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Two-Phase Interleaved Boost PFC Converter With
Coupled Inductor Under Single-Phase Operation

Fei Yang , Member, IEEE, Chunhui Li, Yong Cao, and Kai Yao , Member, IEEE

Abstract—When the interleaved boost power-factor correction
(PFC) converter operates in a light load (<15% of nominal load),
the phase-shedding control is commonly used to increase the con-
verter’s efficiency. If the inductors are coupled for high power den-
sity applications, because of the strong mutual effects of the coupled
inductor, the switching of the operation phase may lead to a cur-
rent flowing in the non-operation phase. In this paper, a two-phase
interleaved boost PFC converter with a coupled inductor in the
single-phase operation was analyzed. The operation modes of the
converter in a switching cycle and a half line cycle were presented,
and the modes’ variation with the load changes, as well as the power
distribution, was provided. A 1-kW prototype was built to verify
the analysis, and it was shown that the non-operation phase also
delivers some power, which may worsen the converter’s efficiency
and distort the average input current waveform.

Index Terms—Coupled inductor, interleaved boost converter,
power factor correction, single-phase operation.

I. INTRODUCTION

THE boost converter is widely used in power-factor correc-
tion (PFC) applications for its high power factor (PF) and

small input current ripple [1], and the interleaving technology is
applied in power applications >600 W, which also increase the
equivalent switching frequency and reduce the input and output
current ripple [2], [3]. Furthermore, for requirements of high
power density and high efficiency, the coupled inductor is usu-
ally used to reduce the volume of the magnetic components and
the inductor current ripple, such as in the fields of electrical ve-
hicles and fuel cell vehicles [4]–[8], renewable energy [9], [10],
and interleaved boost dc–dc/PFC converter [11]–[20].

Normally, the design of the interleaved boost PFC converter
is based on the rated power. However, the converter does not
always work in a heavy load (80%–120% of nominal load), and
the light load efficiency has drawn significant attention in recent
years. Since the interleaving technology normally features rela-
tively low efficiency in a light load, the phase-shedding control,
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managing the number of active phases, is a common method to
optimize the system efficiency [21]–[25]. Zumel et al. [21] val-
idates the phase-shedding control scheme in a multiphase con-
verter and quantify the output voltage ripple to achieve a tradeoff
between the efficiency improvement and output voltage capaci-
tor. Qiu et al. [22] analyzes the power loss in multiphase voltage
regulators with a phase-shedding control and define the opti-
mal phase number under different load conditions. Su et al. [23]
applies the phase-shedding control scheme in a multiphase in-
terleaved dc–dc converter and estimate the load switching point
from the lookup table of the power loss. Chen et al. [25] ana-
lyzes the transient behavior issues of an interleaved CCM boost
PFC converter with the phase-shedding control and propose a
new method to overcome load transient instability issues. Gen-
erally, the phase-shedding control can be freely used when the
inductors are discrete, and the phase switching point can be es-
timated according to the operation modes and the converter ef-
ficiency.However, when the inductors are coupled, the coupling
effects between the phases may make the converter operate in
special operation modes. Imaoka et al. [26] proposes a magnetic
design method for a multiphase interleaved boost dc–dc con-
verter with a coupled inductor under a single-phase operation to
solve the magnetic saturation problem, and the circulating cur-
rent through a parallel diode of MOSFET in the no-driving phase is
indicated. Barry et al. [27] analyzes the interleaved boost dc–dc
converter with a coupled inductor in CCM and DCM, compre-
hensively, and present the force conduction phenomena of the
reverse-paralleled diode of MOSFET and power diode. Yang et al.
[28] classifies the coupling effects on the two-phase interleaved
boost dc–dc converter in three circuit statuses and analyze the
discontinuous operation modes in detail. The coupling effects
may forward-bias the power diode or reverse-paralleled diode
of MOSFET under some conditions, and they may change the two
winding current waveforms, which is different from the non-
coupled case. Most past literatures perform the analysis with a
multiphase operation in a heavy load. For the light load con-
dition with single-phase operation, however, the converter op-
eration modes, relating with the coupling effects, and load and
input voltage variation, are rarely analyzed. Therefore, the va-
lidity of the phase-shedding control and the rational utilization
of the phase-shedding control are not clear.

In this paper, the operation modes of the two-phase inter-
leaved boost PFC converter with a coupled inductor under a
single-phase operation were analyzed. The coupling effects on
the circuit were presented in Section II. The inductor current
waveforms of each operation mode in a switching cycle were
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Fig. 1. Two-phase interleaved boost PFC converter with a coupled inductor.

analyzed, and their boundary duty cycles were calculated in
Section III. On the basis of the analysis of the duty cycle of
each operation mode, the operation modes in a half line cycle
and their load-related variation rules, as well as the power dis-
tribution between the two phases, were obtained in Section IV,
Finally, the experimental tests of a 1-kW prototype were pre-
sented in Section V.

II. INTERLEAVED BOOST PFC CONVERTER UNDER A

SINGLE-PHASE OPERATION

Fig. 1 depicts a two-phase interleaved boost PFC converter
with an inversely coupled inductor. vin is the input voltage, vg
the rectified input voltage, Vo the output voltage, and v1 and
v2 the voltages, respectively, applied on Windings 1 and 2. D1

and D2 are power diodes, and Q1 and Q2 power switches. L1

and L2 are the self-inductances of the two windings and M their
mutual inductance. Assuming that the two windings of the cou-
pled inductor are identical, i.e., L1 = L2 = Lcp, the coupling
coefficient α = M/Lcp.

