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Effect of Coupling on Discontinuous Conduction
Mode of Coupled Inductor SIDO Boost Converter

Nupur

Abstract—A single-input dual-output (SIDO) converter with a
coupled inductor is a widely used converter to generate two outputs
from a single input. The analysis presented in the literature is for
continuous conduction mode, where the converters are operating
in heavily loaded conditions. While operating, the load may re-
duce, leading to the discontinuous conduction mode (DCM) of the
converter. A coupled inductor SIDO (CI-SIDO) boost converter
is analyzed in this article. As this converter combines two boost
converters with a common input and a coupled inductor, the DCM
operation of one boost affects the other. Due to coupling, it is
found that the body diode of the MOSFET turns ON in the DCM
operation of the CI-SIDO boost converter. This article finds the
conditions to turn ON body diode and its effect on the average
values of the inductor current, diode current, and input current.
The article also analyzes the CI-SIDO boost when the body diode
is not turned ON. This article finds the effect of change in input
voltage, load current, and duty ratios on the DCM operation of the
CI-SIDO boost. Simulations verify all the obtained conditions in
MATLAB/Simulink and experiments using a laboratory prototype.
This article is accompanied by a supplementary online document
with additional illustrative diagrams and experimental results.

Index Terms—Body diode of MOSFET, coupled inductor,
discontinuous conduction mode (DCM), single input dual output
(SIDO).

NOMENCLATURE
Ly, Lo Coupled inductor windings.
k Coefficient of coupling.
Vin, Vo1, Voo Input, output voltages.
D+, Dy Duty ratios of two MOSFETS.
i1, Lo Inductor currents.

NN, FF,NF,FN States of converter where IV, F' de-
note ON and OFF states of Sy; and
Sto, respectively forip > 0,ipo >
0.

States of converter where IV, F' de-
note ON and OFF states of S;; and
S, respectively forip; = 0,475 >
0.

NN, FFy, NF,, FN,
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NNyp, FFyp States of converter where NV, F' de-
note ON and OFF states of S;; and
S, respectively foriz < 0,i79 >
0.

GNNws Grrw, GNFws % instates NN, FF, NF, FN,
GrNw» GNNwy> GFFw,s NNo, FFy, NFy, FNo, NNyp,
GNFwos GFNwos FF,p, respectively, where w = 1
GNwaDaGFwaD fOIiLl,MZQfOFiLQ.

tNNstrr, tNF, tEN, Duration of states NN, FF, NF, FN,
NNy tFFys ENFy» tFN, NN, F'Fy, NFy, FNo, NNyp,
tNNbD’tFFbD FFbD dividedby TS.

rdrpn1, TdEN2, Vis. at which Gy = 0, Grye =

o

<<

rdNrF1, TdANF2 o at which Gyp1 =0, Gypa =

()
=5
N

1. INTRODUCTION

HE single-input dual-output (SIDO) converters supply
T two different outputs from one available input with in-
creased efficiency, power density, and reduced number of com-
ponents [1]-[4]. The converters have applications in portable
electronic devices, fuel cells, electric vehicles, photovoltaic
systems, etc. [5]—[7]. In all these applications, the converters are
operated in continuous conduction mode (CCM) with heavily
loaded conditions [8]-[10]. While operating the SIDO converter
in applications like an electric vehicle or photovoltaic system,
the converter load may reduce, leading to the discontinuous
conduction mode (DCM) of the converter. A complete analysis
of the converter is required to efficiently operate the SIDO
converters, including the DCM operation.

The inversely coupled inductors are added to the SIDO con-
verters because the dc flux due to one winding cancels the dc flux
due to the other windings [2], [3], [8]-[12]. This reduces the flux
in the core of the coupled inductor. When operated at a high cur-
rent, the directly coupled inductors saturate the core more readily
than inversely coupled inductors due to reduced flux in the core.
Therefore, inversely coupled inductors are a better choice for
high-power dc applications. Due to the reduced flux in the core,
the volume and weight of the magnetic components reduce. This
reduces the overall physical size of SIDO converters.

The literature review on DCM analysis of dc—dc converters is
as follows. The literature presents the DCM analysis of convert-
ers like a two-phase interleaved boost converter with coupled
inductor [12]-[15]. In [12], two CCM and three DCM operating
modes are analyzed, including the current, voltage ripples, and
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dc voltage gain analysis of interleaved boost converter with
inversely coupled inductors. In [13], more operating modes
of interleaved boost converters are added compared to [12].
The DCM and boundary analysis of ten operating modes are
discussed with discrete and coupled inductors. However, few
operating modes are still ignored. In [14], the dual interleaved
buck and boost converters with interphase transformers are
analyzed, and major DCM operating regions are presented
depending on the voltage ratios and duty cycles. In [15], the
complete analysis of interleaved boost converters is presented
with all possible operating modes in DCM. The DCM analysis
gives rise to many different modes of operation because the
forced turn ON of body diodes of the MOSFETSs takes place in
DCM. Also, the forced conduction of the forward diode takes
place due to the presence of coupled inductors.

The literature also presents the solution to parasitic ringing,
which happens in all types of dc—dc converters [16], [17]. Due
to the parasitic capacitance of MOSFETs and the stray inductor
in the circuit, there is a parasitic oscillation in the converters
when the inductor currents become zero. The literature also
presents the input current ripples analysis for interleaved boost
converters in DCM [18] for all possible duty ratios. The coupled
inductor interleaved boost converter with single-phase opera-
tions for lightly loaded conditions are also discussed in [19]. This
phase-shedding is used to improve the efficiency of the converter.

This article focuses on the coupled inductor SIDO (CI-SIDO)
boost converter in DCM. The general analysis of the CI-SIDO
boost converter in CCM is already published in [7]. Also, the
optimum design method of the CI-SIDO boost converter is pro-
posed in [20]. A power electronic converter is usually designed
for rated conditions. So, the values of different passive elements
(such as Ly and Ls) are chosen at the design stage according
to the rating of the converter. However, the converter may not
operate in rated conditions always. The load of the converter may
reduce while operating, leading to the DCM of the converter.
Therefore, this article evaluates the performance of the CI-SIDO
boost converter in DCM.

