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High Gain and High-Efficiency Bidirectional DC-DC
Converter With Current Sharing Characteristics
Using Coupled Inductor

Subhendu Bikash Santra

Abstract—Application of coupled inductor in designing noniso-
lated bidirectional dc—dc converter provides flexibility to attain
high voltage conversion ratio both in buck and boost mode of
operation. In this article, a new coupled inductor bidirectional
converter is designed with low winding turns ratio (n = I). The
proposed topology uses two current path inductor structure which
improves voltage conversion ratio and shares current in all oper-
ating modes. All the active switches in the proposed topology are
soft switched utilizing synchronous rectification concept. Higher
efficiency operation is possible as no extra circuit elements are
required to achieve soft switching. Leakage energy of coupled
inductor is successfully stored in a clamped capacitor which is
utilized in the circuit topology. The voltage stress and current
stress level of main active switches are low. The proposed circuit
is simulated and performance parameters are verified through
hardware results. Both simulation and experimental results per-
formed on a 250 W prototype confirm to attain a high efficiency
of the proposed converter with simple hardware requirement for
practical implementation.

Index Terms—Bidirectional de—dc converter, coupled inductor.

I. INTRODUCTION

OW-A-DAYS bidirectional dc—dc converters (BDC) are
Nindispensable as buffer stage which is widely used in
the applications like storage interface [1] and electric vehicle
(EV) [2]. Traditional two switch nonisolated BDC [3], [4] is
not suitable for these applications as it requires extreme duty
ratios to attain voltage gain (>10) in boost mode and (<1/10)
in buck mode to interface low voltage battery, i.e., 1248 V
source to high voltage side i.e., 150—400 V bus [1], [2]. The
efficiency and the voltage stress performance are also poor of the
conventional BDC. To solve the difficulty in attaining required

Manuscript received December 6, 2020; revised March 9, 2021; accepted
April 28, 2021. Date of publication May 14, 2021; date of current version
July 30, 2021. Recommended for publication by Associate Editor H. H.-C. Tu.
(Corresponding author: Subhendu Bikash Santra.)

Subhendu Bikash Santra is with the School of Electrical Engineering,
KIIT Deemed to be University, Bhubaneswar 751024, India (e-mail: sub-
hendu.santrafel @kiit.ac.in).

Debashis Chatterjee is with the Department of Electrical Engineering, Ja-
davpur University, Kolkata 700032, India (e-mail: debashisju@yahoo.com).

Tsorng-Juu Liang is with the Department of Electrical Engineer-
ing, National Cheng Kung University, Tainan 701, Taiwan (e-mail:
tjliang @mail.ncku.edu.tw).

Color versions of one or more figures in this article are available at https:
//doi.org/10.1109/TPEL.2021.3077584.

Digital Object Identifier 10.1109/TPEL.2021.3077584

, Member, IEEE, Debashis Chatterjee

, and Tsorng-Juu Liang ", Fellow, IEEE

conversion ratio in both buck and boost mode of operation
BDCs are classified into two broad categories, i.e., isolated
BDC and nonisolated BDC. Isolated BDC uses transformer as
an isolating element which offers flexibility in varying turns
ratio and helps in attaining high conversion ratios. However,
the number of active switches is generally greater than eight
or more in full bridge isolated BDC [5]-[7]. Camped capacitor
circuits [8] are used in these topologies to overcome voltage
stress due to leakage inductance, which further increase control
complexity of these isolated BDC. Half bridge topologies [9]
are alternative choice in these categories to reduce the number of
active switches. However, achieving soft switching (ZVS) [10]
and control complexity is a major problem of these converters.
Nonisolated BDCs uses different circuit concepts like SEPIC,
voltage multiplier cell, switched capacitor, coupled inductor to
achieve high conversion ratio. The efficiency of SEPIC derived
BDCs [11] is low because of its cascaded structure. Voltage
multiplier cell can be used in designing BDCs but it creates large
voltage stress across switches. Switched capacitor based BDCs
[12]-[14] are inherently perform better because of its simple
structure and less control complexity. However, the switching
loss and large switch current stress in these types of converter
continues to be the major problem. Hybrid structures, like SEPIC
with switched capacitor and quasi-Z source with switched ca-
pacitor [15] are capable of achieving high conversion factor. But
large component count and inability to achieve soft switching
limits conversion efficiency. In contrary coupled inductor based
BDCs are well suited for achieving wide range voltage gain
with low stress voltage [16]. The efficiency of these converters
is also comparable to the isolated BDCs. By proper circuit
arrangement, switch current [17] and voltage stress can also
be minimized. The leakage inductance energy can be stored in
clamped capacitor which can be utilized in power flow. Soft
switching, i.e., ZVS of active switches in these converters can be
attained using auxiliary circuit [ 18]—-[20] but has limited gain and
control complexity. However, soft switching of these converters
can be achieved using synchronous rectification concept which
do not require extra circuit elements.

In the last decade, there are many coupled based bidirec-
tional dc—dc converter topology is proposed in this direction.
The fundamental topology with interleaved structure is pro-
posed by Yang et al. [21] as shown in Fig. 1(a). Intermediate
capacitor-based topology is proposed [22] in modification of
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Fig. 1. BDC configurations using coupled inductor. (a) Interleaved structure
by Yang et al. [21]. (b) Clamped capacitor-based high gain circuit [23] and
modified circuit [24].

initial topology to increase the voltage gain but lost parallel
inductor structure which is helpful in current sharing during buck
mode. The main topology which recovers the leakage energy in
a clamped capacitor and use it in circuit operation is originally
proposed by Duan et al. [23] as shown in Fig. 1(b). This topology
has inherently higher conversion ratios, i.e., (n+2)/(1-d) and
(d/n+2) in boost and buck mode, respectively. This topology
also has the capability to achieve soft switching.

