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

Fei Yang

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.

1. INTRODUCTION

HE boost converter is widely used in power-factor correc-
T 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 ef 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 de—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. v;, is the input voltage, v,
the rectified input voltage, V,, the output voltage, and v; and
vy the voltages, respectively, applied on Windings 1 and 2. D,
and D, are power diodes, and Q; and Qs power switches. L
and L, 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., Ly = Ly = L, the coupling
coefficient « = M /L,

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 Q is turned ON, the voltage of Winding 1, vy = vy,
and the voltage of Winding 2, v = —av,. The volt-
age applied on the drain-source of Q2, vd4s_ Q2—Vg —
v2=(1 + a)v,, and the reverse-paralleled diode D is
reverse-biased since vgs_g2 > 0. The voltage applied
on Dy, vps = vy — 2 — Vo (1 + )vg — Vo, If v, >
Vo/(1 + @), vpa > 0 and Dy will be forward-biased, as
shown in Fig. 2(a). Otherwise, Winding 2’s current keeps
0.

2) When Q; is turned OFF, v = vy — V,, v2 = —a(vg —
Vo), and vas_ g2 = vg — v2 = (1 + a)vg — oV, If v, <
aV,(1 + @), v4s_ g2 < 0and Dgo will be forward-biased,
as shown in Fig. 2(b). Otherwise, Winding 2’s current
keeps 0.vps = vy —ve —V, = (1 +a)(vy — V), and
D5 is reverse-biased since vpo < 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

{Ul = L1 . (dZLl/dt) — M - (d’LLQ/dt)
— M -

1
Vg = LQ . (dZLQ/dt) (dZLl/dt) ( )
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(b)

Fig.2.  Couplingeffects on converter operations: (a) whenvy > V, /(1 + a),
turn-ON of Q1 makes the conduction of D2, and (b) when vy < aV,(1 + «),
turn-OFF of Q1 makes the conduction of D¢s.

TABLE I
COUPLING EFFECTS ON CIRCUIT STATUSES

ve<aVy/(1+a) aVy/(1+a)<v<Vo/(1+a) ve>Vo/(1+a)
Q;on D, doesn’tconduct D, doesn’t conduct D, conducts
0 off Dy, conducts Dy, doesn’t conduct Dy, doesn’t conduct

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

v +a-vg = (1—a?) - Ley - (dipy/dt) Q)
and the equivalent inductance L. is defined as
Vj = Leq - (dir;/dt) (7 =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) Qj is ON and Ds is forward-biased (vy = Vg, V2 = Vg —

Vo);
2) Qpis ON and D, is forward-biased, or Oy is OFF and Dy
is forward-biased (v; = vy = vy or vV = V3 = vy — V,);
3) Qs isOFFand D is forward-biased (v1 = v, — Vj,, vo =
Vg):

4) one winding current or two winding currents keep 0.

When vy, vo and their relationship are given, the correspond-
ing L, 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) vy < aV,/(1+ «): Under this condition, when Q; turns
ON, i1, increases gradually with the equivalent inductance L,
and izo keeps 0. When Q, turns OFF, Dg» is forward-biased,
v1 = vy — V, and v2 = v,. The equivalent inductance of Wind-
ing 1, Leqs > 0, and the equivalent inductance of Winding 2,
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TABLE II
EQUIVALENT INDUCTANCES OF TWO WINDINGS (Q2 KEEPS OFF)

Q1 is on and D is forward-biased
(vi=vg, and va=vg—V5)

(Vi=va=vg, or vi=vao=vg—Fo)

Qi is on and Dy is forward-biased,
or Q1 is off and D is forward-biased

dip/dt=0 (ir1=0)
or
dir/dt=0 (i12=0)

Qi is off and Dy, is forward-biased
(vi=vg—Vo, and va=vy)

(w/r)i-a) |
L= (1+a)( /V) a Ly
(1= /)12’
b =70 (1+a)(y /O)L

Winding 1

Winding 2

=(-a)L,

=(-a)L,

_ (l_vg/VO)(l_az)
L (a7 L, Lo
_ (w/r)(-a)
S lra)(v V)= " b

ar
o ot
Fig. 3.

Leq1 < 0. Therefore, 77,1 decreases from the peak current, while
11,2 increases from 0O in the negative direction. When i1 reaches
0, v2 = v4 and v1 = —aw,. Then, the equivalent inductance of
Winding 2, L., > 0, and ¢7,2 decreases from the negative peak
current and reaches O before the next switching cycle. This is
defined as Mode 1a, as shown in Fig. 3(a).

