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Parallel Fixed Switching Frequency CRM and DCM
Boost PFC Converter With High Power Factor

Kai Yao , Member, IEEE, Jiazhen Li , Fanguang Shao, and Bo Zhang

Abstract—Critical conduction mode (CRM) or discontinuous
conduction mode (DCM) boost power factor correction (PFC) con-
verter is widely used in low power applications for its advantages
of zero-current turn-ON of the switch, no reverse recovery in diode,
and simple control. The input current of fixed switching frequency
control CRM boost PFC converter and the input current of constant
duty-cycle control DCM boost PFC converter mainly contain third
harmonic. Moreover, the phase of the third harmonics is opposite.
This article proposes a harmonic elimination parallel control to
connect these two converters in parallel. The input current third
harmonic of the parallel converter can be eliminated completely
so as to improve the PF to nearly unity in the whole input voltage
range. This parallel method is an interesting way to extend power,
and is different from the existing method of parallel DCM boost
PFC converter or parallel CRM boost PFC converter. The experi-
mental results verify the accuracy of the theoretical analysis.

Index Terms—Boost, critical conduction mode (CRM),
discontinuous conduction mode (DCM), harmonic elimination
parallel (HEP) control, power factor correction (PFC).

I. INTRODUCTION

F or the improvement of grid power quality and the reduction
of line current distortion, active power factor correction

(PFC) is necessary in ac–dc conversion. Many topologies and
control methods have been put forward for low total harmonics
distortion and high power factor (PF) [1]–[3]. Among all kinds
of power electronics circuit topologies, the boost converter is
widely employed in commercial power supplies because of
many advantages [4]–[6]. Based on whether the inductor cur-
rent is continuous, the converter is divided into three operation
modes: continuous conduction mode (CCM), critical conduction
mode (CRM), and discontinuous conduction mode (DCM).

In low power applications, boost PFC converters usually
operate in DCM mode or CRM mode due to many merits, such as
zero-current turn-ON of the switch, no reverse recovery in diode,
and simple control [7]–[13]. Whereas the input current of tra-
ditional constant duty-cycle (CDC) DCM boost PFC converter
is distorted by the third harmonic with the phase difference of
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180° from the fundamental one, especially at high input voltages.
Theoretically, the unity PF of a DCM boost PFC converter can
be achieved by the variable duty-cycle (VDC) control scheme
[14], [15]. However, due to DCM, whether with CDC or VDC,
there is always a period of zero inductor current in switching
cycles, leading to a useless period in the whole switching cycle
of the power transmission. As a result, the peak value and the
root-mean-square (RMS) value of the inductor current as well
as the power device current are large.

For CRM boost PFC converter, the power transmits in the
whole switching cycle and the peak value and the RMS value of
the inductor current as well as the power device current can be
decreased, compared with that of DCM. However, with tradi-
tional constant on-time (COT) control, the switching frequency
varies in a line cycle and the variation range increases with the
increase of the RMS input voltage. Thus, the conducted EMI of a
CRM boost PFC converter distributes in a wide frequency range,
and finding the worst spectrum by repetitive measurements or
interactive calculations under different input voltage and load
conditions are time-consuming [16]–[18].

Generally, the power level of DCM or CRM boost PFC
converter can be extended without sacrificing the advantages
of the single-phase converter by paralleling multiple converters.
As far as two channels are concerned, it is natural to have the
following parallel architecture, i.e., DCM and DCM, VDCDCM
and VDCDCM, CRM and CRM.

The performances comparison of the above-mentioned three
parallel converters is given in Table I. It can be noticed that DCM
boost PFC converter has fixed switching frequency and is easy
to be paralleled. However, the peak current is high and the PF is
low [19], [20]. As an improvement of parallel DCM and DCM,
VDCDCM and VDCDCM can achieve a high PF and is easy to
be interleaved, but the peak current is still high.

