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ABSTRACT This paper presents a non-isolated bidirectional dc-to-dc converter (BDDC) topology employ-
ing a switched inductor switched capacitor (SISC) module. The bidirectional power flow capability aid
to its application mainly in microgrids and electric vehicles. The switched inductor (SI) and switched
capacitor (SC) cells in combination assist in the generation of high gain voltage without using a bulky
transformer. The theoretical analysis of the proposed converter, its gain calculation, and small signal analysis
are analyzed in detail. It benefits from having a wide voltage-gain range and less voltage stress across the
power switches. Also, the proposed (SISC-BDDC) can operate both in boost and buck modes. Simulations
are carried out for both the modes using MATLAB/Simulink platform. A 200 prototype is also developed
to operate with Vi, = 12 V and Vg, = 160-200V. Using the dSPACE1104 control platform, the maximum
efficiency of 95.25% of the converter is justified in steady and transient operating conditions.

INDEX TERMS Bidirectional dc-dc converter, hybrid energy sources, switched-capacitor, switched-

inductor.

I. INTRODUCTION

Emissions from fossil fuel-consumed vehicles are a major
source of pollution for the environment, and these emis-
sions can be classified into air pollutants and greenhouse gas
emissions [1], [2], [3]. Renewable-powered vehicles capable
of operating with nearly neutral emissions are viewed as
one of the solutions to effectively mitigate the energy cri-
sis and climate change. Transportation emissions nowadays
cause environmental pollution at an exponential rate [4],
[5], [6]. Electric vehicles (EVs) integrating with hybrid
energy sources (HES) are acting as important vehicular tech-
nology in today’s world because of neutral carbon emission,
mainly comprised of batteries and supercapacitors with high
density to store more amount of energy in less volume.
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Batteries with low capacity are utilized for keeping the dc
bus’s high voltage constant even if the power demand has
lower fluctuations. Consequently, super capacitor regulates
the high-power fluctuations on accelerating or sudden brak-
ing of a vehicle by absorbing or supplying the transient power
when required. So, the two sources of hybrid energy can
help in improving the battery degradation caused by sudden
power changes in dc buses and improve the overall system
stability [7].

The hybrid energy source voltage level for EVs is rela-
tively low. In order to accompany the gap between the high
voltage dc bus and HES, a BDDC with high gain on low
duty cycle is necessitated to interface the energy sources and
the dc bus, in addition to the bidirectional power flow of
energy sources [8]. BDDC converter is categorized into two
types of converters firstly isolated DC-DC converter with
transformers and secondly non-isolated DC-DC converter
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without transformers. Isolated BDDCs are commonly used
in applications that require high power density, and high effi-
ciency (%n). The wide voltage-gain range of these converters
enables them to operate bidirectionally and efficiently in
both modes, making them suitable for nearly neutral carbon-
emission based applications [9]. The Fly-back converter,
which is a type of isolated BDDC, has a simple structure
and is relatively easy to control compared to other bidi-
rectional converters. However, it suffers from a number of
drawbacks that limit its %n and performance. One of the main
issues with the Fly-back converter is the presence of leakage
inductance in the high-frequency transformer, which results
in significant energy loss and reduces the efficiency (%n)
of the converter. Another issue which is observed with the
Fly-back converter is that the switches used in this converter
have to bear high voltage stress which makes the switches
less reliable. To address these issues, alternative bidirectional
converter topologies such as forward DC-DC converter, half-
bridge, and full-bridge BDDC, and other DC-DC have been
developed that offer improved efficiency, reduced voltage
stress on power switches, and better overall performance [10].
The formation of various structures like SC, SI, Z-source,
and quasi-Z-source BDDC, conventional two-level and mul-
tilevel, Sepic/Cuk/Zeta and coupled-inductor converters are
examples of non-isolated BDDC or simply a unidirectional
converter. In conventional two-level converters, the power
switches are stressed at high voltages, the gain (Voui/Vin)
range is narrow, and the power switches’ extreme duty cycles
limit their %n and response time. Therefore, they are not
suitable for the HES, to integrate with electric vehicles.
With a three-level DC-DC, the stress caused by the volt-
age on the switches is significantly reduced, however, the
voltage gain is relatively low because of parasitic param-
eters [11], [12]. The voltage gain (Vou/Vin) of multilevel
BDDC achieves high gain, but their control strategy and
other hardware circuits must maintain a balance between the
switch’s reliability occurring at the time of implementation
in real-time [13]. Authors in [14] discussed Cuk/Sepic/Zeta
DC-DC converter having a wide gain (Vyu,/V in) range,
their cascaded structures limit their conversion %n. Using
coupled inductors in structure, high gain (Vyyu/Vin) can be
achieved by adjusting the coupling inductor’s turn ratio, but
in this type of structure the problem of imperfection due
to magnetic link arises which degrades DC-DC converter
%n, so their structure becomes more complex. The coupled
inductor also limits the converter’s power conversion capa-
bility and more over its overall size becomes bulk because
the use of a transformer in the structure and gain starts to
saturate at some value of the duty cycle [15]. The fam-
ily of Z-source BDDC is easy to design and control, and
they are also simple to expand. These converters achieve
a significant voltage gain (Vo /Vin) by transferring energy
via capacitors during both charge and discharge cycles [16].
Although they sacrifice some power density due to the use of
multiple inductors, switched-inductor BDDC also provides
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a wide range of voltage gains and low voltage stress [17].
In [17], a non-isolated single-capacitor bidirectional con-
verter is proposed. Despite having a wide range of gain
(Vout/Vin), the power switches in the converter experience
high voltage stress. A DC-DC converter topology based on
an SC cell is proposed in [18], despite an increase in voltage
gain and having pulsating input current, the converter uses
more switches and the total components count is high which
makes the structure bulky in nature and the power density
of the converter is low. In [19], an SC- BDDC converter is
described. The %n is increased with this converter, but more
power switches are required even though the total compo-
nents count is less. In [20], a hybrid BDDC along with an
SC cell which is acceptable for a DC microgrid application
is proposed. Although it has a wide gain (Vy/Vin) range and
reduced voltage stress on the power switches, the converter
has a non-pulsating input current. Therefore, it has only a few
applications. A novel BDDC coupled with an Inductor having
enhanced gain (Vo /Vin) is proposed in [21], [22], [23], [24],
[25], [26], and [27]. However, the coupled inductor’s leakage
inductance and the accompanying dv/dt issues towards the
input and output grounds also need to be taken into con-
sideration, as also voltage stress across the power switches
that are adjacent to the high voltage (HV) side of the con-
verter is large enough to reduce the overall DC-DC converter
performance [28].

