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Abstract—A two-phase interleaved boost dc–dc converter with
an inversely coupled inductor in a discontinuous-current mode
(DCM) is analyzed by the equivalent inductance method. Coupling
effects on the circuit statuses are described, and a forced conduc-
tion of the power diode or reverse-paralleled diode of MOSFET
is caused by coupling. As a result, three major circuit statuses are
figured out according to the physical relationship between the
input–output voltage ratio and the coupling coefficient, and their
condition boundaries are used to classify the DCM operation
modes. Then, considering the load (duty cycle) variation, ten DCM
operation modes are comprehensively analyzed. The analysis
can be used to make an easy prediction of operation modes,
and extended to the analysis of an interleaved buck converter
or buck/boost bidirectional converter with a coupled inductor in
DCM. At last, a 300-W prototype is built and tested in the lab to
verify the analysis.

Index Terms—Coupling circuits, dc–dc power conversion,
discontinuous-current mode (DCM), interleaved boost converter.

I. INTRODUCTION

THE interleaved boost converter with an inversely coupled
inductor is widely used as an interface converter in appli-

cations that require a high power density and high efficiency,
such as electrical vehicles and hybrid electrical vehicles [1]–[4],
fuel cell vehicles [5], photovoltaic (PV) power systems [6], and
power factor correction [7], [8]. In dc–dc applications, the cou-
pled inductor is often designed to be closely coupled for a high
efficiency under a heavy load, and the inductor winding current
normally operates in continuous-current mode (CCM) [9]–[12].
However, in some applications, like the vehicle power system
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or PV power system, the converter may work under a relatively
light-load condition for a period of time or may have a wide
range of loads. In that case, the inductor winding current flows
in a discontinuous-current mode (DCM). For the research and
converter design, the characteristics of a converter in DCM are
also of significance.

Due to the discontinuous current in each winding and mu-
tual effects caused by the coupled inductor in multiple phases,
DCM produces more circuit statuses in one switching cycle
than CCM, and it means more operation modes under different
conditions. Some publications have examined behaviors and
operation modes of the multiphase interleaved boost converter
with a coupled inductor in DCM [13]–[16]. Huang et al. [13]
focus on the current ringing of a multiphase interleaved boost
dc–dc converter in DCM and has a limited analysis of its opera-
tion modes. Ray et al. [14] analyze some key dc performances of
an interleaved boost dc–dc converter with a coupled inductor in
three DCM and two CCM operation modes, separately, includ-
ing dc voltage gain, input current ripple, inductor current ripple,
and output voltage ripple. Barry et al. [15] provide a more com-
prehensive analysis of DCM operation modes for a two-phase
interleaved boost converter with a discrete or coupled inductor,
of which ten DCM operation modes and their boundary condi-
tions are analyzed. However, the operation modes are presented
directly with a flowchart, and one possible operation mode oc-
curred under a relatively weak coupling condition (Mode 5 as
shown in this paper) is missing. Wu et al. [16] analyze the
operation modes of dual-interleaved buck and boost convert-
ers with an interphase transformer, and presents eight converter
subcircuits and seven DCM major operation regions according
to the relationship of the voltage ratio against to the duty cycle.
However, the operation modes are classified according to cir-
cuit analysis and simulations, and their relationship are rarely
explained. Although available researches have presented a mass
of operation modes and their boundary conditions, the physical
reasons why a converter has those modes and what kind of re-
lationship those modes have are not described clearly enough.
Moreover, most analysis is based on a strong coupled induc-
tor, so some operation modes under a relatively weak coupling
condition may be missed.

This paper analyzed the DCM operation modes of a two-phase
interleaved boost dc–dc converter with a coupled inductor. First,
based on a qualitative and quantitative analysis of the equivalent

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. Two-phase interleaved boost dc–dc converter with a coupled inductor.

inductance of the winding current, the circuit statuses are classi-
fied into three major conditions, which just depend on the phys-
ical relations of the coupling coefficient and the input–output
voltage ratio. Then, ten DCM operation modes are described
in detail considering the variation of load (duty cycle), which
structure all the possible operation modes in a map. The corre-
sponding boundary of each operation mode is presented for the
prediction of the converter operation. The analysis and classi-
fication can also be extended to an interleaved buck converter
or buck/boost bidirectional converter with a coupled inductor
in DCM. Section II analyzed the coupling effects on the circuit
statuses. Section III described the operation modes and their
boundaries. Section IV gave experimental verifications with a
300-W prototype using two coupled inductors in a weak and
strong coupling, separately.