When the phase-shedding strategy is used on a two-phase
interleaved converter, there is only one operation-phase. The
switch status of the operation phase will affect the non-operation
phase due to the coupling effect, which may make the currents
flow in the two windings together [28], [29]. Taking Phase 1 as
the operation-phase, we have the following:

1) When Q1 is turned ON, the voltage of Winding 1, v1 = vg ,
and the voltage of Winding 2, v2 = −αvg . The volt-
age applied on the drain-source of Q2, vds_Q2=vg −
v2=(1 + α)vg , and the reverse-paralleled diode DQ2 is
reverse-biased since vds_Q2 > 0. The voltage applied
on D2, vD2 = vg − v2 − Vo=(1 + α)vg − Vo. If vg >
Vo/(1 + α), vD2 > 0 and D2 will be forward-biased, as
shown in Fig. 2(a). Otherwise, Winding 2’s current keeps
0.

2) When Q1 is turned OFF, v1 = vg − Vo, v2 = −α(vg −
Vo), and vds_Q2 = vg − v2 = (1 + α)vg − αVo. If vg <
αVo(1 + α), vds_Q2 < 0 andDQ2 will be forward-biased,
as shown in Fig. 2(b). Otherwise, Winding 2’s current
keeps 0. vD2 = vg − v2 − Vo = (1 + α)(vg − Vo), and
D2 is reverse-biased since vD2 < 0.

Table I summarizes the coupling effects on the circuit statuses
in three different ranges of input voltage [29].

From Fig. 1, the voltages of the two inductor windings can be
expressed as{

v1 = L1 · (diL1/dt)−M · (diL2/dt)

v2 = L2 · (diL2/dt)−M · (diL1/dt).
(1)

Fig. 2. Coupling effects on converter operations: (a) whenvg > Vo/(1 + α),
turn-ON of Q1 makes the conduction of D2, and (b) when vg < αVo(1 + α),
turn-OFF of Q1 makes the conduction of DQ2.

TABLE I
COUPLING EFFECTS ON CIRCUIT STATUSES

From (1), the following equation can be derived:

v1 + α · v2 = (1− α2) · Lcp · (diL1/dt) (2)

and the equivalent inductance Leq is defined as

vj = Leq · (diLj/dt) (j = 1, 2) . (3)

On the basis of the analysis above, the two-phase interleaved
boost PFC converter with a coupled inductor under a single-
phase operation has the following four operating states:

1) Q1 is ON and D2 is forward-biased (v1 = vg, v2 = vg −
Vo);

2) Q1 is ON and DQ2 is forward-biased, or Q1 is OFF and D2

is forward-biased (v1 = v2 = vg or v1 = v2 = vg − Vo);
3) Q1 is OFF andDQ2 is forward-biased (v1 = vg − Vo, v2 =

vg);
4) one winding current or two winding currents keep 0.
When v1, v2 and their relationship are given, the correspond-

ing Leq for the two windings can be derived and presented in
Table II [28], [29].

III. OPERATION MODES IN A SWITCHING CYCLE

A. Operation Modes

On the basis of on Table I, the converter operation modes in a
switching cycle under a single-phase operation can be clarified
into three input voltage ranges as follows.

1) vg < αVo/(1 + α): Under this condition, when Q1 turns
ON, iL1 increases gradually with the equivalent inductance Lcp,
and iL2 keeps 0. When Q1 turns OFF, DQ2 is forward-biased,
v1 = vg − Vo and v2 = vg . The equivalent inductance of Wind-
ing 1, Leq3 > 0, and the equivalent inductance of Winding 2,
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TABLE II
EQUIVALENT INDUCTANCES OF TWO WINDINGS (Q2 KEEPS OFF)

Fig. 3. Waveforms of (a) Mode 1a, (b) Mode 1b, and (c) Mode 1c in a switching cycle when vg < αVo/(1 + α).

Leq1 < 0. Therefore, iL1 decreases from the peak current, while
iL2 increases from 0 in the negative direction. When iL1 reaches
0, v2 = vg and v1 = −αvg . Then, the equivalent inductance of
Winding 2, Lcp > 0, and iL2 decreases from the negative peak
current and reaches 0 before the next switching cycle. This is
defined as Mode 1a, as shown in Fig. 3(a).

If the duty cycle is increased, iL2 will not reach 0 before the
next switching cycle. When Q1 turns ON at the next switching
cycle, v1 = vg and v2 = vg. Both the equivalent inductances of
the two windings, Leq2>0, and iL2 decrease to 0 with a slope
of vg/Leq2, while iL1 increases from 0 with a slope of vg/Leq2.
This is defined as Mode 1b, as shown in Fig. 3(b).

If iL1 does not reach 0 before the next switching cycle and
remains continuous, under this condition when Q1 turns ON at
the next switching cycle, v1 = vg and v2 = vg. The equivalent
inductance of the two windings is Leq2, and iL1 and iL2 increase
with the slope of vg/Leq2. This is defined as Mode 1c, as shown
in Fig. 3(c).

2) αVo/(1 + α) ≤ vg ≤ Vo/(1 + α): Under this condition,
the coupling effects cannot lead to the conduction of D2 or DQ2,
and iL2 always keeps 0. For a short duty cycle case, iL1 increases
when Q1 turns ON and decreases when Q1 turns OFF. Then, iL1

remains 0 till the next switching cycle, as shown in Fig. 4(a),
which is defined as Mode 2a. If the duty cycle increases, iL1 will
be continuous, as shown in Fig. 4(b), and the converter operates
in Mode 2b.

Fig. 4. Waveforms of (a) Mode 2a and (b) Mode 2b in a switching cycle when
αVo/(1 + α) ≤ vg ≤ Vo/(1 + α).

3) vg > Vo/(1 + α): The converter has two operation
modes under this condition. When Q1 turns ON, due to the force
conduction of D2, v1 = vg and v2 = vg − Vo. The equivalent
inductance of Winding 1, Leq1>0, and the equivalent induc-
tance of Winding 2, Leq3<0. Therefore, iL1 increases from 0
with a slope of vg/Leq1, while iL2 also increases from 0 with
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Fig. 5. Waveforms of (a) Mode 3a and (b) Mode 3b in a switching cycle when
vg > Vo/(1 + α).

