalent-se-
ries-resistance (esr) loss of the output capacitor, and possibly a
reduction in capacitor volume. Another benefit of interleaving
is that the efficiency at lighter loads can be increased by
employing phase shedding, i.e., by progressively turning off
converters as the load is decreased.

By interleaving two or more DCM/CCM boundary boost con-
verters, the benefits of DCM/CCM boundary boost PFC con-
verters mentioned above can be extended to higher power levels.
However, since the switching frequency is variable, the synchro-
nization of interleaved DCM/CCM boundary boost PFC con-
verters presents a challenging task.

Very few implementations of the interleaved DCM/CCM
boundary boost PFC converters have been published in the
literature [11]–[19]. All previously published implementations
are based on a master-slave relationship, where the master
converter operates as a stand-alone converter, whereas, the
slave converter(s) is partially controlled by the master in order
to achieve proper interleaving, i.e., a proper phase shift with
respect to the master. It has been shown that the slave converter
can be synchronized to the master converter with an open-loop
method [11]–[16], i.e., by generating a time delay equal to half
the switching period of the master determined from its previous
switching cycle, or with a closed-loop method [17]–[19], i.e.,
by measuring the phase difference between the converters
and adjusting the phase of the slave based on the phase error.
The slave converter with open-loop synchronization can be
synchronized to the turn-on instant of the master converter
[12]–[15] or to the turn-off instant of the master converter [11],
[16]. The slave converter with closed-loop synchronization
has been synchronized to the master converter by using a
phase-locked-loop (PLL) approach and adjusting the turn-off
instant of the slave converter [17]–[19].
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Fig. 2. (a) Basic control circuit and (b) key waveforms of two interleaved
DCM/CCM boundary boost PFC converters with current-mode control, with
matched inductances, when the slave is synchronized to the turn-on instant of
the master.

However, none of these papers [11]–[19] offers a complete
analysis of the behavior of the interleaved converters. Specifi-
cally, no analysis of the effect of components mismatching on
steady-state and transient performance is given. In addition, for
the open-loop synchronization methods, the response of the in-
terleaved converters to phase-shift disturbances has not been ad-
dressed at all. As a result, practical limitations of some of the
proposed implementations have not been properly recognized.

This paper is focused on the analysis of the open-loop syn-
chronization methods of the slave converter to the master con-
verter. In Section II, synchronization of the slave converter to
the turn-on instant and to the turn-off instant of the master con-
verter for both current-mode and voltage-mode control is ana-
lyzed with respect to inductor tolerances and interleaving sta-
bility. It is shown that among the open-loop synchronization
methods, the only method that results in stable operation is the
synchronization of the slave converter to the turn-on instant of
the master converter, where each converter operates with cur-
rent-mode control. In Section III, the open-loop method where
the slave is synchronized to the turn-on instant of the master is
further analyzed with respect to the input current ripple. The ef-
fects of limiting the switching frequency and maintaining valley
switching on both the input-current ripple and input-current dis-
tortion are also discussed.

II. ANALYSIS OF OPERATION WITH OPEN-LOOP

SYNCHRONIZATION METHODS

As mentioned in Section I, with open-loop synchronization,
the slave converter can be synchronized to the turn-on instant or
to the turn-off instant of the master converter. In both cases, the
converters can operate either with current-mode control or with
voltage-mode control.

A. Synchronization of Slave to Turn-On Instant of Master

The basic control circuit and key waveforms when the slave
converter is synchronized to the turn-on instant of the master
converter are shown in Figs. 2 and 3 for current-mode and
voltage-mode control, respectively. It is assumed in Figs. 2 and
3 that the inductances of the master and slave converters are
matched, i.e., . It is also assumed that the resonant

Fig. 3. (a) Basic control circuit and (b) key waveforms of two interleaved
DCM/CCM boundary boost PFC converters with voltage-mode control, with
matched inductances, when the slave is synchronized to the turn-on instant of
the master.

interval, during which the voltage of a boost switch resonates
down to its valley is negligible compared to the switching
period.