The current sharing in buck mode is not achieved in this
topology which was rectified by Wai et al. in [24], where extra
inductor is used in parallel to the coupled inductor as shown
in Fig. 1(b). This extra inductor is used in buck operation
and remained unused in boost operation which left a research
gap. Topology proposed by Das er al. [25] can achieve soft
switching like [23] but conversion ratio is inferior. Exactly same
circuit like in [23] with one extra capacitor is proposed in [26]
which provides same performance like original circuit. Circuit
proposed by Hassan et al. [27] utilized the same structure [23]
with a small modification by branching coupled inductor but
reached to the same conversion factor as in the original circuit.
Amir et al. [28] proposed same coupled inductor based BDC
as previously proposed in [24]. Quasi resonant operation of
same [23] BDC structure where coupled inductor is replaced
by simple inductor is proposed [29] which is further generalized
to make the topology suitable for high power application. But the
basic circuit structure remains the same. Liu et al. [30] utilized
the same structure but branching coupled inductor path leads
to reduced voltage gain compared to the original circuit [23].
Interleaved structure using two extra inductors is utilized by
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the proposal [31] to achieve current sharing, whereas coupled
inductor increases the voltage conversion factor. Interleaved
structure with switched capacitor network [32], [33] is also
promising solution in nonisolated BDC circuit design. Though
topology [31] performs better in terms of gain, stress level, and
efficiency compared to [25], [27] but circuit operation is com-
plex with additional parallel inductors. However, the limitation
of [31] can be eliminated by effectively utilizing the coupled
inductor.

In this article, a coupled inductor based bidirectional dc—
dc (CIBDC) is proposed which is capable of achieving the
following.

1) Higher conversion ratio both in buck and boost mode
compared to proposals [23], [25], [27] and [31] for less
winding turns ratio (n = I).

2) Sharing current in either mode of operation due to parallel
path structure utilizing coupled inductor and it do not need
extra inductors [31]. This proposal has major advantage
compared to the initial work [24] that coupled inductor
winding is used to create parallel path which shares current
in both operating modes and helps in increasing conver-
sion ratio, reducing coil size unlike an extra inductor path
[24] which is unused during boosting operation.

3) Clamped capacitor helps to recover leakage energy which
helps in increasing the efficiency.

4) All switches are soft switched (ZVS) utilizing syn-
chronous rectification concept which further improves the
efficiency.

5) Low main switch current and voltage stress.

The topology derivation of this proposal is discussed in the

next section.

II. CircuUIT TOPOLOGY DERIVATION OF THE
PROPOSED CONVERTER

Circuit design of BDC using the coupled inductor has the
flexibility to improve voltage conversion factor without increas-
ing the complexity of the circuit. Reduction in input current
ripple and current sharing is possible by using parallel structure
as shown in Fig. 1(a). Voltage gain can be improved using
cascading structure [35] as shown in Fig. 2(a). However, the
hard-switched cascading structure has less efficiency and do
not have current sharing benefit. To achieve high conversion
factor and soft switching using synchronous rectifier concept
secondary coupled inductor branch is used primarily in [23] as
shown in Fig. 1(b). Later modification of the secondary coupled
inductor branch position is adopted in [25] as shown in Fig. 2(b)
to achieve current sharing and higher gain but fails to achieve
it. Similarly, modification in coupled inductor branch position
is mentioned in [27] as shown in Fig. 2(c) to achieve same
objectives but the performance parameter remains same as [23].

In the proposed CIBDC, two secondary coupled inductor
branches are used to achieve higher voltage conversion factor,
current sharing characteristics along with soft switching, i.e.,
ZVS of all active switches using synchronous rectification con-
cept as shown in Fig. 3.
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by Liang et al. [35]. (b) Position changing secondary branch [25] of coupled
inductor. (c) Rearrangement of secondary branch [27] of the coupled inductor.

III. STEADY STATE OPERATION OF THE PROPOSED CONVERTER

Two secondary coupled inductor winding branches are used
in the proposed BDC as shown in Fig. 3. The current topology
uses six active MOSFET switches, four capacitors and coupled
inductor to design CIBDC. To simplify the analysis, coupled
inductor is modelled as an ideal transformer with two secondary
winding and magnetizing inductance L,,. Leakage inductance
Liy is also considered in the model. Circuit parameter like ripple
voltage across capacitors is taken very small and ignored for
simplifying analysis. The active MOSFET switches are considered
as ideal switches. The ratio of magnetizing inductance (L,,)
to (Ln+Lyy) ie., ﬁ is considered as coupling coefficient

(k), whereas n = % is winding turns ratio. The steady-state
operating principle of the proposed CIBDC is discussed using
two operating modes, i.e., boost and buck mode in continuous

conduction (CCM).

A. Boost Mode of Operation

In the boost mode of operation, power flows from low voltage
source (Vry) to the high voltage bus (Viy). This mode of pro-
posed CIBDC is divided into six subintervals based on switching
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Fig. 3.  Proposed coupled-inductor based bidirectional converter (CIBDC)
using two secondary branches.
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Fig. 4. Key waveforms of the proposed CIBDC in boost mode.

states as shown in Fig. 4. The circuit operation of six subintervals
are shown in Fig. 5 indicates each mode of operation. The
high voltage side (Viyv) circuit model is considered to be a
combination of output capacitor and resistance for verifying the
boosting operation.

