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A Novel Control Scheme of Three-Phase
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Abstract—A three phase single switch boost rectifier, operating
in a quasi-critical conduction mode of the inductor current, can
achieve the power factor correction and meet the IEC 61000-3-2.
However, the switching frequency is variable in a line cycle, and
the design of the inductor and electromagnetic interference filter as
well as the power component selection is deteriorated. In this paper,
a novel constant frequency control method is proposed for the
converter by modulating the on-time of the switch. Compared with
the traditional variable frequency control, the proposed control
scheme achieves a constant switching frequency in a line cycle,
which simplifies the design of the power devices, especially the
magnetic components. Furthermore, the switching frequency and
the rms value of the inductor current are also reduced, which
contributes to a higher efficiency.

Index Terms—Constant frequency control (CFC), rectifier,
quasi-critical conduction mode (QCRM), variable frequency
control (VFC).

I. INTRODUCTION

IN ORDER to reduce the input current harmonics and its
influence on the grid, rectifiers with power factor correction

(PFC) are necessary for three phase ac–dc power conversion
applications [1]. Many topologies and control strategies have
been presented and discussed, where single switch, dual
switches, three switches, four switches, and six switches are
adopted, respectively [2]–[4]. With the number of the switch
increasing, the power factor (PF) is improved at the expense of
the control complexity and the cost [5]–[7]. For cost-sensitive
applications of a low and medium power level, the single-switch
converter is a good choice for its simple construction, easy
control, and low cost [8].

Normally, a three-phase single-switch boost rectifier works in
a discontinuous conduction mode (DCM) or a quasi-critical con-
duction mode (QCRM) [9]–[12]. DCM has the characteristics of
an acceptable PF, a constant switching frequency, and a simple
control [9]–[10]. Compared to constant duty cycle control, the
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Fig. 1. Main circuit of three-phase single-switch boost rectifier.

optimal utilization control of switching cycles by modulating
the duty cycle of a three-phase single-switch DCM boost recti-
fier for the efficiency improvement is proposed in [13], and the
PF improvement method is put forward in [14]. In comparison
with DCM, QCRM features a higher PF, a variable switching fre-
quency, and a little more complex control [11], [12]. In addition,
the switching frequency is dependent on the load and the input
voltage. At a light load, the increase of the switching frequency
results in a high switching loss, and the large variable frequency
range complicates the inductor design, device selection, and
electromagnetic interference (EMI) filter design [15]–[17].

A novel constant frequency control (CFC) strategy of the
three-phase single switch boost rectifier is proposed in this
paper. Compared with traditional variable frequency control
(VFC), CFC achieves constant frequency in a line cycle that
will simplify the design of EMI filter and inductor. In addition,
the efficiency of the converter with CFC is improved, compared
to that with VFC. In Section II, the operating principle of a
QCRM three-phase single switch boost rectifier is studied. In
Section III, the CFC scheme and the implementation circuit
are put forward. Section IV deals with the comparison between
CFC and VFC in terms of the power factor and the input current
harmonics, the inductor current ripple, and the output voltage
ripple. A 3 kW prototype has been built and tested, and the
experimental results are presented in Section V.

II. WORKING MECHANISM OF THREE-PHASE SINGLE-SWITCH

BOOST RECTIFIER

The main circuit of a three-phase single-switch boost rectifier
is shown in Fig. 1, where La = Lb = Lc = L.

The three phase input voltage is defined as

va = Vm sin ωt (1)

vb = Vm sin (ωt − 2π/3) (2)

vc = Vm sin (ωt + 2π/3) (3)

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 2. Three-phase input voltage waveforms.

Fig. 3. Inductor current waveforms in a switching cycle during [0, π/6].

Fig. 4. (a) Qb conducts; (b) Qb turns OFF; (c) Qb turns OFF and ia = 0.

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

For a three phase balanced system

va + vb + vc = 0 (4)

ia + ib + ic = 0. (5)

Fig. 2 is the waveform of the three phase input voltage. Each
section of π/6 can be obtained by fractionizing an input cycle
into 12 parts. The relationship between the polarity and relative
amplitude of the three-phase voltage is constant in each section.
During a switching cycle within [0, π/6], the waveform of the
inductor current is shown in Fig. 3.

1) Operation condition 1: When Qb is ON, D1 , D5 , and D4
conduct. The simplified circuit is shown in Fig. 4(a), from which
we have

va − Ldia/dt = vb − Ldib/dt = vc − Ldic/dt. (6)

According to (4)–(6), we can obtain the rising rate of the
inductor current as

dia/dt = va/L
dib/dt = vb/L
dic/dt = vc/L.

