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ABSTRACT This study comprehensively analyzes the discontinuous conduction mode (DCM) of a two-
phase interleaved buck converter (IBC) with an inversely coupled inductor (ICL). With ICL, nine circuit
configurations are possible when the IBC operates in the DCM. Depending on the duty ratio and load
condition, DCM can also be classified into seven types. Each type of DCM has a corresponding combination
of circuit configurations. Consequently, the application of the combinations for distinguishing DCM types is
proposed to analyze the DCM operation of two-phase IBCs with ICL. Different DCM types have different
DCM characteristics, such as state space averaged models and time interval calculations, which are needed
to be analyzed for small-signal modeling. Therefore, the state space averaged models and time intervals
equations are derived for each DCM type, and boundary conditions between adjacent DCM types are
analyzed. Experimental tests on the hardware prototype of the IBC are conducted to verify the practical

effectiveness of the proposed analysis.

INDEX TERMS Buck converter, coupled inductor, discontinuous conduction mode, interleaved, time

interval, voltage gain, state space averaged model.

I. INTRODUCTION

Buck converters are one of the most common power
converters for voltage regulation. Among various buck
topologies, the interleaving topology is able to improve the
efficiency and power density of converter [1]-[5]. However,
it has the disadvantage of increasing the number of
inductors. Therefore, the coupled inductor (CL), which can
reduce the number of inductor cores, has been used to
improve the power density while decreasing inductor
current ripples [6]-[9]. In particular, the use of inversely
coupled inductor (ICL) among CLs can effectively improve
the efficiency [10]-[11].

Although most converters with ICLs have been generally
designed in the continuous conduction mode (CCM) [12]-
[16], they might be subject to operate in the discontinuous
conduction mode (DCM) under a wide range of operating
condition for practical applications, such as renewable
energy and electric vehicle, etc [9], [17]-[18]. To deal with
this problem, its operation in the DCM must be carefully
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analyzed. In particular, the interleaved buck converter (IBC)
with ICL has several types of DCM depending on load
condition, switching frequency, and coupling factor. Then,
the analysis of IBC in the DCM becomes more challenging
[18]-[22]. In addition, their state space averaged model,
time interval calculations and voltage gains are different
[21], [23]. As a result, they are also required to analyze for
all types of DCM. Furthermore, they must be estimated in
advance before designing the controller of IBC. However,
state space averaged models of IBC and IBC with ICL has
been studied in only CCM operation [24]-[25]. Therefore,
state space averaged model of all DCM types must be also
analyzed for comprehensive DCM analysis of IBC with
ICL. On the other hand, many studies on multi-phase boost
converters [18]-[21] have addressed the challenges caused
by CLs, while evaluating the operation of DCM. However,
they did not give the systematic analysis of IBC in the DCM
but analyzed only interleaved boost converter in the DCM.
Also, time interval calculation of IBC in the DCM is
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necessary for small-signal modeling. However, there is
very few studies to calculate the time intervals for different
DCM types of interleaved boost converter [18], [20].
Furthermore, there is no study on the time interval
calculation of IBC in the DCM. Moreover, the dual-1BC
with the inter-phase transformer was presented in [22].
However, it is only limited to the CLs with strong coupling
factor and filter inductors. It is necessary to conduct an
analysis considering strong and loose coupling factors to
assess control performance. Because the output current
does not change even when duty ratio changes in certain
DCM region of the IBC, and this region becomes wider as
the coupling factor increases. Furthermore, the use of filter
inductor can reduce the overall power density.

This study proposes a new method for classifying
various DCM types of two-phase IBC using ICL. In
particular, it systematically analyzes the two-phase IBC
with ICL in all different types of DCM, while deriving
associated equations for the state space averaged model and
time intervals based on the corresponding circuit
configurations of the two-phase IBC with ICL. The
remainder of this paper is organized as follows. Section II
describes nine circuit configurations when the converter
operates in the DCM as well as seven different DCM types
of two-phase IBC with ICL. In Section III, mathematical
analysis of two-phase IBC with ICL is provided to derive
state space averaged model and the time interval
calculations, and it is verified through simulation. Then,
Section IV analyzes the boundary conditions between
adjacent DCM types. Thereafter, the effectiveness of
proposed analysis is verified by experimental tests on a
hardware prototype in Section V. Finally, the conclusion is
given in Section VI.

Il. TWO-PHASE IBC WITH ICL IN DCM

The two-phase IBC with ICL is shown in Fig. 1. The input
voltage (vin) source is paired with the input filter capacitor, Cin.
Two parallel power switches (Qi and Q) with reverse-
paralleled diodes are connected to vi,, and their respective
gate-source voltages (vgs1 and vgsp) are operated by the same
ON-time duty ratio (d;) with the phase difference of 180°.
Also, Qi and Q; are connected to diodes D; and D,
respectively, followed by the corresponding inductors, L and
L,. Note that they are magnetically inversely coupled. The
currents flowing through each inductor branch are i1 and ii2.
The voltages across each inductor branch are denoted by vi1
and vi». Then, the mutual inductance, M can be expressed as
the function of coupling factor, k between L; and L, as