This paper describes a novel switched-inductor-switched-
capacitor SISC-BDDC for EVs and microgrid-based appli-
cations, with HES that has the property of a wide voltage
gain (Voui/Vin) range. The block diagram of SISC-BDDC is
shown in Fig.1. The SISC-BDDC can achieve higher gain
(Vout/Vin) with the same number of devices as compared
with some recent topologies. Alternatively, way to elabo-
rate, when the SISC-BDDC is compared against the recent
topologies in the literature, the suggested SISC-BDDC design
employs the least device counts to obtain the same gain
(Vout/Vin) as other topologies. As a result, the SISC-BDDC
utilizes switches with low volt rating and less on-state resis-
tance, which is advantageous to the converter, and switches
power loss of SISC-BDDC at actual operating conditions
and at the laboratory temperature, exhibits low thermal
stress on the power switches, which helps the SISC-BDDC
to become more reliable is also an advantage of the
SISC-BDDC.

The proposed SISC-BDDC topology has been described in
Section II. Section III investigates the operational modes of
SISC-BDDC. Section IV describes the converter parameter
design analysis. Section V presents the comparative study
of the SISC-BDDC converter. Section VI presents the lin-
earization study of SISC-BDDC. Section VII investigates
the control strategy of the proposed converter. Section VIII
elaborates on the extensive simulation carried out to ana-
lyze the proposed SISC-BDDC. Section IX elaborates on the
experimental findings, and finally, the paper is concluded in
Section X.
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FIGURE 1. Potential application of proposed SISC-BDDC converter.
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FIGURE 2. Proposed SISC-BDDC topology.

Il. PROPOSED SISC-BDDC TOPOLOGY

The basic structure of the proposed SISC (switched induc-
tor and switched capacitor) BDDC is shown in Fig. 2
Which consists of three inductors (L1, L», L3), four capacitors
(Cq, (o, C3, Cy) and four (Sy, So, S3, S4), switches and low
and high voltage side filter capacitors Cg (high) and Cr, (low)
make up the proposed converter. Three switches S;, S3, and
S4 have identical gate signals which are complementary to
the gate signal of switch S1. For the SISC -BDDC power flow
between the (Vin <> Vour) sides which allows operating the
proposed DC converter in boost or buck mode.

IIl. OPERATION AND ANALYSIS OF

PROPOSED SISC- BDDC

A. OPERATIONAL PRINCIPLE OF THE SISC-BDDC

For maintaining simplicity in the analysis of SISC-BDDC,
certain assumptions were considered. (1) The components are
ideal, neglecting the turn-on resistance of switches (Rps), and
total equivalent resistance of all energy-storing components
in SISC- BDDC that are inductors Ly, Ly, L3, and capacitors
Ci, C2, C3, C4, Cy Cr. (2) Linearity at the instant of increase
and decrease of inductor currents and voltages of capacitors
(3) capacitor voltages are constant. Fig. 3(a) and 3(b) depict
typical waveforms of the SISC-BDDC in boost and buck
mode for continuous conduction mode of operation (CCM).

1) SISC-BDDC BOOST MODE OPERATION

Energy is transferred from the low voltage side to the
high voltage (Vin — Vou) side when the SISC-BDDC
operates in boost or boost mode. The relationship
of switches Sy, S>, S3, and Sz in terms of duty
cycle is given by (di = (1 — dy) = (1 - d3) =
(1 —d4) = dpoost-)

Mode 1 [ty— t1]: During this mode of operation, S; is
turned on, the switches S», S3, and S4 are off. Vi, charges
the inductor L; through S1, and the capacitor C; transfers its
energy to both energy storage elements C», and L, simultane-
ously. The capacitors C3 and Cy4 transfer their energy to load
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FIGURE 3. SISC-BDDC waveforms in (a) Boost (b) Buck mode of operation.

capacitor Cy. In this operating condition, the current direction
paths are shown in Fig. 4(a).
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FIGURE 4. SISC-BDDC equivalent circuit during boost mode: (a) ton and
(b) toff-

Mode2 [ti— t]: During this mode of operation, Sy is
turned off, and the antiparallel diodes of switches S», S3,
and S4 are on. (L1, Lp, C»), release their energy to capaci-
tor (Cy, C3, Cy4) also Cq is discharge through load. In this
condition, the direction current paths in this operating mode
are shown in Fig. 4(b).
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2) SISC- BDDC BUCK MODE OPERATION

Energy is transferred from the high voltage side to the low
voltage (Vour — Vin) side when the SISC- BDDC operates
in a buck or step-down mode. The relationship between the
switches Sy, S2, §3, and Sy in terms of duty cycle is given by
(d3 =dy =ds = (1 —d1) = dpuck)-

Mode 1 [ty— t1]: During this mode of operation, S; is
turned off, S» S3, and S4 are on. Vi, and Cy transfer their
energy to (C3, Cy4, L3) and (L1, Ly, C>) release their energy
through load. In this condition, the direction current paths in
this operating mode are shown in Fig. 5(a).