The CI-SIDO boost converter has two different duty ratios,
output voltages, loads, and inductance values. In an interleaved
boost converter, the duty ratios of two phases are equal, in-
ductance values are also equal, and the load is common. So,
the DCM approach adopted for the interleaved boost converter
does not apply to the CI-SIDO boost converter. The number of
DCM operating modes of the CI-SIDO boost converter is much
more than that of the coupled inductor interleaved boost [15].
The DCM analysis of CI-SIDO boost is compared with the
interleaved boost converter in Table I.

The article evaluates the effect of coupling on the DCM
analysis of CI-SIDO boost (see Fig. 1). The converter has so
many different operating modes due to the coupled inductors,
two different duty ratios, and two unequal loads. Furthermore,
the turning ON of the body diode due to coupling further adds to
the feasible operating modes. Also, the variation of input voltage
affects both the boost converters of the CI-SIDO boost converter
because of the common input. This article assumes that the first
boost converter is in DCM while the second boost is still in CCM
to show the effect of the DCM operation of the first boost on
the CCM operation of the second boost. However, the approach
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TABLE I

CHALLENGES IN DCM ANALYSIS OF CI-SIDO BOOST VERSUS
INTERLEAVED BOOST

Basis of comparison

[12], [13], [15]

this paper

Topology

Interleaved Boost

CI-SIDO Boost

Relations between Di, Do, Lj,
Lo

Dy = Dy = D,
Li=Lo=1

Dy # Do, L1 # L2

Output voltage

Vo, 1s common, i.e.,
only one output

Vo1, Voo are different
and independent

Slopes of 27,1, 12

Same

Different

Boundaries of DCM operating
modes depend on

Vin
.

Number of DCM waveform pat- | 10 21*
terns for i7,7 and iz o
Forced turning ON of power diodes | & k, %
depend on
Turning ON of body diodes depend | k k, i—;
on
Vin Vin

Ly
Vo1’ Vo2 Lz’ ™

Voltage and current stress

always less than or
equal to CCM con-
ditions

may increase or de-
crease depending on
L1, Lo, k

Duty ratio depends on

Vin, Vo. k. io

Vin, Vo1, Vo2, k, L1,

La, 71,01
Voltage gain depends on Vin, Vo, k. D, 1o Vins Vot, Vo2, k, L1,
Lo, % io1, D1, D2

“Number increases if both boost converters in DCM and gate pulse shift are considered.

"
L ; =
f— Voo gﬂ:;

Fig. 1. CI-SIDO boost converter when (a) Spp1 is ON and 77,1 is negative
(shown in red color) and (b) Sp g1 is OFF (shown in black color).

presented in this article can be extended to CI-SIDO boost when
both are in DCM.

The contributions of the article are as follows.

1) This article presents the effect of coupling on the DCM
analysis of a CI-SIDO boost converter. As the CI-SIDO
boost converter is a combination of two boost converters,
the article presents the effect of DCM operation of the
first boost on the second boost when the second boost is
at CCM/DCM boundary or in CCM.

2) Due to coupling, the body diodes of MOSFETs turn ON.
This article presents the effect of turning ON of the body
diode on the DCM operation of the CI-SIDO boost. The
conditions to turn ON the body diode are found, and the
effect of body diode on the average values of inductor
currents, diode currents, and input current is analyzed.

3) The DCM operation of CI-SIDO boost when the body
diode is not turned ON is also analyzed. The slopes and
average values of inductor, diode, and input currents are
also analyzed when the body diode is not turned ON.

4) Different sectors and operating modes of DCM are found
by changing input voltage, load current, and duty ratio.
This article finds the effect of change in input voltages,
load currents, and duty ratios on the DCM operation of
the CI-SIDO boost converter.

5) The output voltage gain analysis and the voltage, current
stress on semiconductors in DCM are evaluated.
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6) Simulations verify the presented analysis in MAT-
LAB/Simulink and experiments by developing a labora-
tory prototype.

The rest of this article is organized as follows. Section II
presents the circuit description of the CI-SIDO boost and the
problem formulation. Section III presents the effect of a body
diode on DCM operation. Section IV presents the effect of input
voltage, load currents, and duty ratios variation in the DCM
analysis of the CI-SIDO boost converter. Section V presents the
simulation and experimental verifications for different modes of
the CI-SIDO boost converter. Finally, Section VI concludes this
article.

II. CIRCUIT DESCRIPTION AND PROBLEM FORMULATION

This section presents the circuit description of the CI-SIDO
boost converter, which includes the conditions of turning ON of
body diodes and the formation of sectors. Then, the problem
formulation of this article is presented in detail.

A. Circuit Description of CI-SIDO Boost Converter

The topology of the CI-SIDO boost converter is shown in
Fig. 1. The converter has two MOSFETs S and Sjo, and two
diodes Sy and Sgo. The converter is the combination of two
boost converters with a common input voltage Vi, and two
outputs V,; and V5. A coupled inductor replaces the individual
inductors with a coupling coefficient k, and windings L, and
Ls. The first inductor current 77,1 enters DCM, keeping iz in
CCM. The first load current 7,; is varied to analyze the DCM
operation of CI-SIDO boost, keeping 7,2 unchanged. Due to
the presence of a coupled inductor, the body diode Spp; turns
ON when i1 operates in DCM. When Sp g1 turns ON, negative
current flows through it, as shown in Fig. 1 (in red color). When
17,1 is positive, the current flows through S;1, as shown in Fig. 1
(in black color).

1) Condition to Turn ON Body Diode of MOSFET: The
analysis of the CI-SIDO boost converter in Fig. 1 is done to
find the condition of turn-ON of Sp 1. The voltage across the
Sy is given by vy = Viy — vr1. When first boost is in DCM,
ir1 = 0.Sovp = —k 1 Lure where vy, can take two values,
ie., Vi, or Vi, —

V41 18 given by

Vo2 as second boost is in CCM. Accordingly,

<1+k h)wn if s = Vig

(1)

To turn ON Spp1, vi1 < 0. As vy is always positive when
vr2 = Vin, for v41 < 0, we obtain the condition as

14 14
1+ky/— | Vin — ky/—V, 0
( + L2> I, 9 <

< —— (2)
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Therefore, it is found that when vy, = Vi, the body diode is
never ON. For vpe = Vi, — V2, body diode is ON when (2) is
satisfied.