1) Mode 1 [tyo—t;]: This mode starts from ty when S4 and
S¢ are turned OFF under ZVS condition as shown in Fig. 4. The
current is diverted through antiparallel body diode of switch Sy
and Sg. Switch S; current flows through its body diode which
makes S; voltage to be zero. The equivalent circuit of the mode
is shown in Fig. 5(a). At t; this mode ends when switch S is
turned ON.
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2) Mode 2 [t;—t2]: Body diode of S; is conducting before
starting of the mode and switch voltage is zero. Therefore, ZVS
switch on operation is achieved when switch S; is turned ON
at the beginning of this mode. The coupled inductor magne-
tizing current (ir,,) starts rising. The polarity of the coupled
inductor secondary and tertiary winding makes the antiparallel
body diode of switch S3 and S5 forward biased as shown in
Fig. 5(b). The capacitor C; and C, along with coupled inductor
secondary, tertiary winding release its energy to capacitor C and
Cs. The load current is supplied by the output high voltage side
capacitor (Cyy). In this mode soft switching operation of Sq,
is achieved during turn on similarly like synchronous rectifier.
The magnetizing and switch current equation in this mode are
as follows:

diLm _ digi vy digs  vee —wver  diss
dt dt Ly’ dt n2L; 7 dt
ves + Vo1 — Vo4 — ULy
= 3 . (D
n L1

3) Mode 3 [to—ts]: Switch S3 and Sy is turned ON at ZVS
condition similar to S; in this mode. The magnetizing current
(iLm) continues rising. The capacitor C; and C4 along with
the coupled inductor secondary, tertiary winding continue to
release its energy to capacitor Cy and Cg in this mode as shown

Operation of the proposed converter in boost mode. (a) Mode 1 [to—t;]. (b) Mode 2 [t1—t2]. (¢) Mode 3 [to—t3]. (d) Mode 4 [tz—t4]. (e) Mode 5 [t4—t5].

in Fig. 5(c). The load current is supplied by high voltage side
capacitor similar to mode 2. By selecting the proper capacitance
values of C; and C, along with coupled inductor secondary
winding inductance (L) half cycle quasi resonant current (z,.)
operation is possible during DTy interval (DT = ¢,) which
makes switch S; current stress lower [17]. Similarly, like syn-
chronous rectifier, soft switching operation of S3 and Ss is
achieved in this mode.

4) Mode 4 [tg—t;]: Switch S, S3_ and S5 are turned OFF at
the starting of this mode. The polarity of the coupled inductor
primary winding as well as leakage inductance is reversed which
naturally turn ON the body diode of switch So, S; and high
voltage side switch Sg as shown in Fig. 5(d). This makes these
switch voltages zero during this mode. The magnetizing energy
stored in leakage inductance is transferred through the body
diode of switch Sy to the capacitor C;. During this mode,
capacitor C4 is in charging mode which stores energy from
tertiary winding of the coupled inductor. The stored energy of
the capacitor Cy, Cz and coupled inductor secondary winding
is discharged to the high voltage side capacitor and to the load.
The magnetizing current starts falling during this mode.

5) Mode 5 [t;~t5]: This mode starts with So, S4 and S¢ are
turned on at ZVS condition. The magnetizing current (i)
continue to fall at this mode. The stored energy of capacitor
C,, C3 and coupled inductor secondary winding is discharged
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Key waveforms of the proposed CIBDC in buck mode.

to the high voltage side capacitor and load as shown in Fig. 5(e).
This mode ends when S, stops conduction as stored leakage
energy is transferred to C;

vy + vca —ver diss

vl —vy disg
TL2L1 dt

diLIn o dls2
dt dt L, ~ dt
__ UHV — Uc3 — UCt
n2l, ’
6) Mode 6 [t5—ts]: This mode is same as mode 5 only switch

So will not carry any charging current to capacitor C; as shown
in Fig. 5(f).

2

B. Buck Mode of Operation

In the buck mode operation power flows from high voltage
(Viv) source to low voltage (Vry). The buck mode operation
of proposed CIBDC is divided into seven subintervals based
on switching states as shown in Fig. 6. The circuit operation
of seven subintervals are shown in Fig. 7 which indicates each
mode of operation. The low voltage side (V) circuit model is
considered to be acombination of output capacitor and resistance
for verifying the buck operation. There are seven operating
modes of buck operation within an operating cycle (7).

1) Mode I [ty—t;]: This mode starts from ty when Sq, S3,
and S; are turned OFF as shown in Fig. 7(a). Due to the polarity
of coupled inductor windings, the body diode of switch Sy, Ss,
and Sg become forward biased. In this mode, coupled inductor
secondary and tertiary winding current goes to high voltage side
using the body diode of switch Sg. This makes possible to turn
ON Sg under ZVS condition which is at the end of the mode at
t1. Switch S; and Sy current decreases to zero value at the end
of this mode. S; and Sj is turned OFF at ZVS condition due to
conduction of body diodes.
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2) Mode 2 [t;—ts]: Mode 2 starts from t; when Sg is turned
ON at ZVS condition as shown in Fig. 7(b). During this mode, the
reverse current which is flowing into high voltage side decreased
to zero value as shown in Fig. 6. At the end of this mode,
freewheeling stage of buck operation stops.

3) Mode 3 [to—ts]: As Sy is already on before the starting
of this mode, it makes easier to flow power from high voltage
side to low voltage side through coupled inductor and capacitor
Cs, Co. This mode is the active mode in buck operation. The
body diode of switch S and S, are turned ON based on coupled
inductor polarity as shown in Fig. 7(a). The magnetizing current
(iy) s rising in opposite direction if compared with boost mode
of operation as shown in Fig. 6. Capacitor C; and C,4 charges in
this mode through body diode of switch S, and Sy, respectively.
The operation of this mode is mentioned in Fig. 7(c). As body
diode of S5 and S, are conduction therefore it is possible to turn
ON these switches under ZVS condition. This mode ends at t3
when S, and Sy are turned ON. During this mode low voltage side
capacitor and load current is supplied directly by high voltage
side.

The magnetizing and switch current equation are as follows:

dipm  disa  wor —ovpy digs vy — vo2 — Vcg — vl
dt dt L, ~ dt n?Ly

disa _ ves +viv — var 3)
dt 'fl2L1

4) Mode 4 [ts—t;]: In this mode switch Sy and Sy are turned
ON at ZVS condition. The charging current path is same as mode
3. This mode ends when current through So becomes zero and
capacitor C1 is fully charged. The circuit operation of this mode
is shown in Fig. 7(d).