\
Vout'CL:
¥

[ e

FIGURE 5. SISC-BDDC equivalent circuit during buck mode: (a) ton and
(b) toff-

Mode 2 [t;— t]: During this mode of operation, the
antiparallel diode of switch S| is turned on, and the switches
S», S3, and S4 are off. the inductor L3, C3, C4 and Cj transfer
their energy to Li, Ly, C, through load. In this operating
condition, the current direction paths are shown in Fig. 5(b).

For deriving the gain (Vout/Vin) of the SISC-BDDC, the
following equation (1), (2), (3), and (4), are equated for both
modes of the operations, applying the volt-second balance
principle on L1, L, and L3, which states that the total area
of voltage (V1) across the inductor in a complete switch-
ing period must be zero. The voltage gain for the proposed
SISB-BDDC in boost and buck operating modes is given
in (5).

Viin=VIy — Ve
Vio =Vec1 =Vea— Ve o
Vi3 = —Vour + Ves
Ves = Ves
Vii=DVin+ (1 —=D).(Vin —Vc2) =0
DVin +Vin —Vea —DViy + DV =0
Vea (1-D) = Viy @
Vea = 1V_]ND
[ Vi =Viy
Vo =Ver — Ve 3)
| Vs = —Vour + Vea — Via — Vea + Ves
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Vio=D (Vc1 —Ve2) + (1 = D) (Ves — Vez) =0

Vin V]N.D2
1-D)Vey=Vey —DVey = — — ———
( )VC4(1+1C)§ ©T1-D 1-D

IN
V, = " =V,
=1 "D c3

Vi = (=Vour + Vea — Vea + Ve3)
D+ (1 —-D)(Vez—V) =0

Vour (1 = D) +D = DVc4 — DV + DVes
+ (1 —=D)Vcs3

Vour = (1 + D)Vca — DV

4
v _Vin(l+D)* D Viy 1+2D
our="9_"Dp 1-D (-p) ™
v,
~3_2p' W
(5)

B. FUNCTIONING OF SISC-BDDC

Fig. 6 shows the proposed SISC-BDDC bidirectional power
flow control technique. SISC-BDDC integrates with the
high-voltage HV DC bus to low voltage supercapacitor. The
control signal (/) generated from the proper energy manage-
ment power flow technique is ignored in the control strategy
and may be used to switch between the two operational modes
of the converter in the HES.

Taking into consideration, the boosting condition the con-
verter remains in boost condition only when I., is greater
than zero. The close loop controller generates the initial volt-
age which is indicated as the reference voltage (Vier—Boost)
and a reference current (Zref—Boost) in SISC-BDDC. Here the
close-loop control variables are (Vief—Boost) and (Iref—Boost)
coming from the HV dc voltage bus and inductor current.
As a result, in boost mode, the pulse width modulation
(PWM) generator generates the proper gate pulses for the
switches S1-S4.

In step-down conditions, if the SISC-BDDC control sig-
nal I, is less than zero, the SISC-BDDC transitioned to
function in buck mode. Here close-loop control variables are
(Vret—Buck) and (lref—Buck), coming from supercapacitor and
inductor current. This close loop controller is used to generate
four gate pulses for the switches S1-S4 through a pulse-width
modulation PWM generator. Overall, this control system reg-
ulates the output voltage and current of the converter in the
buck mode by adjusting the duty cycle of the PWM pulse
signals given to the SISC-BDDC switches S1-54.

IV. PARAMETERS DESIGN AND ANALYSIS

A. VOLTAGE STRESS ON SWITCHES

The voltage stress on switches S1-S4 of the proposed
SISC-BDDC converter is calculated by applying Kirchhoff’s
voltage (KVL) principal and considering the switches as
open, which is shown in Fig. 4(a) and 4(b), where dppost =
1-dpyck - And the voltage stress on switches S1—S4 are equal in
magnitude as obtained in (6) and the magnitude is the same

VOLUME 11, 2023
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FIGURE 6. Bidirectional power flow control strategy.

in both modes of operation.

Vin Vin
S = S = ,
(1 —D) (1 —-D) ©)
Vin (1 +D) DV]N
S3 = T A~ S4 P E——
(1—-D) 1—-D

B. CURRENT STRESS ON SWITCHES/DIODE

The current stress on switches S1—S4 and the antiparallel
diode of the proposed SISC-BDDC converter in buck and
boost mode is calculated by applying Kirchhoff’s current
law (KCL) which is shown in Fig. 5(a) and 5(b) and the
equation (7) represents the magnitude of current stress in
boost mode and equation (8) shows the magnitude current
stress in buck condition.

C. INDUCTORS SELECTION

For proper design of the inductor to operate the SISC-BDDC
in CCM the value of the inductor is taken greater than the
critical value. The L1, L,, and L3 are chosen by assuming the
current ripple of less than 10% in the CCM operation, which
is depicted in equation (9).