2) Formation of Sectors in DCM: The values of slope in each
state are presented in Table II. The table presents the following.

) Gyn1, GNN1,p> GNNe, GNngy, and G, are al-
ways positive as Ly, Lo, k, Vin, V,1, and V9 are positive.

2) Grri1, Grra, and Grre, are always negative as Vi, <
‘/ol and ‘/in < Vo2'

3) Grn1, Grne, GNr1, and Gy s can take both positive
as well as negative values depending on the voltages and
coupled inductor parameters.

Using Table II for Gpy1 < 0, we have

(1 + k %) Vvin - Vol
<0
(1—-k2%) Ly
Vin 1
= % < 7L(: TdFNl) . 3)
o (1 ky R
Thus, we find that

<0 for V‘" <rdrni
Grni4=0 at . — rdpNt 4

>0 for n > rdpny.

Similarly, for Gpne < 0, we have

(1+ k%) Vi kvfinl

1-k2) L,

Vi k L
=< 71(2 TdFNQ) . (5)
Q+k )

Similarly, “ff; < rdypiforGyp1 < 0and “;—2 < rdypo for
G2 < 0, where

L
ky/ 7= 1

rdNFl e rdNFQZ D e
(1+k ﬁ—;) <1+k %)

It is also found that rdyF; < rdyF2, the proof of which is
as follows:

ky/ 2k 1
L < L

(1+k L—z) (1+k; L—1>
Similarly, it can be proved that rdpno < rdpyi. Plotting
these values in the V‘“ Versus V‘“ plane, we obtain the sector
diagram shown in Flg 2 . As shown, nine different sectors are
possible for the DCM analysis of the CI-SIDO boost converter.
Each sector has a different waveform of inductor currents due to
different ‘“ and v‘“ ratios. It is also found that the condition
to turn ON the body dlode in (2) is the same as the conditions of

Sectors 1, 2, and 3. Therefore, the body diode is turned ON in
these sectors as marked in the sector diagram of Fig. 2.

=0<k<l. (6)
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TABLE II
SLOPES OF INDUCTOR CURRENTS IN FOUR STATES
Inductor cur- NN FF NF FN
) <1+k,/%)vm <1+k,/%)VL,L—<V01+1«,/,%V02> <l+k,/%)vm—k [ Voo (1+k,/%)v Vo
L1 GNN1 = W Grr1 = (1=F)Ly GNF1 = (= GrN1 = (1=k2)Ly
) 1+k %)vm (l+k,/%)vm—(\/’02+k,/%\/01) <1+k /f—f)v,,ﬁvoz 1+k,/%)vm k[ 2 Vor
iro GNn2 = e Grp2 = ), Gnr2 = TR, Grn2 = (W)L,
i1 = 0, , ,
ir2  CCM, GNN2y = % Grra, = ‘/i”'EZV°2 GNF2y = V”'L;V” Grn2, = %
Spp1 OFF
Z; rgg;z:/e, GNN1,p, = GNN1 Grr1,p, = GNF1 _ _
Spp1 ON GNN2,p = GNN2 Grra,p, = GNF2
Vb G0 Grpi>0 Grr1>0 5) Evenif i, of Fig. 3 is in CCM, its slope changes in state
" Gnr2<0 GnF2>0
| sl Ovn) | Ove2l FFyp.
G0 As the load current ¢,; decreases from the boundary condition
3 6 9 || GrN )
vdpnn | i Grne>0 to enter DCM, the waveforms of the inductor currents also
| . . . . .
) 5 . 1 Grai<o change. It. is also obser.ved. that ¢ L1 is becoming r}egat1v§ for
| Gra2>0 some portion of the switching period. The change in the input
rdpNg [0 " R AR AR SARR y voltage is expected to affect both the boost converters because
4 7 Ta
) - <0 . . . .
Spp1 ON ' G0 of the common input voltage. This article aims to find the
0 - ! . .
) > i T causes of the above-mentioned behaviors of the CI-SIDO boost
NF1 NF2 o . .
Vo2 converter in detail. All these effects are related to the effect of
Fig. 2. Sector diagram for DCM analysis of the CI-SIDO boost converter. coupling. Therefore, this article presents a detailed analysis of

9 DT [,, 7 [DL [.,
92 [ DT, [ . P D, T, [ '
v TS : . : TS d )
Lié — —_—
Vin T, " .
| Vin = Vo1 . ) | WV —Va
Vpolbo o ___ - Vo —
Vo R ,
Vin — Vo2 Vin = Vo2
Grpni Grni
e GNN1 ‘
i N Grri ir1 ‘ NErr1
‘ GFrri,p
NN <pNe=—FF —* e il
GFn2 NNep
GNN2 Crr GNn2 o (Grr2
ir2 ‘ ir2 i . GFFZbP
t - t
(a) (b)

Fig.3. (a)Bothinductor currents 77,1 and 71,2 are at boundary for a given load
currents. (b) As the first load current decreases, i1 goes to DCM. This shifts
11,2 to CCM from boundary, without any change in the circuit.

B. Problem Formulation

The waveforms of inductor currents 771 and 775 and voltage
across inductors vy, and vro are shown in Fig. 3. From the
figures, we find the following.

1) Bothir, and iy are at boundary for a given load currents
101 and 7,2, as shown in Fig. 3(a).

As the load current i,; decreases from the boundary
condition, 71,1 goes to DCM, as shown in Fig. 3(b).

As iz goes to DCM, i1 shifts from boundary to CCM
without any change in ¢,2, as shown in Fig. 3(b).

In Fig. 3(b), we observe that ¢1,; is becoming negative.

2)
3)

4)

the CI-SIDO boost converter when the first boost is in DCM
while the second boost is still in CCM. This assumption helps in
better understanding the effect of coupling on the DCM analysis
of the CI-SIDO boost converter.