5) Mode 5 [t,~t5]: Asswitch Sy is ON and capacitor C; starts
discharging in this mode as shown in Fig. 7(e). The other branch
current path remains same as mode 4. From mode 3 to mode 5 is
the active stage of buck operation. This mode ends when witch
S is turned OFF at t5.

6) Mode 6 [t5—tg]: At the starting of this mode Sg switch
is turned OFF. The polarity of coupled inductor changes to
maintain continuity of inductor current which makes body diode
of switches S, Sg, and S5 forward biased and starts conduction
from the beginning of this mode. This state is similar to free-
wheeling state of conventional buck converter. In this mode,
capacitor C; discharges and capacitor Co and Cg charges as
shown in Fig. 7(f). The magnetizing current starts decreasing in
this mode as mentioned in Fig. 6. The switch voltages of S1, Sa
and S5 are zero as body diodes are in conduction. This makes
possible to achieve ZVS turn ON of corresponding switches in
the next mode. The magnetizing and switch current equation in
this mode is as follows:

ditm _ v digs _ Vc2 —va digs
dt L, dt n2L, dt
ves + Y1 — Vo4 — ULy
- . 4
7L, @

7) Mode 7 [tg—t7]: This mode starts with turning ON of
switches Sq, S3, and S5 under ZVS condition. The same op-
eration like mode 6 continues in this mode. This is also like
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a freewheeling mode of the conventional buck converter. This
mode ends when switches Sz, S5 and S; are turned OFF and
mode-1 repeats the cycle by turning ON body diode of switches
S5 and Sg. The circuit of this mode is shown in Fig. 7(g).

IV. ANALYSIS OF THE PROPOSED CIBDC IN
STEADY-STATE CCM

A. Voltage Gain of Boost Stage

The boost mode operation of the proposed CIBDC is shown
in Fig. 5. From Fig. 5(b) which is same as switch on operation
of the conventional boost converter, the voltage equations are
derived where Vi, V5o, Vi3, Vi, are main winding voltage,
secondary winding voltage, tertiary winding voltage, and leak-
age inductance voltage, respectively

m

ULm = VL1 = mvw = kvry ©)
L

VLk I in vy = ( Jury (6)

VL2 = vr3 = nkvpy. @)

Switch ON and OFF time voltage equations of secondary loop
as well as third loop are required to apply volt-second balance
in coupled inductor primary winding from which C; and Cy4
voltages can be derived

2D(k — 1)+ (2 — k)
1-D

ve, = VLV ®)

Operation of the proposed converter in buck mode. (a) Mode 1 [to—t1] (b) Mode 2 [t;—t2] (c) Mode 3 [ta—t3]. (d) Mode 4 [t3—t4]. (¢) Mode 5 [tg—t5].

ED(n+1)

v = ——
“T1-D

Similarly, from coupled inductor secondary, tertiary winding

volt-sec balance, capacitor Cy, Cs and high voltage side capac-
itor voltage can be derived

ULV 9

v, = (nk+2D e ) wv  (10)
vo, = (Dk(n - 2);/;5121;; + (D — 1)) v (1D)

For ideal coupling coefficient k = 1, the boosting voltage gain
of CIBDC can be derived from (13)

k44D (k — 1) +2 (2 — k)

VHV = Vg = D vy (12)
v 2n+2
Meow = = = = (13)
VLV 1
’Ucl = 1 _D’ 1}02 = n—l—ﬁ VLV, ’UC4
D(n+1)
— (2T 14
( 1= D )ULV (14)

For different coupling coefficient k value, the boosting voltage
gain of the proposed CIBDC is shown in Fig. 8(a). The boosting
gain (Mccom) of the proposed CIBDC is compared to other
topologies for n = I as shown in Fig. 8(b). The voltage gain
(Mcowm) is derived (15) in terms of normalized time constant
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from CCM and DCM voltage gain and output capacitor charge
balance equation.

M = (n+1)+ (15)

From the boundary condition of CCM and DCM mode the
normalized time constant at boundary (7 ,,,,5) is derived

(1-D)’D

— 7 16
2(n + 1) (10

TLmb =

Thus, correct selection of normalized time constant Ig—rT"s =
TLm > TLmb-, Which depends on magnetizing inductance (L, ),
switching frequency (fiy ), and load resistance (R) is essential
for ensuring CCM operation of CIBDC as shown in Fig. 9(a).

B. Voltage Gain of Buck Stage

The buck mode operation of the proposed CIBDC is shown in
Fig.7. Form Fig. 7(b) which is the same as switch on operation of
conventional buck converter, the voltage equations are derived
from volt-sec balance of primary, secondary winding like in
boost mode. Loop voltage equations are essential both for switch
ON time and OFF time. The capacitor voltage equations are as
follows:

k(1 — D)(n+1)

ve, = o) ULV (17)
k+2D(1 -k
ve, = +ULV (18)
D
vy = Vo (19)

T onkt4D (k- 1) 42 (2 — k) BV
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TABLE I
COMPARISON OF VOLTAGE STRESS

Proposed [25], [16], [24], [26], [35] [21]
[34] [27], [28]
High
Voltage Viv L v h vﬁ Vi
Sld.e So) 2n+2 n+l " n+2 n 1+D
Switch
Stress
Low
Voltage Viy Yuy. v Vi
Side  (S1) Vi
Switch 2n+2 n+l n+2 n
Stress

tch StressHigh Voltage
°
B ST}

Switch StresvHigh Voltage

Low Voltage

4 - 04
Tum Ratio (n) 2 0.2 Duty Ratio (D)

4
Duty Ratio (D)

TumRatio @ 2 02

(@ (®)

Fig. 10.  Switch voltage stress comparison of (a) high voltage side (Sg) and
(b) low voltage side (S1) of CIBDC in CCM.