Compared with parallel DCM boost PFC converter, parallel
CRM one can achieve a full usage rate of switching cycle and
lower peak current envelope; however, the switching frequency
is variable during line cycle. A lot of in-depth research on the
control and performance optimization of interleaved parallel
CRM boost PFC converter has been presented in [21]–[30].
Most of them are to deal with the challenge of interleaved
parallel control caused by the continuous change of switching
frequency. How to achieve accurate phase shift between each
other in two-channels and multi-channels [21]–[24]? How does
the open-loop mode ensure the current balance between circuits
and the stable operation of CRM without falling into DCM
or CCM [25]? How to compensate the conduction time of the
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TABLE I
PERFORMANCES OF THREE PARALLEL CONVERTERS

slave converter to improve the current distortion [26]? When the
duty cycle of open-loop synchronous shutdown voltage mode
control is lower than 0.5, the current of the slave converter will
diverge due to frequency variation [27]. Whether the master–
slave allocation of the converter can be determined adaptively
so that the open-loop interleaving mode can also be adopted for
voltage-type CRM control [28]? The closed-loop response of
phase-shift disturbance is slow by using the closed-loop mode
of phase-locked loop, low-pass filter, and RC compensation
network [29]. How to carry out periodic phase-shift control on
the slave converter to improve the dynamic response and solve
the phase-shift error and non-CRM operation problems caused
by inductance mismatch between the two channels [30]?

It is not difficult to find that the root of the problem lies in the
frequency variation. To solve it, a certain control must be adopted
to make CRM converter work at fixed frequency. This is likely
to reduce the input PF and increase the harmonics. Obviously,
it will not help if another fixed frequency CRM converter is
connected in parallel. However, if another DCM converter is
connected in parallel, what is the harmonic relationship between
the two channels? Is there an appropriate control method to offset
the main harmonics of the two channels?

In this article, a parallel FSF CRM and DCM boost PFC con-
verter (FSFCRM&DCM) is studied. By analyzing the harmonic
currents of two channels, we found that the third harmonic
phases of two channels are opposite, and the amplitudes are
related to the output power, input voltage, and output voltage
of the corresponding channel, but the law is different. Then, a
harmonic elimination parallel (HEP) control method is proposed
to completely eliminate the third harmonic of the input current by
adjusting the power distribution between the two channels under
different input voltages. As a result, the converter achieves high
PF and the switching frequency of both channels can be kept
fixed in a half-line cycle, respectively.

The previous studies focused on the parallel connection of
two or more CRM converters, focusing on overcoming the
difficulties caused by frequency variation in line cycles. The
work in this article studies the parallel connection of CRM
and DCM converter, and solves the root problem of frequency
variation in line cycle while maintaining a high PF, which is
different from the previous work. The rest of this article is
organized as follows. Section II derives the principle of FSF
control, analyzes the input current harmonics of two channels,
and discusses the optimal power distribution to eliminate third
harmonic completely. In Section III, the control circuit of HEP
is designed and the input current and PF are analyzed. A 120-W

Fig. 1. Main circuit of FSFCRM&DCM.

prototype has been built and tested, and the experimental results
are presented in Section IV Finally, Section V concludes this
article.

II. OPERATION PRINCIPLE OF FSFCRM&DCM

The main circuit of FSFCRM&DCM is shown in Fig. 1. One
channel (hereafter referred to as CRM channel) is operating in
FSF CRM mode, and the other channel (hereafter referred to as
DCM channel) is operating in CDC DCM mode.

Assuming the input voltage as a purely sinusoidal wave, the
input voltage is expressed as follows:

vin = Vm sinωt (1)

where Vm and ω are the amplitude and angular frequency of the
input voltage, respectively.

In Fig. 1, iLB_DCM and iLB_CRM represent the inductor cur-
rent of two branches in the process of converter operation, which
includes the high-frequency component of switching signal and
the low-frequency component of twice line frequency. However,
iin_DCM and iin_CRM represent the average value of induc-
tor current in each switching cycle, that is, the low-frequency
component. Assuming that the filter can completely remove the
high-frequency component, the input current iin is the sum of
iin_DCM and iin_CRM.