In both Figs. 2 and 3, the master is turned on by zero-cur-
rent-detection pulse ZCD-M, and the slave is turned on after
delay with respect to the turn-on instant of the master. Delay

is equal to half the switching period of the master determined
from the master’s previous switching cycle. ZCD-M signal goes
high once master inductor current decreases to zero. Both
the master and slave are turned off by their own PWM, which
compares a ramp signal to a feedback signal. In the case of
current-mode control, shown in Fig. 2, the ramp signal is in-
ductor current and the feedback signal is the sinusoidal refer-
ence current , which is proportional to the output of the
voltage-loop error amplifier. In the case of voltage-mode con-
trol, shown in Fig. 3, the ramp signal is ramp voltage ,
which has a constant slope and which is synchronized to the in-
dividual boost turn-on instant. The feedback signal is the output
voltage of the voltage-loop error amplifier, .

The key difference between current-mode and voltage-mode
control circuits shown in Figs. 2 and 3 is that the slope of the
ramp in current-mode control, i.e., , changes proportionally
with the voltage across inductor , and inversely with the induc-
tance of inductor , whereas, the slope of the ramp in voltage-
mode control is always constant. This difference results in very
different operation when the inductances are mismatched, or
when delay time is perturbed.

If the inductances of the master and slave with current-mode
control are mismatched, the boost switch of the slave will lose
ZVS turn-on. In fact, if , the slave will operate in
DCM, as shown in Fig. 4(a) and, if , the boost switch
of the slave will alternately turn on with hard switching and in
DCM, i.e., the slave will operate with a subharmonic oscillation,
as shown in Fig. 4(b). With voltage-mode control, if the induc-
tances of the master and slave are mismatched, the ZVS turn-on
of the slave switch will not be disturbed, as shown in Fig. 5. It
can be seen in Fig. 5 that although the slope of the slave’s in-
ductor current changes, the on-time of the slave does not change
because it is determined by the slave’s voltage ramp which has
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Fig. 4. Inductor current waveforms of the master and slave operating with cur-
rent-mode control, with mismatched inductances, when the slave is synchro-
nized to the turn-on instant of the master: (a) L < L and (b) L > L .

Fig. 5. Inductor current waveforms of the master and slave operating with
voltage-mode control, with mismatched inductances, when the slave is synchro-
nized to the turn-on instant of the master.

a constant slope. The current sharing error in Fig. 5 can be de-
termined as

(1)
where is the ratio of the boost inductances; whereas,
and are respectively the master and slave inductor cur-
rents averaged over a switching cycle . Typically, the toler-
ance of the boost inductances is 5%, which results in a current
sharing error of 10%. However, if the mismatch of the boost in-
ductances is 10%, the current sharing error is 20%.

To prevent the turn-on of the boost switch of the slave with
hard switching in current-mode control and, consequently, an
increased switching loss, the slave’s reference current can be re-
duced with respect to the master’s reference current, as shown
in Fig. 6(a) [14]. Unfortunately, by reducing the slave’s refer-
ence current, the current sharing between the master and slave
becomes significantly worse. As shown in Fig. 6, the current-
sharing error is the worst when the slave current reference is
optimally lowered to ensure that the slave’s boost switch never
turns on with hard switching. The worst-case current sharing
error is determined as

(2)

Fig. 6. Inductor current waveforms of the master and slave operating with cur-
rent-mode control and with the slave synchronized to the turn-on instant of the
master, when the slave’s reference current is reduced with respect to the master’s
reference current.

For 5% and 10% mismatch of the boost inductances, the
current sharing error is 29.8% and 58.5%, respectively.