If the duty cycle is increased, 71,2 will not reach 0 before the
next switching cycle. When Q; turns ON at the next switching
cycle, v = vy and v2 = v,. Both the equivalent inductances of
the two windings, Leq2>0, and i decrease to O with a slope
of vg/Lqu, while 71 increases from 0 with a slope of vg/Lqu.
This is defined as Mode 1b, as shown in Fig. 3(b).

If ¢11 does not reach 0 before the next switching cycle and
remains continuous, under this condition when Q; turns ON at
the next switching cycle, v; = v4 and v = v,. The equivalent
inductance of the two windings is Leq2, and ¢7,1 and i, increase
with the slope of v, / Lgo. This is defined as Mode Ic, as shown
in Fig. 3(c).

2) aV,/(1+ a) <wv, <V,/(1+ «): Under this condition,
the coupling effects cannot lead to the conduction of Dy or Do,
and 71, always keeps 0. For a short duty cycle case, 71,1 increases
when Q7 turns ON and decreases when Q4 turns OFF. Then, 771
remains O till the next switching cycle, as shown in Fig. 4(a),
which is defined as Mode 2a. If the duty cycle increases, i7,1 will
be continuous, as shown in Fig. 4(b), and the converter operates
in Mode 2b.

Waveforms of (a) Mode la, (b) Mode 1b, and (c) Mode Ic in a switching cycle when vy < oV, /(1 + a).

Fig.4. Waveforms of (a) Mode 2a and (b) Mode 2b in a switching cycle when
aVo/(1+a) < vy < Vo/(1+a).

3) vy >V,/(1+ a): The converter has two operation
modes under this condition. When Q; turns ON, due to the force
conduction of Dy, v; = v4 and vy = vy — V,. The equivalent
inductance of Winding 1, Leq1 >0, and the equivalent induc-
tance of Winding 2, L.q3<0. Therefore, i1, increases from 0
with a slope of v, /Leq1, while ip,5 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 /(14 a).
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Fig. 6.  Critical modes (a) between Mode la and 1b, and (b) between Mode
b and Ic, when vy < oV, /(1 + ).

a slope of (vg — V,)/Leqs. When Qq turns OFF, vy = v, — V,,
and v = v, — V,,. Both i7; and i1 decrease from their peak
currents with the equivalent inductance Lq2>0. Since the peak
value of 77, is less than 21, 775 reaches O before i;1. When
ir2 reaches 0, v1 = vy — V, and vy = (V,, — vg). Then, iz
decreases to 0 with a slope of (V,, — v,)/Lcp, while i o remains
0. This operation mode, as shown in Fig. 5(a), is defined as
Mode 3a. If the duty cycle is increased, 7,1 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.

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

Fig. 7. Critical mode between (a) Mode 2a and 2b when o'V, /(1 4+ «a) <
vg < Vo/(1+ a), and (b) between Mode 3a and 3b when vy > V,, /(1 + «).

1) vy < aV,/(1+ «): Fig. 6(a) shows the waveforms of the
critical mode between Modes la and 1b, from which we can
obtain

dTs - (vg/Lep) = Aty - (Vo = vy) [Legs
Atl . Ug/ (_Leql) = AtQ . Ug/ch
dTs + At + Aty =T,

“

Since Q; turns ON in the next switching cycle, when ir
reaches 0, the boundary duty cycle of Modes la and 1b can
be derived from (4) as

d=1/(1+a). &)

Fig. 6(b) shows the waveforms of the critical mode between
Modes 1b and 1c. Q; turns ON in the next switching cycle when
11,1 decrease to 0. Then, we obtain

(—vg/Leqr) Aty = (vg/ Leqz) Ato
(vg/Leq2) Atz + (vg/Lep)

(6)
(dTs — Atz) = [(Vo — vg) /Leqs] Ata
dTS + Atl = TS
and the boundary duty cycle of Modes 1b and 1c is
d=(V, —vy) [Ve. %

Therefore, for v, < oV, /(14 a), when d < 1/(1 + ),
1/(1+a) <d< (Vo —vy)/V,, and d = (V, —vy)/V,, the
converter works in Modes 1a, 1b, and 1c, respectively.