Taking coupling coefficient k£ = 1, the voltage gain in buck
mode is derived from (19) and gain is compared with other
topologies as shown in Fig. 9(b)

VLV D
M = = — 20
coM = T Snte (20)
VLV (n+1)(1 —D)
'Ucl = F) UC4 = (T ULV - (21)

C. Voltage Stress Analysis

There are six switches in the proposed CIBDC. Switch voltage
stress (V) of S1 the converter is as follows:

_ VW _ vnv
1-D 2n+2°

Vs1 (22)
Similarly, switch voltage stress for S,, S3, S4, S5, and S¢ are
respectively

2n+1
= g2V
(23)
The switch voltage stress comparison is mentioned in Table I.
The normalized switch voltage stress for high voltage and
low voltage switch is compared and shown in Fig. 10. It is clear
that voltage stress is less in the proposed CIBDC. Therefore,
the conduction loss can be minimized by selecting low voltage
rating switches which has low ON state resistance.

vay_ v vy
550 US3 =Us4 = ——, Uss
2n+2’ 27

Us2 = Use =

D. Current Stress in CCM

1) Boost Mode: The magnetizing current (it,,,) value can be
calculated from of high voltage side capacitor (Cyy) change
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balance in CCM. The magnetizing current value is as follows:

_vav(n+1)  2vupy(n+ 1)
~ (1-D)R = (1-Dy’R 9

1Lm

The maximum of magnetizing current (ir,,) value is as
follows:

, Nitw  2vpv(n + 1)2
i Bl v ( )

2 (1-D)*R

’I_)L\/.DTS
2L,

Z‘Lm_Pcak . (25)
Coupled inductor winding-2 current is necessary to find peak
switch current (ig;) during ON time

Z.Sl_lz’eak = Z.Lm_Peak + (Tl + l)iwindingZ_Peak- (26)

The proposed CIBDC is capable of achieving low switch
current stress like proposed in [17] by properly selecting C;, C,
values and half cycle resonating time. RMS current of switch S¢
can also be minimized.

Thus, the peak current of low voltage switch S; is as follows:

vLv Ceq
1-DYV Lo

_ 2upv(n + 1)
(1-D)°R

2upy (1 +n)

ZSl Peak = DR

27
Similarly, the peak current for high voltage side switch Sg is
as follows:

21)L\/(’n + 1)2
n(1 - D)’R

vy DT
2nLy

136_Peak = (28)

The peak switch currents of Sz, So, and S, are, respectively

. . . . ~ ULV Ceq
1S2_Peak = ©S4_Peak = ?Lm_PeakaNdig3_peak = .
1-DYV Lo
(29)

The RMS values of switch currents during boost mode are
derived from current waveform as shown in Fig. 4

A A \2/1—D\?
15 (22) (1=2)
THY n+3

(30)

2
: 1 [PT [Coq . 27
1S3-RMS = ?/0 <Uceq I —“sin t) e (31

. 24+ 2n ILm
is2-RMS = T \/ pirvandisi—rMS = LTV 1-D
(32)

1S1-RMS =

2
1 [PTs Ceq1 o2
T » nZ¢ ) at (33
185-RMS . /0 (U a Leq Ts (33)

1/ Nipm \°
1+ —— .
i 3 (imein> ‘|

(34)

1S6—RMS = {Lm-miny | (1 — D)
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2) Buck Mode: In the buck mode operation of the proposed
CIBDC, the switch current stress of S; is same as peak magne-
tizing current as it only conducts during freewheeling time like
conventional buck converter

181_Peak = 1S2_Peak = ¢Lm_Peak- (35)

Similarly, the peak current of high voltage side switch Sg is
as follows:
X ~ Dm)LV (
1 eak — 77 N
S6_Peak 1-D) L,
where t3—to = DT
The average magnetizing current during the buck mode of
operation is as follows:
n+1—nD
n+1

ts — to) (36)

VLV (]. —
Ly,

The RMS values of switch currents during buck mode are
derived from current waveform as shown in Fig. 6

. 2
. X 2 A’LLm
1$1-RMS = {Lm-min{/ 1 — D + - + | -
1L m—min 1L m—min

DT,

ILm = ipvandAir,, = 37

(38)
. D I5D | andi Dv1-D .
1852 = =0 —1 nalss— = ——71
S2—RMS 6(n—|—1) 3 LV S3—RMS 6\/§(n—|—1) LV
(39)
. nDVD . d4i nDv1—D .
1S4 — = —F——1 andalss— = —F—1
S4—RMS 2\/3(’”_'_1) LV S5—RMS 2\/§(7’l+1) LV
(40)
. 1 m—min D Ai m
is6-RMS = L\/ D+ <L> (1)
n 3 1L m—min

E. Winding and Capacitor Current

The RMS currents of capacitor Cq, Ca, C3, and C4 are calcu-
lated from ideal capacitor current waveforms in both buck and
boost mode. Similarly, winding RMS currents are also derived
in both the operating modes.

The capacitors RMS current in boost mode are given by

. . 3 Ce sindwD

ey (RMS) = \/Zgrimin (Db) 27'['12 L;l - A (42)
ley(RMS) = bwinding—2(RMS)
2 sindm D
=&y x (1 - D — Dy) 4L leap 43
\/ZHV X v) +27r2 Lo 4 “3)
Ty (RMS) = ley (RMS) = winding—3(RMS)
1-D