. 3 . I
IS1 = = thigh» D2 = ——“lhigh
T ) @
Ip3 = mlhigh, Ip4 = mlhigh
. L 1
152 = o F=7<low 1S4 = s~ low
. A3 —32D) . . (€ —12D). (8)
| Ip1 = mllow, 1§3 = mllow
Lo _ D.(1 — DY’R g
lcritical = (1 n 2D)22f
L _DA=DRouar  ~_ D’Rei
2critical = (1 T 2D)2f 3critical = (1 T ZD)Zf
)
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D. CAPACITORS SELECTION

For proper design of capacitor for the proposed SISC-BDDC
to operate in CCM the value of the inductor is taken to greater
than the critical value. The Cy, C, C3, C4, and Cy are chosen
by assuming the current ripple of less than 10% in the CCM
operation, which is given in equation (10).

c B (1+2D) c _ D.(1+2D)
1critical = Rohigh-f 2critical = RohighD.z.f
. e _ D.(+D)
4critical = “3critical = ROhigh~ f( + D)
D.(1+ D)
Cacritical = Caeritical = ]m
| Hcritical Rohighgfz-L3cr Lcritical 8f2~Llcr

(10)

V. COMPARISON ANALYSIS OF SISC-BDDC IN
REFERENCE TO OTHER TOPOLOGIES
The SISC-BDDC is compared to the conventional two-level
BDDC, the buck-boost BDDC, the conventional three-level
BDDC, the quadratic BDDC, the conventional Z-source
converter, the conventional quasi-Z-source BDDC, and the
conventional BDDC with the presumption of the equal duty
cycle (D) and without taking the conduction loss, switching
frequency loss and power density in various topologies into
comparison, the voltage stress, current stress taken into con-
sideration, shown in Table 1. Table 2 depicts the comparison
of proposed SISC-BDDC with the recent literature based on
components count, power density, switching frequency, effi-
ciency, common ground, and bidirectional power flow. High
switching frequency leads to a decrease in passive volume
and the passive integration technique can help to achieve
high power density. Based on the SISC-BDDC switching fre-
quency (f;), mass and volume specification shown in Table 3,
the power density of the proposed topology is medium. The
proposed topology and topologies reported in [22], [23],
and [25] have no common ground which leads to a decrease in
converter efficiency because of Electromagnetic interference.
The proposed converter has the capability of bidirectional
power flow which is not present in other topologies. Its
continuous input current aid the benefits of the proposed
SISC-BDDC converter, since it has less input current ripple
as compared to other topologies [23], [25], [26] in literature.
Fig. 7(a), (b) shows the switch voltage stress versus duty
cycle duty cycle (D) varying between (0.2, 0.8) and input
voltage of proposed SISC-BDDC and other conventional con-
verters in the two operating modes, the switch voltage stress
of any converter is depending on the duty cycle and input
voltage as observed from the derived equation of voltage
stress. Therefore, from the comparison it is observed that the
SISC-BDDC has low voltage stress as compared to other con-
ventional topologies which aids in reducing the conduction
losses of converter and also helps improving its efficiency.
The proposed SISC-BDDC requires four switches which
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TABLE 1. Comparative analysis of SISC-BDDC with respect to different topologies.

Switch Current Stress
Mode| [T] (Vout/Vin) [Voltage Stress] [ |
(S1) (S2) (S3) (S4)
1+2D - ¥, ¥, V.(+D) Dy, 2 I 1 I _ 1 I 1 I
[P] (-D) > (=0 (-0)" (1-0) -0 [y o _p, ™ —p, ™ |1=p, "
1 L L
21 —_— Vien ! (1=d,,) — 1,../(d,,) — L.,/ (—d,,)
2 amay R ) w )| | e
[hi hdbst Ihighdbst Ih' h Ihigh
221 d.. /(1-d V o dys L high “hst _ Thigh
b/ (1=l ) e (1-d,,) 2-d,,) (+d,,) (-d,,)
2d, I 2d 2-d, I 2d, I
_ _ 2 V _ /2 bst” o bst bst )" o bst” o
23] (2-dy)/(-d) it (-d,,) (i-d,) (I~d,,) (i=d, )
mode | (24] (1/(1-d,, ) (-d,,)V, L L L Ly 1 (1=d,,)
moae [ ] ( ( - bst) bst high (1—dbst)2 (1 —dbst) (1 +dbst) high bst
21,,.,4d,, 1 1
[25] (1 / (1 - 2dbst )) Vhigh ﬁ - 1 _dbst Iout 1 . dbst Iout Ihigh / (1 _dbst)
1,5, (1-2d,) 1 2
26] (1=dy,)/ (=24} Vi2+dy,) | == —d_ L | L 1 (1=2d,)) = a Lo
271 (1/(1-4,))) V !/ A=d,) 2y | A= dy)| 2y | Q=d )| Ly ! A=dy,) | T/ (1-24,,)
(1 + dbst) 21highdbsi Ihigh 21highdbsi Ihlgh
B -d,,) V s/ (4 ) (1-2d,,) (1-2d,,) (1-2d,,) (-2d,,)
(3-2D) v wp v o | 2 L, L L,
[P] D an (1-p)’(1-D)’(1-D)’1-D 2_DBuk Iin I_Dbuk out I_Dbuk out I_Dbuk out
v, (2d,, —1) 1 1
d, /(2-d high I /2 bk 1 - I
[21] Buk ( Buk) low (dBuk _1) l_dbuk out 1— dbst out
_ _ (dp + D, _ 1 (D = D1,
[22] dBuk / (1 dBuk ) I//1igh / (1 dBuk ) dBuk 2 _ DBuk Iin lluw —dBuk
Buck 1
d,, -DI
- - - : - _ s = Mo
mOde [23] dBuk /(2 dBuk) ( high ) [law Z_dguk Iln 1_d3uk Im dBuk
[24] d 2Buk dB“k Vhigh lluw / (1 - dBuk) lluw / (1 - dBuk) lluw lludeuk
[25] 2d,, -1 Vin ! 1=dg) 21, /. I,./(2—-dy,)| @d,-vi,/d,
[26] (2dBi,d( _1/ dB],d{) (1 + dBMk )V;‘igh (iluw) iluw / (2 - dBuk) iluw / (1 - dBuk ) ilaw / (2 _dﬂt«k)
[27] 2dBuk _1 Vhigh / 2 2ilgw ilo»v(z _dBuk)/ dBuk [ low / dBuk (2dBuk _l)ilaw/ dBuk
[28]] dpy/(1=dp,) 2=dpi) Vi b ! 2=dp,) | 0,/ (1=dy,) iy | 2 =dygy) I,/ (2=dy,)
dps=duty cycle in boost mode, dp.x=duty cycle in buck mode

