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Abstract. A bidirectional DC-DC converter can
diminish the uncertainty of PV generation and enhance
system reliability when integrated with energy storage
systems. Usually, a Dual Active Bridge (DAB) con-
verter with soft switching capability essentially matches
the needs of an energy storage system. The DAB
not able to reduce the inductor current stress when
load is increased, and thus, the efficiency is decreased.
To address this issue, we present a novel Quadruple
Active Bridge (QAB) converter. In terms of enhancing
the efficiency along with mitigating the current stress
on the Low Voltage (LV) side, the LLC resonant con-
verter with a constant pulse width modulation scheme
was implemented. Finally, the QAB-LLC converter fed
with Electric Vehicle’s (EV’s) Battery has been veri-
fied in MATLAB/Simulink and it results in a maxi-
mum State of Charge (SOC) and, maximum voltage
capability which provides a high efficiency along with
minimum inductor current stress on LV side.
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1. Introduction

To protect inhabitants from the environmental pollu-
tion, India’s major cities are adopting electric trans-
portation not only to saves money but also the
environment [1]. Currently, the number of Electric

Vehicle’s (EV) users are increasing in India. The most
important factor for increasing, the number of EV’s is
zero-greenhouse gas emissions [2]. The main issue re-
garding EVs is the lack of charging stations. Depend-
ing on different EV type, charging levels are presented
in Level 1, and Level 2. The EV is dependent on bat-
tery capacity for the whole charge, which takes 16–20
hours at Level 1 rated at 120 V. Level 2 is at 240 V
single phase home charging station that ensures a fully
charged battery in 8 hours with overnight charging.
These two levels include Electric Vehicle Supply Equip-
ment (EVSE) to converter AC power to DC for charg-
ing the car. Level 3 is at 480 V DC fast charging sta-
tion that delivers power directly to the battery within
an hour.

Like petrol stations, it can be built on highways
and city filling sites. To convert AC to DC, it uses
a three-phase power supply with 480 V or more.

Global warming occurred during the early stages
of the industrial revolution due to the use of fossil fu-
els. To reduce this impact, the energy produced by
wind power, solar Photovoltaic (PV), and hydroelec-
tric power will help in decreasing CO2 emissions. By
the usage of Renewable energy sources, a significant
impact on the grid is observed. This problem can
be avoided by using a bidirectional DC-DC converter
to connect an energy storage device to the DC-link as
shown in Fig. 1.

In a bidirectional DC-DC converter, the transformer
determines the load voltage rating, with DC-link volt-
age based on the transformer turns ratio, as shown
in Fig. 2.
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Fig. 1: Bidirectional DC-DC converter.
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Fig. 2: Pictorial representation of bidirectional DC-DC
converter.

In [3], a pre-charging circuit is employed to reduce
a large amount of inductor current stress at the start
of the system to the two unequal voltages. The zero-
voltage switching is usually provided by LC circuit.
The energy loss takes place by turning on the switch.
The switch instantly turns on through zero supply volt-
age by providing milliseconds with delaying the gate
voltage. Large voltage spikes can be mitigated in tra-
ditional full-bridge DC-DC converters by using high-
rated diodes but it leads to very low reverse recovery
characteristics are observed practically.

A circuit was presented to address the snubber re-
quirement, but it was found that the implementa-
tion of this circuit resulted in a decrease in efficiency.
In [4], a small fraction amount of enhancement is ap-
plied to enhance the efficiency of the active clamp cir-
cuit, which, in turn, results in a large current stress.
To mitigate the current stress in high voltage appli-
cations two auxiliary inductors are connected in series
with two MOSFETs [5]. The author in [6] presents
a large voltage spike due to delay time in turn-on time
for charging the snubber capacitor with the inductive
current. The operation mode of an LLC converter

depends on its voltage gain. Adding an extra induc-
tor increases the cost and size of the converter, making
it more suitable for high voltage applications rather
than Low Voltage (LV) applications [7]. The main dis-
advantage is that the voltage gain limits the switch-
ing frequency variation. The mode of operation is de-
termined based on the constant amplitude and pulse
width, which allows for operating the converter with-
out limiting the voltage gain. The chosen mode of
operation can then determine the voltage gain [8].