M=kJL L, (1)

The rear end of ICL is connected to the output filter (Co) in
parallel with the load resistance (Ro). The voltage across R, is
represented as vo. Assume that the self-inductance of two
inductors is equal to L (i.e., Ly = L, = L), and all components
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of two-phase IBC with ICL are ideal. Then, the generalized
circuit equations of ICL are represented as

Y, :H&_M di_LZ:L%_k.Ldi_LZ
. dt dt dt dt @
v o bt i i

dt dt dt dt
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FIGURE 2. All possible circuit configurations of two-phase IBCs with
ICL in the DCM: (a) Config. 1, (b) Config. 2, (c) Config. 3, (d) Config. 4, (e)
Config. 5, (f) Config. 6, (g) Config. 7, (h) Config. 8, and (i) Config. 9.

A. CIRCUIT CONFIGURATIONS

Due to the ICL effect, the circuit of two-phase IBC with ICL
can be configured depending on the states of Q; and Q, of
which each inductor current flows and passes through power
switch or diode, as shown in Fig. 2. More details are
explained as follows.
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e Config. 1: When Q: and Q; are ON, ii1 and i, flow to
the load through Q; and Qg, respectively, as indicated in
Fig. 2(a). Simultaneously, D1 and D are reverse-biased.

e Config. 2: When Q; and Q2 are OFF, and D, and D, are
forward-biased, i1 and i flow to the load through D, and
Dy, respectively, as illustrated in Fig. 2(b)

e Config. 3: When Q: is ON, and D is reverse-biased, i.1
flows toward the load through Q1. When Qs is OFF, and D,
is reverse-biased, i1 flows to the input source through the
reverse-paralleled diode of Qi, as shown in Fig. 2(c). At
the same time, Q; is OFF, and D; is forward-biased. Thus,
iL2 flows to the load through D..

e Config. 4: As shown in Fig. 2(d), this operation is
opposite to that of Config. 3.

e Config. 5: In this case, D; and D are reverse-biased.
When Q; and Q are ON and OFF, respectively, i1 flows
into the load through Q1. When Q; and Q are OFF, i1
flows toward the input source through reverse-paralleled
diode of Q1. The circuit configuration is shown in Fig. 2(e).

¢ Config. 6: As in Config. 5, D; and D are reverse-biased.
Also, when both Q; and Q; are OFF and ON, respectively,
iL2 flows into the load through Q2. When both Q1 and Q-
are OFF, i, flows to the input source through reverse-
paralleled diode of Q. It is shown in Fig. 2(f).

e Config. 7: If both Q; and Q; are OFF, D, is forward-

biased, and D; is reverse-biased. Then, only i_1 flows to the

load through D, as shown in Fig. 2(g).

¢ Config. 8: If D, and D; are forward and reverse-biased,

respectively, while keeping both Q; and Q, OFF, only i,

flows to the load through D, as shown in Fig. 2(h).

e Config. 9: When all active components (Q1, Q2, D1, and

D,) are OFF, i1 and i2 do not flow, as illustrated in Fig.

2(i).

Finally, for all circuit configurations shown in Fig. 2, vi1
and v| 2 are summarized in Table I.

TABLEI
INDUCTOR VOLTAGES IN EACH CIRCUIT CONFIGURATION

Circuit Configuration Vi1 Vio
1 A Vip =V,
2 -V, -V,
3 Vi, =V, -V,
4 -V, v, —V,
5 k(v i)
6 k(V,— Vi) v, =V,
7 -V, k-v,
8 k-v, A
9 0 0
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B. DCM TYPES OF TWO-PHASE IBC WITH ICL

When operating the IBC through open-loop control, seven
DCM types appear depending on d; and load condition. Seven
DCM types are shown in Fig. 3 according to di and R,
whereas vin, L, k, and switching frequency (fs) are constant.
However, when controlling v, through closed-loop controller
while adjusting load condition with same parameters, it can be
seen that six DCM types appear, as shown in Fig. 4. Then, the
theoretical waveforms of vgs1, Vgsz, Vi1, Vi, iL1, and i for each
DCM type are shown in Fig. 5.

It is observed from Fig. 5 that each DCM type has different
combination of circuit configurations shown in Fig. 2. One
switching period (Ts) is divided into n intervals based on time
instants from t, to t,. At each time instant, the circuit
configuration is changed from one to another. In particular,
they can be expressed by using d; as well as first and second
inductor current conduction-time ratios, which are d; and ds.
In other words, the time instants can be obtained if values of
di, do, and ds are known. Also, the value of v, for each DCM
type can be different depending on v, as given in (2). Likewise,
the values of v, for each DCM type can be different.
Therefore, even in the same circuit configuration, i1 and i
can increase or decrease for each DCM type. Note that the
variation in the inductor current slope do not affect the DCM
type classification because the proposed analysis method
distinguishes DCM types based on the combination of
inductor voltages. In addition, the characteristics and time
instants for each DCM type are summarized as follows.

¢ DCM-I: If R, is beyond the CCM boundary condition and

d: < 0.5, the IBC with ICL may operate from DCM-I to

DCM-VI. The waveforms in the DCM-I are shown in Fig.