II. INTERLEAVED BOOST DC–DC CONVERTER IN DCM WITH

A COUPLED INDUCTOR

A. Coupled Inductor and Equivalent Inductance

Fig. 1 shows a two-phase interleaved boost dc–dc converter
with an inversely coupled inductor, where Vin is the input volt-
age, Vo is the output voltage, v1 and v2 are the voltages applied
on Winding 1 and Winding 2, iL1 and iL2 are the inductor
winding currents, L1 and L2 are the self-inductance of the two
windings, and M is the mutual-inductance, Q1 and Q2 are the
power MOSFET with reverse-paralleled diodes DQ1 and DQ2 ,
and D1 and D2 are the power diodes.

Assuming that the two windings of the coupled inductor are
identical, i.e., L1 = L2 = Lcp , and the coupling coefficient
α = M/Lcp . The circuit equation for the coupled inductor is

⎧
⎪⎨

⎪⎩

v1 = Lcp
diL1

dt
− M

diL2

dt
= Lcp

diL1

dt
− αLcp

diL2

dt

v2 = Lcp
diL2

dt
− M

diL1

dt
= Lcp

diL2

dt
− αLcp

diL1

dt

. (1)

On the analysis of a coupled inductor, although the three-
inductor model or the transformer and inductor model is simple
and easy to understand [17]–[19], in order to obtain the induc-
tor winding current waveforms directly, we use the equivalent
inductance method in this paper. First, an equivalent inductance
Leq is defined as [20]:

vj = Leq
diL j

dt
, (j = 1, 2) (2)

where vj is the voltage applied on Winding j, and iLj represents
the current flowing through Winding j.

When one inductor winding current keeps 0 (diLj /dt = 0),
Leq for the other winding current is Lcp from (1), and vice
versa.

When currents flow through both windings (diLj /dt �= 0),
(1) can be rewritten as

⎧
⎪⎨

⎪⎩

v1 + αv2 =
(
1 − α2

)
Lcp · diL1

dt

v2 + αv1 =
(
1 − α2

)
Lcp · diL2

dt

⇒

⎧
⎪⎪⎨

⎪⎪⎩

v1 =

(
1 − α2

)
Lcp

1 + α (v2/v1)
· diL1

dt

v2 =

(
1 − α2

)
Lcp

1 + α (v1/v2)
· diL2

dt

(3)

and the expressions of Leq can be derived when v1 and v2
are known. Normally v1 (v2) equals Vin when Q1 or DQ1
(Q2 or DQ2) conducts, and equals (Vin − Vo) when Q1(Q2)
turns OFF and D1(D2) conducts. For example, when Q1
is ON and Q2 is OFF, v1 = Vin and v2 = Vin−Vo . From
(3), the equivalent inductance of Winding 1 and Winding 2
is Leq1 = [(Vin/Vo)(1 − α2)Lcp ]/[(1 + α)(Vin/Vo) − α] and
Leq3 = [(1 − Vin/Vo)(1 − α2)Lcp ]/[1 − (1 + α)(Vin/Vo)] re-
spectively [8].

In summary, the expressions of Leq for the two windings un-
der different switch conditions are derived and shown in Table I.
When α and Lcp are fixed, Leq2 is constant and always positive,
and Leq1 and Leq3 have a relation with Vin/Vo and α. It should
be noted that Leq , which impacts the current slope, is just used
to calculate the inductor current waveform, so its value is only
of significance in mathematics and may be positive, negative, or
infinite.

If the quantitative relationship between Leq , Vin/Vo , and α
can be figured out, all the possible DCM current waveforms and
operation modes for the converter in Fig. 1 can be obtained.

For Leq1 , its numerator is always positive, and its denominator
equals 0 when the coupling-coefficient satisfies

αb1 = Vin/ (Vo − Vin) = (Vin/Vo)/ [1 − (Vin/Vo)]. (4a)

When the designed α < αb1 , Vin/Vo > α/(1 + α), and
Leq1 > 0; when α = αb1 , Vin/Vo = α/(1 + α), and Leq1 is
infinite; when α > αb1 , Vin/Vo < α/(1 + α), and Leq1 < 0.
αb1 increases as Vin/Vo increases. For α ≤ 1: when Vin/Vo <
0.5, αb1 < 1, and Leq1 is positive or negative depending on the
relation between Vin/Vo and α; when Vin/Vo ≥ 0.5, αb1 ≥ 1,
and Leq1 keeps a positive value.