The optimization design is critical by connecting
the EV battery to the LLC converter as suggested
in [9]. In [10] presents a solution using interleaved
LLC resonant converter and cascaded voltage-doubler
circuits for efficient charging of deeply depleted plug-
in electric vehicle batteries. It successfully tackles
the issue of extending the converter’s operating range
by mitigating the impact of transformer parasitic ca-
pacitors. The SOC and charging current of the bat-
tery define the converter’s output voltage. To charge
the deeply depleted battery, a voltage double-circuit
was used with a large voltage gain to minimize the par-
asitic capacitor negative effect. To improve efficiency
at low load, LLC converters can work in different re-
gions like frequency-modulated full bridges, two-phase
and single-phase half-bridge [11]. Higher power density
is achieved with a resonance inductor placed in a trans-
former. The literature outcomes of bidirectional DC-
DC converters suffer from various critical issues like
complex design approaches for various output volt-
age ranges and difficulty to generate bidirectional. As
a result, the Dual Active Bridge (DAB) bidirectional
DC-DC converter was proposed, which includes high
power density, high current density, voltage variations,
and two bridges on the source and load sides [12] as
shown in Fig. 3.
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Fig. 3: DAB converter.

It generates square wave voltage at the primary
and secondary sides and determines the inductor cur-
rent stress of the device by supplying a constant
Pulse Width Modulation (PWM) signal [12] and [13].
The main drawback is high turn-off power loss when it
operates voltage gain greater than unity. By introduc-
ing a Zero Voltage Sequence (ZVS) applied to bridges
by changing of phase shift. Considerable modula-
tion techniques are Phase Shift Modulation (PSM) and
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Triangular Current Modulation (TCM) or Trapezoidal
Current Mode (TCM).

DAB activates the reverse power flow, then bidi-
rectional is easily achieved. A converter always
depends on input and output voltage, input power,
design parameters, and voltage gain. Maintaining
a low duty cycle ratio and minimizing leakage in-
ductance are crucial factors in achieving ZVS for
all switches and improving efficiency. The three-
level DAB converter generates four square waves
with varying amplitudes for a wide range of
voltage gain [14]. In [15] medium-voltage DAB
converter presents a compact solution for EV charg-
ing stations, eliminating the need for a bulky MV-
LV transformer, enabling efficient and high-power fast
charging. However, a potential challenge lies in the
complexity and cost associated with integrating and
controlling this high-power converter topology. To de-
crease the current stress and eliminate the reactive
power, a DAB–SRC (Series Resonant Converter) is
employed by four degrees of freedom under different
battery voltages [16]. The DAB converter is con-
trolled by the single-phase shift control [17] extended
phase shift control [18], dual-phase shift, and triple-
phase shift ratio [19] which increases the efficiency de-
pending on the phase shift ratio. Introducing variable
phase shifts improves the performance of soft switching
and DAB as demonstrated in [20]. Setting the switch-
ing frequency to the resonance frequency and main-
taining unity gain enables achieving high efficiency in
onboard chargers [21]. The summary of the oper-
ating performance conditions of the above-mentioned
topologies is presented in Tab. 1.

In [22] DAB consists of four full bridges, first one can
control the PV source, second one connected to a sta-
tionary storage system and can function as either
a source or a load, and the remaining two to control
the charging of the battery units for up to two cars.
To create a magnetic node and connect more than two
ports, all ports are connected through a high-frequency
multi-winding transformer. This is helps in the era
of multiple and different voltages are involved where
a bidirectional power flow is required, such as in smart
grids.

To effectively identify the defective components
and prevent the system from collapsing, an Open-
Circuit Fault (OCF) diagnosis technique is provided
for DAB converters operating under advanced Triple
Phase Shift (TPS) management based on the resonant
phenomenon under fault situations [23].

Households in foreign countries are progressively
purchasing at least two EV’s necessitating the usage
of energy storage devices and bridge converters like
DAB converters. Due to the growing number of EV’s
on the road, converter, and component demand is

rising. Connecting various energy storage devices
to a single DC bus serves is one solution. The operation
of bidirectional DC/DC converters like DAB and QAB
depends on power transfer and voltage. AQAB, SQAB-
V (Symmetric Quadruple Active Bridge - Voltage),
and SQAB-P (Symmetric Quadruple Active Bridge -
Power) are some examples of QAB converters. In com-
parison to these converters, the AQAB converter is
more efficient and uses fewer modules, although it cur-
rently has an issue with the balance of the bridges de-
pending on the turn’s ratio [24]. In [25] HESS, or two
integrated storage components like batteries and ultra-
capacitors, have been used to construct a QAB for
EVs. These components are driven by the driving
train and the charging port. In storage components
of the system QAB can be used in a Vehicle to Grid
(V2G) scenario since power can be exchanged between
all the ports.