A better approach to prevent the turn-on of the boost switch of
the slave with hard switching in current-mode control is to iden-
tify the master and the slave during the initialization phase, i.e.,
to ensure that the inductance of the slave is always smaller than
the inductance of the master. In that case, the inductor currents
of the master and slave with mismatched inductances follow the
waveforms shown in Fig. 4(a) and the current sharing error is de-
termined with the same expression as (1). For 5% and 10%
mismatch of the boost inductances, the current sharing error is
10% and 20%, respectively.

Effects of the delay-time perturbation on the operation of
the slave with current-mode control and with voltage-mode
control are shown in Figs. 7 and 8, respectively. As shown in
Fig. 7, the slave with current-mode control always returns to
normal operation after one or two switching cycles. In fact, the
slave with current-mode control returns to normal operation
after one switching cycle when the perturbed delay time is
smaller than , as shown in Fig. 7(a) and 7(c), and after
two switching cycles when the perturbed delay time is greater
than , as shown in Fig. 7(b) and 7(d). However, the slave
with voltage-mode control cannot always returns to normal
operation, as shown in Fig. 8. When the perturbed delay time
is smaller than , the slave with voltage-mode control
returns to normal operation by the next switching cycle, as
shown in Fig. 8(a) and 8(c). When the perturbed delay time is
greater than , the slave with voltage-mode control cannot
return to normal operation, as shown in Fig. 8(b) and 8(d).

B. Synchronization of Slave to Turn-Off Instant of Master

The basic control circuit and key waveforms when the slave
is synchronized to the turn-off instant of the master are shown in
Figs. 9 and 10, respectively, for current-mode and voltage-mode
control. It is assumed in Figs. 9 and 10 that the inductances of
the master and slave are matched, i.e., . It follows
from Figs. 9(a) and 10(a) that the current-mode or voltage-mode
control is only relevant for the operation of the master, whereas,
the operation of the slave is identical in both control modes.
Unlike in Figs. 2 and 3, the slave is turned on by zero-current-
detection pulse ZCD-S, which goes high once slave inductor
current decreases to zero. The slave is turned off with a



1652 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 23, NO. 4, JULY 2008

Fig. 7. Effect of delay-time perturbation on the operation of the slave with cur-
rent-mode control, when the slave is synchronized to the turn-on instant of the
master: (a) D > 0:5, T < T =2, (b) D > 0:5, T > T =2, (c) D < 0:5,
T < T =2, and (d) D < 0:5, T > T =2.

delay with respect to the turn-off instant of the master. Delay
is equal to half the switching period of the master determined

from the master’s previous switching cycle. The operation of
the master is identical to that when the slave is synchronized
to the turn-on instant of the master described in the previous
subsection. Both the master and slave turn on with ZVS.

If the inductances of the master and slave with either cur-
rent-mode or voltage-mode control are mismatched, the ZVS
turn-on of the slave switch will not be disturbed, as shown in
Fig. 11. The current sharing error, defined in (1), for 5% and

10% mismatch of the boost inductances is 10% and 20%, re-
spectively.

Effects of the delay-time perturbation on the operation of the
slave are shown in Fig. 12. Since the operation of the slave is
identical in both current-mode and voltage-mode control, the
effects of the delay time perturbation on the operation of the
slave shown in Fig. 12 include both control modes. As shown in
Fig. 12(a) and (b), if the duty cycle is greater than 0.5, the slave
returns to normal operation after a few switching cycles. It can
be seen in Fig. 12(a) and (b) that the error between the disturbed
and nondisturbed inductor currents of the slave continuously
decreases with each switching cycle. However, if the duty cycle
is smaller than 0.5, the slave cannot return to normal operation
and, in fact, oscillates, as shown in Fig. 12(c) and (d). It can be
seen in Fig. 12(c) and (d) that the error between the disturbed
and nondisturbed inductor currents of the slave continuously
increases with each switching cycle.