A. Principle of FSF Control and CRM Channel Harmonics
Analysis

As shown in Fig. 2, the inductor current peak value of CRM
channel is

iLb_CRM_pk =
Vm |sinωt|
Lb_CRM

ton_CRM (2)
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Fig. 2. Inductor current waveform of CRM channel.

where Lb_CRM is the inductance value and ton_CRM is the on-
time, of the CRM channel, respectively.

The average input current of CRM channel is

iin_CRM =
Vm sinωt

2Lb_CRM
ton_CRM . (3)

The switching frequency of CRM channel is calculated as
follows:

fs_CRM =
1

ton_CRM

Vo − Vm |sinωt|
Vo

. (4)

It can be observed from (4), if ton_CRM varies as in (5), the
switching frequency during a line cycle will be fixed.

ton_CRM = Ts_CRM

(
1− Vm

Vo
|sinωt|

)
(5)

where Ts_CRM is an undetermined coefficient that will be cal-
culated afterward.

Based on the power balance, (6) can be obtained from (1), (3),
and (5)

Ts_CRM =
2Po_CRMLb_CRM

V 2
m (1/2− 4Vm/3πVo)

(6)

where Po_CRM is the output power of CRM channel.
Naturally, from (3), (5), and (6), the average input current of

CRM channel is

iin_CRM =
iLb_CRM_pk

2
=

Po_CRM sinωt

Vm (1/2− 4Vm/3πVo)(
1− Vm

Vo
|sinωt|

)
. (7)

By Fourier analysis, the harmonics of CRM channel average
input current is

iin_CRM=
2Po_CRM

Vm
sinωt+

∑
n=3,5,...

8Po_CRM

(n3−4n)(πVo/2−4Vm/3)sinnωt
. (8)

The rated voltage of power grids in different countries is not
the same, such as 110 VAC/120 VAC and 220 VAC/230 VAC.
Considering about 20% of the power grid fluctuation margin,
90–264 VAC is selected as the input voltage range. Thus, the
design will be more general and universal. Because the output
voltage is constant, the relation curves between the per-watt

Fig. 3. Calculated third, fifth, and seventh harmonic curves of CRM channel
average input current.

Fig. 4. Inductor current waveform of DCM channel.

harmonics and RMS input voltage are depicted in Fig. 3, where
the higher harmonics are ignored because of the very low value.
In this way, it is more convenient to show the harmonic current
under different input voltages. Obviously, all the harmonic con-
tents increase with the increase of input voltage, and the third
harmonic is dominant.

B. DCM Channel Harmonics Analysis

As shown in Fig. 4, the inductor current peak value of DCM
channel is

iLb_DCM_pk =
Dy_DCMVm |sinωt|
Lb_DCMfs_DCM

(9)

where Dy_DCM, Lb_DCM, and fs_DCM are the duty-cycle, in-
ductance value, and switching frequency of DCM channel,
respectively.

From Fig. 4, the volt-second balance yields the duty-cycle
corresponding to the freewheeling falling period of inductor
current

DR_DCM =
Vm |sinωt|

Vo − Vm |sinωt|Dy_DCM . (10)

The average input current of DCM channel is expressed as
follows:

iin_DCM =
VmD2

y_DCM

2Lb_DCMfs_DCM

sinωt

1− Vm |sinωt|/Vo
. (11)
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Fig. 5. Calculated third, fifth, and seventh harmonic curves of DCM channel
average input current.

Based on the power balance, the output power of DCM
channel is formulated as follows:

Po_DCM =
V 2
mD2

y_DCM

2πLb_DCMfs_DCM

∫ π

0

sin2ωt

1− Vm |sinωt|/Vo
dωt.

(12)
Substituting (12) into (11), and solving definite integral, the

average input current of DCM channel is rewritten as follows:

iin_DCM =
πβ2Po_DCM sinωt

αVm (1− β |sinωt|) (13)

where β = Vm/Vo, α =
π+2arctan(β/

√
1−β2)√

1−β2
− π − 2β.

The harmonics of DCM channel average input current is
expressed as follows:

iin_DCM =
2Po_DCM

Vm
sinωt

+
∑

n=3,5,...

(
β2Po_DCM

αVm

∫ 2π

0

sinωt sinnωt

1− β |sinωt| dωt
)
sinnωt.