Reference [26] discusses the integration of Dis-
tributed Energy Resources (DER) and Distributed En-
ergy Storage systems (DESS) into the grid. A Modular
Multilevel Converter (MMC)-based Solid-State Trans-
former (SST) uses a SST and a QAB converter as its
primary parts to accomplish this integration. Each
QAB converter links to two MMC cells, and its third
port allows for connections with either a DER or DESS.
The fourth port of each DC/DC converter must be
connected to the LVDC bus that could interact with
a Low Voltage AC (LVAC) grid by way of a power
inverter. By integrating DER and DESS while main-
taining the same power transfer in the MMC cells, this
keeps the voltages in the capacitors of the MMC cells
balanced.

In each of the QAB’s medium-frequency
transformers have a balancing winding that is
an additional winding. The transformers’ balancing
windings are paralleled to allow a current to circu-
late among the three phase transformers, reducing
the unbalance in the clusters connected by deltas [27].
Consequently, the amount of zero sequence current
necessary to balance the cluster powers for a particular
degree of unbalance is similarly decreased. By doing
this, the overall current running through the CHB’s
devices is decreased, as is the over-current rating
needed to handle a specific unbalance. A current
balancing coupling inductor for power transmis-
sion and zero voltage switching that does not need
an additional magnetic volume is used in an asym-
metric QAB converter [28] dependent on the turns
ratio to maintain current balance. A setup with
an MAB converter [29] utilizing a stiff voltage source
on the transformer’s magnetizing inductance results
in naturally decoupled power flows. As a result,
the configuration displaces the requirement for
a high-performance dynamic decoupling controller
and permits independent power flow control tuning
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Tab. 1: Comparison of isolated DC-DC converter specifications.

Topology Reference Structure Power Output No. of Modulation Major
(kW) voltage (V) switches/diodes method advantages/disadvantages

Resonant

9
LLC

3.3 250–450 4/4 Pulse ZVS has a broad range and

converter

full frequency can adjust output voltage
bridge during low load, high

10

Interleaved

1.5 50–420 4/4 Pulse

efficiency, compact size,

CLLC

frequency

and low EMI.

+ Bidirectionality is not

cascaded normally obtained. The

voltage switching frequency is

double equal to the resonant

rectifiers frequency, and the
modeling approach to

11 Hybrid 3.2 250–400 4/4 Pulse producing a greater output

LLC frequency voltage range is
complicated.

DAB

13 Conventional 20 200–450 8/0

Single +

Bidirectionality, implicit

converter

DAB
dual +

soft switching, voltage

triple

output transfer ratio.

phase shift

For Single Phase Shift
14

Three-level

3.5 200–700 16/8
Single

(SPS), securing ZVS at low

DAB + phase

loads is hard.

blocking shiftcapacitor

15 MV 12 520–820 8/0
Single

DAB phase
shift

16 DAB-SRC 4.5 200 8/0 Phase
shift

of the remaining ports. The proposed arrangement
ensures that the HF transformer is appropriately de-
signed to ensure a low leakage inductance in one port
(master) without the addition of an external inductor
and a comparably higher leakage inductance in the
remaining ports (slave).

The authors in [30] lists the two primary architec-
tures for these converters. Based on isolation and con-
trol strategies, Architecture-I uses unique two-port
DC-DC converters to connect each source to the DC
bus and based on source connection methods and port
numbers, Architecture-II utilizes a single multiport
converter to link all sources to the DC bus.

The operation, number of components, benefits
and drawbacks, cost and efficiency of the medium
voltage and medium frequency power converters are
examined with respect to various SST topologies, con-
figurations, power and voltage ratings, advantages, and
related applications. Further, it is described how
various SST topologies are implemented in the fields
of solar PV, wind power conversion and transmission,
traction, smart grid, MG, and DC charge stations [31].

The proposed QAB converter develops a high
efficiency in EV battery applications by using of LLC
converter.

The novelty of the proposed QAB converter is as
follows:

• Reducing the inductor current stress by the appro-
priate LLC circuit configuration design in QAB.

• Increasing the efficiency of an EV’s battery with
respect to the DC link voltage.

2. Quadruple Active Bridge
Converter

The Quadruple Active Bridge (QAB) converter carried
out by using four bridges are indicated as Va, Vb, Vc, Vd
out of which three bridges are used for Medium Voltage
(MV) side (b, c, d) and one on the LV side (a) is de-
picted in Fig. 4 [32]. The power of QAB is easily com-
puted using the MV and LV cells [33] in Eq. (1), Eq. (2)
and QAB is cost-effective because it requires a smaller
number of modules along with single high-frequency
transformer [34]. The transformer ratio, n of the QAB
converter is defined as a number of modules of the MV
side w.r.t the LV side given in Eq. (3).