A summary of open-loop synchronization methods is pre-
sented in Table I. The only open-loop method that results in
stable operation at any duty cycle is the synchronization of the

Fig. 8. Effect of delay-time perturbation on the operation of the slave with
voltage-mode control, when the slave is synchronized to the turn-on instant of
the master: (a) D > 0:5, T < T =2, (b) D > 0:5, T > T =2, (c)
D < 0:5, T < T =2, and (d) D < 0:5, T > T =2.

Fig. 9. (a) Basic control circuit and (b) key waveforms of two interleaved
DCM/CCM boundary boost PFC converters with current-mode control, with
matched inductances, when the slave is synchronized to the turn-off instant of
the master.
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Fig. 10. (a) Basic control circuit and (b) key waveforms of two interleaved
DCM/CCM boundary boost PFC converters with voltage-mode control, with
matched inductances, when the slave is synchronized to the turn-off instant of
the master.

Fig. 11. Inductor current waveforms of the master and slave operating with
either current-mode control or voltage-mode control, with mismatched induc-
tances, when the slave is synchronized to the turn-off instant of the master.

Fig. 12. Effect of delay-time perturbation on the operation of the slave with
current-mode control or voltage-mode control, when the slave is synchronized
to the turn-off instant of the master: (a) D > 0:5, T < T =2, (b) D > 0:5,
T > T =2, (c) D < 0:5, T < T =2, and (d) D < 0:5, T > T =2.

slave converter to the turn-on instant of the master converter,
where each converter operates with current-mode control.

III. ANALYSIS OF INPUT CURRENT WAVEFORM

In this section, the open-loop method where the slave is syn-
chronized to the turn-on instant of the master and where each
operates with current-mode control, is further analyzed with re-
spect to the input-current ripple and the input-current distortion.
To limit the current sharing error below a reasonable 20%, it is
assumed that the master and the slave are identified during the
initialization phase. As a result, the reference current of the slave
is identical to the reference current of the master. For an addi-
tional safety margin, the reference current of the slave can be
slightly reduced (0.5%–1%) compared to the reference current
of the master.

A. Input-Current Ripple

The inductor currents of the master and slave for the ideal
case when the inductances of the master and slave are matched
and the slave is 180 phase shifted with respect to the master
are shown in Fig. 13. Fig. 13 also shows the sum of the in-
ductor currents, , i.e., the unfiltered input current,
which has a frequency equal to twice the switching frequency
and has a peak-to-peak current ripple significantly smaller
than the ripple of the individual inductor currents . Gen-
erally, input-current ripple is minimal when the phase shift is
180 and maximal (twice ) when the phase shift is 0 . The
input-current ripple is dependent on the duty cycle, converter
tolerances, e.g., tolerance of the boost inductances, as well as
an improper phase shift between the converters. The input-cur-
rent ripple normalized to the peak inductor current is de-
termined as

for

for
(3)

The normalized input current ripple as a function of duty cycle
is shown in Fig. 14(a).
The filtered input current, , is obtained by averaging the

unfiltered input current over a switching period , i.e.,
. It can be easily shown that the filtered input

current is equal to the peak inductor current, i.e., .
The filtered input current and the unfiltered input current over

a half line cycle for the ideal case of matched inductances and
180 phase shift of the slave versus master are presented in
Fig. 14(b). The unfiltered input current is presented with its
upper and lower envelope. Both the filtered and unfiltered input
current in Fig. 14(b) are normalized to the peak value of the fil-
tered input current, . The input-current ripple in Fig. 14(b) is
obtained from (3) by substituting the variation of the duty cycle
during a half line cycle, i.e., in
(3). It follows from Fig. 14(b) that the input-current ripple is
maximal at , where .