It is to be noted that the CI-SIDO boost is analyzed with
a nonshifted gate pulse, i.e., g; and go starts simultaneously.
The advantage of the gate pulse shift is in the ripple reduction
for CCM operation [7]. In CI-SIDO boost, it is found that the
value of shift where inductor current ripples are minimum is not
fixed even in CCM [7] unlike interleaved boost converters. As
the CI-SIDO boost enters DCM, the inductor current waveform
patterns become more complex. So, the process of finding the
optimum shift for DCM is again becoming a function of several
other parameters. The controller design for this type of shifting is
more complex. For any controller, precisely generating this shift
is going to be very difficult. Also, during DCM operation, the
values of inductor currents become very small. So the amount
of ripple is not a concern in DCM. So, to keep it simple, we have
chosen to operate the converter for nonshifted gate pulse, i.e.,
g1 and g9 starts simultaneously for DCM.

If the gate pulse of the CI-SIDO boost converter is given a
shift, there are conditions when forced turn ON of the power
diode takes place. When vyo = Vi, — V,2, Sg1 is not turned ON
forcefully. For vy = Vi, the forced turn ON of Sy; takes place
if the following condition is satisfied:

Vin 1
Vor (14 ky /L)

III. EFFECT OF BODY DIODE ON DCM OPERATION OF
CI-SIDO BOOST CONVERTER

(7

This section presents the effect of the body diode on the DCM
operation of the converter.
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Fig. 4.
is OFF and (c) when Sp g1 is ON.

A. DCM Operation When Body Diode Is Turned ON

When body diode, Spp; is turned ON, the currents iy, i41,
and 4;, become negative for some values of ¢,;. This section
analyzes the effect of negative currents on the slopes and average
values of i1, ¢12, t41, 242, and i;,, denoted by their correspond-
ing capital letters.

1) Effect on Slopes of i1, 12, td1, a2, and iy, When Body
Diode Is Turned ON: When the condition of turning ON of the
body diode in (2) is satisfied, the body diode turns ON. The
effect of negative currents on the slopes of i1, ir2, 741, and
149 are explained using the waveforms shown in Fig. 4(c). As
discussed in Section II-A1, the body diode is turned ON when
vro = Vin — V. Therefore, for the duration of F'N,, i1 = 0
and the slopes of 712 changes. The voltages across the inductor
windings in F'N,, is given as

L
vp1 = —ky/ flUL2; v = (1 — k*)Ly
2

Substituting the expression of vy in vre, the expression
reduces to

Lz
Ly

digo
dt

—k

vr1-

®)

dirs
VL2 = in.

dt ©)

(b)

Theoretical waveforms of g1, g2, V1.1, 11, 241, 941, VL2, 1,2, 242, 42, and ¢;, for a constant V,,; and V2 at (a) CCM/DCM boundary (b) when Sp g1

Therefore, for state F'N, where vro = Vi, the slope of i
called G2, is given by
Ly’

After the duration F'N,, Sppi turns ON and ipp; starts
flowing in the negative direction. This duration is called F'F},p.
Even though Sp g conducts in this state, Gpr1,, = Gnr1 and
Grra,, = GNF2, as presented in Table II.

As the slopes of ¢7,; and ¢2 change, the waveforms of 741,
142, and 7;; change, as shown in Fig. 4(c). As the current
ipp1 becomes negative up to Ts with negative slope Grri,,,,
it remains in the negative direction at the stating of the next
switching cycle with a positive slope of Gy n1,, for NNpp.
If the duration of N Npp is smaller than D175, S;; turns ON
with positive ¢7,1. The currents 771 and i1 increase with their
respective positive slopes G yn1, Gy 2 up to DT, After that
i1,1 and i1, decrease with their respective negative slopes G 1
and G're. Thus, in this way, the cycle repeats.

The slopes of input current in the CI-SIDO boost converter is
the sum of slopes of the inductor currents in the corresponding
state. At boundary in Fig. 4(a), 4, starts from O as 771 and 77,5
starts from 0. When Spp; is ON in Fig. 1, 4, starts from a
negative value as the sum of ¢, and iy at t = 0 is negative.
As a result, ¢;,, becomes negative for some portion of 7 when
Spp1 is ON.

Grna, = (10)
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2) Effect on Average Values of i1, 112, td1, td2, tin When
Body Diode Is Turned ON: To show the effect of turning ON of
the body diode on the average values of 71,1, i12, tq41, and ig49,
one set of waveform is shown in Fig. 4(a) and (c), where V,1
and V5 are kept the same and Vj, is changed such that body
diode Spp1 turns ON and negative current flows through it. The
average values are compared with the condition when both i,
and 71,5 are at boundary, as in Fig. 4(a). As the voltages V,; and
Vs are to be maintained constant, the duty ratios D and Do
change in response to the change in input voltage V;,,. For a given
Vin, the first boost converter enters from CCM/DCM boundary
to DCM by reducing the load current, i,;. As the average value
of 741 is the load current 7,1, therefore, the average value of 74,
is decreasing as the converter enters from boundary to DCM.
The average values of i7,1,1.e., [11 decreases as the load current
1,1 decreases from the boundary value. This is evident from the
waveforms of i1 from Fig. 4(c) and (a).

As the second boost is not changed while the first enters from
boundary to DCM, the load current of 7,0 remains the same.
Consequently, the average value of 740 does not change. The
average values of i1, i.e., [0 remain approximately the same
as the load current of the second boost, i.e., 7,2 is not changed.
The average value of ¢;,, can become negative if the sum of
average values of ¢,; and i1 are negative.

B. DCM Operation When Body Diode Is Not Turned ON

When iz, is in DCM, but body diode Sppi is not turned
ON, the CI-SIDO boost converter operates in DCM without any
negative current. This section analyzes the effect of i1 = 0 on
the slopes and average values of i1,1, 21,2, 141, 142, and %i,.

1) Effect on Slopes of ir1, i1, 141, tq2, and iy, When Body
Diode Is Not Turned ON: The waveforms are shown in Fig. 4(b).
The inductor currents 777 and iy starts from O with their
respective slopes Gy 1 and Gy 2 in the state N N. After this
state, S;1 turns OFF and i7,1 and iy, decrease with slopes G 1
and Gppy9 in the FIN state. However, 77,1 becomes 0 before
turning OFF of Sys. So, this state where Sy is OFF, i1 = 0, and
Sto is ON, is called the F' Ny state. The slopes of 7,5 in this state
are given by Grna,, as presented in Table II. The next state is
FFy where both Sy and Sy, are OFF and 77 = 0. Using (9) in
F' Ny and F'Fy, the slopes of i are given by

Vvin - Vo2

Lo

Vi

I an

Grne, = —, Grra, =

When Sp g1 is OFF in Fig. 4(b), i;,, starts from a positive value
asthe sumofiy; and iy att = 0is positive. Therefore, the sum
of 111 and i1 are never negative, resulting in a positive %i,.