5(a). The time instants at which the circuit configuration

changes are given in Table II. The corresponding circuit

configurations at each interval in this type are Configs. 3, 2,

7,4,2,and 8.

o DCM-II: It differs from previous DCM type by having two
points, where i1 becomes zero at d,Ts and dsTs, as shown in
Fig. 5(b). Also, Ts comprises nine time instants, as listed in
Table II, by dividing it into eight intervals. Then, the circuit
configurations for each interval correspond to Configs. 3, 2,
7,9,4,2,8,and 9.

e DCM-III: It occurs due to further variation of load and d.
As shown in Fig. 5(c), there are six time intervals in this
DCM type, and their time instants are given in Table II. The
corresponding configurations are Configs. 3, 5, 7, 4, 6, and
8.

o DCM-IV: Due to further variations of R, and d;, it might
occur, as shown in Fig. 5(d) where i1 becomes zero only at
d,Ts. Similarly to the DCM-I and DCM-III, Ts is divided into
six intervals by seven time instants given in Table II, where
each circuit configuration (Configs. 5, 7, 9, 6, 8, and 9)
changes.

e DCM-V: Like DCM-II, this DCM type also consists of
eight time intervals with nine time instants listed in Table II
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because i1 becomes zero at two points, doTs and dsTs, as
shown in Fig. 5(¢). The equivalent circuit configurations for
each interval are Configs. 5, 4, 6, 9, 6, 3, 5, and 9.

e DCM-VI: It is characterized by two points where ip1
becomes zero. However, the circuit configuration changes
at only one point, at which i1 becomes zero and the inductor
voltage changes simultaneously, and it is denoted by dTs,
as shown in Fig. 5(f). The entire Ts has five time intervals
with six time instants given in Table II, where each circuit
configuration (Configs. 5, 4, 6, 3, and 5) changes. In Fig. 4,
this DCM type does not appear because a change in d; does
not induce a change in output current [20].

e DCM-VII: When the load condition is light enough for the
converter to operate in the DCM and d; > 0.5, the IBC with
ICL operates in this mode. The associated waveforms are
shown in Fig. 5(g). Depending on the v and vy, responses,
there are six time intervals in Ts, as shown in Fig. 2, and they
are given in Table II. The corresponding circuit
configurations for six time intervals are Configs. 1, 3, 5, 1,
4,and 6.
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FIGURE 3. Operating regions of two-phase IBC with ICL according to Ro
versus di when k= 0.5, L =100 pH, vin =100 V and fs = 25 kHz.
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FIGURE 4. Operating regions of two-phase IBC with ICL according to io
versus Vo when k = 0.5, L =100 pH, vin = 100 V, and fs = 25 kHz
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. MATHEMATICAL ANALYSIS

Under the assumption that all active and passive components
are ideal, mathematical analysis of IBC with ICL is conducted
to obtain the state space averaged models and time interval
calculations, and it is verified through simulation.
A. STATE SPACE AVERAGED MODEL
To analyze state space averaged model, di1/dt and di./dt are
derived using (2) as follows

di, v,+k-v,

dt L(1-k?)
. 3
oli#_vu+k-vLl ®)
dt L(1-K?)
An equation for averaging i 1 over Ts is formulated as
dILl 13 iz inmn +k'VL2 INTh
— == ’ : t,-t,) (4
& T o) )

Where, 11 denotes average of i1 Viginm and Vizinm
represent the vi1 and v values of the n-th interval,
respectively, which can be obtained based on Table I,
reflecting the circuit configuration for each interval. In
addition, t, is the n-th time instant given in Table II, and N is
total number of intervals for each DCM types.

Thereafter, using KCL, the equation of the capacitor
current is derived as

c. dv,
dt

0

.. Vv
:|L1+|L2—?°. (5)

0

By averaging over T; for vc,, the following expression (6) is
derived where V¢, denotes average of vc,.

dvco _ 2|L1 _ \Y)

0 6
dt C, RC, ©)

o]

Since i1 and i2 have a 180°phase difference and the same
magnitude over Ts, only either I.1 or 1.2 can be considered to
derive (6).

The state space averaged model is in the form:

{x(t) = A, X(t)+B,Vv,
W () =Cox(1)

where state variables are x(t) = [i.1 Vco]", and state matrix,
input matrix, and output matrix are denoted by Aay, Bay, and
Cay, respectively. In table III, the results of summarizing Aay
and Bay are provided using (4) and (6). Since v, = Vc,, the
output matrix Ca = [0 1]. Aav and By are represented in Table
III excluding ds by considering the process of expressing ds as
a function of d; or dz, which will be mentioned in the following
sub-section B.