For Leq3 , its numerator is always positive and its denominator
equals 0 when

αb2 = (Vo − Vin)/Vin = [1 − (Vin/Vo)]/(Vin/Vo). (4b)

When α < αb2 , Vin/Vo < 1/(1 + α), and Leq3 > 0;
when α = αb2 , Vin/Vo = 1/(1 + α), and Leq1 is infinite;
when α > αb2 , Vin/Vo > 1/(1 + α), and Leq1 < 0. αb2 de-
creases as Vin/Vo increases. For α < 1: when Vin/Vo <
0.5, αb2 > 1 > α, and Leq3 is always a positive value; when
Vin/Vo ≥ 0.5, αb2 ≤ 1, and Leq3 is positive or negative de-
pending on the relationship between Vin/Vo and α.
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TABLE I
EQUIVALENT INDUCTANCES OF TWO WINDINGS

Q 1 is ON, and Q 2 is OFF Q 1 and Q 2 are both ON or OFF Q 1 is OFF, and Q 2 is ON diL 1 /dt = 0 (iL 1 = 0) or
(v1 = V in , v2 = V i n − Vo ) (v1 = v2 = V i n or v1 = v2 = V in − Vo ) (v1 = V in − Vo , v2 = V in ) diL 2 /dt = 0 (iL 2 = 0)

Winding 1 L e q 1 = (V i n / V o ) ( 1−α 2 )
( 1 + α ) (V i n / V o )−α

Lc p L e q 2 = (1 − α)Lc p L e q 3 = (1−V in / V o ) ( 1−α 2 )
1−( 1 + α ) (V in / V o ) Lc p Lc p

Winding 2 L e q 3 = (1−V i n / V o ) ( 1−α 2 )
1−( 1 + α ) (V i n / V o ) Lc p L e q 2 = (1 − α)Lc p L e q 1 = (V in / V o ) ( 1−α 2 )

( 1 + α ) (V in / V o )−α
Lc p Lc p

Fig. 2. αb1 and αb2 as functions of Vin /Vo and sign distributions of
Leq1 , Leq2 , and Leq3 .

Fig. 3. Leq1 /Lcp and Leq3 /Lcp varied with Vin /Vo at different α.

αb1 and αb2 are calculated as functions of Vin/Vo , as shown in
Fig. 2. In summary, for a designed coupling-coefficient α: when
Vin/Vo < α /(1 + α), i.e., α > αb1 , Leq1 < 0, Leq2 > 0,
and Leq3 > 0; when α/(1 + α) < Vin/Vo < 1 /(1 + α), i.e.,
α < αb1 and α < αb2 , Leq1 > 0, Leq2 > 0 and Leq3 > 0;
when Vin/Vo > 1/(1 + α), i.e., α > αb2 , Leq1 > 0, Leq2 >
0, and Leq3 < 0.

For a quantitative variation of Leq , Fig. 3 depicts Leq1/Lcp

(solid line) and Leq3/Lcp (dash line), both of which are var-
ied with Vin/Vo at different coupling coefficients. Here, we
take α = 0.3 and α = 0.8 as examples. For a fixed α, Leq1
and Leq3 are symmetric at Vin/Vo = 0.5: when Vin /Vo <
α/(1 + α), Leq1 < 0, and Leq1 decreases from 0 to infinite
as Vin/Vo increases; when Vin/Vo > α/(1 + α), Leq1 > 0,

Fig. 4. Coupling effects on circuit statuses (a) for Vin /Vo > 1 /(1 + α),
turn-on of Q1 leads to conduction of D2 , and (b) for Vin /Vo < α/(1 + α),
turn-off of Q1 leads to conduction of DQ 2 .

and Leq1 decreases from infinite to a positive value as Vin/Vo

increases. While when Vin/Vo < 1/(1 + α), Leq3 > 0, and
Leq3 increases from a positive value to infinite as Vin/Vo in-
creases; when Vin/Vo > 1/(1 + α), Leq3 < 0, and |Leq3 |
decreases from infinite to 0 as Vin/Vo increases.

B. Coupling Effects on Circuit Operational Statuses

From Fig. 1, the turn-on and turn-off of Q1 will change the
voltage applied on Winding 1 v1 , as well as v2 , which lead to
the modification of voltages applied on Q2 and D2 . Similarly,
the switch-status transformation of Q2 also changes the voltage
applied on Q1 and D1 . Take Phase 1 as an example:

1) The winding currents of two phases have reached
0 initially, when Q1 turns ON, v1 = Vin and v2 =
−αVin . Therfore, the voltage applied on the drain
source of Q2 , vds Q2 = Vin − v2 = (1 + α)Vin > 0,
and the reverse-paralleled diode of Q2 , DQ2 will
not conduct. Simultaneously, the voltage applied
on D2 , vD2 = Vin − v2 − Vo = (1 + α)Vin − Vo . If
Vin/Vo < 1/(1 + α), vD2 ≤ 0 and the current of Wind-
ing 2 remains 0. Otherwise, if Vin /Vo > 1/(1 +
α), vD2 > 0 and D2 will conduct immediatelly (assum-
ing that the forward-bias voltage of D2 is 0) and a positive
direction current flows through Winding 2, as shown in
Fig. 4(a).
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TABLE II
COUPLING EFFECTS ON THE CIRCUIT STATUSES OF PHASE 1