(7)

When Qb turns OFF, the inductor current of each phase
achieves its peak value as

iap1 = Ton · dia/dt =
va

L
Ton (8a)

ibp1 = Ton · dib/dt =
vb

L
Ton (8b)

icp1 = Ton · dic/dt =
vc

L
Ton (8c)

where Ton is the on time.
2) Operation condition 2: When Qb is OFF, Db conducts. The

simplified circuit is shown in Fig. 4(b), from which we can see
that

va − vb − Vo = L (dia/dt − dib/dt) (9a)

vc − vb − Vo = L (dic/dt − dib/dt) (9b)

where Vo is the output voltage.
According to (4), (5), and (9), the falling rate of the inductor

current is

dia/dt = (va − Vo/3) /L (10a)

dib/dt = (vb + 2V0/3) /L (10b)

dic/dt = (vc − V0/3) /L. (10c)

When ia falls to zero first, the corresponding time of this
period is

Toff 1 =
iap1

|dia/dt| =
3va

Vo − 3va
Ton . (11)

When ia reaches zero, ib and ic are

ibp2 = ibp1 +
dib
dt

Toff 1 =
Vo (vb + 2va)

Vo − 3va

Ton

L
(12a)

icp2 = −ibp2 = −Vo (vb + 2va)
Vo − 3va

Ton

L
. (12b)

3) Operation condition 3: When ia is zero, the simplified
circuit is shown in Fig. 4(c), from which we have

vc − vb − Vo = L (dic/dt − dib/dt) (13a)

ib = −ic . (13b)

According to (13), the falling rate of the inductor current is

dib/dt = −dic/dt = (Vo + vb − vc) /2L. (14)

Based on (12) and (14), the relevant falling time interval of
ib and ic is

Toff 2 =
|ibp2 |
|dib/dt| =

2Vo (vb + 2va)
(Vo + vb − vc) (3va − Vo)

Ton . (15)

From (11) and (15), the switching cycle is

Ts = Ton + Toff 1 + Toff 2 =
Vo

(Vo + vb − vc)
Ton . (16)

The switching frequency can be expressed as

fs =
1
Ts

=
Vo + vb − vc

VoTon
. (17)
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Similar with the analysis of [0, π/6], the switching frequency
during other periods can be derived as

fs =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Vo + vb − vc

VoTon
=

Vo − vg

VoTon
(0 ≤ ωt ≤ π/6)

Vo + vb − va

VoTon
=

Vo − vg

VoTon
(π/6 ≤ ωt ≤ π/3)

Vo + vb − va

VoTon
=

Vo − vg

VoTon
(π/3 ≤ ωt ≤ π/2)

Vo + vc − va

VoTon
=

Vo − vg

VoTon
(π/2 ≤ ωt ≤ 2π/3)

Vo + vc − va

VoTon
=

Vo − vg

VoTon
(2π/3 ≤ ωt ≤ 5π/6)

Vo + vc − vb

VoTon
=

Vo − vg

VoTon
(5π/6 ≤ ωt ≤ π)

.

(18)
According to Fig. 3, the average value of the inductor current

during a switching cycle within [0, π/6] can be deduced as

ia ave =
(Ton + Toff 1)

T

iap1

2
= I0

M sin ωt − 1
2 sin 2ωt

M −√
3 sinωt

(19a)

ib ave =
1

2T
[Tonibp1 + Toff1 (ibp1 + ibp2) + Toff 2ibp2 ]

= I0
M sin

(
ωt − 2π

3

)
+ sin 2ωt

M −√
3 sin ωt

(19b)

ic ave =
1

2T
[Tonicp1 + Toff 1 (icp1 + icp2) + Toff 2icp2 ]

= I0
M sin

(
ωt + 2π

3

) − 1
2 sin 2ωt

M −√
3 sin ωt

(19c)

where I0 = Vm Ton/(2L) and M = V0/(
√

3Vm )
Similar analyses can be adopted to other sections of

[π/6, π], and the average input current of Phase a, i.e., the
average inductor current within [0, π], is

iin a = ia ave

= I0kn (ωt)
(

n − 1
6

π ≤ ωt ≤ n

6
πn = 1, 2, . . . , 6

)

(20)

where

k1 (ωt) =
M sinωt − 1

2 sin 2ωt

M −√
3 sin ωt

(21a)

k2 (ωt) =
M sinωt + 1

2 sin 2
(
ωt+2π

3

)