2) Effect on Average Values of 1,1, 112, 11, 142, and iy, When
Body Diode Is Not Turned ON: Similar to Section III-A2, the
average values of iy1, i1, 141, and i4o when Spp1 is OFF [see
Fig. 4(b)] are compared to its boundary case [see Fig. 4(a)].
The comparisons show that the average values of i4; and i1
decrease as 7,1 is decreased. This is clearly shown in Fig. 4(b)
where the base as well as the height of ¢4, graph decreases
compared to i4; at boundary in Fig. 4(a). The average values of
142 Temain same as 7,2 is not changing. As a result, the variation
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in average values of i, is insignificant compared to the average
values of ¢7;. In this case, the average values of ¢y,; are never
negative. As the average value of ;,, is the sum of average values
of 171 and i79; therefore, it is never negative.

IV. EFFECT OF CHANGE IN Vi, 1,1, AND D{—DIFFERENT
MoDES OF CI-SIDO BOOST CONVERTER IN DCM

In the CI-SIDO boost converters, the output voltages V,;
and V,» are to be maintained based on the applications. If Vi,
changes, the values of \‘//:i and “;o . change. This changes the
sector of operation of the CI-SIDO boost converter, as shown
in Fig. 2. The change in sector changes the waveforms of i1
and ¢z, which is actually affecting the DCM operation of the
CI-SIDO boost converter. Therefore, each sector is analyzed, and
the ranges of Vi, 7,1, and D1 are calculated for each sector. The
formation of different modes is also discussed, followed by the
grouping of sectors based on a similar 77, pattern. The voltage
and current stress on semiconductors are analyzed, followed by
the analysis of the output voltage gain.

A. Formation of Modes and Grouping of Sectors Based on
Similar iy, Patterns

As discussed earlier, the inductor current waveforms of all
nine sectors are different from each other. For a given V1, V2,
the range of V;,, for each sector is calculated using Fig. 2. For
example, the range of Vi, for Sector 1 is

0 < Vin < Voordyri, 0 < Vip < Vo1.rdpene

=0<Vin < min(VOl.rdFNg, VOQ.'rdNFl). (12)

Similarly, the range of V;,, for all other sectors is calculated
and presented in Table III.

Within a sector, the inductor current patterns further change
depending on the load currents and duty ratios. Therefore,
modes are formed within the sector. Sectors 1, 2, 4, 5, 7,
and 8 are divided into three modes whereas Sectors 3, 6, and
9 have only one mode. For example, the physical meaning
of Sector “1” Mode “la” is that its inductor current slope
conditions are Gyny1 > 0, Gyr1 < 0, Gpy1 <0, Grpp1 <0,
Gnne >0, Gyro <0, Gpye <0, and Grroy < 0, the load
range iS %0115 < %01 < %o1pqg, and the range of duty ratio is
Dllb < Dy <tnn.

This article analyzes CI-SIDO boost with iz; in DCM,
keeping izo in CCM. Due to this considered assumption, the
sectors of the CI-SIDO boost converter are divided into four
groups based on the similar patterns of 7,1. The analysis of one
waveform from each group is sufficient to show the behavior of
11,1 for each group.

The durations of states of each inductor current waveform
pattern are discussed here. For a given value of coupled induc-
tors, output, and input voltages, the slopes of the CI-SIDO boost
converter are known. For the required ¢ i, the waveform of 71
from Mode 1a of Fig. 5(a) gives

_ |Gnri1|(1— Dy —tpp)

tNN
GNN1

bD
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Fig. 5. Theoretical waveforms of g1, g2, 41,1, and 77,2 when operating in modes (a) 1a, (b) 1b, (c) 1c, (d) 3, (e) 4a, (f) 4b, (g) 4c, and (h) 6.

RANGE OF INPUT VOLTAGE IN DIFFERENT MODES OF DCM IN CI-SIDO

TABLE III

BoOST CONVERTER

Sector | Modes Range of V;,
1
| £ 0< Vin <
1o min(Vo1rdpna, VoardnF1)
2
2 22 maX(Vol.rdFNg,O) < Vin <
% min(Vo1.rdFN1, V02~7“dNF1)
; 5 max(Vo1.rdpn1,0) < Vip <
min(Vo1, Vo2.rdnF1)
4
4 42 max(Vo2.rdnF1,0). < Vip <
de min(VOl.rdFNg, VOQ‘T‘dNFQ)
5a
5 sb max(Vo1.7dpn2, Vo2.rdNF1) < Vin <
s min(Vo1.7dpn1, Vo2 rdn F2)
6 6 max(Vo1rdrn1, Voerdnri) < Vin <
min(Vo1, Voordy p2)
7
7 72 rnax(O, VOQ.T‘dNFQ) < Vin <
min(Vo1.rdp N2, Vo2)
Tc
8a
8 3b max(VDl.rdFNg, VOQ.T‘dNFQ) < Vin <
8 min(Vo1.7dp N1, Vo2)
9 9 max(Vor1rdp N1, Voardnr2) < Vip <
min(Vo1, Vo2)
G
I ———
FN — (1+ ‘GFN1|)
|GN N1
|Grnt| |Grr]
tNN =1rN +trp
|Gl |Gyl

Dy =tnn,, TINN

T

5 trr(trr +trn)|Grri| + tnNtENG N N1

(13)

Now, at CCM/DCM boundary, we have tnn,,, = trr,, =0,
trr = (1 — Ds), and Dy =ty + try. The obtained values
of 151 = ip1pq and Dy = tn at the CCM/DCM boundary are
T
2

lo] =

tnn(Da —tnn)GNnt + (L= Do)(1 —tnn)|Grri]