makes its initial cost a little high, however, it experiences
less current stress on the switches which is relatively low in
magnitude as compared to the conventional two-level DC-DC
converter and buck-boost converter [21]. However, it also
has extended gain (Vou/Vin) while operating in boost and
buck mode which significantly reduces voltage stress across
the switches. The SISC-BDDC uses less number of power
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switches even, it has to switch voltage under dynamic con-
ditions and current stresses are marginally lower than those
of the conventional three-level BDDC [22], additionally, the
Vout/Vin range is enhanced further. The SISC-BDDC over-
all components cost more than the quadratic converter [23],
notwithstanding it uses less number of switches in its com-
plete design. Further, the SISC-BDDC has reduced voltage
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TABLE 2. SISC-BDDC comparison with other similar non-isolated topologies [21], [22], [23], [24], [25], [26], [27], [28].

Bidirectional Switching
Topology NI PO Efficiency LS e (EDTITH Power flow frequency
components Density Current ground ")
[21] 14 94% Medium Continuous Yes No 20KHz
[22] 16 93.4% Medium Continuous No No 20KHz
[23] 22 94% High Pulsating No No S0KHz
[24] 21 95% Low Continuous No No 10KHz
[25] 11 95% High Pulsating No No S0KHz
[26] 12 95% Low Pulsating Yes No 10KHz
[27] 13 94.9% Medium Continuous Yes No 20KHz
[28] 15 95% High Continuous No No 20KHz
[Proposed] 12 95.25% Medium Continuous No Yes 20KHz
TABLE 3. Proposed SISC-BDDC converter specification.
Parameters Specified values Psnll
Li 1.2mH § ? Three Level
LZ 5 mH 2 2 l‘nll\c;w: :
Ly 6 mH G20 W
fs 20 kHz E %’ ,
Vin 1230 V LI ¢
Vout 160-200 V % 1 08\\\ ////\ »
MOSFETSs: Si- S4 IXTH 88N30P 0.6 e 5 A
D 0.4 10 "
C, G 470 pF "y Cy ey 0.2 S gtV
Cs, Cu, Cn 520 uF Vi»
(a)
and current stress on the switches as compared to the Zeta
quadratic converter. Despite having a higher gain (Vou/Vin), o 2 ‘ Converter
the earlier converter is less efficient than SISC-BDDC the % ~ Three Level
because of its cascaded structure. The SISC-BDDC requires }_E 8 20 \ % converter
the same number of components as the conventional Z % g
source and quasi-Z source BDDC [23] and [24]. The pro- % % 10
posed SISC-BDDC has more reliable switches, which can z & ~
significantly decrease the voltage and current stresses on “E 01 v cfn:f’:r’;er
the? switches, but at the expense of a slight reduction in & 08 & {g 30
gain (Vou/Vin). When F:ompared t.o'Z-sourc'e BDDC [25], D"tyCy 0 PP converte 15 i
the proposed one requires an additional switch but at the <k 10 ‘“p“wo\t““ée
same time eliminates one inductor. Furthermore, the current
and voltage stress on the switches of the SISC-BDDC con- (b)

verter is significantly reduced, and it retains the benefit of
reliability of switching devices at different operating tem-
peratures. When compared to the BDDC with an SC-cell
in [26], the SISC-BDDC has a simple structure, despite
having the same number of components, the proposed con-
verter offers reduced voltage and current stresses, along with
nearly equal gain at the same D in literature [27], [28].
As shown in Fig. 8, the SISC-BDDC is compared with
some recent topologies [17], [18], [20] based on the number
of devices count and gain (Vo /Vin) of components, which
clearly shows that the Voy/Vi, of the SISC-BDDC is high.

VOLUME 11, 2023

FIGURE 7. Switch voltage stress of SISC-BDDC and other conventional
converter versus input voltage and duty cycle (a) boost (b) buck mode of
operation.

Equation (11), as shown at the bottom of page 9. Equa-
tions (12)-(16), as shown at the bottom of page 10.

VI. SMALL SIGNAL ANALYSIS OF SISC-BDDC

The state-space averaging technique is used to describe
the input and output relation of the proposed SISC-BDDC
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FIGURE 8. Total number of (a) capacitors (b)switches (c) components
(d) Inductors in [17], [18], and [20] topologies and SISC-BDDC versus
gain M.

converter having different modes of operations, for deriv-
ing the state-space analysis of the SISC-BDDC, the ripples
content constraints Al in inductor currents and capacitor
voltages AV, are excluded from the analysis.

x =A1x + Bu;
X = Axx + Bhu;

Y = Cix (17)
Y = Cox (18)

where x =[iL1, iL2, iL3,VCl, VC2,VC3,VC4, VCH ]T in boost
mode and x =[iL1, iL2, i3 vcl, vea,ves vess ver 1T in
buck mode.During buck mode, V. (?) is the source variable
and Vi, (¢) is the load variable, and in boost condition V()
load variable Vi, () source variable where iy 1 (¢), if2(2), ir3(2),
Ve (1), Vea(t), Ves(t), Vea(t) and Vep (), Vey(t) are the
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state variables, r is series resistance of Cy to decrease
additional coupling occurring between capacitors Cq, C», C3,
C4 and to eliminate extra state space variables. So, putting
the values of various parameters from Table 3 in state space
equations (11), (12) the proposed SISC-BDDC converter
small-signal transfer functions in boost and buck mode are
obtained and the equations are represented in (13) and (14)
respectively.