(14)

By solving definite integral, the third, fifth, and seventh har-
monic contents are

Iin_DCM_3 =

√
2Po_DCM

Vm

[
3− 4 (α− b)

αβ2

]
(15)

Iin_DCM_5 =

√
2Po_DCM

Vm

[
5− 20 (α− b)

αβ2
+
16 (α− b− c)

αβ4

]

(16)

Iin_DCM_7 =
√
2Po_DCM

Vm
·[

7− 56(α−b)
αβ2 + 112(α−b−c)

αβ4 − 64(α−b−c−d)
αβ6

] (17)

where b = πβ2

2 + 4β3

3 , c = 3πβ4

8 + 16β5

15 , and d = 15πβ6

48 +
32β7

35 . Equations (15)–(17) can be plotted in Fig. 5. Obviously,
the third harmonic is the main component and increases with
the increase of input voltage. The comparison between Figs. 3
and 5 indicate the phases of the third harmonic currents in the
two channels are opposite. This gives us inspiration that the third
harmonic in the total input current may be completely eliminated

Fig. 6. Power distribution of two channels.

Fig. 7. Input current third, fifth, and seventh harmonic curves of the parallel
converter.

by paralleling DCM and CRM converters and adjusting the
power distribution under different input voltages.

C. Power Distribution of Parallel Channels

It can be seen from (8) and (15), the third harmonic ratio
of the two channels is related to Po_CRM/Po_DCM and Vm/Vo.
Therefore, the third harmonic can be completely eliminated
by controlling the power ratio Po_CRM/Po_DCM according to
different Vm/Vo, as shown in the following:

Po_CRM

Po_DCM
=

(
15π

8β
− 5

)[
4 (α− b)

αβ2
− 3

]
=r (β) . (18)

In other words, if the total output power is Po, the power of
each converter is, respectively, as follows:

Po_DCM =
1

1 + r (β)
Po (19)

Po_CRM =
r (β)

1 + r (β)
Po. (20)

Thus, the power distribution of two channels over the wide in-
put voltage range can be drawn in Fig. 6. From (8) and (15)–(18),
the ratio of the input current third, fifth, and seventh harmonic
content to the total output power over the wide input voltage
range can be calculated and the curves are shown in Fig. 7.
Compared with Fig. 3, the per watt content of third harmonic
is reduced to 0 in the whole input voltage range. The seventh
harmonic is also reduced and the fifth harmonic is slightly
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Fig. 8. Control circuit of FSFCRM&DCM with HEP.

increased. The reason for this is that the formulas of third,
fifth, seventh, and higher harmonics are completely different, as
expressed in (8) and (14)–(17). Consequently, further research
is needed to eliminate all the harmonics, and, predictably, it is
much more complex than the scheme presented here. Since the
content of the fifth and higher order harmonics is far less than
that of the third harmonic, whether it is necessary to eliminate
them completely with more complex control depends on the
application requirements.

III. HARMONIC ELIMINATION PARALLEL CONTROL

A. Implementation of Control Circuit

The control circuit of HEP control method is shown in Fig. 8.
The DCM branch adopts CDC control and the CRM branch
adopts fixed switching frequency control. HEP is to achieve
the coordinated power allocation between the two branches,
and its essence is to transform the duty cycle information of
DCM branch into the corresponding peak current information
and provide it to CRM branch, so as to achieve the third harmonic
elimination for the two branches operating in parallel.

For CRM channel, the ZCD signal controls the turn-ON of
switch. The inductor current peak envelope signal vICPE and
the sampled signal vRs are sent to the comparator. The output of
the comparator determines the turn-OFF of switch. The analysis
in Section II-A states clearly that, if the switching frequency is to
be fixed for CRM operation, the peak value of inductor current
should be 2Po_CRM sinωt

Vm(1/2−4Vm/3πVo)
(1− Vm

Vo
|sinωt|).

Therefore, the given inductor current peak envelope reference
signal in the control should contain the same information. The
determination process of this signal includes two aspects, one
is to obtain kgVm|sinωt|(1− Vm|sinωt|/Vo)by sampling the
input and output voltage, where kg is the voltage sensor gain.