Fig. 6. Critical modes (a) between Mode 1a and 1b, and (b) between Mode
1b and 1c, when vg < αVo/(1 + α).

a slope of (vg − Vo)/Leq3. When Q1 turns OFF, v1 = vg − Vo

and v2 = vg − Vo. Both iL1 and iL2 decrease from their peak
currents with the equivalent inductance Leq2>0. Since the peak
value of iL2 is less than iL1, iL2 reaches 0 before iL1. When
iL2 reaches 0, v1 = vg − Vo and v2 = α(Vo − vg). Then, iL1

decreases to 0 with a slope of (Vo − vg)/Lcp, while iL2 remains
0. This operation mode, as shown in Fig. 5(a), is defined as
Mode 3a. If the duty cycle is increased, iL1 will not reach 0 be-
fore the next switching cycle and will be continuous, as shown
in Fig. 5(b), and this is defined as Mode 3b.

B. Boundary Duty Cycle

The operation modes in a switching cycle are characterized
by the duty cycle, and the boundary duty cycle of the operation
modes are analyzed in detail as follows.

Fig. 7. Critical mode between (a) Mode 2a and 2b when αVo/(1 + α) ≤
vg ≤ Vo/(1 + α), and (b) between Mode 3a and 3b when vg > Vo/(1 + α).

1) vg < αVo/(1 + α): Fig. 6(a) shows the waveforms of the
critical mode between Modes 1a and 1b, from which we can
obtain ⎧⎪⎨

⎪⎩
dTs · (vg/Lcp) = Δt1 · (Vo − vg) /Leq3

Δt1 · vg/ (−Leq1) = Δt2 · vg/Lcp

dTs +Δt1 +Δt2 = Ts.

(4)

Since Q1 turns ON in the next switching cycle, when iL2

reaches 0, the boundary duty cycle of Modes 1a and 1b can
be derived from (4) as

d = 1/ (1 + α) . (5)

Fig. 6(b) shows the waveforms of the critical mode between
Modes 1b and 1c. Q1 turns ON in the next switching cycle when
iL1 decrease to 0. Then, we obtain⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(−vg/Leq1)Δt1 = (vg/Leq2)Δt2

(vg/Leq2)Δt2 + (vg/Lcp)

(dTs −Δt2) = [(Vo − vg) /Leq3] Δt1

dTs +Δt1 = Ts

(6)

and the boundary duty cycle of Modes 1b and 1c is

d = (Vo − vg) /Vo. (7)

Therefore, for vg < αVo/(1 + α), when d < 1/(1 + α),
1/(1 + α) < d < (Vo − vg)/Vo, and d = (Vo − vg)/Vo, the
converter works in Modes 1a, 1b, and 1c, respectively.

2) αVo/(1 + α) ≤ vg ≤ Vo/(1 + α): Fig. 7(a) shows the
critical mode between Modes 2a and 2b. Q1 turns ON in the
next switching cycle when iL1 reaches 0. We obtain

(vg/Lcp) dTs = [(Vo − vg) /Lcp] (Ts − dTs) (8)

and the boundary duty cycle of Modes 2a and 2b is

d = (Vo − vg) /Vo. (9)

Therefore, for αVo/(1 + α) ≤ vg ≤ Vo/(1 + α), when d <
(Vo − vg)/Vo and d = (Vo − vg)/Vo, the converter works in
Modes 2a and 2b, respectively.
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TABLE III
DISTRIBUTION OF OPERATION MODES

3) vg > Vo/(1 + α): Fig. 7(b) shows the waveforms of the
critical mode between Modes 3a and 3b. Since Q1 turns ON in
the next switching cycle when iL1 decreases to 0, we can obtain⎧⎪⎪⎪⎨

⎪⎪⎪⎩

[(vg − Vo) /Leq3] dTs = [(Vo − vg) /Leq2] Δt1

(vg/Leq1) dTs = [(Vo − vg) /Leq2]

Δt1 + [(Vo − vg) /Lcp] Δt2

dTs +Δt1 +Δt2 = Ts

(10)

and the boundary duty cycle of Modes 3a and 3b is

d = (Vo − vg) /Vo. (11)

Therefore, for vg > Vo/(1 + α), when d < (Vo − vg)/Vo

and d = (Vo − vg)/Vo, the converter works in Modes 3a and
3b, respectively.

Table III summarizes the distribution of the operation modes
and their boundary duty cycles.

IV. OPERATION MODES IN A HALF LINE CYCLE

A. Duty Cycle of Average Current Control

From Table III, the operation modes in a half line cycle are
determined by the input voltage, vg , and duty cycle d.

Normally, the rectified input voltage, vg , is

vg =
√
2Vin |sin(ωt)| (12)

where ω = 2πfline is the angular frequency and fline the line
voltage frequency. The average inductor current of the operation
phase can be expressed as

iL1_avg =
√
2 (P1L/Vin) |sinωt| = P1Lvg/V

2
in (13)

Fig. 8. Duty cycle of each mode in a half line cycle.

where P1L is the input power of the operation phase.
For unity PF, the duty cycle of the operation phase is normally

calculated on the basis of the average winding current in sinu-
soid. When the inductor current is continuous, such as in Modes
1c, 2b, and 3b, the duty cycle, meeting the voltage-second bal-
ance, can be expressed as

dCCM = (Vo − vg) /Vo. (14)

When the inductor current is discontinuous, such as in Modes
1a, 1b, 2a, and 3a, the average inductor current in a switching
period (t0 ∼ Ts) of these operation modes can be derived from
Figs. 3(a)–4(a), and 5(a) as (15) shown at the bottom of this
page. Substituting (13) into (15), the duty cycle each of these
modes can be derived as (16), shown at the bottom of this page.