M −√
3 sin

(
ωt + 2π

3

) (21b)

k3 (ωt) =
M sinωt − sin 2

(
ωt+2π

3

)

M +
√

3 sin
(
ωt + 2π

3

) (21c)

k4 (ωt) =
M sinωt+ sin 2

(
ωt − 2π

3

)

M +
√

3 sin
(
ωt − 2π

3

) (21d)

Fig. 5. Inductor current waveform in a half line cycle.

k5 (ωt) =
M sin ωt − 1

2 sin 2
(
ωt − 2π

3

)

M −√
3 sin

(
ωt − 2π

3

) (21e)

k6 (ωt) =
M sin ωt + 1

2 sin 2ωt

M −√
3 sinωt

. (21f)

Based on the above analysis, the instantaneous waveform,
the average value and the peak value of ia can be drawn
in Fig. 5.

III. CONTROL SCHEME OF CONSTANT SWITCHING

FREQUENCY QCRM

A. Proposition of the CFC Scheme

According to (18), if

Ton (t) = α
Vo − vg

Vo
, (22)

then the switching frequency fs will be

fs =
1
α

. (23)

Substituting (22) into (20), the expression of the input current
can be obtained as

iin a = α
Vm

2L

Vo − vg

Vo
kn (ωt) . (24)

Supposing that the efficiency is 100%, according to (1) and
(24), the expression of the average input power of Phase a can
be calculated as

Pin a =
4

Tline

∫ T l in e
4

0
vaiin adt

= α
V 2

m

πL

3∑

n = 1

∫ n π
6

(n −1 )π
6

Vo − vg

Vo
kn (ωt) sinωtdωt

= α
V 2

m

πL
h (M) =

Po

3
(25)

where h(M) =
∑3

n = 1

∫ n π
6

(n −1 )π
6

Vo −vg

Vo
kn (ωt) sin ωtdωt.
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Fig. 6. Curves of switching frequency during [0, π/2].

From (22), (23), and (25), Ton , and fs can be obtained as

Ton (t) =
πLPo

3V 2
m h (M)

Vo − vg

Vo
(26a)

fs =
3V 2

m h (M)
πLPo

. (26b)

When the parameters of the converter are certain, (26) shows
that fs is constant. In this way, the constant frequency QCRM
is obtained.

B. Derivation of Inductance

From (1) and (20), the average value of the input power of
phase a can be calculated as

Pin a =
4

Tline

∫ T l i n e
4

0
vaiin adt

=
2I0Vm

π

3∑

n = 1

∫ n π
6

(n −1 )π
6

kn (ωt) sinωtdωt

=
2I0Vm

π
j (M) =

Po

3
(27)

where j(M) =
∑3

n = 1

∫ n π
6

(n −1 )π
6

kn (ωt) sin ωtdωt.

For VFC, Ton is obtained from (27) as

Ton =
πLPo

3V 2
m j (M)

. (28)

For VFC, the switching frequency is variable. In combination
with the parameters of the converter given in Section V, fs

during [0, π/2] at the inputs of 176, 220, and 264 V are depicted
based on (18) and (28), respectively, as shown in Fig. 6. It can
be seen that fs gets its minimum at ωt = 0 and ωt = π/3,
and its maximum at ωt = π/6, which can be expressed as

fs VFC min =
3V 2

m

(
Vo −

√
3Vm

)

πLPoVo
j (M) (29a)

fs VFC max =
3V 2

m

(
Vo − 3

2 Vm

)

πLPoVo
j (M) . (29b)

Fig. 7. Critical inductance over phase voltage range.

From (23) and (26), fs with CFC can be expressed as

fs CFC =
1
α

=
3V 2

m

πLPo
h (M) . (30)

To prevent the switching noise from falling into the hu-
man hearing range, the designed minimum switching frequency
fs min = 30 kHz. From (29a), the inductance with VFC can be
obtained as

L1 ≤ 3V 2
m

(
Vo −

√
3Vm

)

πPoVofS min
j (M) . (31)

From (30), the inductance with CFC is obtained as

L2 ≤ 3V 2
m

πPofS min
h (M) . (32)

According to (31), (32), and the parameters of the converter,
the critical inductance in the two control methods can be figured
out as shown in Fig. 7. In order to ensure fs ≥ 30 kHz, the
critical inductances of VFC and CFC are 154 and 196 μH,
respectively.