\/ vy (4-D) (44)

where D;, =

4”;313 \/ Ci'—;(l - cos(QWD))x(%).
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TABLE II
COMPARISON OF SWITCH CURRENT STRESS, GAIN, SWITCHES, AND EFFICIENCY @ 200 W
Topol Switch Selection
ogy Main Switch Peak Current at LV side Main Switch RMS Current at LV side, no of components, Gain and Efficiency é@ 200W Str
‘onverter
€ss
Specification
Buck Buck Boost
Propos ( ) FQP34N20 Lo
ed n+1-nD + v, (1-D) T, 2, (n+ Iy’ Ve200V, | w
o o . N || g e Nia] (2] e
" " (1-D) R A VP | Gy ) U L=31A.
Current Waveform: cmin \lmmin
X Current Waveform: Capacitor:4 or fo=50kHz
Is1(A) Is1(A) 2+n+D | n=1
i
10 1 i T Switches:6, Efficiency: 95.6% @+2D Vii=48V
s : : 8 . V=384V
t Boostgain: 5 7,
0 4 Buck gain: b -
? 0 “aem (1-D)
+2n o . 0,
01712 017121 017122 017123 0.19228 0.1923 Effiaenc}' 96.13%
Time (s) Time (s)
| 24n-D 1 D IPBO27NIONS | Hi
(271 V(A D@+m) | vy (D), TR CRS) e e N _2#nD o +n+D Vasoov, | e
(DR L, =T UDR b\ L @+nV1-D @+mD Re=2.7mQ2
Current Waveform: i : 1=120A
Is1(A) Current W"‘I’:{‘(:;" Capacitor:2 Boost gain: 24n
12 = n=4.5
N / / " Switches:4, E} 95.61% a-n) f=50kHz
N / / s / ,/ // Efficiency: 96.38% V=30V
N I/ / Y, Buckgain: V=380V
0 2+n)
0.16682 0.16684 0.16686
Time (s) 01827 018272 0.18274
Time (s)
IPAO75NI5N3
25 i +1 DT, . WY Va=150V. | Hig
(23] (14D | 1 DT, L (1D vy DT LLUDVID #1,0vD iy Re=0.0075Q | 1
D 2L, (1-D) oL L L3 I=172A.
"
C""e"’l ‘f“""f"’”‘: Current Waveform: 4
S1A) ; . . n=
IsI(A] Capacitor:2 Boost gain:
12 ; P ” g _ Len f=S0KHz
8 12 Switches:4, Efficiency: 90% (1-D) Vin=40V
4 8 Efficiency: 88% V=400V
0 4 Buck gain: [
0.12598 0.126 0.12602 0 =
Time (s) 018844 018846 0.18848 (A+n)
Time (s)
16 ) B l4n-D | Lin IRFB4332 | Hig
[16] 2P | Vi P (-DV, [i N L]“}m " =" = b V250V, | h
V,, nR vV, 2f. \IL L, (1+mVN1-D 5 1D Ra=0.033Q
Current Waveform: Current Waveform: Capacitor:2 oost gain: 1.4 T60A.
Is1(A) Is1(A) 5 . (1-D)
10 T T Switches:4, Efficiency: 96.4% Efficiency: 95% n=3.4
g 15 N A N fu=50kHz
6 10 Buck gain: V=48V
: I = V=380V
2 5 (1+n) o=
0 0
0.19984 019985  0.19986  0.19987  0.19988
e ) 01882 0.18834
Time (s)

The RMS current of primary winding of the proposed CIBDC
is given by the following:

Ipri(RMS) =

. . 2
(2242 (2 — Ippi_min) (1 — D) ti(x_jprgl’mm) (1-D)+
8, cli‘s (1 — cos (27D)) + 324 Sea p — sindnD)

T 272 Lo A
(45)

~ 2n+2 .
where x = ﬁZHV.

Again, during the buck mode of operation, the capacitors RMS
currents are given by

, Ai2D . D
i (RMS) = || —— + A (1= (46)
2 2
where Ai = 5L Tand Aiy = 4T =25
- _ . ) 4D?
ey (RMS) = winding—2(RMS) = ¢z (RMS) = 'HV D+ﬁ
47)

iey(RMS) = winding—3(RMS)

(48)

) 2 [ 1
= QZH\/D (1_1) + n) 1+5

Switch current stress of different topologies is performed and
shown in Table II.

FE. Converter Circuit Parameter Design

Coupled inductor number of turn (n) is derived from the
voltage gain equation of boost mode of CIBDC which is as
follows:

UHV(]- — D) — 2”ULV
QULV '

(49)

The magnetizing inductance is derived from the normalized
time constant at boundary as mentioned in (16). Therefore, to
ensure the CCM operation in proposed CIBDC RLL”% = TLm >

TLmb

RD(1— D)?
B 2fsw(n+1)2 '

High voltage side capacitance (Cyy) is derived from the
change in capacitor charge based on the change in capacitor

(50)
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ripple voltage (AV)
Cuy > —71—-
JswlAvny
Low voltage side capacitance is designed from the buck
operation using the capacitor charge and voltage ripple

’UH\/(l — D)
n—|—1)L,,Lf32wAva'

Similarly, the values of the intermediate capacitor Cy, Ca, Cs,
and C, are derived based on the ripple voltage and charge

iy D
nfswAvC2

D

Cuy > T6( (52)

v D

>
Cl nfswAUC1

andCy > (53)

¢ys D b
= 2(” + 1)fSWAUC3 (n + l)fswA'Uczl.

Soft switching condition of auxiliary switches, i.e., So, S3,
S4, and S5 are dependent on the leakage inductance and fall in
the stored electrostatic energy due to the switch parasitic ca-
pacitance. During switch transition, the capacitor stored energy
should be dissipated before gaining magnetizing energy due to
leakage inductance to achieve the ZVS condition.

and Cy > (54)

G. Theoretical Loss Calculation of CIBDC

The RMS values of switch currents can be calculated in both
the buck and boost mode of CIBDC which is explained in
previous section. These RMS current values are essential for
calculating theoretical conduction loss of active switches. Thus,
total conduction loss in buck/boost mode is

6
PCufbuck/boost = iiZRMS,Buck/boosc RiDsfoN (55)
i=1

Parasitic resistance value of coupled inductor windings and
capacitor create extra ESR conduction loss in both the operating
modes.

The ESR loss of the boost/buck mode is as follows:

__ ;2 -2
jt)Espﬁbf’OSt/b“Ck - ZiRMS,pri RESR + ZiRMS,wmdmgz
+i2

iRMS_winding3 RESR

4
.2 .
+ Z:l ZCLRMS RIESR .