V i n /Vo < α/(1 + α) α /(1 + α) ≤ V in /Vo ≤ 1 /(1 + α) V in /Vo > 1 /(1 + α)

Q 1 turns ON D2 does not conduct D2 does not conduct D2 conducts and iL 2 flows in the
positive direction (see Fig. 4(a))

DQ 2 does not conduct
Q 1 turns OFF D2 does not conduct

DQ 2 conducts and iL 2 flows in the
negative direction (see Fig. 4(b))

DQ 2 does not conduct DQ 2 does not conduct

Fig. 5. Waveforms of (a) Mode 1a and (b) Mode 1b in a switching cycle when d ≤ 0.5 and Vin /Vo < α/(1 + α).

2) For Vin/Vo < 1/(1 + α), assuming that the current of
Winding 2 keeps 0 during the conduction period of Q1 ,
when Q1 turns off, v1 = Vin − Vo and v2 = −α(Vin −
Vo). Therefore, vD2 = Vin − v2 − Vo = (1 + α)(Vin −
Vo) < 0 and D2 keeps reverse biased. Meanwhile,
vds Q2 = Vin − v2 = (1 + α)Vin − αVo . If Vin /Vo >
α/(1 + α), vds Q2 > 0 and DQ2 remains off. Otherwise,
if Vin/Vo < α/(1 + α), vds Q2 < 0 and DQ2 conducts
immediatelly (assuming that the forward-bias voltage of
DQ2 is 0), which causes a negative direction current flow-
ing through Winding 2, as shown in Fig. 4(b).

Table II summarizes the coupling effects on the circuit sta-
tuses of Phase 1 in three different conditions, which are also
valid for Phase 2. All these situations, only depending on the
relation between the input–output voltage ratio and the coupling
coefficient, can be used as the boundaries for the classification
of DCM operation modes.

III. OPERATION MODES IN A SWITCHING CYCLE

Theoretically, for the inductor current operating in DCM, the
switch duty cycle d can vary from 0 to 1 when Vin/Vo < 0.5 and

vary from 0 to 0.5 when Vin /Vo ≥ 0.5. Therefore, besides the
relationship between Vin/Vo and α, the duty cycle related with
load can also be viewed as a criterion for the classification of the
operation modes, such as d � 0.5 and d > 0.5. Furthermore, since
the coupling effects are remarkable when the two phase currents
are overlapped in the time domain, the operation modes can also
be characterized by the overlap time of the two winding currents.
Therefore, ten DCM operation modes and their main waveforms
as shown in Figs. 5 to 8, including switch drive signals, inductor
winding voltages and currents, and input current are discussed
hereinafter.

1) d�0.5 and Vin /Vo < α/(1 + α): There are two operation
modes under this condition, as shown in Fig. 5. Before any
switch of one phase turns on, the inductor winding current of
the other phase has reached 0. The reverse-paralleled diode will
conduct in some statuses, and the equivalent inductance will
become negative.

For Mode 1a in Fig. 5(a), when Q1 turns on, iL1 increases
gradually with the equivalent inductance Lcp , and iL2 keeps
0. When Q1 turns off, DQ2 conducts as stated in Section II,
then v1 = Vin − Vo and v2 = Vin . From Table I and Fig. 2,
the equivalent inductance of Winding 1 Leq3 > 0, and the
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Fig. 6. Waveforms of (a) Mode 2a (Δtolp1 < 0), (b) Mode 2b (0 < Δtolp1 ≤ dTs ), and (c) Mode 2c (dTs < Δtolp2 < 0.5Ts ) in a switching cycle when
d ≤ 0.5 and α/(1 + α) ≤ Vin /Vo ≤ 1/(1 + α).

equivalent inductance of Winding 2 Leq1 < 0. Therefore,
iL1 starts decreasing while iL2 increases from 0 in the nega-
tive direction. When iL1 reaches 0, D1 is reverse biased and
v2 = Vin , v1 = −αVin . Since the equivalent inductance be-
comes Lcp , iL2 increases gradually with the slope of Vin /Lcp ,
and reaches 0 before Q2 turns on. As a result, current flows
through each winding twice with opposite directions in one
switching cycle. In Fig. 5(a), dPR is the duty of the duration
[t1 , t2 ], in which iL1 decreases from the peak value to 0. dRR
is the duty of the duration [t2 , t3 ], in which iL2 increases from
the negative peak value to 0.

If the duty cycle is increased, iL2 cannot reach 0 before the
turn-on of Q2 . When Q2 turns on, iL2 flows to 0 and increases
in the positive direction continuously. This is defined as Mode
1b and its operation waveforms are provided in Fig. 5(b).