2) aVo/(1+a) <v, <V,/(1+ «): Fig. 7(a) shows the
critical mode between Modes 2a and 2b. Q; turns ON in the
next switching cycle when ¢1,; reaches 0. We obtain

(vg/Lep) dTs = [(Vo — vg) [/ Lep| (T — dT) ®)
and the boundary duty cycle of Modes 2a and 2b is
d= (Vo —vg) /Vs. 9)

Therefore, for aV, /(1 + a) < vy, < V,/(1+ ), when d <
(Vo —vg)/ Vs, and d = (V, — vg)/V,, the converter works in
Modes 2a and 2b, respectively.
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TABLE III
DISTRIBUTION OF OPERATION MODES

aVy/(1+a)<v,

ve<aVy/(1+a v>Vo/(1+a
o (1+a) <Vl > Vo/(1+a)
0<d<1/(1+a) Mode la
— Mode2a Mode 3a
1/(1+a)<d<(Vo=ve)/ Vs Mode 1b
d=(Vo=ve) Vs Mode 1c Mode 2b Mode 3b

3) vy > V,/(1+ «): Fig. 7(b) shows the waveforms of the
critical mode between Modes 3a and 3b. Since Q; turns ON in
the next switching cycle when ¢1,; decreases to 0, we can obtain

[(vg = Vo) [Leqs] dTs = [(Vo — vg) [ Leq2] Ata

(vg/Leq1) dTs = [(Vo — vg) /Leq2] (10)
Aty + [(V, — vg) /Lep] Ato
dTs + Aty + Aty =T,
and the boundary duty cycle of Modes 3a and 3b is
d = (Vo —vg) /Vo. (1)
Therefore, for vy > V,/(1+ ), when d < (V, —v,)/V,

and d = (V, — vy)/V,, the converter works in Modes 3a and
3b, respectively.

Table IIT 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, vy, and duty cycle d.
Normally, the rectified input voltage, vg, is

vy = V2Viy |sin(wt)|

where w = 27fjine 1S the angular frequency and fiine the line
voltage frequency. The average inductor current of the operation
phase can be expressed as

(12)

aVo/(1+a)<ve<Vo/(1+a) = aVy/(1+a)<v,<V/(1+a) |
ve<aly/(1+a) ve>Vo/(1+a) ve<aVi(1+a) |
< >iedrie Py > >ie >
1.0 T
""" dig == dp
===dy == dxn
—— dcem
L. /(L) weeereererrpeomeoflonsn Tl
d 3 i 7
Ib lai ioila 1b
2a2b ; 2b 24
N 3b 3
000 ht il Tiine/4 Tline/2
t
Fig. 8. Duty cycle of each mode in a half line cycle.

where Py, 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
Ic, 2b, and 3b, the duty cycle, meeting the voltage-second bal-
ance, can be expressed as

dcem = (Vo

—vg) [ V. (14)

When the inductor current is discontinuous, such as in Modes
la, 1b, 2a, and 3a, the average inductor current in a switching
period (ty ~ T5) 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-

i1 ave = V2 (Pir/Vin) [sinwt| = Pipvg/ V2 (13) ample of the duty cycle in a half line cycle. It should be noted
i1 ave 1a = Vg [0(1 4+ a)vg — Vo] - d?/ {2Lcp f5 [(1 + a)vy, — Vo ]} Mode 1a
iL1 avg. 15 = Vg {(1 + )2V, 2 — 20(1 + @)?vy - d + of(1 + ) v, — VO]} /
{Qchfs(l — az)(l +a)[V,—-(1+ a)vg]} Mode 1b (15)
7;[/17'<;\vg;72(1 = Vovg : d2/ [2st ( Ug)] Mode 2a
i1 ave.sa = Vo [(1 4+ a)vy — a?V,] - d2/ [2st6,,(\/0 ve)(1 —a)(1+ a)2] Mode 3a

= V2fsLepPr Vo — (L+ a)ug] /{V2 Vo — a(1 + a)ug]}

s = oy Vit Vs ST ] VAV el e F I PV = T ) Vatin(e + 1)

daa = \/2fSL6pP1L(Vo — )/ (ViaVo) (16)
s = \[2uLepPrs. [i4(Vo = ) (1= @)1+ )]/ 2V, [+ @)y — 02V}
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Fig. 9. Variation of points M1, M2, and M3 as P, 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, Thine/4]. When v, < oV, /(1 + «),
since the minimum duty cycle is dy; in [0, #1] and dy in [£1, 2],
the converter operates in Modes 1b and 1a, respectively. When
aV,/(14+a) < vy < V,/(1+ «), the minimum duty cycle is
daq 1n [t2, t3] and dcowm in (13, t4], SO the converter operates
in Modes 2a and 2b, respectively. When v, > V, /(1 + «), the
minimum duty cycle is dccw, so the converter operates in Mode
3bin [t4, Tiine/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 v, 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 vy in [0, v/2Vi,).