1=

ESR

(56)

Ferrite core is used for designing the coupled inductor and
core losses are derived from the data sheet loss density curve
with respect to flux density change for a given frequency.

Therefore, considering all losses of CIBDC, the efficiency
(57) is derived for both operating modes

Fo
n= .
PO+Pcu_buck/boost+Pcorc+PESR_buck/boost

(57)

H. Small-Signal Analysis and Controller Design

Small-signal analysis of the proposed CIBDC is performed
to derive the transfer function. There are five energy storing
elements in form of a coupled inductor and four capacitors. The
voltage across intermediate capacitors C;, Cy, C3 are constant
and depending on input or output voltages. Therefore, they are
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not considered [27] as state variable in the small-signal analysis.
The state variables are coupled inductor current and output
capacitor voltage. Hence, the resultant transfer function model
is reduced to the second-order model. In boost mode, the state
variables are coupled inductor current (i;,) and output capacitor
voltage (Vyy). Similarly, in buck mode, the state variables
are coupled inductor current (iz,) and output capacitor voltage
(Viv).

1) Boost Mode: In boost mode, S; is the main switch. At
switch ON time (S; = 1) the circuit equations are as follows:

dir (¢
Ll—gt( ) vy (58)
d t —
Chrv Vav (t) _ VHV' (59)

dt Ry,

At the switch OFF time (S; = 0), the circuit equations are as
follows:

dig(t
(n+1)L, gt( ) =Viv + Voo + Vs — Vav
2+2n—D —nD
= Vv - D — Vav(t)

(60)
e (t) Vi (t)  in(t)

p— . 61

Chuv & 7. + = (61)

For “on” time the state-space matrix equations are as follows:

d
X [X] = [A1] X+ [Bi1]u

d [ i 0 0 iL =
— = B 1 . (63
de |:VHV:| [0 C'HleL ] [VHV] N |: 0 Vv ©3)

For “off” time the state-space matrix equations are as follows:

(62)

d
pn [X] = [A2] X+ [B] u (64)
e lve] = e 227 [
dt VHV nCnv CuvRr VHV
2 __ D
+ {LIHD) Lb} Viv. (65)

State-space averaging technique is applied and after lineariz-
ing the small-signal model is developed for boost mode

%m =[] T+ B U+ [[A1 — As] X + [By — By u]d

(66)
d ~ 0 -—1tD_ ~ 24D% 7
q 'Ll = D Ll(,”fl) 'L +[ Ly }ULV
t vHV ’I’LCH\/ CH\/RL UHV 0
Vv _ 1+D2 V ~
+ | Ti(ntD) 7};1(17D) Lv d. (67)
nCuv
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Small change in input voltage is zero, i.e., Vry = 0. Thus,
from (67), the transfer function of output voltage to duty ratio is
derived, i.e.

~

UH\L(S) _ 2]6(2— ﬂs—i—l) . (68)
d(s) s 428w, s + w?
where
L Vav(1-D)— Viv(n+1)(1+D?)
n(n+1)C’HvL1 ’
5= Ll(n+1)IL
VHv(l — D) — [(n+1)(1+D2)VL\/]’
1 (1—D)?
2wy, = dwy = —— )
fw R, Cuv andw nCqy Ly (n+1)

2) Buck Mode: In boost mode, S¢ is the main switch. At the
switch ON time (Sg = 1) the circuit equations are as follows:

diL(t) B Vav B

Ly & " 2+om Viv (1) (69)
AViv(t) -V, ‘

Oy w(t) _ —Viv +ip(t). (70)

dt Ry,

At the switch OFF time (S; = 0), the circuit equations are as
follows:

N
Ly th(“ — Vv (D) (71)
Oy T iy gy - Yl (12)

For “ON” time, the state-space matrix equations are as follows:

] R P A S
dt | Vv T CivEL Viv 0

For “OFF” time, the state-space matrix equations are as
follows:

L] [ ] L] [0
— =1, L + Vav.  (74)
dt | Viv oy owrnl LVav 0

State-space averaging technique is applied and after lineariz-
ing the small-signal model is developed for boost mode

dfa|_[ 0 7 7] i

Tl T -1 ~

LV Cuv CLvRr ULv

Thus, from (77), the transfer function of output voltage to
duty ratio is derived, i.e.

Vv ~
+ |:(2n+2()):| d. (75)

~

uv(s) k1
824 26wy stw? (76)

d(s)

_ 1

1
where k; = 28wn = Frogy andwn = g7

Viay
(27’L+2)CL\7L1 ’
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Boost Mode Bode Plot Including Controller
Gm=17.1dB (at 9.42e+04 rad/s) , Pm= 63 deg (at 2.04e+04 rad/s)
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Fig. 11. Frequency response of the proposed CIBDC (a) boost mode and
(b) buck mode.

3) Controller Design: The controller C(s) is designed based
on desired closed loop performance by specifying the closed
loop natural undamped frequency (w.1) and damping ratio ().
The controller is in the PID format [27] which can be represented
by the following:

_52+2§wns+w%
 kys(agstay)

2¢

Wel

Using the cccl)ntroller, the bode diagram of the closed-loop
system for both modes are shown in Fig. 11 which shows a
good phase margin of 63° and 62.9° for boost and buck mode,
respectively.