From the waveform of iL1 in Fig. 5(a), it can be derived as

⎧
⎪⎪⎨

⎪⎪⎩

Vin

Lcp
dTs =

Vo − Vin

Leq3
dPRTs

Vin

−Leq1
dPRTs =

Vin

Lcp
dRRTs

(5)

and there is a minus before Leq1 since Leq1 < 0. Substituting
the equivalent inductance expressions into (5), the dPR and dRR
can be expressed as

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

dPR =

(
1 − α2

)
Vin

Vo − (1 + α) Vin
d

dRR =
αVo − (1 + α) Vin

Vo − (1 + α) Vin
d

. (6)

The condition of Mode 1a satisfies

d + dPR + dRR ≤ 0.5. (7)

Substitution of (6) into (7) yields

d ≤ 1/ [2 (1 + α)]. (8)

Therefore, the converter operates in Mode 1a when d ≤
1/[2(1 + α)], and in Mode 1b when d > 1/[2(1 + α)].

2) d �0.5 and α /(1 + α) ≤ Vin /Vo ≤ 1 /(1 + α): There
are three operation modes under this condition, and the wave-
froms in a switch cycle are shown in Fig. 6. In this condition,
all the equivalent inductances are positive and all the winding
currents are in the positive direction.

For Mode 2a in Fig. 6(a), when Q1 turns on, iL1 increases
gradually with the equivalent inductance Lcp , and iL2 keeps
0. When Q1 turns off, iL1 decreases gradually with the slop
of (Vin − Vo)/Lcp , and iL2 remains 0. As a result, there is no
overlap between the two winding currents, and the equivalent
inductance is always Lcp .

As the input voltage, the load (duty cycle) or Lcp is enlarged,
the two winding currents will overlap during a time period. If
iL2 decreases to 0 within the conduction period of Q1 , i.e., the
overlap time of iL1 and iL2 Δtolp1 ≤ dTs, iL1 will increase
with Leq1 and iL2 will decrease with Leq3 , respectively. This
is defined as Mode 2b, as shown in Fig. 6(b). If iL2 does not
decreases to 0 after Q1 turns off, i.e., the currents overlap time
Δtolp2 > dTs , initially, iL1 will increase with Leq1 and iL2 will
decrease Leq3 , and then both winding currents will decrease with
Leq2 after the time point at which Q1 turns off. This is defined
as Mode 2c, as shown in Fig. 6(c).
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Fig. 7. Waveforms of (a) Mode 3a and (b) Mode 3b in a switching cycle when d ≤ 0.5 and Vin /Vo > 1 /(1 + α).

For Mode 2a, take the voltage balance into consideration, the
duty cycle satisfies

d ≤ (Vo − Vin)/(2Vo). (9)

From the inductor winding current of Mode 2b in Fig. 6(b),
it can be obtained that

Vin · Δtolp1

Leq1
+

Vin

Lcp

(

dTs − Δtolp1

)

=
Vo − Vin

Lcp

(
1
2
− d

)

Ts +
Vo − Vin

Leq3
Δtolp1 , (10)

and Δtolp1 can be derived as

Δtolp1 =
(1 − α) [Vin − (1 − 2d) Vo ]

2 [Vo − (1 + α) Vin ]
· Ts. (11)

If 0 < Δtolp1 ≤ dTs , the duty cycle will satisfy

Vo − Vin

2Vo
< d ≤ max

{
(1 − α) (Vo − Vin)

2 [Vin (1 + α) − Voα]
, 0.5

}

. (12)

For Mode 2c, an equation, from the waveform of iL1 in
Fig. 6(c), can be obtained as

Vin

Leq1
dTs =

Vo − Vin

Leq3
dTs + 2

Vo − Vin

Leq2
(Δtolp2 − dTs)

+
Vo − Vin

Lcp

(
Ts

2
− Δtolp2

)

(13)

and Δtolp2 can be derived as

Δtolp2 =
(1 − α) Vin − (1 − α − 2d) Vo

2 (Vo − Vin) (1 + α)
· Ts. (14)

If dTs < Δtolp2 < 0.5Ts , the duty cycle will satisfy

max
{

(1 − α) (Vo − Vin)
2 [Vin (1 + α) − Voα]

,
Vo − Vin

2Vo

}

< d <
Vo − Vin

Vo
.

(15)
3) d�0.5 and Vin /Vo > 1 /(1 + α): There are two operation

modes under this condition, as shown in Fig. 7. The power diode
will conduct under force in some statuses, and the equivalent
inductance will become negative.