PMvCell =
PQAB

NMvCell
, (1)

PLvCell =
PQAB

NLvCell
, (2)

n =
NMvCell

NLvCell
. (3)
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For a simple analysis of the converter, the voltage
across the MV and LV sides is changed by rectan-
gle voltage sources (Va, Vb, Vc, Vd) based on switch-
ing actions. For example, let us consider one bridge
on an MV cell with an R load. It has four switches as
shown in Fig. 5.

The switch S1 and S2 are turned on and S3 and S4
are turned off, it generates positive voltage. Sim-
ilarly, S1 and S2 are turned off and S3 and S4
are turned on which generates a negative voltage.
Based on this analysis, it generates rectangular volt-
age sources, and an equivalent circuit has presented
in Fig. 6.

The current slope of inductor on MV (Lb, Lc, Ld),
LV side (La) and the voltage on the center point vx is
given by Eq. (4) and Eq. (5).

diLi

dt
=
vi − vx
L

, (4)

vx =
va + vb + vc + vd

4
, (5)

where iLi is the inductor current on MV and LV
bridges.

By using this Phase Shift Modulation (PSM), the in-
put rectangle voltages Va, Vb, Vc, Vd with constant
frequency to the transformer for controlling power
at phase shift (ψb) [33].

Any converter depends on input, output voltage,
and load. The MV rectifier is controlled by the in-
put voltage of the QAB converter and then produces
the load voltage. Only power exchange in the MV
and LV sides under balanced conditions is possible with
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Fig. 5: One bridge on MV cell.
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Fig. 6: Equivalent circuit of QAB converter.

a smaller phase shift angle followed by Eq. (6):

P =
vMvLψb(1− ψb)

2πfsLequn
, (6)

where vM , vL is the MV and LV DC link, fs is switching
frequency and ψb is the phase shift.

Usually, Lequ is termed as equivalent inductance
on the LV side and it can be determined using the LV
and MV inductances given by Eq. (7):

Lequ = La +
Lb + Lc + Ld

3n2
, (7)

The power transfer depends only on the leakage in-
ductance, changing of duty ratio, turns ratio, phase
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shift with constant input and output voltage along with
switching frequency. When the phase angle is high,
more reactive power is attained. Particularly, the PSM
occurs is when there is a fault occurring in any one
of the QAB cells, then the remaining cells will op-
erate. But this PSM, operates the QAB converter
in a hard switching manner under faulty conditions.
QAB converter operates in the symmetric mode be-
cause of the low RMS value current present at leakage
inductance by applying Triangular Current Modula-
tion (TCM). The power flow control among the bridges
and reactive current is reduced by the duty cycle
in TCM [34]. Under the balanced conditions the duty
cycle on LV is D1 and MV side bridges are of the same
i.e., D2=D3=D4. The TCM’s main principle is to ap-
ply a triangle current on inductors and achieve volt-
age across the winding Va and Vb with phase shift ψ
has shown in Fig. 7 as a result, vx is calculated using
the Eq. (8).
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ψ
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Vx

D2TS

VL + 3VM
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-VM

VL + 3VM

4
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-
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Fig. 7: Main waveforms of QAB convert.

vx =


nvL + 3vM

4
, 0 < t < d2Ts,

nvL
4
, d2Ts < t < d1Ts,

0, d1Ts < t < Ts

2 .

(8)

During the time interval between 0 < t < d2Ts,
the inductor current begins at zero and rises to its
higher value iLb. Similarly, during the d1Ts < t < Ts

2
period, the currents decline from iLb to zero.

During the 0 < t < d2Ts, the current varia-
tion in the inductor can be calculated from Eq. (4)
and Eq. (8).

∆ib(0<t<d2Ts) =
D2 (vM − nVL)

4Lfs
. (9)

Similarly, for period d2Ts < t < d1Ts and d1Ts <
t < Ts

2 , the change in inductor current is obtained as
follows:

∆ib(d2Ts<t<Ts
2 ) =

(D2 −D1) (nVL)

4Lfs
. (10)

To achieve Zero Current Switching (ZCS), the con-
dition for inductor currents between switches is deter-
mined based on Eq. (9) and Eq. (10). The relationship
between D1 and D2 is then described.