Mode transfer of the proposed CIBDC from buck to boost
mode or vice versa can be done easily using the switching

C(s) (77

where a; = > and ay =

function of main switches, i.e., S; = Mv and Sg = 1\7[ v,
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TABLE III
SIMULATION AND HARDWARE PARAMETERS

CIBDC Specification
Input Voltage =48 V

Power Output =250 W
Switching Frequency=50 kHz
Value

Lm=45 pH, Turns Ratio 25:25
(n = 1), Licakage=7.15 pH

Output Voltage =384 V

Part Number
Ferrite Core PQ 32/30

Design Parameters
Coupled Inductor

Switch (S1, S, S5, Se) FQP34N20 (Ve = 200 V. R = FQP34N20
0.075 Q, 131 A.) @ 250W
Switch (Sg) FQP17N40 (Ves= 400 V, Rae= 0.27 FQP17N40

Q I=16 A) @250W
Simulated:12 pF hardware: 10uF
Simulated:15 pF hardware: 10uF
100 uF
470 uF

Capacitor C1,Ca, Cs
Capacitor C4
Capacitor CLy
Capacitor Cny

where v is the switching function and M is for mode selection

Yy { 1 0 <t<DT; { 1 Boost

0DTo<t<T, " M= V0 Buck ©~  ®

Voltage mode control is implemented in NI-cRIO 9082 using
Lab-VIEW programming. NI-9225 is the voltage sensor module
is used to sense the output voltage of the converter directly.
After the control operation, the digital pulsewidth modulation
(PWM) pulses for S; to Sg is generated through NI-9401 digital
input/output module. The total control function is developed
in scan interface of NI-cRIO9082. The PWM pulses are sent
to optocoupler stage (6N137) for isolation from control to the
power stage. IR2110 driver is used to drive the six MOSFET
switches. The total hardware set-up and controller for testing the
proposed CIBDC are shown in Fig. 12(b) and (c), respectively.

V. SIMULATION AND EXPERIMENTAL RESULTS

The performance of the proposed CIBDC circuit in buck and
boost mode is tested on a 250 W prototype converter as shown
in Fig. 12(a). The low voltage input is 48 V, where 384 V is
the output voltage designed at 50 kHz switching frequency.
The optimum duty ratio of 0.5 is selected for testing prototype
CIBDC. Unity turns ratio (n = 1) is selected for coupled inductor
which is derived from (49).

The designed parameter for the proposed BDC is mentioned
in Table III.

The performance of the proposed BDC is tested and demon-
strated which shows a good match with theoretical results.

The recorded waveforms of boost mode of operation are
mentioned in Fig. 13. ZVS turn ON is achieved in all the active
MOSFET switches as shown in Fig. 13(a)—(f). In S4, S¢ switches
ZVS turn ON and turn OFF is achieved, where in Sy ZV'S turn ON
and ZCS turn OFF is recorded as shown in Fig. 13(e), (f), and
(d), respectively.

Similarly, the performance of the buck mode is reported in
Fig. 14. All switches are inherently soft switched like in the
boost mode.

Dynamic performance of CIBDC is tested during step load
change both in the duck mode and boost mode as shown in
Fig. 15(a) and (b), which shows stable converter operation.

The theoretical and experimental efficiency of the proposed
BDC in both buck and boost mode is shown in Fig. 16. The
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S5 [-+ 1 5V-0\7] Control.Puls;al

E @ Programmable Load
.

DC Power Supply (input)

Driver Power Supply: 5V for
6N137 and +15V for MOSFET

PWM outputs-8 channel (2
“' . unused)

4
NI 9227

o)

s

asaasans

=

©

Fig. 12.  Proposed Prototype of CIBDC @ 250 W. (a) Power circuit of CIBDC.
(b) Controller circuit including the driver stage. (¢) NI-cRIO 9082 controller with
NI9225 (voltage sense module) and N19401 (digital PWM module).

difference of the theoretical and measured efficiency is due to
the fact that RMS and average current for switches, capacitors,
and inductor coil is calculated using ideal waveforms. However,
the efficiency pattern is the same throughout the entire operating
range. The maximum measured efficiencies for buck and boost
mode of operation are 96.12% and 96.63%, respectively. The
loss distribution of CIBDC at 250 W is shown in Fig. 17(a) and
(b). The proposed converter is designed with taking less coupled
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Fig. 13.  Experimental results in boost mode.
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Fig. 14.  Experimental results in buck mode.

inductor winding turns (n = /) taking topological advantage
to meet same voltage gain, whereas in existing literatures the
number of turns [25], [27] is generally greater than four (n>4).
The proposed CIBDC has lesser switch current stress by 15%-—
20% and RMS values compared to the topologies like in [16],
[25], and [27].

The voltage stress performance of the proposed converter is
almost similar to existing topologies. The boosting voltage gain
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Fig. 15.  Voltage response for a load change from (a) 200-250-200 W in buck
mode, (b) 250-200-250 W in boost mode.
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Fig. 16. Efficiency of the proposed CIBDC in (a) buck mode and (b) boost
mode.
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Fig.17.  Lossdistribution of CIBDC @250 W. (a) Boost mode. (b) Buck mode.

factor of CIBDC for 0.4 duty ratio at n = [ is 6.66, whereas in
[16] and [25] the same factor is 3.33 and in [23], [24], [27], the
value is 5. At the same condition the conversion factor is 3.21
in [31].

VI. CONCLUSION

In this article, a novel coupled inductor based bidirectional
dc—dc converter is proposed which is capable of delivering
high voltage conversion ratio in both buck and boost mode of
operation. In this CIBDC topology, higher conversion factor,
i.e., >10 in boost and <1/10 in buck mode are obtained with
unity turns ratio (n = /). Current and voltage stress is less
in main MOSFET switches in both the operating modes which
enables to select low voltage, low ON state resistance MOSFET.
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This helps to reduce the conduction loss. Again, all the active
switches are soft switched, i.e., ZVS. Therefore, switching loss
is negligible which further improves the conversion efficiency.
The proposed converter utilized two parallel inductor current
paths to share input currents during boost as well as in buck
mode which reduces the current rating of individual coils and
helps in reducing the input current ripple. Due to topological
advantage the leakage inductance energy is directly transferred
to load. The detailed analysis of topological derivation, current,
and voltage stress along with the efficiency calculation in steady
state is discussed in details. The maximum measured efficiency
18 96.12% in buck mode at 170 W and 96.63% in boost mode at
190 W.
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