Vout Voltage Current Pulse- width Proposed
controller controller  modulator with SISC-BDDC
logic gate

FIGURE 9. Proposed SISC-BDDC control scheme.

VII. CONTROL TECHNIQUE OF PROPOSED SISC-BDDC
The proposed SISC-BDDC converter uses an outer voltage
control loop and an inner current control loop, as shown
in Fig. 9. Gcev(s) is the proportional-integral (PI) voltage
controller transfer function, G¢y(s) is the transfer function of
the PI current controller. Gm(s) is the transfer function of
pulse-width modulator with logic gate. Gyo(s) is the volt-
age transfer function of the proposed SISC converter. For
achieving better stability of SISC-BDDC, the tuning of K,
and Kj is done for both voltage and current loop controllers.
The frequency plot transfer function with PI voltage con-
troller in boost and buck mode are shown in Fig. 10 and
given in equation (12), (16). The basic state-space equations,
governing the system modeling in boost and buck modes of
operations, for the proposed SISC-BDDC are represented in
equations (17), (18). From the two bode plots, in both the
mode of operation it is observed that the phase margin and
gain margin both are > zero which validates the stability of
SISC-BDDC.

VIil. SIMULATION RESULTS

The MATLAB/Simulink platform is utilized for acquiring
results of SISC-BDDC for the both operating modes (boost
and buck) which is depicted in Fig. 11 and Fig. 12, and it
also correlates with the experimental results. The parameters
under which the results are obtained for the figures 11 and 12
are given as below. (a) IL1, 112, IL.3, V¢ under constant input
Vin = 20V, and constant load R =300$2 and (b) Vi,, V,, I,
under dynamic input 12-30 V and load constant R = 300 €2
(©) Vin, Vo, I, under constant input Vi, =12V and load varying
3002-500 2.

IX. EXPERIMENTAL ANALYSIS OF SISC-BDDC

The effectiveness of the 200W SISC-BDDC is validated
through a prototype as shown in Fig. 13. The various param-
eter values used in the experimental prototype are listed
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in Table 3. The experimental prototype was developed using a
dSPACE 1104 controller with power PC and C/C+ compiler
ver.38.61, with 33MHz/32-bit 5 V PCI slots. A TLP250
optocoupler-based gate driver circuit is used for amplifi-
cation of the pulses to drive the switches. A lead acid
battery with a capacity of 20 Ah is used in the prototype,
the voltage and current ratings are 12 V, 6 A, respectively

with a dimension of 185%165%75mm. A combination of
CAP-X supercapacitors GY12R718960V107R with a capac-
ity 100 F. For observation and storage of hardware results, a
4-channel digital storage oscilloscope with a manufacturing
number DSOX1204A, with bandwidth 250Mhz, sampling
rate 2Ga/s, and mouser number 372-DSOX1204A-70-WW is
utilized.

[ [ dig, 0 ]
di — - - A —
- 0 0 -4 0 0 0 0 0 i, (1)
dig, ()
1 1 1 4
Adt 0 _LL2 5 -5 o 0 0 0 ir, (t)
diz, (1) X .
ar 0 0 0 0 0 = 0 0 i, (1)
dic, (1) .
s 0 -4 0 0 0 0 0 0 de, (1)
dic, (t) - 1 1 1 1 D
7 0 ¢ ~©» “©» {Cxr) 0 0 0 ve, (1)
dvcy (1) 1 1 -1 1 1 5
i 0 0 0 0 oo ©xn o (oorom Toa) || Ve ®
5 1 1 1 5
dvzj(t) 0 0 0 0 (C><V+—C><R) Cr ©xn 0 Ve, (t)
. —1 1 1 -1 5
dVCdl?(’) 0 0 &= 9 Cxn  (©xn ©xn 0 JLven @ ]
- o
Ly
0
0
0
V1) +
+ Vi
0
0
0
L 0]
B 1 T -, =
0 0 I 0 0 0 0 0 r L,
0 —£ 0 -5 0 0 0 0 i,
0o 0 0 - 0 0 0 0 i
-5 0 0 0 0 0 ¢ 0 ver | A
1 1 1 1 1 1 1 xdH
0 -Cc ~C (er+CxR) 0 (C><r+C><r) T (Cxr) 0 ve2
1 1 1 1 1
0 0 0 (W‘*‘m) (m+er) 0 _(C><r) ves
~1 -1 -1 1
0 0 0 (Cxr) (Cxr) 0 (Cxr+CxR) (Cxr) ve4
-1 -1 -1 1
| 0 0 @ 0 0 () CxricxR)  (©xn | - Vo
(11)
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A. EXPERIMENTAL RESULTS OF SISC-BDDC IN BOOST
CONDITION

Fig. 14 (a) to (e) depicts the operation of SISC-BDDC in
boost mode. It is observed that the voltage stress of 100 V
is appeared across the switches Sy, S, S3, and S4 as shown
in Fig. 14(a) and (b). This voltage stress of 100V is slightly
higher than half of the higher side voltage V. The current
ripple in the inductors L1, Ly, and L3 are 25%, 20% and 15%,
respectively as shown in Fig. 14(c). The ripple content meets

the inductors’ design constraints because of low average
value of inductor current. The dynamic behavior of the output
voltage is illustrated in Fig. 14(d). In boost mode when Vi,
is varying from 30 V to 12 V due of sudden discharge of
energy, then fall of terminal voltage is observed which shows
that the SISC-BDDC has a high (V. /Vin) range. It can be
observed that the SISC-BDDC operates in boost mode with
a closed-loop controller, and the output voltage is main-
tained at nearly 160V when the output power P, is changed