From (14) and (16), Fig. 9 shows the duty cycle of each mode
varying with v, in [0, v/2V4,], corresponding to Fig. 8, and there
are some boundary points between the operation modes. The
curve of docw intersects with the line v, = oV, /(1 + «) and
vy =V, /(1 + ) atpoints of Sy (a'V,, /(1 + ), 1/(1 + o)) and
So (Vo/(1 4 ), a/(1 + «)), respectively, which are indepen-
dent of P; . The intersection points of curves dy, and dyp, d1,
and ds, and do, and d3, are defined as M, M5, and M3, respec-
tively, which have a relationship with P, ;.. As P;j, decreases, all
the duty cycles decrease generally; M; moves to left along the
line of d = 1/(14a); M5 and M3 move down along the line of
vy = aV,/(1+ «a) and line of v, =V, /(1 + «), respectively.

As V;, changes, the range of v, [0, v/2Vi,], changes in a
half line cycle, as well as the operation modes. When V2oV, <
aV,/(1+a),vy < aV,/(1+ «) and the operation modes, oc-
curred in a half line cycle, are just Modes 1la, 1b, and 1c. When
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aV,/(1+a) < v2Vi, < V,/(1+ a), Modes 2a and 2b will
occur. When v/2Vi, > V, /(1 + @), 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) V2V, < aV, /(1 + «): There are four boundary powers
in this voltage range, and only Modes la, 1b, or lc occurs. As
P, increases from the light load to the heavy load, M; moves
along the line of d = 1/(1+«) from (0, 1/(1+«)) to S1. When M1
moves to (0, 1/(14a)), as shown in Fig. 10(a), the first boundary
power Py is derived from (16) by the substitution of v, = 0 into
dia =1/(14 «) as

Pi = V2/ [2Lepfo(1+ )] (17

Therefore, when 0 < Py, < Pj1, only Mode 1a occurs in a
half line cycle since the minimum duty cycle is dy,.

As the load increases, when P;;, > P;;, Mode 1b appears.
When M, moves to (v/2Vi,, 1/(1 + a)), as shown in Fig. 10(b),
the second boundary power P15 is derived from (16) by the
substitution of v, = V2V, into dy, = 1/(1 + ) as

_ V2 [Vo — V2Vina(1 + )]
2L fu(1+a) [Vo— VaVi(1 + )]

When P;1 < Py, < Pio, Modes 1b and 1a occur succes-
sively.

As the load further increases, when M; moves to the right of
(V2Vin, 1/(1 + @)), and dy;, and docy intersect at Vg = V2V,
, as shown in Fig. 10(c), then P;3 can be obtained from (16) by
the substitution of v, = V2Vi, into deey = dip as

ISP (18)

V2V,(a? +a+1) —2V3(2a2 +3a + 1) (19)
2epfsVo(1 = a)(1 + a)? '

Pz =

When Po < P, < Pj3,0nly Mode 1b occurs since the min-
imum duty cycle is dyp.

As the load increases, when Py, > Pj3, Mode lc appears.
When M; moves to the right continuously, and dy; and dcom
intersect at v, = 0, as shown in Fig. 10(d), the last boundary
power P14 can be derived from (16) by the substitution of v, = 0
into dcov = d1p as

Puy=VZ(a*+a+1)/[2Lefs(1+ @) (1—-a)]. (20)

When P;3 < Py < Pi4, Modes 1b and 1c¢ occur since the
minimum duty cycle is di, and dccv in succession, and the
converter enters into partial CCM.

When P;; > Py, only Mode 1c occurs since the mini-
mum duty cycle is docowm, and the converter operates in full
CCM.

Fig. 11 shows the operation-mode-occurring condition as the
load increases when v/2Vi, < oV, /(1 + a).

2) aV,/(1+a) <2V, <V,/(1+a): 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 P,
M moves right along d = 1/(14+«), while M2 moves up along
vg = aV,/(1+ a).