()

VOLUME XX, 2017



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3421925

Author Name: Preparation of Papers for IEEE Access (February 2017)

DCM-1 DCM-1I DCM-11I DCM-1V
Vgsl s Vgsl:l $ Vgsl s Vgsi s
—diT.
0-d;T. t t o—+ t of t
Vgs2 ts Vgs2| les VgsZ Vgs2 leS
t t 0 t 0 t
05T.— — 05T, —0.5T,— —05T,—
Vln _Vo Vin _Vo Vn _Vo Vln _Vo
Vi K-v, Vi kv, Vil K-v, Vil kv,
t t 0 t 0 L.t
k(vo_vin) !\(Vu -V,
VO VD VO VO
Vi Vi Vi Vi
t t 0 t 0 t

ol N i /N i TN iy

& R A A =g — b g — ‘
S
i N i - )
LZ/ \ . L2 . ILé /\ . ILé ‘
Config| 3 2i 7 4 2 8 Config| 32 7 9 428 9 Config| 3 i 5 7 4 6 8 Config| 5 7 9 6 8 9
h b 3 UGis ts o it 3t ts5t t7 tg b b b t3ty t5 s th b itz t4 5t
(a) (b) (© (d)
DCM-V DCM-VI DCM-VII
Vst Ts Vst Ts Vgst] L
0 d1T t OHles t 0 les t
v, s v 1 Vgsaf
"0 t 0 [ ¢ o] "
—0,5T;— —0.5T—— ——0.5T—
Vin =V, Vin = Vo Vin =V
Vi Vi Vil
0 t 0 t 0 t
k(v,=Vi) k(vo—Vy) k(v,—Vy,)
v, -V, Vo
Vi2 Vi2 Vi)
o—f—1— -t 0 t 0 t
i . .
L] . ILé, . L] \// t
O Ts— —dpTg+— - deTs
. dsTs . 20s . /
119 12 112
t 0 t N — t
5 4i6f 9 6 35 9 Config.| 5 4 6 3 i5; Config| 1 3: 5 1 41 6
o t Gtz t3 5 tt; fg to t b 3 4Lts L th Btz 4t
() ] @
FIGURE 5. Key waveforms in the (a) DCM- I, (b) DCM-I, (c) DCM-HI, (d) DCM-IV, (e) DCM-V, (f) DCM-VI, and (g) DCM-VI operations.
TABLE I
TIME INSTANTS OF EACH DCM TYPE
DCM type to t; t 13 14 ts ts t7 s
DCM-I 0 diTs (d2 - 0.5)Ts 0.5T; (d, +0.5)T, d,Ts Ts - -
DCM-II 0 diTs (ds —0.5)Ts d, T, 0.5T; (d; + 0.5)T, dsTs (d2 +0.5)T, Ts
DCM-ITT 0 (d;—0.5)Ts diTs 05T, d,Ts (di +0.5)T; Ts - -
DCM-1V 0 diTs d,Ts 0.5T; (d, +0.5)Ts | (d+0.5)T, Ts - -
DCM-V 0 diTs d, T, (ds —0.5)Ts 0.5T; (d, +0.5)Ts | (d2+0.5)T, dsTs Ts
DCM-VI 0 diTs d,Ts (d; +0.5)Ts | (d2+0.5)Ts Ts - - -
DCM-VII 0 (d; —0.5)Ts | (d2—0.5)Ts 0.5T; di T d,Ts Ts - -
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TABLEIII
EXPRESSIONS OF STATE SPACE AVERAGED EQUATIONS BY DCM TYPES

DCM type Expressions of A, Expressions of B,,
—(1+k)d, +k S
L(1-k !
DCM-I (k) L(1-k)
2 1
— - 0
CU ROCU - N
—d - -
0 —2 d
L(1-k 1
DCM-II ) ( L ) L(1-k)
C_D _RGCD a o -
*(1E:)dk2+k 2(1-K)d, +2k-d, —k
DCM-III ) ( 1 ) 2L (1K)
c.  RG ’
_dz
° Tww {i]
DCM-IV L
2 1 0
CO RDCO
DCM-V L(1-k)
2 1
CD ROCO 0
1
(1+k)(d1—d2)—5(l—k) 1-k-2k(d,~d,)
DCM-VI L(1-k) 2L(1-K)
2 1 0
CO ROCO
—(1+k)d, +k d+k-do —k
L(l—k) P SIS AR
DCM-VII L(1-k)
2 1 0
CU ROCU

B. CALCULATION OF TIME INTERVAL

Through the state space averaged equations, the voltage
second balance (VSB) of L; and the charge balance of C, can
be obtained. The process for deriving I.1 in the charge
balance equation is as follows.

:izN:iLl (to)+is (t")(tn ) @®)

|
L1 T, & 2

To derive (8), the variation in i1 for the n-th interval
obtained by integrating (3) over the interval t, — t,-1 can be
used. It is expressed as

i ) O VL e KV

I (tn)_ I (tn—l) = t:[dILl = t!lwdt- (9)
In all DCM types except for DCM-VI, i.1(0) = iL1(d2Ts) =
iLl(dgTs) = iLl(Ts) =0.1In addition, iLl(Ts/Z) =0 for DCM-H,
IV, V, and VI, and i1((dy + 1/2)Ts) = 0 for DCM-1IIL, 1V, V,

6
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and VI. Therefore, (8) can be derived using (9). The
simplified results of 1., are presented in Table IV. As a result,
the two unknowns, di and dy, and their two simultaneous
equations, which are the VSB equation and the charge balance
equation substituting 1.1 equations of Table IV, remain.