[ dip, ) ] o 4 - _
1 A
dr 0 0 v 0 0 0 00 ir, () 0
di, (1)
r 1 1 1 s
dt 0 L L I I 0 00 L, (1) 0
di, (1) 1 A 1
3 1 1
o 0 0 0 0 0 I 00 ir, (1) o
dic, (1) =1 =1 =1 =1 1 -
=+ c T (©xn 0 & ©» 90| Vva® 0 |4
= . . 1 + Vit
dy t 1 1 1 I 1
V%( ) 0 ¢ cn 9 o 0 00160 Cxr
N 1 1 1 —1 1 ~
w 0 ¢ ©» ©n ©n @ 00 ve; (1) 0
t
N 1 __1 __1 1 5 1
dvc, (1) 0 C (Cxr) 0 (Cxr) 0 C 0 N () Cxr
dt
1 1 —1 1 ~
dic, (1) L0 ¢ 0 ©xr) (Cxr) on Q0| Ve ® ] | O |
L L da
B l T p— —
0 0 i 0 0 0 0 0 ir,
r .
0 -5 0 -5 0 0 0 0 iL,
1 1 .
0 0 0 I 0 0 T Iz 0 I,
-& 0 0 0 0 & 0 vey A
1 1 1 1 1 1 x dL (12)
0 -c ~C (C><r+C><R) 0 0 (C><r+C><r) 0 vez
0 0 0 0 (o7 + or) (o + o) 0 ~n || Ve
Cxr CXR Cxr Cxr (Cxr)
0 0 0 0 0 0 0 0 Ve4
1 1 1 1 1 1 1 1 _ 1 v
B 0 0 0 (ch er) (er CXR) (er + er) (C><r + er) Cxr | — Cr
G (y)—‘LH— 2.7 x 10% x 57 =273 x 108 x s6 =4 x 1012 x 55 4 1.5 x 101 x s* —43.74 x 1018 x 53 4+ 1.31 x 102152 —4.51 x 1018 x 5 + 2.4 x 102+ (13)
OVEboost 1 = T B 1273 % 10% x 57 +5.40 x 106 x 56 + 1.5 x 1010 x 55 — 7.74 x 1012 x s 1 9.53 x 102153 — 4.51 x 1018 x 52 + 4.9 x 1024 x 5+ 5.92 x 1020
G @=L _ 1.1 % 108 550 —2.73 5 108 x5 —4 % 1012 x 6% + 1.5 x 1014 x 63 —43.74 x 1018 x 52 + 1.31 x 1021s! —2.4 x 1018 (14)
OVLbuck 1= AT B 701 x 10% x 57 1 9.92 x 106 x 6 1 5.03 x 1010 x 53 — 438 x 1012 x 5% 1 1.12 x 102153 — 4.5 x 1018 x 52 + 4.9 x 102% x 5 1 7.60 x 1020
Goboost (5) = G (5) Gm (s) GVH oboost (8) H (5)
G © Vour 2.7 x 10% x 57 =273 5 108 x 50 — 4 x 1012 5 & 4 1.5 x 1014 x s* —43.74 x 1018 x &3 4 1.31 x 102152 — 451 x 1018 x 5+ 2.4 x 1024
5) = =
Vourboost dy 84273 x 104 x 57 +4.30 x 100 x 56 + 1.5 x 1010 x s5 — 7.74 x 1012 x % +9.53 x 102153 — 4.51 x 1018 x s2 + 4.9 x 1024 x 5 +5.92 x 1020
(15)
Gobuck () =G (s) Gm (s) GVLbuck (5)H (s)
G (Y)_‘LL_ 1.1 x 108 x s6 =273 x 108 x 57 =4 x 1012 x 5% 4+ 1.5 x 1014 x 53 —43.74 x 1018 x 52 + 1.31 x 10215 —2.4 x 10'8 (16)
OVLbuck B = 4T B 701 % 10% x 57 +5.65 x 106 x 0 + 1.2 x 1010 x 53 — 438 x 1012 x 5% 1 1.12 x 102153 —4.51 x 1018 x 52 + 4.9 x 1024 x 5 + 7.60 x 1020
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FIGURE 10. Frequency responses of the SISC-BDDC (a) Boost mode
(b) Buck mode.

from 150 to 300W, which is depicted in Fig. 14(e) with small
transient voltage fluctuations are ignored in this operating
condition.

B. EXPERIMENTAL RESULTS OF SISC-BDDC IN BUCK
CONDITION

Fig. 14 (f) to (k) depicts the operation of SISC-BDDC in buck
mode. For the four switches S, S», S3, and Sy, the voltage
stress of 100V is shown in Fig. 14(f) and (g). This voltage
stress is slightly more than half the value of the higher side
voltage Vhigh, and this matches the theoretical calculation
at rated condition. The current ripple of Ly, Ly, and L3 are
25.67%,16%,15% as shown in Fig. 14 (h), and their ripple
content meet the inductors’ design constraints because of low
average value of inductor current. Fig. 14 (i) shows the output
voltage behavior of SISC-BDDC under dynamic condition
when it is tested to change from 160V to 100V while the input
voltage V;, is maintained at 12V. This experimental finding
is used to simulate how the energy rises continuously at the
source side in charging conditions, and the terminal voltage
starts to rise. When the Vj, of SISC-BDDC remains at 12V,
the Vo rises from 100V to 160V in 10 seconds, allowing the
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FIGURE 11. Boost-mode simulation results under (a) (I;1. 1;2. I;3. V¢)
constant input (V;;), and constant load and (b) (V;,, Vo. lo) under dynamic
input and load (c) (V;,., Vo, lo) under constant input (V;,) and load varying.