C. Control Circuit

Fig. 8 shows the control circuit of the proposed CFC scheme.
The rectified voltage is sensed by a differential sampler, and
vA = mvg , where m is the sampling coefficient. The output
voltage is detected by R8 and R9 with the same gain, i.e.,
vB = mVo . When R10 = R11 = R12 = R13 , the output
of the subtractor will be vC = vB − vA = m(Vo − vg ).
The output voltage is regulated by an error amplifier, and the
sensed output voltage across a voltage divider composed of R14
and R15 is compared with the reference voltage Vref , given the
condition that Vref is set as 2.5 V, and the output voltage sense
gain is set at 2.5/750, i.e., R15/(R14 + R15) = 1/1300.

vB , vC and the error signal vEA are sent to the multiplier, and

vTon = vEA CFC
m (Vo − vg )

mVo
= vEA CFC

(

1 − vg

Vo

)

. (33)
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Fig. 8. Control circuit.

IV. PERFORMANCE COMPARISON

A. Input Power Factor and Harmonics

Taking (28) into (20), and (26) into (24), the average input
current with VFC and CFC can be calculated as

iin a VFC =
πPokn (ωt)
6Vm j (M)

(34)

iin a CFC =
πPokn (ωt) Vo −vg

Vo

6Vm h (M)
(35)

where (n − 1)π/6 ≤ ωt ≤ nπ/6n = 1, 2, . . . , 6.
From (1), (34), and (35), the PF with VFC and CFC are

PF VFC =
Pin a

Vm√
2
Ia rms

=
2
π

∫ π
2

0 vaiin adωt

Vm√
2

√
2
π

∫ π
2

0 i2in adωt
=

2√
π
j (M)

√
s (M)

(36a)

PF CFC =
Pin a

Vm√
2
Ia rms

=
2
π

∫ π
2

0 vaiin adωt

Vm√
2

√
2
π

∫ π
2

0 i2in adωt
=

2√
π
h (M)

√
u (M)

(36b)

where s(M) =
∑3

n = 1

∫ n π
6

(n −1 )π
6

k2
n (ωt)dωt and u(M) =

∑3
n = 1

∫ n π
6

(n −1 )π
6

(Vo −vg

Vo
kn (ωt))

2
dωt.

According to (36), Fig. 9 is figured out. Comparing with VFC,
there is a little sacrifice in PF with CFC, especially at a high

Fig. 9. Comparison of input PF.

Fig. 10. RMS value of the 5th, 7th, 11th, and 13th harmonics.

input voltage. However, in most cases operating at the normal
voltage of 220 V, the converter still achieves a high PF more
than 0.99 with CFC.

In order to show the harmonics, Fourier analysis is adopted
on the input current

In =
1
π

∫ 2π

0
iin a · sin (nωt)dωt (n = 1, 2, 3 . . .) . (37)

Substituting (34) and (35) into (37), we could get the input
current harmonics with VFC and CFC.

Fig. 10 presents the curves of input current harmonics with
CFC. According to IEC 61000-3-2 Class A, the rms values of
the 5th, 7th, 11th, and 13th harmonics should be lower than
1.2, 0.77, 0.33, and 0.21 A, respectively. It can be seen that
the 5th and 11th harmonics with CFC satisfy the requirement;
however, the 7th and 13th harmonics exceed the limit when the
input voltage is around 264 VAC. For the rated input voltage of
220 V, all the harmonics meet the standard.

B. Inductor Current Ripple

From the analyses of Section II, the expressions of ia , ib and
ic during a switching cycle within [0, π/6] can be obtained. As
the inductor current is in phase with the input voltage, the rms
value of the inductor current of phase a during [π/6, π/3] and
[π/3, π/2] equals that of phase c and phase b during [0, π/6]
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Fig. 11. RMS value of boost inductor current.

Fig. 12. Peak value of inductor current.

respectively. Therefore, the rms value of the inductor current in
a line cycle is

IL rms =

√

2
π

∫ π
6

0

[
1
Ts

∫ Ts

0
(i2a + i2b + i2c )dt

]

dωt. (38)

According to (1)–(3), (11), and (15), substituting (28) with
L1 = 230 μH as well as (22) and (26) with L2 = 294 μH into
(38), respectively, and in combination with the parameters of
the converter, IL rms with both control schemes can be acquired
and shown in Fig. 11. It can be seen that IL rms is almost the
same.

Substituting (28) with L1 = 230 μH, (22) and (26) with
L2 = 294 μH into (8), the peak value of the inductor current
with both control schemes can be calculated, respectively, as
shown in Fig. 12. Comparing with VFC, the peak value of the
inductor current of the converter with CFC increases at around
π/6, π/2, and 5π/6, and decreases at around π/3 and 2π/3.