In the case of DCM-II and V, the additional equation
having unknown ds, dz, and ds is necessary to eliminate ds. It
can be used that the variation in i1 over Ts is zero because
iL1(Ts) = 0 in steady state. Since i 1(d2Ts) = iL1(dsTs) =0, a sum
of the current variations of the intervals up to d,Ts; is zero, and
then the current variations of remaining intervals up to dsTs
can be added to make an equation which is also zero. In other
words, the equations of ds; can be derived through iLi(ts) —
iL1(ts) + ira(ts) — iLa(ts) = 0 in the case of DCM-II, and i 1(ts)
—iu(ts) + ia(ty) — ia(te) = 0 for DCM-V. These equations
can be derived from (9). By substituting these equations into
the VSB equation, ds can be expressed in terms of d; or da.
Specifically, ds is expressed as (10) for DCM-II, and as (11)
for DCM-V as follows

1 k-d
d. == 2 10
: 2+(l+k) (10
1
d, =E+(1+ k)d,. (11)

As a result, the only two unknowns, d; and d, and their two
simultaneous equations remain. Therefore, the time interval
can be calculated when vin, Vo, L, K, Ts, and R, are given. The
calculation of d; and d, for all DCM types are summarized in
Table V. However, they cannot be determined in the DCM-VI
because the output current is not affected by di [20]. By using
the equations listed in Table V, the voltage gain of each DCM
type can be easily derived based on the VVSB of inductor.

C. VERIFICAION OF MATHEMATICAL MODEL BY
SIMULATION

By substituting the expressions of di, d», and ds given in Table
V, (10), and (11) into the state space averaged equations, Vc,
and I can be calculated. These calculated results are then
compared with the PSIM simulation results to verify the
mathematical analysis. In the steady state, since x(t) =0, Vc,
and I4 are calculated as x(t) = — Aay*-Bay'Vin. TO compare with
the experimental results in Section V, the parameters of the
components employed in the experiments are used for
calculation and simulation, as shown in Table VI. The
experimental tests will be conducted in Section V.

Under these conditions, it is assumed that the IBC with ICL
operates over a wide output voltage range to verify all types of
DCM. The v, and d; values are set so that DCM types with
similar v, and d; ranges have the same v, and d; value.
Therefore, v, is set to 16.8 VV for DCM-I and II; 26.4 V for
DCM-III and IV; and 31.2 V for DCM-V, VI, and VII, and d;
is set to 0.15 for DCM-II, 1V, and V; 0.3 for DCM-I, 111, and
VI; and 0.6 for DCM-VII for the calculations and simulations,
as listed in Table VII. By substituting the above conditions into
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TABLE IV
EXPRESSIONS OF I 3 FOR DIFFERENT DCM TYPES
DCM type Expressions of I ;
(1+k)(d2—d1)—k
- = A2 U dvT
DCM-I 2 (1K) Vin T,
k-v,, —(1+k d,+(1-k)d
DCM-II kv~ (LK} + (1K) d, d,T,
2L(1-K?)
C(1-K?)(v. — ldd s ] elkey - EERT _ EEATF
SOMAL (1K) (v =, )(d, 1)(d1 d,+ 2]+{k v, (1+k)vc}[d2 2j(d1 d,)+{v, (1+k)vo}[d2 2J(d1 d2+1)T
2L(1-Kk%) )
DCM-IV (Vi”Z_LV°) dd,T,
DCM-V (o ~¥o) @+ (d =k dy) o
2L
d,—d,)v,T
DCM-VI (=d)uT,
4L(1+k)
{(17k2)(vm7v0)(17d2)7o-1}(d17d2+%j+al(dlfl)+{k-vm7(1+k)v0}(d17d2)(d27%j+(vm7v0)(dlféj(dféj(l+k)
TS
DCM-VII 2L(1-K%)
where o, :{vIn -(1+ k)vo}(dlfdz)f(vIn 7v0)(d17%J(1+ k)
TABLEV
EXPRESSIONS OF d; AND d, FOR DIFFERENT DCM TYPES
DCM type Expressions of d; Expressions of d,
3
v, ?L(l—kz)vaoo-1 LK)+ oo +k(1+k)o,
DCM-1 oNT R e R,
Vin Roo—l (1+ k)z (]
L(1-K*}v,0, 5
- W L(L-K*)v,R,0;
: Roo_l
Vin0y
2
Ivm {(1+k)v°—k.vin}{4-L(l+k) Vg_k~VinRoTs}0-1 —(1—k)\/VinRo<71{k'Vm—(1+k)Vo}(k'VmRoTs—4'|-'Uz) 2k o
Dem-IL | R k-v,0, + :
0 + =3 2(1+k)o, 2(1+k)o,
2(1+k)v, 0, 2(1+k)v,0,
DCM-1V L Ly, (Vi =V, )R, T,
’ L'Vin (Vin _Vo)RoTs (Vin _Vo)RoTs
!L'VUO'U
DCM-V \/LAVO{(l_'—k)Vo_k'Vin}Roaél {(1*k)Vin+k-O'5} ﬁ
R,o, 0,0,
DCM-VI g 7\/0'82+(k~L~0'7)2+2~L(2+k)0'60'7+k~L~0'7—0'6 g +\/‘70'62+(k~L~0'7)2+2~L(2+k)0'60'7-f—k-L~0'7—0'G
2 RT.0; ' R.T.0;
L(1+k)* (1=K)v,V,
DCM-VII \I’ L { R, Vaooics +k-v,005 \/L(l+ k)2 (1-K) ViV, R,050, +k - R,050,
(l+k)ROcr50'8
(1+K)Vv,0q
where o-lz{vin—(lJrk)vo}Ts; o-zz(l+k)2vc; o-sz{k-vinz—az(vin—vu)} R,T.; o-A:vin(l—kz)(vin—vo)Ts; o5 =(1+k)v, —k-v,;; o5 =(1-K)RT;;
oy =4(1+k); oy =(1+k)(viy =V, )T,
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TABLE VI
SPECIFICATIONS OF PARAMETERS USED IN SIMULATION AND EXPERIMENT
Input voltage (vin) 48V
Switching frequency (fs) 25 kHz
Inductors (L = L; = L,) 723 uH
Coupling factor (k) 0.744
Output filter capacitor (C,) 400 uF
TABLE VII
CONDITIONS AND RESULTS OF CALCULATED AND SIMULATED VALUES OF V¢, AND I3 IN ALL DCM TYPES
DCM type Set-up condition of d; Set-up condition of v, Rocal Vo cal Vo sim I01.cal I 1.5im
DCM-I 0.3 16.8 V 2.8193 Q 16.8000 V 16.8078 V 2.9795 A 2.9818 A
DCM-II 0.15 16.8 V 11.2772 Q 16.8000 V 16.8038 V 0.7449 A 0.7465 A
DCM-IIT 0.3 26.4V 15.8861 Q 26.4000 V 26.4030 V 0.8309 A 0.8317 A
DCM-1V 0.15 26.4V 54.0019 Q 26.4000 V 26.4006 VV 0.2444 A 0.2452 A
DCM-V 0.15 312V 130.1888 Q 31.2000 V 31.2049 V 0.1198 A 0.1202 A
DCM-VI 0.3 312V 35.6377 Q 31.2000 V 31.1967 V 0.4377 A 0.4383 A
DCM-VII 0.6 31.2V 6.3851 Q 31.2000 V 31.2045V 24432 A 24431 A