For Mode 3a, as shown in Fig. 7(a), when Q1 turns on, D2
is forward biased, and v1 = Vin , v2 = Vin − Vo . From Table I
and Fig. 2, the equivalent inductance of Winding 1 Leq1 > 0
and the equivalent inductance of Winding 2 Leq3 < 0. There-
fore, iL1 and iL2 both increase from 0 in the positive direction.
When Q1 turns off, v1 = v2 = Vin − Vo , and iL1 and iL2 de-
crease together with the slope of (Vin − Vo)/Leq2 . Since the
value of iL2 at t1 is normally lower than that of iL1 , iL2 reaches
0 earlier, and iL1 reaches 0 before the turn-on of Q2 . As a re-
sult, current flows through each winding in the positive direction
twice in one switching cycle.

If the inductor current cannot reach 0 within the initial half
switching period due to the enlarged duty cycle or Lcp , the
two DCM currents will join together as only one continuous
current flow in one switching cycle, and the two winding currents
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Fig. 8. Waveforms of (a) Mode 4a [Vin /Vo < α/(1 + α)], (b) Mode 4b [Vin /Vo < α/(1 + α)], and (c) Mode 5 [α /(1 + α) ≤ Vin /Vo ≤ 0.5] in a switching
cycle for d > 0.5.

TABLE III
DISTRIBUTION OF OPERATION MODES

V in /Vo <
α/(1 + α)

α /(1 + α) ≤ V i n /Vo ≤
1 /(1 + α)

V i n /Vo >
1 /(1 + α)

d � 0.5 Mode 1a, Mode1b Mode 2a, Mode 2b, Mode 2c Mode 3a, Mode 3b
d > 0.5 Mode 4a, Mode 4b Mode 5 (α /(1 + α) ≤

V i n /Vo ≤ 0.5)

overlap during a period of time Δtolp2 . This is defined as Mode
3b, as shown in Fig. 7(b). For Mode 3b, the duty cycle of iL1
in the first half switching period is less than 0.5, and the duty
cycle also complies with a voltage balance. Therefore, the duty
cycle also satisfies d ≤ (Vo − Vin)/(2Vo). For Mode 3b, its
waveforms are similar to that of Mode 2c, and its duty cycle
also obeys (15).

4) d > 0.5: For d > 0.5, if Vin /Vo > 0.5, the inductor
current will not reach 0 at the end of one switching cycle and
the current will be continuous. Hence, this paper only discusses
the case of Vin/Vo ≤ 0.5. Generally, there are three operation
modes, as shown in Fig. 8.

For Vin/Vo < α/(1 + α), when Q1 turns on, Q2 remains on.
The two winding currents increase with the slope of Vin/Leq2
simultaneously. When Q2 turns off, v1 = Vin , v2 = Vin − Vo ,
and iL1 and iL2 decrease together since their equivalent in-
ductances Leq1 < 0 and Leq3 > 0. When iL2 reaches 0,
v1 = Vin , v2 = −αVin , and iL1 increases with the slope of
Vin /Lcp until the conduction of Q2 . In the second half switching
cycle, the current waveform of iL1 is as the same as the wave-
form of iL2 in the first half switching cycle. The two winding
currents overlap during a period of time Δtolp3 . When Q1 con-
ducts and Q2 remains OFF, if iL1 decreases faster and reaches

0 earlier than iL2 , the current will continuously increase in the
negative direction until iL2 reaches 0. This is defined as Mode
4a, as shown in Fig. 8(a). If iL1 does not decrease to 0 before
iL2 reaches 0, Mode 4b will occur, as shown in Fig. 8(b).

For α/(1 + α) ≤ Vin/Vo ≤ 0.5, the current waveforms are
similar to that of Mode 4b. The only difference lies in the period
[t1 , t2 ] for iL1 and [t4 , t5 ] for iL2 , during both of which the
equivalent inductance Leq1 alters from negative to positive, and
the current slope becomes positive. This is defined as Mode 5,
as shown in Fig. 8(c).

For d > 0.5, iL1 rises from 0 and falls back to 0 in one
switching cycle, so it obeys

Vin (2d − 1) Ts

Leq2
+

Vin (0.5Ts − Δtolp3)
Lcp

=
Vo − Vin

Leq3
[Δtolp3 − (d − 0.5) Ts ]

+
Vin [Δtolp3 − (d − 0.5) Ts ]

−Leq1
(16)

where Leq1 < 0. So, Δtolp3 can be derived as

Δtolp3 =
(2d − 1) Vo + (1 − α) Vin

2 [Vo − (1 + α) Vin ]
· Ts. (17)

For Mode 4a, it satisfies

Vin (d − 0.5) Ts

Leq2
<

Vin [Δtolp3 − (d − 0.5) Ts ]
−Leq1

. (18)

Substituting (17) into (18) yields

d < 1 − Vin

2Vo
− 1

2 (1 + α)
. (19)
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Fig. 9. Experimental prototype and coupled inductor under test.