The first boundary power Py, as M; moves to vy = 0, is
similar to Py1, as shown in Fig. 12(a). When 0 < P, < P»y,
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Fig. 11.  Variation of modes in a half line cycle as the load changes when v/2Vi, < oV, /(1 + ).

since the minimum duty cycles are d;, and ds,, Modes la and
2a occur in a half line cycle

As the load increases, My moves up, and ds, and dccopyy will
intersect at vy = V2Vi, , as shown in Fig. 12(b). Substituting
Vg = V2Vi, into deoym = dag, the second boundary power Pay
can be derived from (16) as

Py = ‘/1121(‘/0 - \/i‘/;n)/ (2LCPfSV0) :

When P < P, < Py, Modes 1b, 1a, and 2a occur succes-
sively.

As the load increases, when My and M5 intersect at Sp, as
shown in Fig. 12(c), the third boundary power P23 can be derived
by substituting v, = aV, /(1 + «) into d1, = 1/(1 + ) as

Pas = V2] Loy fo(1+ )] @2)

When Py < P < Psg, since the minimum duty cycles are
dip, dig, dog, and dcov, Modes 1b, 1a, 2a, and 2b occur, and
the converter enters into partial CCM.

The last boundary power Poy is similar to P14, which occurs
when dy;, and dccw intersect at v, = 0, as shown in Fig. 12(d).

21

So, when Po3 < Py, < Py, Modes 1b, 1c, and 2b occur, since
the minimum duty cycles are dy;, and dccw.

When P;p, > Psy, the minimum duty cycle is dcon; 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 aV, /(1 + a) < v2Vi, < V,/(1 + ).

3) V/2Viy > V,,/(1 + «): There are five boundary powers in
this voltage range, and Modes 3a or 3b will occur. With the
increase of Py, M3 moves up along v, = V, /(1 + «), while
M, moves right along d = 1/(1+«) and M5 moves up along
vg =aV,/(1+ a).

When d3, and dcc intersect at vy = V2Vi, , as shown in
Fig. 14(a), the first boundary power P3; can be derived from
(16) by substituting v, = V2Vi, into ds, = decw as

\/ix/vin (Vo - \/i‘/;n) [\/5(1 + a) V;n -
4Lep fVo(1 —)(1 + )?

a2VO]

Py = (23)

and when 0 < Py < P31, Modes 1a, 2a, and 3a occur since
the minimum duty cycles are d,, dag, and ds,.
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Fig. 13.  Variation of modes in a half line cycle as the load changes when o'V, /(1 + a) < v2Vi, < Vo, /(1 + «).

When M; moves to v, = 0 as the load increases, as shown in
Fig. 14(b), the second boundary power P32 is similar to P1; and
Ps1. When P31 < Pi;, < P32, Modes la, 2a, 3a, and 3b occur,
since the minimum duty cycles are dy,, dag, dsq, and dcon, and
the converter enters into partial CCM.

As M3 moves to S, as shown in Fig. 14(c), the third boundary
power P33 can be obtained by substituting v, = V,,/(1 + «) into
dog = /(1 + @) as

Py = aVZ/ [2Lepfs(1+ )] (24)
and when P35 < P;p < P33, Modes 1b, la, 2a, 3a, and 3b
occur, successively.

When M; and M, intersect at S, as shown in Fig. 14(d),
the fourth boundary power Ps4 is similar to Po3. When Ps3 <
Py, < P34, Modes 1b, 1a, 2a, 2b, and 3b occur.

When di; and dccy intersect at vy, = 0, as shown in
Fig. 14(e), the last boundary power P35 is similar to P14 and

Poy, and when P34, < Py, < P35, Modes 1b, 1c, 2b, and 3b
occur.

When Py, > P35, Modes ¢, 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 v/2Vi, > V, /(1 + a).

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, P, 1, 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. 15.  Variation of modes in a half line cycle as the load changes when v/2Vi, > V,, /(1 + ).

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.

ItV, =400V, L.p = 500 uH, and o« = 0.7, take V;, =110 V
and Vi, = 220V as examples to show the operation modes in a
half line. For Vi, = 110V, v/2Vi, < aV, /(1 + a), P11 =42 W,
Py =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 P;;, = 30W, P, = 60 W, and
Py, = 100 W, respectively. Since 30 W < P11, P11 < 60 W <
P12, and P13 < 100 W < Pq4, the operation modes in a half
line cycle are Modes la, la, and 1b, and Modes 1b and Ic,
respectively, which matches the analysis in Fig. 11.