C. Output Voltage Ripple

Phases a, b, and c all feature a difference of 2π/3 sequentially,
and so does the corresponding input current. According to (34)
and (35), iin b and iin c can be deduced. Then, the normalized
instantaneous input power with respect to the output power can
be obtained as

p∗in = (vaiin a + vbiin b + vciin c) /P0 . (39)

Fig. 13. Normalized instantaneous input power.

Fig. 14. Output voltage ripple.

According to (39), p∗in1 and p∗in2 for VFC and CFC are calcu-
lated and shown in Fig. 13 respectively during [0, π/3] at 220 V
input.

Although p∗in>1, the storage capacitor Co is charged, other-
wise discharged. The output voltage ripple can be derived as

ΔVo1 =
[

2Po

∫ t1

0
(p∗in1 − 1) dt

]

/C0V0 (40a)

ΔVo2 =

[

2Po

∫ t ′1

0
(1 − p∗in2) dt

]

/C0V0 . (40b)

Based on (39) and (40), Fig. 14 is plotted, which shows that
the ripple of the output voltage with CFC is higher than that
with VFC.

V. EXPERIMENTAL VERIFICATION

In order to validate the aforementioned analysis, a prototype
has been made and tested in the lab. The main parameters are:
vin = 176-264 VAC/50 Hz; Vo = 750 VDC; Po = 3 kW; fsm in
= 30 kHz.

Figs. 15 and 16 show the full load experimental waveforms of
the input voltage, input current, boost inductor current, and out-
put voltage ripple with VFC and CFC at 176, 220, and 264 VAC
input, respectively. It can be seen that with both of the control
schemes, due to QCRM, the input current is not sinusoidal. A
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Fig. 15. Experimental waveforms of input voltage, input current, inductor current, and output voltage with VFC at 100% load. (a) 176 VAC, (b) 220 VAC, and
(c) 264 VAC.

Fig. 16. Experimental waveforms of input voltage, input current, inductor current, and output voltage with CFC at 100% load. (a) 176 VAC, (b) 220 VAC, and
(c) 264 VAC.

Fig. 17. Measured efficiency.

larger input voltage means more severe distortion. The shape
of the input current and the inductor current is the same as the
theoretical analysis.

Figs. 17–19 show the full load experimental curves of the
measured efficiency, PF, and output voltage ripple, respectively.

From Fig. 17, it can be seen that the efficiency of the converter
with CFC is higher than that with VFC, particularly at low
line voltage. The reason is as follows. From Fig. 11, it can be
seen that the rms value of the inductor current with CFC has a
slight reduction compared to that with VFC, which will decrease
the conduction loss. Furthermore, in Fig. 12, at a low input
voltage, the peak value of the inductor current, i.e., the peak
value of the switch current, increases at around π/6, π/2, and
5π/6 and decreases at other angles, and most important of all, the

Fig. 18. Measured PF.

Fig. 19. Measured output voltage ripple.
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Fig. 20. Measured input current harmonics.

switching frequency is greatly reduced, as shown in Fig. 6.
Therefore, the switching turn-off loss is reduced. Furthermore,
the rectifier diode loss, the boost inductor loss, and the output
capacitor loss are reduced as well.

According to Fig. 18, CFC achieves the PF which is lower
than that with VFC. A larger input voltage results in a lower
PF. The measured results agree well with that of the theoretical
analysis shown in Fig. 9.

As seen from Fig. 19, the output voltage ripple of the converter
with CFC is higher than that with VFC. The output voltage ripple
becomes higher with the increasing input voltage. The measured
result is in conformity with that of the theoretical analysis shown
in Fig. 14.

Fig. 20 shows the measured 5th, 7th, 11th, and 13th harmonics
of the input current at 100% load, where for CFC, compared to
that for VFC, the 5th and 11th harmonics reduce, whereas the
7th and 13th harmonics increase. The measurement is consistent
with the theoretical analysis shown in Fig. 10.

VI. CONCLUSION

When the three-phase single switch QCRM boost rectifier
operates with constant on-time of the switch control method,
although the input power factor is relatively high, the switching
frequency is variable during a line cycle, which goes against
the design of inductor and EMI filter. Therefore, a constant
switching frequency QCRM operation is proposed, as well as the
variation rule of the on-time and the control circuit. Furthermore,
the PF, the input current harmonics, the inductor current ripple,
and the output voltage ripple are analyzed in detail. The results
show that the efficiency of the converter with the CFC is higher
than that with the VFC, while the contrary is the case as for the
power factor and the output voltage ripple.
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