The other is to introduce the power information that needs to be
transmitted by CRM branch, and the power must be proportional
to that by DCM branch, and the coefficient is related to the ratio
of input and output voltage, as shown in (18). Naturally, the duty
cycle of DCM branch, which contains its power information,
must be processed to construct a signal for generating the CRM
branch power information, and such a signal is identified by
vc_CRM.

It can be seen from Fig. 8, under such control, the peak value
of inductor current of CRM branch is

iLb_CRM_pk =
vc_CRMkgVm |sinωt| (1− Vm |sinωt|/Vo)

Rs
(21)

where Rs is the sampling resistance of switch current.
Substitution of (7) into (21), the relationship between vc_CRM

and Po_CRM is obtained as follows:

Po_CRM =
vc_CRMkgV

2
m (1/4− 2Vm/3πVo)

Rs
. (22)

For the control of DCM channel, the output voltage is com-
pared with the reference, and the error signal vea_DCM is ob-
tained through PI regulator. The duty cycle Dy_DCM is acquired
by the intersection of the error signal and saw-tooth wave. The
remaining problem is how to generate vc_CRM from Dy_DCM.

The substitution of (12) and (22) into (18) yields the relation-
ship between vc_CRM and Dy_DCM

vc_CRM =
15Rs

8Lb_DCMfs_DCMkg

[
8 (α− b)

β5
− 6α

β3

]
D2

y_DCM .

(23)
It seems that this formula is complicated, which includes

the inductance Lb_DCM and switching frequency fs_DCM of
DCM channel, the peak current sampling resistance Rs of CRM
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branch, and the sampling coefficient kg of input and output
voltage of the converter, etc. In fact, there is no need to consider
such complexity. If kg is set to be 15γRs/8Lb_DCMfs_DCM,
(23) can be simplified into the following, which is good for
simplifying control:

vc_CRM =
1

γ

[
8 (α− b)

β5
− 6α

β3

]
D2

y_DCM (24)

where γ is a coefficient to be determined.
In terms of DCM branch, the inductance should meet (25a)

Lb_DCM ≤
(
1− Vm

Vo

)2
V 2
m

2πfs_DCMPo_DCM

∫ π

0

sin2ωt

1− Vm |sinωt|/Vo
dωt.

(25a)

Substituting (19) into (25a) leads to

Lb_DCMfs_DCM =

V 2
o

2πPo
β2(1− β)2 [1 + r (β)]

∫ π

0

sin2ωt

1− β |sinωt|dωt. (25b)

It can be noticed from (25b), the inductance Lb_DCM and
switching frequency fs_DCM are not independent of each other,
and they are in the form of products.

In terms of CRM branch, for achieving the inductor current
shown in (7), the inductor current peak envelope signal vICPE

should be

vICPE = vRs_pk = RsiLb_CRM_pk

=
2RsPo_CRM sinωt

Vm (1/2− 4Vm/3πVo)

(
1− Vm

Vo
|sinωt|

)
.

(26a)

The substitution of (20) into (26a) results in

vICPE = vRs_pk

=
2RsPo

Vo

r(β)
1+r(β)

β (1/2− 4β/3π)
sinωt (1− β |sinωt|) .

(26b)

The maximum voltage on the sampling resistor of induc-
tor peak current should be limited, and this is marked as
vRs_pk_limit. Therefore, the sampling resistance Rs needs to be
calculated in detail from 26(b).

It should be noted that when analyzing 25(b) and 26(b), we
need to investigate their extremum about β and sinωt. Here, the
derivation process is ignored and only the result of kg is given
as follows (27):

Fig. 9. f(β) and ffit(β) curves.

kg = γ
15Rs

8Lb_DCMfs_DCM

= γ

15Vo

2Po

vRs_pk_limit⎧⎨
⎩

r(β)
1+r(β)

β(1/2−4β/3π)
sinωt(1−β|sinωt|)

⎫⎬
⎭

max

4V 2
o

πPo

{
β2(1− β)2 [1 + r (β)]

∫ π

0
sin2ωt

1−β|sinωt|dωt
}
min

= γ
vRs_pk_limit

0.037Vo
. (27)

It can be seen from (27), not only the inductance Lb_DCM

and switching frequency fs_DCM, but also the output power Po,
have no effect on the setting of kg. Actually, kg needs to ensure
that the high voltage sampling value of the main power circuit
meets the input voltage range requirements of the control circuit.
Furthermore, the purpose of the above-mentioned derivation is
to determine how to select the value of γ, as described in the
following.