For Vi, = 220 V, v2Vi, >V, /(1 +a), P3; = 133 W,
P32 = 167W,P33 = 199W,P34 :285W, andP35 = 1223 W.
Fig. 17 depicts the waveforms of inductor current and operation
modes in a half line cycle at Py;, = 100 W, P, = 200 W, and
P, =400 W. Since 100 W < P3q, 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, Ic, 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
Py, flows from source to load, and a part of the input power
P51, would flow through the non-operation phase due to the
conduction of Dy or Dgo: Whenvy < oV, /(1 + ), Por, flows
through Do returning back to the source, as shown in Fig. 18(a);
whenaV,/(1+a) < v, < V,/(1+ «), P2r,is0, as shownin
Fig. 18(b); when vy > V, /(1 + «), Py, flows through D5 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) P17, = 30 W, (b) P, = 60W, and (¢) Py, = 100 W, when Vi, =110 V and o = 0.7.
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Fig. 17.  Envelope of inductor current in a half line cycle at (a) P L = 100 W, (b) Py, = 200 W, and (¢) P;;, = 400 W, when Vi, =220V and o = 0.7.

When Vi, and P, are fixed, the operation modes and the this page, and —
winding current waveforms in a half line cycle are fixed. On the Par, =2 fiine - Z / VgliL2_avg idl (26)
basis of Figs. 3-5, the average inductor current of non-operation ti_min
phase i1 avy can be calculated as (25) shown at the bottom of  \here y is the number of operation modes in a half line cycle,
ti min and ¢; max the start and end time of the ith operation mode,

Z'L2Jauvg —
aPipvg [aV, — (1+ a)vg] / {Vi2 [a(1 + a)vg — Vo] } Mode 1a
vy 2Vin\/2LCpP1LfS L1 —a)(1+a)’ [V, — (14 a)vy] + aV2 |[V2 — (14 )’ Vo, + a1+ a)® q}
+(1+ a)V2(2avy — Vi) — 2Ley Prp fsVo(1 — o2)]
g L STV, VE (@0 Mode 1b
avy [(1+ a)v, — aVy]/ [2stc,,vo(1 —a)(1+a) } Mode 1c
0 Modes 2a, 2b
2P pavg [(1+ a)vg — Vo] /{Vi2 [(1 + @)vy — a?V,] } Mode 3a
a(Vy —vg) [(T+ oz)vg —Vul/ [2chfg o(1+a)(1—a?)] Mode 3b

(25)
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Fig. 20.  Calculated power distribution between the two phases.

and ir2_qvg 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 V},, equals 110 and
220V, can be obtained from (13) and (25), as shown in Fig. 19.
Although i1, is controlled in sinusoid, the average input current
iin 18 distorted because of the current flowing, i 72, and the power
factor will be decreased.

For a given P, P»; can be calculated from (26), and
P, = Pi;, + Pr. Fig. 20 shows P57 and Pj, varying with
Py, at different Vi, for « = 0.7. When Vi, = 110V, V2V, <
aV,/(1 + «); ir2 keeps negative in a half line cycle, so Pay, <
0 and the power flows through the non-operation phase returning
back to the source. When Vi, = 220 V, v2Vi, > V, /(1 + a),
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, Por, > 0.

V. EXPERIMENTAL VERIFICATION

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

For Vi, = 110 V, v2Vi, < aV,/(1 + «), Modes 1a, 1b, and
lc may appear in a half line cycle, and P11 =42 W, P15 =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 P, = 30W, Pi;, = 60W, and P, = 100W,
respectively.
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Fig. 22.
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Experimental waveforms of inductor current in (a) a half line cycle

and (b) Mode 1a, when Vi, = 110 Vand P, = 30W.

1)

2)

3)

When P, =30W, Py, = —4W and P;, = 26 W. For
P11, < Pyp, only Mode la occurs in [0, Tjine/2], and
the experimental waveforms of Mode la in the switch-
ing cycle are shown in Fig. 22(b). 775 decreases to
0 in the negative direction before the next switching
cycle, which matches the waveforms of Mode la in
Fig. 3(a).

When P, = 60W, Py, = —8W and P;, = 52 W. For
P11 < Py, < Pj2,Modes 1b and 1a occur successively,
and the experimental waveforms of Modes 1b and la in
the switching cycle are shown in Fig. 23(b) and (c). In
Fig. 23(b), i12 does not reach O before the next switch-
ing cycle, which matches the waveforms of Mode 1b in
Fig. 3(b).