Therefore, for Vin/Vo < α/(1 + α), Mode 4a occurs when
0.5 < d < 1 − (Vin/2Vo) − [1/2(1 + α)], and Mode 4b occurs
when 1 − (Vin/2Vo) − [1/2(1 + α)] ≤ d ≤ 1 − (Vin/Vo). For
α/(1 + α) ≤ Vin /Vo ≤ 0.5, Mode 5 occurs when d > 0.5.

Table III shows the mode distribution based on the relation
between α and Vin /Vo .

IV. EXPERIMENTAL VERIFICATION

A 300-W two-phase interleaved boost dc–dc converter and
two coupled inductors with different coupling coefficients are
fabricated for the experimental verification, as shown in Fig. 9.
Vo = 390 Vdc; Po rated = 300 W; fs = 100 kHz. One cou-
pled inductor has a relatively low coupling-coefficient of α =
0.31 with Lcp = 41.8 μH, (ferrite core: EI40/35, air gaps of
the center and outer legs: δ = 2.60 mm, turns number for each
phase: 28), and the other one has a high coupling-coefficient of
α = 0.83 with Lcp = 100 μH (ferrite core: EER28/34, air gaps
of the center and outer legs: δ = 0.6 mm, turns number for each
phase: 32). All the experimental waveforms are tested under a
relative light-load condition to make sure that the converter is
operating in DCM, and both the input voltage and duty cycle
are varied to verify the validity of the analysis above.

1) d�0.5 and Vin /Vo < α/(1 + α): For Vo = 390 V and
α = 0.31, the boundary input voltage is αVo/(1 + α) = 92V
and the boundary duty cycle of the operation mode is 1/2(1 +
α) = 0.38. When d < 0.38, the converter operates in Mode
1a, as shown in Fig. 10(a). When Q1 turns off, both winding
currents decrease positively and negatively, simultaneously. iL2
decreases until iL1 reaches 0, and then increases to 0 without a
turn-on switch drive signal which means that DQ2 conducts. The
ringing current between the intervals of currents in the opposite
direction is caused by the resonation of parasitic parameters and
the reverse-recovery current of the reverse-paralleled diode [9].
When d > 0.38, the converter will operate at Mode 1b, as shown
in Fig. 10(b). The two opposite currents in one winding become
continuous, which matches the theoretical analysis above.

For Vo = 390 V and α = 0.83, αVo/(1 + α) = 177 V and
1 /2(1 + α) = 0.27. Fig. 10(c) shows the operation waveforms
in the duty cycle boundary condition, of which the opposite
currents just join together at the time when the switch turns on,
as shown in the dashed circle. For a condition with a larger duty
cycle shown in Fig. 10(d), although the switch conducts and a
negative current flow through its winding, the current waveform

Fig. 10. Typical experimental waveforms of vg s1 , iL 1 , iL 2 , and iin when
d � 0.5 and Vin < αVo /(1 + α), including (a) Mode 1a (α = 0.31, Lcp =
41.8 μH, Vin = 48 V, d = 0.28 < 0.38), (b) Mode 1b (α = 0.31, Lcp =
41.8 μH, Vin = 75 V, d = 0.41 > 0.38), (c) Mode 1b (α = 0.83, Lcp =
100 μH, Vin = 125 V, d = 0.27), and (d) Mode 1b (α = 0.83, Lcp =
100 μH, Vin = 116 V, d = 0.49 > 0.27).
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Fig. 11. Typical experimental waveforms of vg s1 , iL 1 , iL 2 , and iin
when d�0.5 and αVo /(1 + α) < Vin < Vo /(1 + α), including (a) Mode 2a
(α = 0.31, Lcp = 41.8 μH, Vin = 251 V, d = 0.08 < 0.18), (b) Mode
2b (α = 0.31, Lcp = 41.8 μH, Vin = 121 V, d = 0.41 > 0.34), and (c)
Mode 2c (α = 0.83, Lcp = 100 μH, Vin = 207 V, d = 0.297 > 0.28).

still depends on the winding current of the other phase, which
suggests the coupling effects.

2) d ≤ 0.5 and α /(1 + α) ≤ Vin /Vo ≤ 1 /(1 + α): For
Vo = 390V and α = 0.31, αVo/(1 + α) = 92V and
Vo /(1 + α) = 297V. When Vin = 251V and d = 0.08 (the
boundary duty cycle for Vin = 251V is (390−251)/(2 ×
390) = 0.18), the converter operates in Mode 2a as shown
in Fig. 11(a), and the mode is just like the discrete inductor
case. This mode is more common in high-input voltage cases
due to the very small duty cycle. When Vin = 121V and d =