Equation (27) can be written as follows:

γ = 0.037
kgVo

vRs_pk_limit
. (28)

The input voltage range of DSP is 0–3.3 V. It is necessary
to ensure that the sampling voltage is within this range and a
certain margin should be considered, such as less than 2.7 V. In
determining the value of vRs_pk_limit, not only the input voltage
range of DSP but also the dissipated power of sampling resistor
should be considered. Here, the calculation process is ignored
and the final value is 0.7 V. Then, kg = 2.7/400≈1/150 and γ =
1/7 can be figured out.

Substituting γ = 1/7 into (24) yields

vc_CRM = 7

[
8 (α− b)

β5
− 6α

β3

]
D2

y_DCM . (29)

There is no doubt that the calculation of f(β) = 8(α−b)
β5 − 6α

β3

is too complicated. Further studies show that it can be fitted as
ffit(β) =

1
(1−β)(2−β) , as shown in Fig. 9. Therefore, (29) is

simplified into

vc_CRM =
7

(1− β) (2− β)
D2

y_DCM . (30)
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Fig. 10. Input current waveforms at 110 and 220 VAC.

Fig. 11. Theoretical input current PF values.

B. Input Current and PF

Based on the above-mentioned analysis, the input current
curves of single CRM boost PFC converter with COT and FSF,
and the input current curves of FSFCRM&DCM with HEP are
plotted in Fig. 10, at 110 VAC and 220 VAC, respectively. It can
be recognized that the input currents with COT and HEP are
purely sinusoidal and nearly sinusoidal, respectively. However,
with FSF, the current is seriously distorted, especially at high
input voltages. Accordingly, the PFs under the three controls
can be calculated in (31a)–(31c) and plotted in Fig. 11.

PFCOT = 1 (31a)

PFFSF =

√
2√

1
π

∫ π

0

[
sinωt(Vo−Vm|sinωt|)

(Vo/2−4Vm/3π)

]2
dωt

(31b)

PFHEP = √
2Po

Vm

√
1
π

∫ π
0

[
Po_CRM sinωt(Vo−Vm |sinωt|)

Vm(Vo/2−4Vm/3π)
+

πβPo_DCM sinωt

α(Vo−Vm |sinωt|)
]2

dωt

.

(31c)

IV. SIMULATED AND EXPERIMENTAL RESULTS

In order to verify the validity of the theoretical analysis, two
prototypes of a single CRM boost PFC converter are built, with
COT and FSF, respectively. Furthermore, a prototype of HEP
FSFCRM&DCM converter is fabricated. The specifications are

as follows. Input voltage: 90–264 VAC/50 Hz; output voltage:
400 VDC; and output power: 120 W.

The experimental and theoretically calculated waveforms of
input voltage, input current, and inductor current in a line cycle
are displayed in Figs. 12–15, at 220 VAC and 110 VAC,
respectively. Obviously, the experimental results are almost
consistent with the theoretical analysis, both in waveform shape
and amplitude. For HEP, although the average inductor currents
of CRM channel and DCM channel have their own distortion,
the total input current is close to sine. The harmonic elimination
effect under low input voltage is better than that under high input
voltage.

The experimental and simulated waveforms of inductor cur-
rent in switching cycles expanded around ωt = π/5 and ωt
= π/2 are given in Figs. 16–23, with COT, FSF, and HEP,
at 220 VAC and 110 VAC, respectively. It should be pointed
out that the experimental results of frequency value are dif-
ferent from the simulation. The reason is that the simulation
is ideal, but in experiments, the frequency will become lower
due to the conversion efficiency. In addition, other factors
such as the inductance deviation and so on should also be
considered.