the di equations of Table V, the R, values of all DCM types
are calculated, which are also shown in Table VII. However,
it can be observed from Table IV and V that the output current
does not vary with d; for DCM-VI. Therefore, v, of DCM-VI
is determined by the simulation specifications of Table VI and
R, regardless of di. However, within the duty range where the
converter operates in DCM-VI, d; is assumed to be 0.3 to
maintain a consistent value similar to other DCM types, and
calculations and simulations are conducted accordingly. The
results of calculations and simulations are also summarized in
Table VII.

In Table VII, Roca represents the calculated R, value based
on the set-up conditions of di and Vo, while Vcoca and I ca
denote the calculated results. The simulation results are
denoted as Veosim and lpasim. Since there is no significant error
between the calculation results and the simulation results, the
validity of the mathematical analysis is verified.

IV. BOUNDARY CONDITIONS
After d; and d. are obtained in Section Ill, the boundary
conditions between adjacent DCM types (including the CCM)
can be established. There are ten borders, as shown in Fig. 3.
Then, the boundary condition for each border is analyzed as
follows.
e CCM and DCM-I: Distinguishing the DCM-I from the
CCM involves checking whether d; is greater than 1. If so,
it means that i1 and i» do not reach zero, and the converter
operates as the CCM.
e CCM and DCM-VII: As in the above case, whether d; is
greater than 1 determines the boundary condition.
e DCM-I and DCM-II: It depends on whether iy is zero at
0.5Ts. If so, the IBC operates in the DCM-II. In particular.
this boundary condition can be derived by adding the current
variations of DCM-I for the intervals up to half period. It is
expressed as VolVin > 2-d1.
e DCM-I and DCM-III: It can be distinguished by checking
whether i 1 becomes zero after Q- is turned off. When the

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

IBC operates in the DCM-III, i1 becomes zero whereas Q;
is ON. This boundary condition is represented as d, < (d; +
0.5).

e DCM-II and DCM-1V: It depends on whether the values
of v; at the fifth and sixth intervals for DCM-II and at the
fourth interval for DCM-IV are different, which are — v, and
k(Vo — Vin), respectively. For example, if k(vo — Vin) is greater
than — v, at the fourth interval of DCM-IV, the converter
operates as the DCM-IV. It is expressed as Vo/Vin > k/(1 + K).

o DCM-III and DCM-1V’: It is determined based on whether
d is less than 0.5. If so, the converter operates as the DCM-
IV. Then, this boundary condition is described as vo/vin >
2-d1.

o DCM-III and DCM-VI: The values of v, are different at
the last interval for DCM-III and last two intervals for
DCM-VI. They are k-v, and Vvin — Vo, respectively. If k-v, is
greater than vin — Vo, the converter operates in the DCM-VL
It is represented as Vo/vin > 1/(1 + k).

e DCM-IV and DCM-V: Similarly, the values of vi; are
different at the fifth interval of DCM-IV and the sixth and
seventh intervals of DCM-V. In order to operate as the
DCM-V, k-v, must be greater than vi, — v, at the fifth interval
of DCM-IV. This is expressed as Vo/Vin > 1/(1 + K).