∆ib(0<t<d2Ts) = ∆ib(d2Ts<t<Ts
2 ). (11)

D2 =
D1 (nVL)

vM
. (12)

The input DC bridges’ transmitted power can be
calculated as:

Pi = ViIi, (13)

where, Pi = input power, Vi = input voltage at MV
side DC link = vM , Ii = input current at MV DC
bridges, vL = LV DC link.

Let us consider the average current on the cell ‘b’
at MV side is calculated as:

Ib =
2

Ts

∫ D2Ts

0

ib(dt), (14)

where, ib =
D2(vM−nvL)

4fsL
, 0 < t < d2Ts from Eq. (10) it

gives:

Ib =
D2

2 (vM − nvL)

4fsL
, (15)

The power calculated on the cell ‘a’ of LV side bridge
is written as:

Pa = vMIb, (16)

Pa =
D2

1 (vM − nvL) (nvL)
2

4fsLvM
. (17)

Similarly, the power cell ‘b’ of MV side bridge:

Pb =
3D2

1 (vM − nvL) (nvL)
2

4fsLvM
. (18)

TCM will operate the QAB converter in a soft
switching manner under faulty conditions. With
different duty ratios on the MV cells, it gives different
power levels i.e., more amount of power observed one
after another on MV cell. Large inductor current stress
on the LV side is a major issue with the QAB converter.
To overcome this, two or more bridges are connected
in parallel by applying a fixed switching frequency with
a 50 % duty cycle, However, it increases the complex-
ity of the system [33]. As a result, an LLC resonant
converter is proposed in QAB.

Figure 8 represents a visual depiction of QAB
and DAB comparison, which shows why QAB has been
preferred in DC applications over DAB.
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Fig. 8: QAB and DAB performance parameters are compared
qualitatively.

3. Battery With DC Motor
Bidirectional DC-DC
Converter

High voltage applications like EV charging station usu-
ally consists of SST. SST consists of three stages i.e.,
MV stage (AC to DC), Medium Frequency (MF) con-
verter, LV stage (DC to AC) [35]. The MF con-
verter, also known as a DC-DC converter, which is used
for power exchange between two stages stated above.
The DC-DC converter supplies power to the EV bat-
tery, resulting in reduced current stress, stable volt-
age levels, and adjusted torques according to motor
specifications [36], as illustrated in Fig. 9. The driving
range of the battery imposes limitations on the perfor-
mance of the EV battery and motor during motoring
and regeneration modes. This configuration improves
the converter’s efficiency and establishes a connection
to the main DC-DC converter, specifically the QAB
converter of the charging station. In EV applications,
DC-link of a battery is coupled to a bidirectional DC-
DC converter.

M

Q1

Q2

Battery

R

R
D1

 D2

C

L

Fig. 9: Battery with Dc Motor Bidirectional DC-DC Converter.

The bidirectional DC-DC converter performs boost
operation beside lower switch Q2 and upper anti paral-
lel diode D1 and in buck operation with upper switch
Q1, lower anti parallel diode D2 [35] as shown in Fig. 9.

Battery-fed EV present a High Voltage (HV) bat-
tery Lithium ion (Li-ion) are of 250 to 430 V. Most
of the EV batteries are Li-ion batteries which are
rechargeable and long charge/discharge cycle high en-
ergy density or high energy per unit mass, the weight
of the vehicle is minimal [36]. By increasing the battery
lifespan with bidirectional DC-DC converter it will be
implemented by Constant Current Constant Voltage
(CC-CV) algorithm. CC is used first step till the bat-
tery attains its normal voltage. After that, a Con-
stant Voltage (CV) step is used to gradually reduce
the charging current until the SOC reaches 100 % as
shown in Fig. 10.

CC MODE CV MODE
RECHARG

E MODE 

CHARGE 

MODE

Regulation Current

Battery 

current

Pre charge current = charge termination

Pre charge – 

Threshold voltage

Regulation voltage

Recharge Voltage

Fig. 10: Battery charge operation modes.

A detailed explanation of battery control strategy
with CC-CV algorithm has presented in section VI.
The process of continuous Constant Current (CC)
charging is like pumping air into balloon continuously
until it blows out. For this purpose, the battery SOC
will charge up to 80 %, after the CC charging pro-
cess CV will apply to decrease the current progressively
when SOC attains 100 %.