B. Operation Modes Variation With Load

When the specific parameters of the converter are given, the
duty cycle in a half line cycle, as well as the operation modes,
can be figured out from (14) and (16). Fig. 8 presents an ex-
ample of the duty cycle in a half line cycle. It should be noted

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

iL1_avg_1a = vg [α(1 + α)vg − Vo] · d2/ {2Lcpfs [(1 + α)vg − Vo]} Mode 1a

iL1_avg_1b = vg

{
(1 + α)2Vo · d2 − 2α(1 + α)2vg · d+ α[(1 + α)2vg − Vo]

}
/{

2Lcpfs(1− α2)(1 + α) [Vo − (1 + α)vg]
}

Mode 1b

iL1_avg_2a = Vovg · d2/ [2fsLcp(Vo − vg)] Mode 2a

iL1_avg_3a = Vo

[
(1 + α)vg − α2Vo

] · d2/ [2fsLcp(Vo − vg)(1− α)(1 + α)2
]

Mode 3a

(15)

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

d1a =
√

2fsLcpP1L [Vo − (1 + α)vg] / {V 2
in [Vo − α(1 + α)vg]}

d1b = αvg/Vo +
√

[Vo − (1 + α)vg] · {αV 2
in [Vo − α(1 + α)vg] + 2LcpfsP1LVo(1− α2)(1 + α)}/ [VoVin(α+ 1)]

d2a =
√

2fsLcpP1L(Vo − vg)/ (V 2
inVo)

d3a =

√
2fsLcpP1L

[
vg(Vo − vg)(1− α)(1 + α)2

]
/ {V 2

inVo [(1 + α)vg − α2Vo]}

(16)
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Fig. 9. Variation of points M1, M2, and M3 as P1L changes.

that if a shorter duty cycle meets the requirement of the av-
erage current control, the converter would not operate with a
longer duty cycle. Therefore, although there are more than one
duty cycle value meet the average current requirements under a
specific time point, the duty cycle is the smallest one. As a re-
sult, the operating duty cycle is the minimum value envelope of
those calculated duty cycles. Since the variation of the operation
modes in a half line is symmetrical, the analysis of the modes
variation is performed in [0, Tline/4]. When vg < αVo/(1 + α),
since the minimum duty cycle is d1b in [0, t1] and d1a in [t1, t2],
the converter operates in Modes 1b and 1a, respectively. When
αVo/(1 + α) ≤ vg ≤ Vo/(1 + α), the minimum duty cycle is
d2a in [t2, t3] and dCCM in [t3, t4], so the converter operates
in Modes 2a and 2b, respectively. When vg > Vo/(1 + α), the
minimum duty cycle is dCCM, so the converter operates in Mode
3b in [t4, Tline/4].

As the load changes, the operation modes in a half line cycle
also change because of the duty cycle variation. Since the duty
cycles are related with vg from (14) and (16), the analysis of the
operation mode variation in a half line cycle as the load change
can be turned into the analysis of the relationship between the
minimum duty cycle and vg in [0,

√
2Vin].

From (14) and (16), Fig. 9 shows the duty cycle of each mode
varying with vg in [0,

√
2Vin], corresponding to Fig. 8, and there

are some boundary points between the operation modes. The
curve of dCCM intersects with the line vg = αVo/(1 + α) and
vg = Vo/(1 + α) at points of S1 (αVo/(1 + α), 1/(1 + α)) and
S2 (Vo/(1 + α), α/(1 + α)), respectively, which are indepen-
dent of P1L. The intersection points of curves d1a and d1b, d1a
and d2a, and d2a and d3a are defined as M1, M2, and M3, respec-
tively, which have a relationship withP1L. AsP1L decreases, all
the duty cycles decrease generally; M1 moves to left along the
line of d = 1/(1+α); M2 and M3 move down along the line of
vg = αVo/(1 + α) and line of vg = Vo/(1 + α), respectively.

As Vin changes, the range of vg , [0,
√
2Vin], changes in a

half line cycle, as well as the operation modes. When
√
2Vin <

αVo/(1 + α), vg < αVo/(1 + α) and the operation modes, oc-
curred in a half line cycle, are just Modes 1a, 1b, and 1c. When

αVo/(1 + α) <
√
2Vin < Vo/(1 + α), Modes 2a and 2b will

occur. When
√
2Vin > Vo/(1 + α), all the operation modes may

occur in a half line cycle. The variation of the operation modes
with the load change is analyzed in detail as follows.

1)
√
2Vin < αVo/(1 + α): There are four boundary powers

in this voltage range, and only Modes 1a, 1b, or 1c occurs. As
P1L increases from the light load to the heavy load, M1 moves
along the line of d= 1/(1+α) from (0, 1/(1+α)) to S1. When M1

moves to (0, 1/(1+α)), as shown in Fig. 10(a), the first boundary
power P11 is derived from (16) by the substitution of vg = 0 into
d1a = 1/(1 + α) as

P11 = V 2
in/

[
2Lcpfs(1 + α)2

]
. (17)

Therefore, when 0 < P1L < P11, only Mode 1a occurs in a
half line cycle since the minimum duty cycle is d1a.

As the load increases, when P1L > P11, Mode 1b appears.
When M1 moves to (

√
2Vin, 1/(1 + α)), as shown in Fig. 10(b),

the second boundary power P12 is derived from (16) by the
substitution of vg =

√
2Vin into d1a = 1/(1 + α) as

P12 =
V 2
in

[
Vo −

√
2Vinα(1 + α)

]
2Lcpfs(1 + α)2

[
Vo −

√
2Vin(1 + α)

] . (18)

When P11 < P1L < P12, Modes 1b and 1a occur succes-
sively.

As the load further increases, when M1 moves to the right of
(
√
2Vin, 1/(1 + α)), and d1b and dCCM intersect at vg =

√
2Vin

, as shown in Fig. 10(c), then P13 can be obtained from (16) by
the substitution of vg =

√
2Vin into dCCM = d1b as

P13 =
V 2
inVo(α

2 + α+ 1)−√
2V 3

in(2α
2 + 3α+ 1)

2LcpfsVo(1− α)(1 + α)2
. (19)

WhenP12 < P1L < P13, only Mode 1b occurs since the min-
imum duty cycle is d1b.