Obviously, the switching frequency of the converter with COT
varies a lot in a half-line cycle. FSF can achieve a nearly constant
switching frequency. In terms of DCM channel, the inductor
current is discontinuous in switching cycles, and the duty cycle
remains unchanged in a half-line cycle. Under different input
voltages, the duty cycle is different, and so does the power.
It can be seen from the sinusoidal degree of input current in
Figs. 12(c) and 14(c), the third harmonic currents contained in
DCM channel and CRM channel eliminate each other, which is
consistent with the theoretical analysis.

The curves of PF versus different loads at 220 and 110 VAC
are given in Figs. 24 and 25. Under different power, the HEP
and COT control makes the converter achieve high PF. For the
three kinds of control, PF almost decreases with the reduction
of output power, especially when the input voltage is high.
This is mainly because when the power is low, the influence of
displacement factor and line frequency zero-crossing distortion
is more prominent.

The efficiency curves are plotted in Figs. 26 and 27 for the
three control methods, with different loads at 220 and 110 VAC.
Compared to that with COT, the efficiency of converter with
FSF is high, especially at light load and high input voltage,
which is the case where the switching frequency of the converter
with COT is larger. This shows that the switching loss can be
greatly reduced by solving the problem of excessive switching
frequency range.

Compared to those with COT and FSF, the efficiency of HEP
controlled converter is lower. This is because only one converter
is needed to verify COT and FSF, whereas two converters are
paralleled for HEP control. However, the experiments in this
article are only to verify the proposed concept of harmonic
cancellation and its control method, as well as the effect of PF
and fixed frequency. Based on this goal and considering fairness,
the main power devices of two channels of HEP controlled
converter are the same as those of COT and FSF. Obviously, this
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Fig. 12. Experimental waveforms in a line cycle at 220 VAC. (a) With COT. (b) With FSF. (c) With HEP.

Fig. 13. Theoretical waveforms in a line cycle at 220 VAC. (a) With COT. (b) With FSF. (c) With HEP.

Fig. 14. Experimental waveforms in a line cycle at 110 VAC. (a) With COT. (b) With FSF. (c) With HEP.

Fig. 15. Theoretical waveforms in a line cycle at 110 VAC. (a) With COT. (b) With FSF. (c) With HEP.

Fig. 16. Inductor current with COT in switching cycles at 220 VAC. (a1) Experiment at π/5. (a2) Simulation at π/5. (b1) Experiment at π/2. (b2) Simulation at
π/2.
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Fig. 17. Inductor current with FSF in switching cycles at 220 VAC. (a1) Experiment at π/5. (a2) Simulation at π/5. (b1) Experiment at π/2. (b2) Simulation at
π/2.

Fig. 18. CRM channel inductor current with HEP in switching cycles at 220 VAC. (a1) Experiment at π/5. (a2) Simulation at π/5. (b1) Experiment at π/2. (b2)
Simulation at π/2.

Fig. 19. DCM channel inductor current with HEP in switching cycles at 220 VAC. (a1) Experiment at π/5. (a2) Simulation at π/5. (b1) Experiment at π/2. (b2)
Simulation at π/2.

Fig. 20. Inductor current with COT in switching cycles at 110 VAC. (a1) Experiment at π/5. (a2) Simulation at π/5. (b1) Experiment at π/2. (b2) Simulation at
π/2.

Fig. 21. Inductor current with FSF in switching cycles at 110 VAC. (a1) Experiment at π/5. (a2) Simulation at π/5. (b1) Experiment at π/2. (b2) Simulation at
π/2.
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Fig. 22. CRM channel inductor current with HEP in switching cycles at 110 VAC. (a1) Experiment at π/5. (a2) Simulation at π/5. (b1) Experiment at π/2. (b2)
Simulation at π/2.

Fig. 23. DCM channel inductor current with HEP in switching cycles at 110 VAC. (a1) Experiment at π/5. (a2) Simulation at π/5. (b1) Experiment at π/2. (b2)
Simulation at π/2.

Fig. 24. Tested PF with different loads at 220 VAC.