Ds|Grni| + (1 — D2)|Grr|
Gyn1 + Grnt '

wheretyny =
(14)
Therefore, 77,1 remains in DCM when 7,7 < 7,14 and D1 <

tnn, as presented in Table III. Now, the details of Mode 1b are
obtained using Fig. 5(b) as follows:

b = Gnri(1— Dy) - (D2 —tnnyp)
- T (1+ Iggg;‘)
G Dy —t
tpy = L (D NNbD), Dy =tnn,, +iNN
|G F1 (1 + Guna )
IGrn1l
Lol = ?st%N|GFN1|- (15)

Finding the values of 751 = 7511, and D1 = Dy,, atMode 1b,
we obtain
|Grn1|(D2TsGnnt — |Gt |(1 — D2)T5)?
2T,(|Grni| + Grni)?
DyGpn1+ (1 — Dy)Gnpy
Gnn1 +Grnt .
Therefore, 77,1 remains in Mode 1la when i,11; < 101 < T01pd

and Dllb <D <tyn. At i, = iollb and Dy = Dllb’ the
converter is at Mode 1b. After thatif i, < i5115and Dy < Dy,

lol1p =

D11b -

(16)



4998 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 5, MAY 2022

TABLE IV
DURATION OF STATES, OUTPUT VOLTAGE GAIN, AND VOLTAGE STRESS ON SEMICONDUCTORS OF CI-SIDO BOOST CONVERTER IN DCM

Similar . . R .
Modes Duration of states Input-output relations Vil mae = max{} Vdlmaz = min{}
PR, p = (1G *(1 gz)),
— NF1 — L2
INNyp = (Dot Gszrl ) v 1
— — 1 ol — -
Ib,2b | 4o _ 2(1-:—\/12,151\” ::Vn ) Ve = (5D Vo1 Vo1
[GpN1l
_ Gypni (P2—tNN,p —tFNg
trN = \GFNlll (a+ GNN1 )
IGpNl
trr, = (I — Do),
GNFp1(1—-D
NNy _ Nlél( . 2)
(D2—tnnN K%;N ) Vo1 L=trNg a2
le,2¢ | 4oy _ P27 tNNup TP NG vk = — {Vo1,42Vin} {Vo1,92Vin — Vo1 }
Ot &)
tpN = ‘CG;NNll (DZ_tN]Z'bD_tFNU)
FN1 (1+ " NN1 )
€Sz
_ [GNF1[(0—Da—tpF)
INN,p = Cnnt o s ‘
(D2—tN N, —tFF o EELls) V. 1
3 _ bD [CNNLl 0l _
trn (I—LGFNH ’ Vin (trPN+trF) Vo Vo1
[GNN1T
G GpN
ENN = P GEEL — e (GER
4a, §
tny = GEn D2t Grriltrr Vo, _ l-tppya2 Gtrry Vi, Vo1, —Vo1,92Vin
38, (Cyn1+Cra) Vin — (trr+trN) + (tpp+trN) Vi 2 Vin — q1 Ve —Vo1 — q1 Vo3
7a, 8a tpn = Do —tnnN in in q2Vin — q1Vo2 ol —(q1Vo2
4b
’ _ G _ k. /L 1_p
5b, trp = (1=D2), tpn{1+5E5E} = Do, Vor _ Dogz—qr | 1,702y, Vor, —Vo1,42Vin
7b, INN = GI&N& Vin (D2—D1) (D2-D1)  Vin q2Vin — q1Vo2 Vo1 — q1 Vo2
8b NN1
4c, _ _ _ GrENitFN ko iy
5¢ trry = (1G D2). tnn = Gnnt Voo _ Ditten-—ai(trng+trm) 4 Ve FE vy, q2Vin — q1 Vo2, q2Vin — Vo1 — 1 Vo2,
7c, 8¢ | tPN{l+ GERE} = D2 —trn, Vin PN ten Vin 42Vin, Vot 42Vin = Vo1, = Vo1
6.9 INN = W# Vor _ 1-trrya QtFERy Ve Vol, ~Vo1,42Vin
> tpn = Do — tan ! Vin — Urrptien) | (GrptteN) Vin q2Vin — q1Vo2 Vo1 — 1 Vo2
- Ly — Ly
qu=ky/7L. q2=(1+k/ L)

the converter operates in Mode lc. As this article assumes that TABLE V A
only 7:L1 is in DCM, the ranges of iol and Dl are also valid DIFFERENT SECTORS AND MODES IN CI-SIDO BOOST CONVERTER WHEN 47,1

. o IS IN DCM WHILE i, Is INCCM
for modes of Sector 2, i.e., Modes 2a, 2b, and 2c. Similarly,

the ranges of Vi, @01, and D for all the sectors and modes are Sec- | Mo- [ Slopes of | Range of | Range of | sequence | Slopes of
presented in Table V. or | s | tu "ot Du | ofswtes | Shs
The analysis of other sectors show that Sector 3 has only one 2 | = “ . M Su
pattern, as shown in Fig. 5(d). Also, from Fig. 2 and Table V, > | oM e DI Al ST
we find that Sectors 6 and 9 have same waveform of ¢, with —— cm | pm | A e
only one waveform pattern, as shown in Fig. 5(h). Similarly, out EEE S cu D11l Al sl
of Sectors 4, 5, 7, and 8, the waveform of Sector 4 is shown in : :;‘ AV SS'_IIIII
Fig. 5(e)—(g), which has three operating modes. The value of 7,1 7l R =1
corresponding to Mode 4b is given by T [ A_V S
5 Sb S-1I
ity = |Grn1|GR v D3 T . (17) T St vy ST
2(Gyn + |Grnal)? T JRVR B
Therefore, this section shows that the CI-SIDO boost con- R ot o S
verter has nine sectors, which are grouped into four groups Z ZC v o o o SSII\]/
9 9 S-1v

based on similar 771 patterns. Also, Sectors 1, 2,4, 5,7, and 8

S-I: GNFw > 0, Gpnw < 0; S-IE GNpyw <0, Gy >0

are further divided into three modes. The waveforms from each S Gy s < 0, Grwa < 05 SAV: Gy > 0, Gy > 0
. . C-Iiio11p < to1 < do1pag; D-I: D1y, < D1 <tnn
mode' and group are presented in F1g. 5. For each waveform, the T § < g < etr DAL 0 % Dy < Dy
durations of states are presented in Table IV. C-IV: do14p < o1 < iotpas DAIV: D1y, < D1 < vy
C-IL: = ip1pg; D-I = D1y, C-V: = ip14p5 D-Vi = Dy,
The summary of the sectors, modes, and the group of sectors CVE 0 < tot < It DVE 0 < Dy < Drg,
are presented in Table V. The sectors are a group of similar Al NNpp = NN = PN = FF — FFyp
X i ALl NNyp — NN — FN — FFyp
inductor current waveforms based on the inductor current slope AL NNyp — NN = FN — FNo — FFyp
conditions. Within the sectors, the inductor current patterns J T O e P,
are further changing with load currents and duty ratios. For Dy, = UBRem Debems p,,, = DeCrm