As the load increases, when P1L > P13, Mode 1c appears.
When M1 moves to the right continuously, and d1b and dCCM

intersect at vg = 0, as shown in Fig. 10(d), the last boundary
power P14 can be derived from (16) by the substitution of vg = 0
into dCCM = d1b as

P14 = V 2
in

(
α2 + α+ 1

) /[
2Lcpfs(1 + α)2 (1− α)

]
. (20)

When P13 < P1L < P14, Modes 1b and 1c occur since the
minimum duty cycle is d1b and dCCM in succession, and the
converter enters into partial CCM.

When P1L > P14, only Mode 1c occurs since the mini-
mum duty cycle is dCCM, and the converter operates in full
CCM.

Fig. 11 shows the operation-mode-occurring condition as the
load increases when

√
2Vin < αVo/(1 + α).

2) αVo/(1 + α) ≤ √
2Vin ≤ Vo/(1 + α): There are also

four boundary powers in this voltage range, and Modes 2a or
2b will occur in a half line cycle. With the increase of P1L,
M1 moves right along d = 1/(1+α), while M2 moves up along
vg = αVo/(1 + α).

The first boundary power P21, as M1 moves to vg = 0, is
similar to P11, as shown in Fig. 12(a). When 0 < P1L < P21,
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Fig. 10. Duty cycle at boundary powers (a) P11, (b) P12, (c) P13, and (d) P14, when
√
2Vin < αVo/(1 + α).

Fig. 11. Variation of modes in a half line cycle as the load changes when
√
2Vin < αVo/(1 + α).

since the minimum duty cycles are d1a and d2a, Modes 1a and
2a occur in a half line cycle

As the load increases, M2 moves up, and d2a and dCCM will
intersect at vg =

√
2Vin , as shown in Fig. 12(b). Substituting

vg =
√
2Vin into dCCM = d2a, the second boundary power P22

can be derived from (16) as

P22 = V 2
in(Vo −

√
2Vin)/ (2LcpfsVo) . (21)

When P21 < P1L < P22, Modes 1b, 1a, and 2a occur succes-
sively.

As the load increases, when M1 and M2 intersect at S1, as
shown in Fig. 12(c), the third boundary power P23 can be derived
by substituting vg = αVo/(1 + α) into d1a = 1/(1 + α) as

P23 = V 2
in/ [2Lcpfs(1 + α)] . (22)

When P22 < P1L < P23, since the minimum duty cycles are
d1b, d1a, d2a, and dCCM, Modes 1b, 1a, 2a, and 2b occur, and
the converter enters into partial CCM.

The last boundary power P24 is similar to P14, which occurs
when d1b and dCCM intersect at vg = 0, as shown in Fig. 12(d).

So, when P23 < P1L < P24, Modes 1b, 1c, and 2b occur, since
the minimum duty cycles are d1b and dCCM.

When P1L > P24, the minimum duty cycle is dCCM; Modes
1c and 2b occur, and the converter enters into full CCM.

Fig. 13 shows the operation-mode-occurring condition as the
load increases when αVo/(1 + α) <

√
2Vin < Vo/(1 + α).

3)
√
2Vin > Vo/(1 + α): There are five boundary powers in

this voltage range, and Modes 3a or 3b will occur. With the
increase of P1L, M3 moves up along vg = Vo/(1 + α), while
M1 moves right along d = 1/(1+α) and M2 moves up along
vg = αVo/(1 + α).

When d3a and dCCM intersect at vg =
√
2Vin , as shown in

Fig. 14(a), the first boundary power P31 can be derived from
(16) by substituting vg =

√
2Vin into d3a = dCCM as

P31 =

√
2Vin

(
Vo −

√
2Vin

) [√
2 (1 + α)Vin − α2Vo

]
4LcpfsVo(1− α)(1 + α)2

(23)

and when 0 < P1L < P31, Modes 1a, 2a, and 3a occur since
the minimum duty cycles are d1a, d2a, and d3a.
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Fig. 12. Duty cycle at boundary powers (a) P21, (b) P22, (c) P23, and (d) P24, when αVo/(1 + α) ≤ √
2Vin ≤ Vo/(1 + α).

Fig. 13. Variation of modes in a half line cycle as the load changes when αVo/(1 + α) ≤ √
2Vin ≤ Vo/(1 + α).

When M1 moves to vg = 0 as the load increases, as shown in
Fig. 14(b), the second boundary power P32 is similar to P11 and
P21. When P31 < P1L < P32, Modes 1a, 2a, 3a, and 3b occur,
since the minimum duty cycles are d1a, d2a, d3a, and dCCM, and
the converter enters into partial CCM.

As M3 moves to S2, as shown in Fig. 14(c), the third boundary
power P33 can be obtained by substituting vg = Vo/(1 + α) into
d2a = α/(1 + α) as

P33 = αV 2
in/ [2Lcpfs(1 + α)] (24)

and when P32 < P1L < P33, Modes 1b, 1a, 2a, 3a, and 3b
occur, successively.

When M1 and M2 intersect at S1, as shown in Fig. 14(d),
the fourth boundary power P34 is similar to P23. When P33 <
P1L < P34, Modes 1b, 1a, 2a, 2b, and 3b occur.

When d1b and dCCM intersect at vg = 0, as shown in
Fig. 14(e), the last boundary power P35 is similar to P14 and

P24, and when P34 < P1L < P35, Modes 1b, 1c, 2b, and 3b
occur.

When P1L > P35, Modes 1c, 2b, and 3b occur, and the con-
verter enters into full CCM.

Fig. 15 shows the operation-mode-occurring condition as the
load increase when

√
2Vin > Vo/(1 + α).