Fig. 25. Tested PF with different loads at 110 VAC.

reduces the efficiency of HEP controlled converter, because each
channel only shares part of the power. In fact, compared with a
single converter, the current rating of two parallel converters can
be reduced to about half if they are designed at the same power.
Or, if the components with the same current rating are selected,
the power that two converters can handle is twice that of a single
converter. In these two cases, whether the efficiency of HEP is
lower or higher than that of COT and FSF is still a problem to
be explored.

Fig. 26. Tested efficiency with different loads at 220 VAC.

Fig. 27. Tested efficiency with different loads at 110 VAC.

The measured and theoretical input current harmonics con-
tents spectra are shown in Figs. 28 and 29. The experimental
results nearly agree with the theory. The data fully illustrate
that, with FSF, the harmonic contents of input current are very
high, especially the third harmonic, while with COT and HEP,
the harmonic contents are very low.
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Fig. 28. Input current harmonics at 220 VAC. (a) Experiment. (b) Theory.

Fig. 29. Input current harmonics at 110 VAC. (a) Experiment. (b) Theory.

V. CONCLUSION

This article proposed a HEP control method of FS-
FCRM&DCM. The detailed mathematical derivation and the
implementation circuits were presented. The parallel converter
is different from parallel CRM or parallel DCM boost PFC
converter. Compared with parallel CRM converter, it has the
advantage of fixed switching frequency of each channel in line
cycles. While compared with parallel DCM converter, a higher
PF and lower peak current can be achieved.

The feasibility of harmonic elimination is verified by adjust-
ing the power distribution of two channels. In fact, this is the
first part of the research work. Next, the following two aspects
will be focused on. One is how to make the switching frequency
of CRM channel consistent with DCM channel. The other is
how to accurately control interleaving to achieve better converter
performance.
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of PLL based interleaving control of DCM/CCM boundary boost PFC
converters,” IEEE Trans. Power Electron., vol. 24, no. 8, pp. 1992–1999,
Aug. 2009.

[30] X. Xu, W. Liu, and A. Q. Huang, “Two phase interleaved critical mode
PFC boost converter with closed loop interleaving strategy,” IEEE Trans.
Power Electron., vol. 24, no. 12, pp. 3003–3013, Dec. 2009.

Kai Yao (Member, IEEE) was born in Jiangsu
Province, China, in 1980. He received the B.S. degree
in industrial automation from Nantong University,
Nantong, China, in 2002, and the M.S. degree in
mechanical design and theory, and the Ph.D. degree
in electrical engineering from the Nanjing University
of Aeronautics and Astronautics, Nanjing, China, in
2005 and 2010, respectively.

In 2011, he joined the Faculty of Electrical Engi-
neering, School of Automation, Nanjing University of
Science and Technology, where he has been engaged

in teaching and research in the field of power electronics. His main research
interests include power factor correction converters, condition monitoring, and
diagnostics of power converters.

Jiazhen Li was born in Guangdong Province, China,
in 1993. He received the B.S. degree in electrical en-
gineering and automation from the South China Uni-
versity of Technology, Guangzhou, China, in 2016.
He is currently working toward the M.S. degree in
electrical engineering with the Nanjing University of
Science and Technology, Nanjing, China.

His main research interests include power factor
correction converters.

Fanguang Shao was born in Jiangsu Province, China,
in 1994. He received the B.S. degree in electrical
engineering and automation from the Jiangsu Univer-
sity of Science and Technology, Zhenjiang, China, in
2019. He is currently working toward the M.S. degree
in electrical engineering with the Nanjing University
of Science and Technology, Nanjing, China.

His main research interests include power factor
correction converters.

Bo Zhang was born in Henan Province, China, in
1996. He received the B.S. degree in electrical engi-
neering and automation from the Zhongyuan Univer-
sity of Technology, Zhengzhou, China, in 2019. He
is currently working toward the M.S. degree in power
electronics and electric drives with the Nanjing Uni-
versity of Science and Technology, Nanjing, China.

His main research interests include power factor
correction converters, condition monitoring, and di-
agnostics of power converters.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