4. Proposed Quadruple Active
Bridge Design

In the proposed DC-DC converter architecture, QAB
structure is used which has three modules [34]. Se-
lecting the number of modules in QAB architecture,
it increases the efficiency with less energy storage sys-
tems as compared to DAB converter. The proposed ar-
chitecture supplies the DC-link voltage symmetrically.
When the voltage gain is unity, the DAB converter
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has the advantage of soft switching operation. If it
is greater than a unity the DAB converter has large
amount of leakage inductor current stress. To over-
come this issue, in [12] simply presenting a DAB-SRC
which further increase the efficiency. However, with
increases in the loads, the DAB converter will not be
able to meet the specific requirements like reducing
the high-frequency transformer design. By choosing
the number of modules and creating a bidirectional
DC-DC converter with switching frequency, phase an-
gle, duty cycle, leakage inductance, QAB converters
are selected to overcome the drawbacks of DAB.

Section 4.1. elaborates on the design of a QAB-
LLC converter for EV battery chargers. The 480 V
QAB LLC converter is designed to charge a 27.9070 Ah
of 430 V battery.

4.1. Design of QAB Converter

The design procedure of the proposed QAB converter
considers the specifications presented in Tab. 2.

Tab. 2: QAB converter specification.

Rated MV DC LV DC Switching
nPower link link frequency

(P) (VMV DC) (vLV DC) (fs)
1 MW 480 V 430 V 20 kHz 3

Fr =
1

2π

√
LrCr. (19)

The resonant capacitor is estimated as:

Cr =
1

4π2f2rLr
. (20)

Cr =
1

4 · π2 · 202 · 106 · 42.36 · 10−6
= 1.5µF. (21)

The main drawback of QAB converter is large
amount of current stress on LV side in order to re-
duce this effect additional resonant inductor should be
added on LV side. The value of Lr is selected depend-
ing on transformer construction i.e., if the transformer
turns is of different in MV with respect to LV side than
it will affect the inductor current stress on LV side.
Without affecting the transformer turns ratio an exter-
nal resonant inductor added which is equal to the res-
onant inductor.

On MV side, the ZVS is attained by the resonant
frequency equal to switching frequency. On LV side
the Cr and Lr will affect the soft switching. Soft
switching is easy with larger resonant current by con-
sidering the dead time. The resonant inductor would
be used to attain the ZVS at any load condition:

Lr =
γAvtdead
2fsci

, (22)

where, Av is the voltage gain, tdead is the dead time,
fs - switching frequency, ci is the input capacitor, γ is
the is the output voltage control variable. The value
of Av calculated depending on the DC link voltage
(VDC), battery voltage Vb and turns ratio is given as:

Av = n

[
Vb
VDC

]
. (23)

Battery-fed Electric Vehicles (EVs) commonly uti-
lize the QAB converter with Li-ion batteries. When
three QAB converter modules are connected to an MV
DC link, each module operates at 160 V as the initial
voltage. However, an adjustment of 480 V is applied
to the connected modules. The battery voltage is be-
tween 230 V to 430 V. The input – output relation
and corresponding gain range is shown in Fig. 11.

160V

DC Link Voltage Battery voltage Gain for LLC

430V

330V

230V

0.99

0.76

0.53

Fig. 11: Gain of LLC resonant converter.

1) Transformer Turns Ratio

Primary side minimum voltage is 160 V, maximum
secondary voltage is 430 V as shown in Fig. 11 then
transformer turn ratio:

n =
vP
vs

=
160

430
= 0.37. (24)

4.2. Gain for LLC

Gain for 230 V battery is:

Av = n

[
Vb
VDC

]
, (25)
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where, VDC = 160 V.

Av = 0.37

[
230

160

]
= 0.53, (26)

Similarly, for 430 V and 330 V battery, the gains are
0.99, 0.76.

Assuming, tdead = 1 µs, γ = 0.5 , ci = 1 µF the
desired resonant inductor Lr Eq. (22):

Lr =
γAvtdead
2fsci

=
0.5 · 0.53 · 1 · 10−6

2 · 20 · 103 · 1 · 10−6
= 6.62µH.

(27)

With the increasing efficiency, the battery voltage is
switched between 430–230 V, and the voltage gain is
reduced. To achieve ZVS, for LLC resonant converter
lower the voltage gain value used it leads to lower Lr.
For example, in the Fig. 11 when the voltage gain value
is 0.99, the ZVS cannot be achieved even with low value
of Lr.

4.3. Battery Design

For 430 V Li-ion battery, the battery capacity has been
determined by considering of motor specifications, mo-
tor power = 10 kw, Battery Voltage (VB) = 430 V.

Step 1: Current consumed by the motor:

PM = VbIB , (28)

Ib =
PM

VB
= 23.25A. (29)

Step 2: Watt Hour calculation:

Assuming running time is equal to 1 hr:

P = 10000 · 1watt− hr, (30)

P = 10000watt− hr. (31)

Step 3: Battery capacity Calculation:

The source must have 20–30 % more than required
energy:

Watt hour = 10000 · 1.2 = 12000.