¢ DCM-V and DCM-VT: This boundary condition depends
on whether dsTs is within Ts. In other words, if dsz > 1, the
converter operates in the DCM-VL. 1t is represented as d; >
U[2(1 +K)].

e DCM-VII and DCM-III or DCM-VI: To distinguish the
DCM-VII from DCM-III or DCM-VI, it depends on
whether d; is greater than 0.5. That is, if d; > 0.5, the IBC
operates in the DCM-VII.

By considering all boundary conditions described in above,
the operating regions of IBC with the relationship between
d, and the input-output voltage conversion ratio (Vo/vin) are
shown in Fig. 6 according to three different values of k. By
calculating VSB using the state space averaged equations in
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Table 111, it can be seen that vo/vin is determined solely by k,
di, and d». Since d; is represented as a value between 0 and
1, and d; is substituted into VSB as a value of 1, 0.5, and d
+ 0.5 for the boundary conditions, the boundary conditions
can only change due to k, as shown in Fig. 6.

In addition, by utilizing the boundary conditions between
CCM and DCM-I, and between CCM and DCM-VII, the
self-inductance value can be derived when d, = 1 to calculate
the maximum self-inductance value (max{L}) required for
DCM operation. max{L} can be formulated using the
equations in Table V as

Vi, —(1+Kk)v, .

L} v, (1-k7) e
max{L} =
(Vm—Vo){Vo_k(V‘”_V")} RT, ford, >0.5
V.V, (1_k2) o's? 1=

(12)

V. EXPERIMENTAL RESULTS

As shown in Fig. 7, the hardware prototype of two-phase IBC
with ICL is implemented to carefully examine whether all
DCM types change at boundary conditions, and whether they
appear while operating in the DCM. Its parameters are listed
in Table VI. Two switches, Q1 and Q., are implemented by
using the metal oxide semiconductor field effect transistors
(MOSFETS) with the optocoupler ICs of FOD3180. The part
numbers of MOSFETS, and diodes are FDPF680N10T and
SDT10100CT, respectively. The coupled inductor is made
by two U-cores, and it has the coupling factor, k of 0.744 and
self-inductance of L =L, = L, = 72.3 yuH. The experimental
tests are designed to be conducted below 250 W. The point
of maximum power among expected measurement points for
the experimental tests is on the boundary between CCM and
DCM-VII when v, = 31.2 V and d; = 0.65. At the point,
max{L} is calculated as 73.2 uH. Therefore, the coupled
inductor is made to have self-inductance values as close as
possible to calculated max{L}. Also, the value of C, is 400
uF having +10 % tolerance. The electric load is used to
adjust R, for load condition variation. Then, the digital signal
processor (DSP) of TMS320F28377S is used to generate the
pulse-width-modulation (PWM) control signals.

To validate the boundary conditions, the value of di (by
which the DCM type changes) is measured by increasing R,
and experimental results are needed to show the boundary
condition between DCM-I and Il with Vo/vin < k/(1 + K). In
addition, results with k/(1 + k) < Vo/vin < 0.5 are required to
demonstrate the boundary conditions for DCM-I, 11, and 1V.
To measure the boundary conditions for DCM-VII, 111, and 1V,
experimental results with 0.5 < ve/vin < 1/(1 + k) are needed,
and finally, to measure the boundary conditions for DCM-VI|,
VI, and V, results with vo/vin > 1/(1 + k) are required. To ensure
equal intervals for the four cases with the coupled inductor
used in the experiment, experiments are conducted with
voltage ratios of 0.35, 0.45, 0.55, and 0.65. Note that they are
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FIGURE 6. Operating regions of IBC with ICL based on di versus Vo/Vin
for (a) k = 0.25, (b) 0.5, and (c) 0.75.

=]

maintained by controlling v, based on the closed-loop
proportional-integral  (PI) controller of DSP. The
experimental results are shown in Fig. 8, and they are
compared with the theoretical values.
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FIGURE 7. Experimental prototype of the two-phase IBC with ICL.
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FIGURE 8. Experimental results to find the value of di by which DCM
type changes and comparison with theoretical values.

It is clearly observed from the result of Fig. 8 that the
experimental results have good agreement with the
theoretical values at boundary conditions. In particular, their
values between the DCM-V and DCM-VI matches well.
Nevertheless, they are still slightly different at some
boundary conditions. This is because there exist various non-
idealities of MOSFETS, diodes, and resistances of passive
elements. In addition, the ringing of inductor voltages (which
are shown in the below experimental results) might cause to
make this error.