Fig. 12. Typical experimental waveforms of vgs 1 , iL 1 , iL 2 , and
iin when d�0.5 and Vin > Vo /(1 + α), including (a) Mode 3a
(α = 0.31, Lcp = 41.8 μH, Vin = 327 V, d = 0.045 < 0.08), (b) Mode
3b (α = 0.31, Lcp = 41.8 μH, Vin = 367 V, d = 0.045 > 0.029), (c)
Mode 3a (α = 0.83, Lcp = 100 μH, Vin = 240 V, d = 0.15 < 0.19),
and (d) Mode 3b (α = 0.83, Lcp = 100 μH, Vin = 240 V, d = 0.22 >
0.19).
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Fig. 13. Typical experimental waveforms of vg s1 , iL 1 , iL 2 and iin when
d>0.5 and Vin < αVo /(1 + α), including (a) Mode 4a (α = 0.83, Lcp =
100 μH, Vin = 148 V, d = 0.51), and (b) Mode 4b (α = 0.83, Lcp =
100 μH, Vin = 148 V, d = 0.55).

0.41, the boundary duty cycle is (390−121)/(2 × 390) = 0.34,
and the converter operates in Mode 2b as shown in Fig. 11(b),
where the currents of two windings overlap and Δtolp1 ≤ dTs .

For Vo = 390V and α = 0.83, αVo/(1 + α) = 177V and
Vo/(1 + α) = 213V. When Vin = 207V and d = 0.297
(the boundary duty cycle is (1−0.83)(390−207)

2[207(1+0.83)−390×0.83] = 0.28),
Δtolp2 > dTs and the converter operates in Mode 2c, as shown
in Fig. 11(c).

3) d ≤ 0.5 and Vin /Vo > 1 /(1 + α): In this condition, when
the switch of any phase turns on, current flows through both
windings with a positive slope, regardless of whether the ini-
tial current is 0 or not. For α = 0.31 and a fixed work-
ing duty cycle d = 0.045, when Vin = 327V, the boundary
duty cycle is (Vo − Vin)/(2Vo) = (390 − 327)/(2 × 390) =
0.08, so the converter operates in Mode 3a, as shown in
Fig. 12(a), and when Vin = 367V, the boundary duty cycle
is (Vo − Vin)/(2Vo) = (390 − 367)/(2 × 390) = 0.029, and
the converter operates in Mode 3b, as shown in Fig. 12(b). For
α = 0.83 and Vin = 240V (Vin> 213V), the boundary duty
cycle is (390−240)/(2 × 390) = 0.19, so the change of the duty
cycle also causes the operation mode transformation, as shown
in Fig. 12(c) and (d).

4) d > 0.5: This condition more likely occurs when Lcp

is large or the coupling coefficient is high, and the two
winding currents keep overlapped. For α = 0.83 and Vin =
148V (Vin < 177V), the boundary duty cycle d = 0.53 (cal-
culated from (19)). The Mode 4a and Mode 4b waveforms are
shown in Fig. 13(a) and (b) under different duty cycles of d =
0.51 and d = 0.55, respectively. As seen, the two winding cur-
rents increase together when both switches are on and decrease

Fig. 14. Typical experimental waveforms of vg s1 , iL 1 , iL 2 , and iin when
d > 0.5 and αVo /(1 + α) ≤ Vin ≤ 0.5Vo , which is in Mode 5 (α =
0.83, Lcp = 100 μH, Vin = 189 V, d = 0.51).

when any switch turns off. The winding current may flow in
the negative direction under a light-load condition (smaller duty
cycle), as shown in Fig. 13(a).

When Vin = 189V (177V < Vin< 195V (Vo/2)) and d =
0.51, Mode 5 is shown in Fig. 14. The winding current is pos-
itive. The main difference between Mode 4 and Mode 5 is the
current slope in one phase during which a switch turns off and
the other one remains on, which represents the sign change of
the equivalent inductance caused by coupling effects.

V. CONCLUSION

The two-phase interleaved boost dc–dc converter with cou-
pled inductors is analyzed in detail based on the fundamental
circuit statuses. From the analysis of equivalent inductances of
DCM operation modes, it is found out that under specific condi-
tions determined by the relations between the input–output volt-
age ratio and the coupling coefficient, the sign of the equivalent
inductance is changed and the power diode or reverse-paralleled
diode will conducts under force. This coupling effects on the
circuit statuses are independent of the converter load (duty cy-
cle), and their condition boundaries can be used to classify the
DCM operation modes. As a result, three major operation re-
gions are introduced, and ten DCM operation modes as well
as their key waveforms and boundary conditions under varied
input–output voltage ratios and loads (duty cycles) are analyzed
comprehensively. Since the classification was based on the phys-
ical parameters of the converter and its operation conditions, the
operation mode under a given condition can be predicted easily.
The analysis can also be extended directly to the interleaved
buck converter with coupled inductors in DCM.
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