Component tolerances, particularly the tolerance of boost
inductance , lead to a mismatch between the boost stages
and, therefore, increase input-current ripple , as shown in
Fig. 15. The normalized input-current ripple as a function of
duty cycle for three different tolerances of the boost induc-
tances is shown in Fig. 15(a). Unfortunately, the relationship

cannot be expressed in a closed form. It
should be noted in Fig. 15(a) that the perfect ripple cancellation
at is lost for any inductance mismatch. The unfiltered
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TABLE I
SUMMARY OF OPEN-LOOP SYNCHRONIZATION METHODS

Master and Slave are identified during the initialization phase (always L < L )

Master and Slave are NOT identified during the initialization phase (L � L or L � L )

Fig. 13. Boost inductor currents for matched inductances with 180 phase shift
and duty cycle greater than 0.5.

Fig. 14. Input-current ripple for the ideal case of matched boost inductances
with 180 phase shift: (a) normalized input-current ripple as a function of duty
cycle and (b) upper and lower input-current envelopes for V = 230V

and V = 385 V.

input current, corresponding to Fig. 15(a), is presented in
Fig. 15(b). For the worst case in Fig. 15, when ,
the maximal input-current ripple is , which is
a 29% increase compared to the ideal case.

Fig. 15. Input-current ripple of mismatched boost inductances: (a) normalized
input-current ripple as a function of duty cycle and (b) upper and lower input-
current envelopes for V = 230V , V = 385 V, P = 250 W, and
L = 230 �H.

If the slave has a turn-on delay of , i.e., if the phase shift
is greater than 180 , the normalized input-current ripple can be
derived in a closed form, i.e.,

for

for
(4)

In (4), is the switching period determined as

(5)



HUBER et al.: OPEN-LOOP CONTROL METHODS FOR INTERLEAVED DCM/CCM BOUNDARY BOOST PFC CONVERTERS 1655

Fig. 16. Input-current ripple of matched boost inductances with slave turn-on
time delay for V = 230V , V = 385 V, P = 250 W, and L =

230 �H: (a) normalized input-current ripple as a function of duty cycle and (b)
upper and lower input-current envelopes.

where and represent the output power of a single boost
converter and the total output power of both boost converters, re-
spectively, and is the boost inductance of a single converter.
The normalized input-current ripple (4) versus duty cycle and
the corresponding filtered and unfiltered input currents over a
half line cycle are presented in Fig. 16 for three different turn-on
delays at , , and .
For the worst case in Fig. 16, when (i.e.,
195 phase shift), the maximal input-current ripple is

, which is a 10% increase compared to the ideal case. Again,
it should be noted in Fig. 16(a) that the perfect ripple cancella-
tion at is lost for any turn-on delay of the slave.

B. Effect of Frequency Limit and Valley Switching on
Input-Current Ripple

The switching frequency of the DCM/CCM boundary boost
PFC converters, which is a function of both line voltage and
load current, can vary over a very wide range. To prevent ex-
cessive switching losses (e.g., gate-drive loss and turn-off loss
of the main switch), it is beneficial to limit the switching fre-
quency. The switching losses can be further minimized by en-
suring valley switching, i.e., turning on the boost switch when
its voltage is minimum, under all conditions. The consequence
of the switching-frequency limit and the valley switching is that
the turn-on moment of each boost switch is dependent on, first,
reaching the minimum switching period and, then, if not coin-
cidental with the valley, waiting an additional resonant period
before turning on the switch.

Fig. 17 shows key switching waveforms obtained through
SIMPLIS simulation for both the master and slave converters

Fig. 17. Key switching waveforms of both master and slave boost converter
operating with switching-frequency limit and valley switching.

operating with switching-frequency limit and valley switching.
It should be noted that the boost converters are identical (i.e.,
equal inductances, resistances, etc.), with the exception that the
slave reference current level is set 0.5% lower than the master
reference current level. This gives an additional safety margin
to ensure that the slave converter operates with a slightly higher
switching frequency when operating without synchronization.