SISC-BDDC to operate in the buck mode, which indicates
a high gain (Vyy/Vin) of SISC-BDDC in buck mode. When
the power available at the load (P,) is slightly step-changing
between 160W and 250W, the corresponding output voltage
and load current are shown in Fig. 14 (j). It is observed
that when the SISC-BDDC operates in buck mode with a
closed-loop controller, the input voltage Vi, can be main-
tained approximately at 30V, and the voltage fluctuations are
slightly small so that it can be omitted.

C. BIDIRECTIONAL EXPERIMENTAL RESULTS OF
SISC-BDDC AND THERMAL LOSS DESCRIPTION OF
SWITCHES

The hybrid energy sources on integrated with SISC-BDDC
which incorporates the two sources battery and supercapac-
itor into a vehicle. The supercapacitor provides the required
dc bus power when the vehicle is accelerating through the
proposed SISC-BDDC because of its quick dynamic response
characteristics. During the braking process, the regener-
ative energy absorbs in control way through the battery
and supercapacitor through BDDC converters. In uniform
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FIGURE 13. Experimental prototype of the proposed topology.

running condition, the battery provides the constant energy
for DC bus with the help of BDDC and charges the superca-
pacitor through proposed SISC-BDDC if required. Fig. 14 (k)
illustrates bidirectional results of SISC-BDDC, super capaci-
tor current I and the battery currents Ipy. It can be observed
that when HVDC bus demand of power is rapidly adjusted
from 300W to 550W, the I, generated is greater than zero
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by the hybrid energy sources. Accordingly, the designed
SISC-BDDC responds quickly to operate in boost mode.
The super capacitor current /. increases suddenly from zero
to 5 A in about 20 microseconds, in this stage super capacitor
supplies the required instantaneous current /. for the HV dc
bus, while the battery output current Iy, increases relatively
slowly which is shown in the experimental result. The bat-
tery powers the dc bus with static power when I decreases
from 5 A to 0 A and Iy, gradually increases from 8.8 to 13 A.
Similarly, the control signal I, is smaller than 0 when the dc
bus power demand is abruptly dropped from 650 to 350W,
SISC-BDDC reacts quickly and works in buck mode at the
same time.

The supercapacitor absorbs the (HV) dc bus sudden decre-
ment in power and the current Iy rises from O to -4 A
over the period of about 20 ms. The current Iy steadily
decreases from 13 to 8.8 A and when the current I drops to O
from —5 A, and accordingly, the battery gradually absorbs
the instant power from the HV DC bus.

The average switching loss and average conduction loss of
MOSFET switches are calculated for the proposed converter
to examine the reliability of switches.

The device manufacturer’s data in the data sheet is
imported to the PLECS software using the import wizard of
the thermal file’s description tool. Fig. 14 (1) depicts the turn
on switching Energy Loss as a function of the device’s ambi-
ent temperature in a 3D look-up table, whereas Fig. 14 (m)
depicts the turn-off switching Energy Loss.

D. PROPOSED SISC- BDDC EFFICIENCY AND POWER
LOSS ANALYSIS

Fig. 15 shows the experimental efficiency of the proposed
SISC-BDDC with output power. The efficiency is calculated
using a power analyzer (Fluke 125B). Fig. 15 shows that
the SISC-BDDC achieves a maximum efficiency of 95.25%
and a minimum %n of 92.25% in the boost mode, while
it achieves a maximum efficiency of 95.24% and a mini-
mum %n of 87.31% in the buck mode of operation. The
%n of SISC-BDDC is steadily increases with increasing
input voltage for the same output power, as shown in the
graph. The maximum theoretical efficiencies of proposed
SISC-BDDC are compared to those achieved by other con-
verters in the literature [17], [18] which shows that the
proposed SISC-BDDC having leading efficiency as com-
pared to others in the comparison which is shown in Fig. 16.
This is due to the reduced losses resulting from the low
input current. Fig. 17 depicts the theoretical efficiency curve
and experimental curve of the proposed converter. A minor
difference in the experimental curve is observed due to the
presence of parasitic in passive components of the proposed
designed converter. The sum of total losses of SISC-BDDC
in buck mode is 10.25 W, as confirmed by Fig. 18(a), while
the sum of power loss in buck mode is 11.06 W, as con-
firmed by the breakdown loss distribution curve in Fig. 18(b).
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FIGURE 15. SISC-BDDC efficiency curve in boost and buck mode.

The efficiency can be clearly validated by the two pie-chart
curves in Fig. 18. It is concluded that most of the loss
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that occurs in the converter is because of the switches
in SISC-BDDC.
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FIGURE 18. Loss distribution curve of SISC-BDDC in (a) boost (b) buck-
mode.

X. CONCLUSION

A novel non-isolated SISC-BDDC has been proposed in this
work. The SISC-BDDC has a broad voltage-gain range in
boost and buck modes, simple in design, compact owing
to only four active power switches. Theoretical aspects of
the proposed converter, including its operating mode analy-
sis and small signal models, have been derived thoroughly.
The controller design technique, small signal modelling for
validating the converters stability has been discussed. Fol-
lowing that, both the simulation and experimental findings
have been presented under various operating condition to
verify the theoretical analysis. The maximum efficiency
of 95.25% is achieved for the SISC-BDDC at 200W out-
put power. Loss calculations are performed in on and off
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condition at changing temperature to examine the reliabil-
ity of the switches. Lower voltage stress and current stress
across the switches has been verified from comparison with
other similar topologies. Good dynamic performance of
the SISC-BDDC justifies that it can be a suitable alterna-
tive in microgrids, electric vehicles and renewable energy
applications.
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