C. Operation Modes in a Half Line Cycle

When the specific parameters of the converter are given, the
boundary power is calculated from (17)–(24). For a specific in-
put power of the operation phase, P1L, the operating duty cycles
in a half line cycle can be calculated from (12)–(16), and the
whole operation mode map in a half line cycle is formed from
Figs. 10–15. With a specific duty cycle and the converter pa-
rameters, the corresponding operation mode is confirmed from
the boundary duty cycle expressions (4)–(11) and Table III.
Then, on the basis of (1)–(3) and Table II, the inductor current
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Fig. 14. Duty cycle at boundary powers (a) P31, (b) P32, (c) P33, (d) P34, and (e) P35, when
√
2Vin > Vo/(1 + α).

Fig. 15. Variation of modes in a half line cycle as the load changes when
√
2Vin > Vo/(1 + α).

expressions of the operation mode in each switching cycle can
be obtained, and both the winding current waveforms can be
depicted. At last, the average winding currents, input current,
and power factor can be calculated.

If Vo = 400 V,Lcp = 500μH, andα= 0.7, take Vin = 110 V
and Vin = 220 V as examples to show the operation modes in a
half line. For Vin = 110 V,

√
2Vin < αVo/(1 + α), P11 = 42 W,

P12 = 66 W, P13 = 84 W, and P14 = 306 W. Fig. 16 depicts
the peak envelop of the inductor current in a half line cycle, as
well as the operation modes, at P1L = 30 W, P1L = 60 W, and
P1L = 100 W, respectively. Since 30 W < P11, P11 < 60 W <
P12, and P13 < 100 W < P14, the operation modes in a half
line cycle are Modes 1a, 1a, and 1b, and Modes 1b and 1c,
respectively, which matches the analysis in Fig. 11.

For Vin = 220 V,
√
2Vin > Vo/(1 + α), P31 = 133 W,

P32 = 167 W, P33 = 199 W, P34 = 285 W, and P35 = 1223 W.
Fig. 17 depicts the waveforms of inductor current and operation
modes in a half line cycle at P1L = 100W, P1L = 200W, and
P1L = 400W. Since 100 W < P31, P33 < 200 W < P34, and
P34 < 400 W<P35, the operation modes in a half line cycle are

Modes 1a, 2a, and 3a, Modes 1b, 1a, 2a, 2b, and 3b, and Modes
1b, 1c, 2b, and 3b, respectively, which matches the analysis in
Fig. 17.

On the basis of the analysis above, the converter opera-
tion modes in a half line cycle under any input voltage and
load, as well as their winding current waveforms, can be ob-
tained. This is helpful to predict the operation condition of the
converter.

D. Power Distribution of Two Phases

From Figs. 16 and 17, the input power of operation phase
P1L flows from source to load, and a part of the input power
P2L would flow through the non-operation phase due to the
conduction of D2 orDQ2: When vg < αVo/(1 + α),P2L flows
throughDQ2 returning back to the source, as shown in Fig. 18(a);
whenαVo/(1 + α) ≤ vg ≤ Vo/(1 + α),P2L is 0, as shown in
Fig. 18(b); when vg > Vo/(1 + α), P2L flows through D2 to
the load, as shown in Fig. 18(c). This may worsen the converter
efficiency and distort the average input current waveform.
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Fig. 16. Envelope of inductor current in a half line cycle at (a) P1L = 30W, (b) P1L = 60W, and (c) P1L = 100W, when Vin = 110 V and α = 0.7.

Fig. 17. Envelope of inductor current in a half line cycle at (a) P1L = 100W, (b) P1L = 200W, and (c) P1L = 400W, when Vin = 220 V and α = 0.7.

When Vin and P1L are fixed, the operation modes and the
winding current waveforms in a half line cycle are fixed. On the
basis of Figs. 3–5, the average inductor current of non-operation
phase iL2_avg can be calculated as (25) shown at the bottom of

this page, and
P2L = 2fline ·

n∑
i=1

∫ ti_max

ti_min

vgiL2_avg_idt (26)

where n is the number of operation modes in a half line cycle,
ti_min and ti_max the start and end time of the ith operation mode,

iL2_avg =⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

αP1Lvg [αVo − (1 + α)vg] /
{
V 2
in [α(1 + α)vg − Vo]

}
Mode 1a

αvg

[
2Vin

√
2LcpP1LfsVo(1− α)(1 + α)2 [Vo − (1 + α)vg] + αV 2

in

[
V 2
o − (1 + α)2Vovg + α(1 + α)2v2g

]
+(1 + α)V 2

in(2αvg − Vo)− 2LcpP1LfsVo(1− α2)
]

2LcpVoV 2
infs(α

2−1)
Mode 1b

αvg [(1 + α)vg − αVo] /
[
2fsLcpVo(1− α)(1 + α)2

]
Mode 1c

0 Modes 2a, 2b
2P1Lαvg [(1 + α)vg − Vo] /

{
V 2
in

[
(1 + α)vg − α2Vo

]}
Mode 3a

α(Vo − vg) [(1 + α)vg − Vo] /
[
2LcpfsVo(1 + α)(1− α2)

]
Mode 3b

(25)
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Fig. 18. Power distribution of each phase when (a) vg < αVo/(1 + α), (b) αVo/(1 + α) ≤ vg ≤ Vo/(1 + α), and (c) vg > Vo/(1 + α).

Fig. 19. Waveforms of average current in a half line cycle when (a) Vin = 110 V, (b) Vin = 160 V, and (c) Vin = 220 V.

Fig. 20. Calculated power distribution between the two phases.

and iL2_avg_i the average inductor current of the ith operation
mode of the non-operation phase.

Under the specifications listed in Section V, the average input
and winding currents in a half line cycle, for Vin equals 110 and
220 V, can be obtained from (13) and (25), as shown in Fig. 19.
Although iL1 is controlled in sinusoid, the average input current
iin is distorted because of the current flowing, iL2, and the power
factor will be decreased.