Generally, the master switch is turned on with a preset delay
to achieve valley switching once the master-valley-OK and min-
imum-period-OK signals are both high. Once the master switch
is turned on, the period ramp is reset and then linearly increases
until the master switch is turned on again at the start of the
next switching cycle. Since the slope of the period ramp is con-
stant, the peak of the period ramp is proportional to the master
switching period. The peak of the period ramp from the pre-
vious switching cycle is sampled, divided by two, held for one
switching cycle, and compared with the period ramp in the cur-
rent switching cycle to determine the proper interleaving phase
shift of the slave converter.

As shown in Fig. 17, as the switching period of each con-
verter approaches the minimum switching-period limit, valley
skipping begins to occur. Since the interleaving phase shift is
determined by sampling the previous switching period of the
master, and since the master is jittering between its first and
second valley, an improper phase shift and, therefore, an in-
creased current ripple occurs, as shown in Fig. 18(b). During
time interval in Fig. 17, the master converter turns
on at its second valley, which increases its switching period and,
therefore, increases the peak of the period ramp. The increased
peak of the period ramp is sampled, divided by two, and ap-
plied in the next switching cycle. However, during time interval

, the master once again turns on at its first valley
and, as a result, an improper phase shift occurs. Although the
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Fig. 18. Effect of frequency limit and valley switching on input-current ripple.

interleaving phase shift is initially poor at the onset of the fre-
quency limit, the tendency of the circuit is to correct itself, as
shown in Fig. 18(a). It should be noted that since the slave nat-
urally operates with a higher switching frequency when oper-
ating without synchronization, it reaches the minimum-period
limit before the master, as shown in Fig. 17. In this example, the
master converter begins to switch on at its second valley imme-
diately after the slave. However, as the mismatch between the
converters increases, it may happen that the master reaches the
minimum period limit well after the slave converter.

C. Effect of Frequency Limit on Input-Current Distortion

It is well known that in a boost converter operating at the
DCM/CCM boundary, PFC is achieved by keeping switch
on-time constant during a half line cycle, which forces
the inductor current averaged over a switching cycle, ,
to be proportional to instantaneous input voltage , i.e.,

, where the resonant period is consid-
ered much shorter than switching period . Since the two
converters are interleaved, the input current averaged over a
switching cycle is simply twice the average individual inductor
current. By limiting the maximum switching frequency, the
boost converters effectively operate in DCM for a portion of the
instantaneous input voltage. The average current is therefore no
longer proportional to instantaneous input voltage , i.e.,

(6)

When the resonant period is taken into consideration, an abrupt
change in the average input current can occur when the switch
turn-on moment skips from one valley to the next. As a result,
current distortion is introduced as shown in Fig. 19, which leads
to a further degradation in power factor. Fig. 19 is obtained
through SIMPLIS simulation using a 250-kHz frequency limit.
However, it should be noted that although power factor PF is less
than 0.99, total harmonic distortion THD indicates that the cur-
rent harmonics are well below the EN61000-3-2 limit. It should

Fig. 19. Input current and voltage with and without frequency limit.

be also noted that the waveform of the input current with fre-
quency limit at in Fig. 19 is similar to the line
current waveform of a DCM boost PFC converter operating with
a constant switching frequency presented in [5].

IV. SUMMARY

In this paper, four open-loop interleaving methods for
DCM/CCM boundary boost PFC converters with a master-slave
relationship are thoroughly analyzed.

With open-loop synchronization, the slave converter can be
synchronized to the turn-on or to the turn-off instant of the
master converter. In both cases, the converters can operate ei-
ther with current-mode or voltage-mode control.

It is shown that the only open-loop method that results in
stable operation is the synchronization of the slave converter to
the turn-on instant of the master converter, where each converter
operates with current-mode control.

To limit the current-sharing error below a reasonable 20%,
which corresponds to 10% tolerance of the boost inductances,
the master and the slave should be identified during the initial-
ization phase. Otherwise, the current sharing error can be as high
as 60%, which is practically unacceptable.

Effects of mismatched inductances, phase-shift error,
switching-frequency limit, and valley switching on the input
current ripple and input current distortion are discussed in
detail.
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