Battery capacity = Watt hour
VB

= 12000
430 .

Battery capacity = 27.9070 Ah.

4.4. Control Strategy for Battery
Charging

With the current PI controller, the Bidirectional DC-
DC converter is controlled to achieve CC charging for
the Li-ion battery. In CV mode, the voltage PI con-
troller regulates the Battery Voltage (VB) for charging.

The Open Circuit Voltage (Voc) is used as the battery’s
reference voltage at 80 % SOC. The reference current,
IREF for the current loop is generated from the voltage
PI controller through proper gain adjustments, later
it is compared with battery current, IB . To mini-
mize the current error by adjusting the current con-
troller gains which keeps the desired charging current
as shown in Fig. 12. This method is known as CC
charging mode.

IB

IREF

+

-

PI controller

<=

Repeating sequence

Q1

Q2

Relational Operator

Current loop

Fig. 12: Generating pulses of Bidirectional Dc-Dc Converter.

However, in CV mode, charging is obtained when
the battery SOC reaches 80 %. The current PI
controller becomes inactive during this time because
the voltage PI controller has come out of saturation
and the battery is charging to achieve full SOC.

VB is compared with reference voltage or Voc to min-
imize the voltage error, by adjusting the voltage
controller gain to the charger as shown in Fig. 13.
In CC-CV mode the battery has charged by provid-
ing of a duty cycle range. The pulses are generated
for bidirectional DC-DC converter, by comparing the
current PI controller with sawtooth wave switching.

Voc

VB

+

-

PI controller IREFGain

Fig. 13: EV battery current generation.

Figure 14 depicts the CC-CV algorithm’s control
flow chart for the bidirectional DC-DC converter for
the battery.

5. Simulation Results

Detailed MATLAB/Simulink are shown to the pro-
posed QAB converter under balancing condition.
The dynamic performance of QAB converter is assessed
under balancing conditions shown in Fig. 15.
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Start 

Measure the Battery current (IB) and 

Reference current (IREF)

VB < VREF

The circuit is in Constant Current 

(CC) mode

The circuit is in Constant Voltage 

(CV) mode

Measure the Battery voltage (VB)and 

Reference voltage (VREF)

IB < IREF

Generation of pulses

End 

No

Yes 

Yes 

No

Adjust duty cycle to keep IB constant

VB > VREF
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Adjust duty cycle to keep VB constant
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Fig. 14: Flow chart of battery in CC-CV algorithm.
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Fig. 15: Proposed QAB - LLC converter with EV Battery.

5.1. Steady State Operation

QAB converter is simulated with the following specifi-
cations as presented in Tab. 3.

Tab. 3: QAB converter specification.

Symbol Description Value
Vin or vM Input voltage 480 V
LMV(b,c,d) Leakage inductance on MV side 373.16 µH

LLV(a) Leakage inductance on LV side 73.50 µH
Cr Resonant capacitor 1.5 µF
Lr Resonant inductor 6.62 µH
N Turns ratio 3
fs Switching frequency 20 kHz

Figure 16, Fig. 17 and Fig. 18 shows the inductor
current waveforms MV cell on ilb, iLc, iLd and on LV
cell Ila and voltage waveforms on MV side and LV side
Hence, minimal inductor current stress can be achieved
from the LLC resonant converter on LV side of QAB
converter.
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Fig. 16: Inductor current waveforms on MV side.
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Fig. 17: Inductor current waveforms on LV side.

After implementation of the proposed QAB-LLC
converter, QAB-LLC fed to EV’s battery with the
following specifications shown in Tab. 4.

The input voltage of the QAB-LLC converter is de-
termined depending on the voltage range of the battery
for charging, and the resonant frequency (fr) is equal
to the switching frequency (fs) to improve efficiency.
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Fig. 18: Voltage on MV and LV side.

Tab. 4: Li-ion battery specifications.

Battery Voltage (VB) Battery capacity (Ah) SOC (%)
430 V 27.9070 50

Hence it is, implemented with the CC-CV charging al-
gorithm, it generates a maximum voltage of 464.7 V,
8.0245 A battery current, 50 % maximum SOC. It will
generate a 97 % efficiency as shown in Fig. 19, Fig. 20
and Fig. 21 along with 27.9070 Ah battery capacity.
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Fig. 19: Battery Voltage.
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Fig. 20: Battery Current.