For a given P1L, P2L can be calculated from (26), and
Pin = P1L + P2L. Fig. 20 shows P2L and Pin varying with
P1L at different Vin for α = 0.7. When Vin = 110 V,

√
2Vin <

αVo/(1 + α); iL2 keeps negative in a half line cycle, so P2L <
0 and the power flows through the non-operation phase returning
back to the source. When Vin = 220 V,

√
2Vin > Vo/(1 + α),

although the three power distribution types in Fig. 18 exist in a
half line cycle, the returned back power is limited because of the

Fig. 21. Prototype of the two-phase interleaved boost PFC converter.

narrow time range and the overall power of the non-operation
phase, P2L > 0.

V. EXPERIMENTAL VERIFICATION

A 1-kW two-phase interleaved boost PFC converter is built
for experimental verification, as shown in Fig. 21. Vo = 400 V,
fs = 100 kHz, Lcp = 500μH (ferrite ETD 59), and α = 0.7,
and the control IC is TI UCC28070a.

For Vin = 110 V,
√
2Vin < αVo/(1 + α), Modes 1a, 1b, and

1c may appear in a half line cycle, and P11 = 42 W, P12 = 66 W,
P13= 84 W, and P14= 306 W. Figs. 22(a), 23(a), and 24(a) show
the experimental waveforms of the two inductor currents in a half
line cycle when P1L = 30 W, P1L = 60 W, and P1L = 100 W,
respectively.
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Fig. 22. Experimental waveforms of inductor current in (a) a half line cycle
and (b) Mode 1a, when Vin = 110 V and P1L = 30 W.

1) When P1L = 30 W, P2L = −4 W and Pin = 26 W. For
P1L < P11, only Mode 1a occurs in [0, Tline/2], and
the experimental waveforms of Mode 1a in the switch-
ing cycle are shown in Fig. 22(b). iL2 decreases to
0 in the negative direction before the next switching
cycle, which matches the waveforms of Mode 1a in
Fig. 3(a).

2) When P1L = 60 W, P2L = −8 W and Pin = 52 W. For
P11 < P1L < P12, Modes 1b and 1a occur successively,
and the experimental waveforms of Modes 1b and 1a in
the switching cycle are shown in Fig. 23(b) and (c). In
Fig. 23(b), iL2 does not reach 0 before the next switch-
ing cycle, which matches the waveforms of Mode 1b in
Fig. 3(b).

3) When P1L = 100 W, P2L = −12 W and Pin = 88 W. For
P13 < P1L < P14, Modes 1b and 1c occur in [0, Tline/2],
and the experimental waveforms of Modes 1b and 1c in
the switching cycle are shown in Fig. 24(b) and (c). In
Fig. 24(c), iL1 does not reach 0 before the next switch-
ing cycle, which matches the waveforms of Mode 1c in
Fig. 3(c).

The modes occurring in a half line cycle at differentP1L match
the theoretical analysis in Figs. 12, 13, and 16.

For Vin = 220 V,
√
2Vin > Vo/(1 + α), all the modes exist

in a half line cycle, and P32 = 167 W, P33 = 199 W, P34 =
285 W, and P35 = 1223 W. Figs. 25(a), 26(a), and 27(a) show
the experimental waveforms of the two inductor currents in a
half line cycle when P1L = 100 W, P1L = 200W, and P1L =
400 W, respectively.

Fig. 23. Experimental waveforms of inductor current in (a) a half line cycle,
(b) Mode 1b, and (c) Mode 1a, when Vin = 110 V and P1L = 60 W.

1) When P1L = 100 W, P2L = 30 W, and Pin = 130 W: For
P1L < P31, Modes 1a, 2a, and 3a occur, and the ex-
perimental waveforms of these modes in the switching
cycle are shown in Fig. 25(b)–(d). In Fig. 25(c), iL1 is
discontinuous and iL2 remains 0 in the switching cycle,
which matches the waveforms of Mode 2a in Fig. 4(a). In
Fig. 25(d), iL1 is discontinuous and iL2 remains positive
in the switching cycle, which matches the waveforms of
Mode 3a in Fig. 5(a).

2) When P1L = 200 W, P2L = 20 W, and Pin = 220 W: For
P33 < P1L < P34, Modes 1b, 1a, 2a, 2b, and 3b occur
in [0, Tline/2] successively, and the experimental wave-
forms of these modes in the switching cycle are shown in
Fig. 26(b)–(e). Because of the control strategy of
UCC28070a, which fixes the duty cycle below 0.5 at the
zero-crossing point of the input voltage, Mode 1b does not
appear in the experiment. In Fig. 26(d), iL1 is continuous
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Fig. 24. Experimental waveforms of inductor current in (a) a half line cycle, (b) Mode 1b, and (c) Mode 1c, when Vin = 110 V and P1L = 100 W.

Fig. 25. Experimental waveforms of inductor current in (a) a half line cycle, (b) Mode 1a, (c) Mode 2a, and (d) Mode 3a, when Vin = 220 V and P1L = 100 W.

and iL2 remains 0 in the switching cycle, which matches
the waveforms of Mode 2b in Fig. 4(b). In Fig. 26(e), iL1

is continuous and iL2 remains positive, which matches the
waveforms of Mode 3b in Fig. 5(b).

3) When P1L = 400 W, P2L = 20 W, and Pin = 420 W: For
P1L > P34, Modes 1b, 1c, 2b, and Mode 3b occur suc-
cessively, and the experimental waveforms of these modes
in the switching cycle are shown in Fig. 27(b)–(e).

Generally, the modes in a half line cycle at differentP1L match
the theoretical analysis in Figs. 14, 15, and 17.

The powers of the two phases are measured by using the
PW3335 power meter, separately, and the experimental data of
P2L and Pin varying withP1L in the experiment when Vin = 110
V and Vin = 220 V are shown in Fig. 28. The experimental re-
sults match the theoretical analysis under the low line condition
for its simple operation modes, and a slight deviation (0–20 W)
appears for the high line condition in a light load (<200 W).
A possible reason would be that the operation modes in real

experiments do not match those in the theoretical analysis. Since
the duty cycle at the zero-crossing point of the input voltage is
limited to below 50% by control IC UCC28070a, which is lower
than the theoretical duty cycle values, the average input current
and the input power of the non-operation phase are reduced in
the experiments.