When Py, = 100W, Py;, = —12W and P;,, = 88 W. For
P53 < Py, < Pi4,Modes 1band Icoccurin [0, Tiine/2],
and the experimental waveforms of Modes 1b and Ic in
the switching cycle are shown in Fig. 24(b) and (c). In
Fig. 24(c), ir1 does not reach O before the next switch-
ing cycle, which matches the waveforms of Mode Ic in
Fig. 3(c).

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

For Vi, = 220 V, v2Vi, > V, /(1 4 «), all the modes exist
in a half line cycle, and P3s = 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 Py, = 100W, Py, = 200W, and P, =
400 W, respectively.
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Experimental waveforms of inductor current in (a) a half line cycle,

(b) Mode 1b, and (c) Mode la, when Vi, = 110 Vand P;;, = 60 W.

1)

2)

When Py, = 100W, Py, = 30 W, and P;,, = 130 W: For
Py, < 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), ip1 is
discontinuous and ¢7,5 remains O in the switching cycle,
which matches the waveforms of Mode 2a in Fig. 4(a). In
Fig. 25(d), i1 is discontinuous and 77,2 remains positive
in the switching cycle, which matches the waveforms of
Mode 3a in Fig. 5(a).

When P, = 200W, Py;, = 20 W, and P;,, = 220 W: For
P33 < Py, < P34, Modes 1b, 1a, 2a, 2b, and 3b occur
in [0, Tiine/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), i1, 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 Ic, when Vi, = 110 V and Py, = 100 W.
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Fig. 25. Experimental waveforms of inductor current in (a) a half line cycle, (b) Mode 1a, (c) Mode 2a, and (d) Mode 3a, when Vi, =220V and Py, = 100 W.

and 77 remains 0 in the switching cycle, which matches
the waveforms of Mode 2b in Fig. 4(b). In Fig. 26(e), i1,1
is continuous and 77,9 remains positive, which matches the
waveforms of Mode 3b in Fig. 5(b).

3) When Py, =400W, P;, = 20 W, and P;,, = 420 W: For
Py, > 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 different P; 7, 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
Psy, and P;,, varying with P j, in the experiment when Vi, = 110
V and V;, = 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, 7, of the converter with a coupled
inductor varying with P;,, under the single-phase and two-phase
operations. When Vi, = 110 V, v2Vi, < oV, /(1 + «). Since
Py, < 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 V;, = 160 V,
aV,/(1+a) < V2Vi, < V,/(1+ a); the section of Pyf, = 0
occurs, and the section of P»7, < 0 shrinks, so the superiority of
the single-phase operation in the light load appears, as shown
in Fig. 31(b). When Vi, = 220 V, V2V, > V, /(1 + «); the



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

Time:[2 ms/div]

DM TR Toom Postton,_~2.31ms ToomFactor, S00K Toom Positon_-166ms

ir, ] " (4 us/div] H ves1:[20 V/div] | Time:[4 us/div] i Vest:[20 V/div] !
: I \ . - 1
- : i1 A/div] ; i:[2 A/div]

i 2 A/div]

i1 A/div] ir2:[2 A/div]

in:[5 A/div] i adivi{]™ i i [2 Aldiv]
(a) (b) (©)
Eﬁ M
ZToom Factor: 500X Toom Position: ~1.48ms ZToom Factor: 500 X Zoom Position: -334ps

Time:[4 us/div] Vest:[20 V/div] ”1;

Time:[4 us/div] Ves1:[20 V/div]*

ini[2 A/div]

i:[2 A/div] |
i[2 Aldiv] | |

i[2 Aldiv]

i : in:[2 A/div]
(d) (e)
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Fig.29. Efficiency comparison between single-phase and two-phase operation
converters with coupled inductor when (a) Vi, = 110V, (b) Vi, = 160 V, and
(c) Vin =220 V.

section of Py, < 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 Pj, 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 Py, in Pj;, becomes small, and
the influence of i1 on i;, 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 V;y, the section of P»;, < 0 and the average cur-
rent of iz 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.
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Fig. 30.  PF comparison between single-phase operation converter with cou-
pled inductor and uncoupled inductor, when (a) Vi, = 110V, (b) Vi, = 160V,
and (c) Vip =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.
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