Dy, = P2GEN1+(1-D3)Gnpy
11 GNN1+tGENT
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one inductor current slope condition, one particular type of
waveforms pattern represents one mode. From Table V, it is
clear that four groups of sectors are possible based on the similar
inductor current pattern.

B. Voltage and Current Stress on Semiconductors

As the load currents in DCM are very small compared to
CCM, the peak values of MOSFETSs and diodes are less compared
to CCM. Therefore, the current stress on the MOSFETSs and diodes
is less compared to CCM. The peak values of MOSFET current
for all the modes are

itlmax = GNNltNNTs~ (18)

The peak values of diode current are given by

i . GynitnnTs + GenitpnTs for Sectors 3, 6, 9
dlmax GyNitnnNTs for other sectors.

The maximum current through the body diode is given by

ipBimax = GFF1,ntFF,p s- (19)

The maximum voltage across the MOSFET and diode depends
on the coupled inductor parameters. Compared with their CCM
values, the voltage stress may increase or decrease depending on
the coupled inductor parameters. The maximum voltage stress
on MOSFET and diode is presented in Table IV.

C. Output Voltage Gain Analysis

By applying the volt-second balance for vz, in Mode 1a [see
Fig. 5(a)] where the body diode is ON, the input—output voltage
relations are calculated as

Vin(1 —try —trr) + (Vin —

Vo 1

LY R— (20)
Vin  (tpn +trr)

Now, applying the volt-second balance for vz; in Mode 4b
[see Fig. 5(f)] where the body diode is not ON, the input—output
voltage relations are calculated as

Vor)(tpn +tpp) =0

VinD1 + (Vin — Vo1) (D2 — Dy)

)3
+ k| (Voy = Vi) (1 = Dy) =0
Lo

Dy(1+k\/5) —k
(D2 — D)

k,/ L(1- Do)y,

D2 - Dl) V;n
2D

LV
Vin

The input—output voltage relations of all the remaining wave-
forms are presented in Table IV. It is found that the input—output
voltage relations in DCM depend on both the output voltages in
addition to the coupled inductor values. As 719 is in CCM, the
input—output voltage relation is the same as CCM

Ve 1
VEn B (1_D2)

(22)

4999

(b)

Fig. 6. Experimental setup. (a) CI-SIDO boost. (b) Coupled inductor.

V. SIMULATION AND EXPERIMENTAL VERIFICATIONS

A. Simulation Verifications

The CI-SIDO boost converter is simulated in MAT-
LAB/Simulink. The coupled inductor selected is L; =
48.00 uH, Ly = 120.00 H, and k = 0.8. The converter is oper-
ated with a switching frequency of 100 kHz. Suppose, the output
voltage to be maintained is V,,; = 10V and V5 = 15 V. For the
given values of Ly, Lo, k, Vo1, and V,, the range of Vi, is cal-
culated for all the sectors using column 3 of Table III. It is found
that the feasible range of V}, is obtained for Sectors 1, 4, 5, 8,
and 9 only. The respective ranges obtained are 0 < V;, < 5.04,
5.04 < Vip < 5.58,5.58 < Vip < 6.62,6.62 < Vi, < 6.64,and
6.64 < Vi, < 10. Therefore, as Vi, varies from 0 to 10V, the
sectors of the converter changes.

The waveform of I versus i,; is shown in Fig. 7(a). For i,
higher than CCM/DCM boundary, I1, is a straight line passing
through the origin with slope T—n As 1,1 decreases and enters
DCM, Mode 1a starts. The converter remains in Mode 1a until
1,1 18 greater than (16). As 7,3 decreases further below (16), the
converter enters Mode 1c. It is found that /7, is negative for
some values of i,; due to the turning ON of Sppg;. The dotted
lines represent the I1,; values in CCM. It is found that the value
of Ir; in DCM has decreased from the boundary values. As
the V;, is increased, the converter remains in Sector 1; however,
11,1 is decreased and CCM/DCM boundary is increased. This is
shown in Fig. 7(b).

Itis tobe noted that as V;, is changed, D5 also changes because
of the common input voltage V;,,. However, as V2 and R5 are not
changed. 7,5 is not changed. Consequently, there is no significant
change in I as 4,1 is changed.

The waveform of D; versus i,; is shown in Fig. 7(c). The
graphs show that as i, decreases from CCM/DCM boundary,
the constant D; starts decreasing. As Vj, is increased, D;
decreases. As expected, in DCM the duty ratios become load
dependent.

Similar simulation graphs are shown for Sector 9 in Fig. 8(a)
and (c). The graphs in Fig. 8(b) and (d) show that as Vj, is
changed, the sector of the converter is changed. For V;, = 5.3V,
the converter operates in Sector 4, which changes to Sectors 5
and 6 as V;,, further changes to 6.3 and 6.6 V.

The analysis in all the sectors show that the effect of turning
ON of Spp1 does not change I;; much. Though it depends on
the Ly, Lo, k, Dy, D4, and Vj,, the average value 1,1 becomes
negative only in Sector 1 for very small values of 7, .
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For a constant output—input voltages, the average value of 7,1 decreases as i,1 is decreased for (a) Sector 9, and (b) Sectors 4, 5, and 8. There is no

negative I7,1 as Spp1 is never ON. The average value of 771 increases as input voltage is decreased in both the cases, and D1 decreases as 4,1 is decreased in

DCM for (c) Sector 9, and (d) Sectors 4, 5, and 8.