The proposed QAB-LLC resonant converter fed with
EV battery provides small inductor current stress with
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Fig. 21: Battery SOC.

respect to QAB SRC, QAB, QAB-LLC as shown
in Fig. 22. Depending on resonant converter and trans-
former turns ratio, low amount of inductor current
stress is achieved with increasing efficiency.
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Fig. 22: Inductor current stress.

6. Conclusion

To meet the DC-DC converter’s high-efficiency cri-
teria for an energy storage system, this paper pre-
sented a detailed design, implementing a novel QAB
based LLC converter. The number of circuit ele-
ments, efficiency, and complexity of various DC-DC
converter-based balancing topologies were analyzed.
First, The DAB has been used to provide bidirectional
power flow capabilities with a 93.27 % efficiency, has
presented in Tab. 5. However it will be unable to han-
dle the load if the power level is increased. So, the re-
view of the QAB converter concerning DAB contains
a modulation scheme, soft switching characteristics,
large inductor current stress on the LV side at a 95 %
efficiency. Then the QAB LLC was been designed
and evaluated, to determine the leakage inductance pa-
rameters which in turn minimize the inductor current
stress on the LV side. In addition, this novel QAB
LLC converter fed with EV battery has been verified
in MATLAB/Simulink which presents 97 % efficiency
achieved with 42.96 % minimum inductor current stress
on LV side of QAB, 50 % maximum SOC, greater
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voltage stability along with DC link voltage depend-
ing on battery parameters and efficiency comparison
presented in Tab. 5.

Tab. 5: Comparison of various bidirectional DC-DC converter.

Converter Input Output Efficiency
voltage (V) voltage (V) (%)

DAB 110 117.9 93.27
QAB 480 456 95

Proposed: QAB 480 464.7 97LLC – EV Battery

The findings show that the proposed QAB LLC
can be used in EV battery systems to achieve high
efficiency while reducing inductor current stress.
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Appendix A

The power of QAB converter with respect to turns ratio
is given as:

PQAB =
Rated power

n
=

1MW
3

= 333 kW. (32)

The MV DC link is:

vM =
vMVDC

n
=

480

3
= 160V. (33)

The LV DC link is:

vL = vLVDC = 430V. (34)

The value of inductor LMV is calculated
from the Eq. (18):

L =
3D2

1 (vM − nvL) (nvL)
2

4fsPbvM
, vM > vL. (35)

The value of inductor on MV side is negative but
it should be neglected because depending on number
of turns ratio regarding with MV and LV side. De-
pending on same value of leakage inductance on MV
side, the QAB LLC converter should get the trape-
zoidal inductor current waveforms and also due to in-
complete construction of transformer the MV inductor
should affected in order to reduce this effect additional
inductor should be added on MV side which should be
greater than the LV side inductor.

The duty cycle, turns ratio and Pb or PQAB are 0.5,
3 and 333 kW are substitute in above equation:

L =
3 · (0.5)2 · [160− (3 · 430)] · (3 · 430)2

4 · 20 · 103 · 333 · 103 · 160
, (36)

L = 330.8µH. (37)

The MV side inductors are Lb = Lc = Ld =
L(b, c, d) = 330.8 µH.

The turns ratio for the LV side inductor must be
considered.

Appendix B Calculation of LMV

and LLV

La =
L

n2
=

330.8

9
= 36.75µH. (38)

The required leakage inductance on LV side is calcu-
lated by the Eq. (7):

Lequ = La +
Lb + Lc + Ld

3n2
, (39)

Lequ = 36.75 +
330.8 + 330.8 + 330.8

27
, (40)

Lequ = 73.50µH. (41)

The LV side inductor is Lequ = LaLV = 73.50 µH.

The leakage inductance of the MV side is affected
due to the incomplete construction of the transformer.
On the MV side, an external inductor should be in-
stalled to reduce this problem and it’s specifications
listed in Tab. 6.

Tab. 6: Transformer specifications.

Leakage Inductance La′LV Lb′MV Lc′MV Ld′MV

Values 40.7 µH 16.5 µH 13.5 µH 15 µH

The external inductor can be calculated by consid-
ering the specifications presented in Tab. 6 and used
by the Eq. (7).

Lext = La′LV +
Lb′MV + Lc′MV + Ld′MV

3n2
, (42)

Lext = 40.7 +
16.5 + 13.5 + 15

3 · 9
, (43)

Lext = 42.36µH, (44)

L(b,c,d)MV = L(b,c,d) + Lext, (45)

L(b,c,d)MV = 330.8 + 42.36 = 373.16µH. (46)
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