The measured waveforms (Vgs1, fin, VL1, VL2, L1, L2, and vo)
for all DCM types are shown from Figs. 9 to 15, where the
black-dotted line represents the theoretically expected
waveform of vi1. The measured values of di, do, and ds are
obtained through the measured waveforms of vgs; and iv1. lin
is measured for efficiency calculation. The efficiency for
each DCM types is calculated as Voio/Vin-iin, 25SUMING Vin =
48 V and io = 2-i.1. The vi1 and v, waveforms are measured
to verify DCM types. The measured v, values is used for the
calculations of theoretical values. Note that the experimental
tests are conducted by changing the values of R,, while
keeping vo/vin constant. To compare the measured values
with the calculated and simulated values, the experiments are
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conducted using the calculated R, and v, values from Table
VII. As mentioned above, DCM-VI can appear when the IBC
is operated by open-loop controller. Therefore, the
waveforms of DCM-VI are measured when the converter is
operating under open-loop control. They are compared with
the theoretical values of di, dz, and ds (d1,cal, d2,car, and ds cai),
which are calculated by mathematical expressions in Table
V. Due to the resolution limitations of the electric load, R,
values are set-up to the second decimal place. Then, they are
calculated by the R, values and measured v, values and
summarized in Table VIIL. In particular, for the DCM-VI,
dica Cannot be calculated, as mentioned previously. Thus,
da.cal is calculated by assuming that di ca = d1 = 0.3008.

Although there is a slight discrepancy between the
calculated and measured values, the black-dotted line, which
is theoretical waveform of v 4, and waveforms of i1 and i,
verify that all seven DCM types can be observed depending
0N Vo/vin and the load conditions.
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FIGURE 9. Experimental results of DCM- I while vo/vin = 0.35 and Ro =
2.82 Q.
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FIGURE 10. Experimental results of DCM-II while vo/vin = 0.35 and Ro =
11.28 Q.
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FIGURE 12. Experimental results of DCM-IV while vo/vin = 0.55 and Ro =
54 Q.

T, = —h
d,=0.1855 [postv

(
]

32 a;lm

i

i

T - PP, o o~ Jov
A £ .
/ e ’ = e e
AN o ﬂ-;;,-q,ff s> e
L7~ Lot A

— 0. 1581A A\l, Lz

}I";"'-\f > a = ozssof_ EE
—
— —————d,T, — &

I
I

'Time: 8 us/div

— = i = == ———
d

FIGURE 13. Experimental results of DCM-V while vo/vin = 0.65 and Ro =
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VI. CONCLUSION

This study made the detailed analysis of two-phase
interleaved buck converter (IBC) with an inversely coupled
inductor (ICL) operating in the discontinuous conduction
modes (DCMs). Also, the associated circuit configurations
with different DCM operations were described. Then, all
possible DCM types, which can vary with the combinations
of circuit configurations, were analyzed. In particular, a
mathematical analysis was conducted using state space
averaged modeling and time interval calculations, and it was
verified through simulation. In addition, the boundary
conditions between adjacent DCM types or even CCM were
analyzed, enabling the design of the maximum self-
inductance required for DCM operation. The analysis
method proposed in this paper, which distinguishes the DCM
types of the converter based on the combinations of circuit
configurations, is expected to be extended to other topologies
using coupled inductor.
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TABLE VIII
COMPARISON OF MEASUREMENTS AND CALCULATED VALUES OF dj, dz, and d3 IN ALL DCM TYPES

DCM type R, Vo d; i cal d, Ao cal ds d3cal Efficiency

DCM-I 2.82Q 16.79 V 0.3000 0.2941 0.9178 0.8964 - - 95.07 %

DCM-II 11.28 Q 16.82 V 0.1503 0.1382 0.4289 0.3631 0.6830 0.6848 94.57 %
DCM-III 15.89 Q 26.35V 0.2937 0.2805 0.5231 0.5165 - - 97.84 %
DCM-1V 54.00 Q 26.38 V 0.1498 0.1637 0.2726 0.2893 - - 94.19 %
DCM-V 130.19 Q 31.20V 0.1500 0.1855 0.2102 0.2550 0.7616 0.8427 98.29 %
DCM-VI 35.64 Q 30.31V 0.3008 0.3008 0.4158 0.4214 - - 96.16 %
DCM-VII 6.39Q 31.20V 0.5999 0.5877 0.8715 0.8421 - - 96.86 %

The comprehensive DCM study for the two-phase IBC [11] H. Seok, S. Kim, W. S. Choi, M. J. Kim, J. S. Lee and M. Kim,

wit
var

h ICL was fully verified by experimental test under
ious load conditions and different input/output voltage

conversion ratios. In particular, it would be expected that the

pro
be

posed mathematical analysis and boundary condition can
preferably used for designing the proper closed-loop

controller for the two-phase IBC with ICL in practice. In
addition, as presented in [10], IBC with ICL is expected to
have higher efficiency than IBC only in limited regions,
similar to the CCM operation. Therefore, further study on

effi

ciency analysis and detailed converter design is needed

to optimize the operating regions of IBC with ICL. As a
result, the operation and control performance of converter in

the
RE
[1]

[2]

(3]

(4]
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(71
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DCMs can be further enhanced.
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