B. Experimental Verifications

To verify the sectors and modes presented in this article, a
100-W laboratory prototype of the CI-SIDO boost converter
is designed, as shown in Fig. 6. The converter is made using
MOSFETs with part number IRFPO9ON20DPBF and diodes with
part number RHRP30120. The input voltage Vj, givenis 4V,
which is taken from a regulated dc supply of 64V, 20 A. The
capacitors of 100 yF are used. The rheostats are used as a load
to the CI-SIDO boost converter that is changing for different
modes. The currents and voltages are measured using current
and differential probes in a four-channel mixed domain oscillo-
scope. Although the analysis presented in this article is valid for
any parameters of a coupled inductor, this article presents the
experiments for a ferrite core-coupled inductor with k£ = 0.8,
L1 =48 uH, and Ly = 120 uH. The gate pulses g; and g- are
generated using an FPGA kit numbered NI sbRIO 9637, which
is programmed in the LabView platform.

The valuesof rdpn1, 7dF N2, 7d N F1, and rd 5 o are obtained
as 0.66, 0.56, 0.34, and 0.44 using (1), respectively. For given
Vin = 4V, theranges of V,,; and V,,, are obtained for each sector
and mode. The values of V,,; is varied by changing R; and D as
the first boost is operated in DCM and V5 is varied by changing
D, as the second boost is operated in CCM.

For Sector 1, the ranges obtained are 0 < (Vi,/Vo1) < 0.56
and 0 < (Vin/Ve2) < 0.34. The example of Mode 1a is shown
in Fig. 9(a) for Vi, /V,1 = 0.55 and Vi, /V,2 = 0.32 such that
Dy and D> obtained are 0.18 and 0.7, and R, and R> obtained
are 24 and 90 €2, respectively. The Mode 1b is shown in Fig. 9(b)

for Vin/Vo1 = 0.55 and Vi, /Vie = 0.32 such that Dy and Do
obtained are 0.18 and 0.7, and R; and R, obtained are 50.4
and 902, respectively. The Mode 1c is shown in Fig. 9(c)
for Vin/Vo1 = 0.47 and V4, / Voo = 0.32 such that Dy and Do
obtained are 0.18 and 0.7, and 2, and R obtained are 125.8 and
90 2, respectively. Likewise, all the other modes are generated in
the experiments. The results for Sectors 1, 3, 4, and 6 are shown
in Fig. 9. The experimental results for the remaining sectors are
presented in supplementary material. As discussed in Section V,
we observe that the body diode Spp1 is ON in Sectors 1 and
3 only. In all the remaining sectors, there is no turning ON of
the body diode Sp 1. The ringing in the experimental results is
due to the parasitic inductances and capacitances present in the
circuit.

C. Findings

The following are the findings of the analysis, simulation, and
experiment of CI-SIDO boost converter.

1) Effect of DCM operation of the first boost on the second
when second boost is at boundary or CCM: As the first
boost enters DCM, the slopes of i1 and iy change in
each state. This changes the waveforms of iy, 19, i41,
142, and 2;,. The calculated slopes are presented in Table I1.
Conditions to turn ON body diode: When the first boost
is in DCM and the second boost in CCM, it is found that
the body diode turns ON in Sectors 1, 2, and 3 only. The
condition to turn ON Spp1 is given by (2).

2)
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Fig. 9.

3) Effect of body diode on the average values of inductor
currents, diode currents, and input current: The average
value of i;; may become negative when Spp; is ON
depending on the values of k, Ly, Lo, V1, Vo, and V. As
the average value of 4;,, is the sum of the average values of
ir1 and 779, its value can take negative values depending
on the average value of 777 and i75. When Spp1 is OFF,
111 1s never negative. Therefore, negative 7;, is also not
possible.

4) Effect of change in input voltage: In practical applications
where output voltages are maintained constant, the effect
of variation on Vi, is found. It is found that for a given
k, Ly, Lo, V1, and V,9, the range of Vi, exists for each
sector. As Vj, increases, the converter may remain in the
same sector or may change the sector. In both the cases,
as Vi, increases, average values of i1, decrease.

5) Effect of change in load current and duty ratio: As the load
current of the first boost decreases and enters DCM, the
average values of the first inductor current also decrease.
As the second load current is not changed, there is no
significant change in the average values of the second
inductor current. With the decrease in 7,1, D decreases
in DCM whereas D5 changes with V;,, as it is in CCM.

6) Voltage and current stress on semiconductors: The cur-
rent stress decreases compared with the CCM operations.
However, the voltage stress depends on the voltages and
coupled inductor parameters.

7) Output voltage gain: The input—output voltage relations
depend on the input voltage, both output voltages, and
coupled inductor parameters.

The analysis presented in this article helps the designers with
the choice of components. As the voltage gain of the converter
increases many times in DCM, the voltage ratings of the output
capacitors also get affected. The selection of MOSFETs and diodes
also change depending on their voltage blocking capabilities and
the currents carrying capabilities of the body diodes. Also, all the
waveforms of the CI-SIDO boost converter that are presented in

(€3] ()

Experimental results of the CI-SIDO boost converter in operating modes (a) 1a, (b) 1b, (c) 1c, (d) 3, (e) 4a, (f) 4b, (g) 4c, and (h) 6.

this article will help the system operator to design the controller
for the CI-SIDO boost converter in DCM.

VI. CONCLUSION

This article analyzes the CI-SIDO boost in DCM. The CI-
SIDO boost converter combines two boost converters with a
common input and a coupled inductor. It is found that the DCM
operation of the CI-SIDO boost turns ON the body diode of
the MOSFET. The article finds that the body diode turns ON in
Sectors 1, 2, and 3 when one boost is in DCM while the other in
CCM. When the body diode is turned ON, the average values
of inductor currents and input current may become negative
depending on the output voltage, input voltage, and coupled
inductor parameters. As the load current of the first boost de-
creases and enters DCM, the average values of the first inductor
current also decrease, whereas there is no significant change in
the average values of the second inductor current. For the given
output voltages, as the input voltage is increased, the average
values of the inductor current decrease. The simulations are done
in MATLAB/Simulink to verify the effect of input voltage and
load current change on the average values of inductor currents
and duty ratios. Each mode is generated in experiments using a
laboratory prototype of a CI-SIDO boost converter.
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