Fig. 29 shows the efficiency, η, of the converter with a coupled
inductor varying with Pin under the single-phase and two-phase
operations. When Vin = 110 V,

√
2Vin < αVo/(1 + α). Since

P2L < 0, the losses of the converter increase, and the superiority
of the single-phase operation in the light load is not obvious.
The efficiency of the single-phase operation is close to that of
the two-phase operation, and the efficiency change point is in
a very light load, as shown in Fig. 31(a). When Vin = 160 V,
αVo/(1 + α) <

√
2Vin < Vo/(1 + α); the section of P2L = 0

occurs, and the section of P2L < 0 shrinks, so the superiority of
the single-phase operation in the light load appears, as shown
in Fig. 31(b). When Vin = 220 V,

√
2Vin > Vo/(1 + α); the
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Fig. 26. Experimental waveforms of inductor current in (a) a half line cycle, (b) Mode 1a, (c) Mode 2a, (d) Mode 2b, and (e) Mode 3b, when Vin = 220 V and
P1L = 200 W.

Fig. 27. Experimental waveforms of (a) a half line cycle, (b) Mode 1b, (c) Mode 1c, (d) Mode 2b, and (e) Mode 3b, when Vin = 220 V and P1L = 400 W.

Fig. 28. Power comparison between experimental tests and theoretical calculation when (a) Vin = 110 V and (b) Vin = 220 V.
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Fig. 29. Efficiency comparison between single-phase and two-phase operation
converters with coupled inductor when (a) Vin = 110 V, (b) Vin = 160 V, and
(c) Vin = 220 V.

section of P2L < 0 is further reduced, and the superiority of the
single-phase operation in the light load is obvious, as shown in
Fig. 31(c).

Fig. 30 shows the converter PF varying with Pin under
the single-phase operation condition for the coupled inductor
and uncoupled inductor cases. Because of the current flowing
through the non-operation phase, the PF of the converter with a
coupled inductor is generally lower than that of the uncoupled
case in the whole load range. For a fixed input voltage, as the
load increases, the proportion of P2L in Pin becomes small, and
the influence of iL2 on iin is reduced. Therefore, the PF of the
single-phase converter with a coupled inductor and an uncou-
pled inductor is close at the heavy load. For a fixed load, with
the increase of Vin, the section of P2L < 0 and the average cur-
rent of iL2 are reduced, so the influence of the non-operation
phase on the PF becomes small, and the PFs of the coupled and
uncoupled cases are close.

Fig. 30. PF comparison between single-phase operation converter with cou-
pled inductor and uncoupled inductor, when (a) Vin = 110 V, (b) Vin = 160 V,
and (c) Vin = 220 V.

VI. CONCLUSION

In this paper, the operation modes of the two-phase interleaved
boost PFC converter with a coupled inductor under the single-
phase operation are analyzed in detail. All the seven operation
modes and their boundary conditions in a switching cycle are
presented. Then, the operation modes in a half line cycle, as well
as their load-related variation rules, are obtained, which can be
used to predict the converter operation mode under any con-
dition. Since negative current flows through the non-operation
phase caused by the coupled inductor, the converter efficiency
and PF will be reduced, especially under low line voltage. The
coupling effect is relatively weak under a high line voltage due
to the low average winding current and the narrow time range
of the negative power flow, inside which the superiority of the
single-phase operation is obvious.



184 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 1, JANUARY 2020

REFERENCES

[1] H. Wei and I. Batarseh, “Comparison of basic converter topologies for
power factor correction,” in Proc. IEEE Southeastcon ′98, 1998, pp. 348–
353.

[2] B. A. Miwa, D. M. Otten, and M. E. Schlecht, “High efficiency power fac-
tor correction using interleaving techniques,” in Proc. IEEE Appl. Power
Electron. Conf. Expo., 1992, pp. 557–568.

[3] L. Balogh and R. Redl, “Power-factor correction with interleaved boost
converters in continuous-inductor-current mode,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., 1993, pp. 168–174.

[4] W. Martinez, S. Kimura, J. Imaoka, M. Yamamoto, and C. A. Cortes,
“Volume comparison of DC-DC converters for electric vehicles,” in Proc.
IEEE Workshop Power Electron. Power Qual. Appl., 2015, pp. 1–6.

[5] M. Pavlovský, G. Guidi, and A. Kawamura, “Assessment of coupled and
independent phase designs of interleaved multiphase buck/boost DC–DC
converter for EV power train,” IEEE Trans. Power Electron., vol. 29, no. 6,
pp. 2693–2704, Jun. 2014.

[6] M. Hirakawa, M. Nagano, Y. Watanabe, K. Andoh, S. Nakatomi, and
S. Hashino, “High power density DC/DC converter using the close-coupled
inductors,” in Proc. IEEE Energy Convers. Congr. Expo., 2009, pp. 1760–
1767.

[7] S. Chandrasekaran and L. U. Gokdere, “Integrated magnetics for inter-
leaved DC-DC boost converter for fuel cell powered vehicles,” in Proc.
IEEE 35th Annu. Power Electron. Spec. Conf., 2004, vol. 1, pp. 356–361.

[8] S. Kimura, J. Imaoka, and M. Yamamoto, “Downsizing effects of inte-
grated magnetic components in high power density DC-DC converters
for EV and HEV,” in Proc. IEEE Energy Convers. Congr. Expo., 2014,
pp. 5761–5768.

[9] Y. Fang and X. Ma, “A novel PV microinverter with coupled inductors
and double-boost topology,” IEEE Trans. Power Electron., vol. 25, no. 12,
pp. 3139–3147, Dec. 2010.

[10] K. J. Hartnett, J. G. Hayes, M. S. Rylko, B. J. Barry, and J. W. Masłoń,
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