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Abstract— Batteries used for providing backup power in
renewable energy sources (RES) fed standalone power systems
often suffer from a limited lifetime because of high charging
and discharging currents arising from sudden changes in load
and/or generation. To prevent this, supercapacitors (SCs) are
used to supply the high-frequency (HF) power surges. In this
article, a new way of interfacing hybrid energy storage systems
(HESSs) (Battery + SC) with RES and loads by employing a
current fed dual active bridge (DAB) converter based multi-port
converter (MPC) is proposed. The proposed approach enables the
MPC to regulate the load voltage while tracking the maximum
power point (MPP) of the RES and protecting the battery
from transients arising from variations in load and/or renewable
generation. The SC is used for tracking MPP so that the transient
changes in RES generation do not cause a sudden rise/fall in the
battery current. The employed MPC structure is designed in such
a way that most of the power processing takes place in one stage
only resulting in lower losses. The number of switches is reduced
by merging the power conversion stages, which helps in keeping
the cost low. Experimental results on a laboratory prototype
under various static and dynamic conditions are presented.

Index Terms— Current fed dual active bridge (DAB), hybrid
energy storage systems (HESSs), multi-port converter (MPC),
off-grid power systems, renewable energy system, supercapaci-
tor (SC).

I. INTRODUCTION

IN RENEWABLE energy-based standalone power systems,
backup power sources such as batteries, fuel cells, diesel

generators, and so on are required to negotiate the intermit-
tency of renewable energy. Batteries are one of the most
common sources of backup power. Batteries employed in such
systems are frequently exposed to high magnitude currents
which are much higher than the rated values [1], [2] due to
sudden changes in loads and/or generation, thus significantly
limiting their lifetime [3]–[10]. High magnitude loading usu-
ally lasts for a short time interval, and it is not economical
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to design the battery bank for such load currents, whose
magnitude is usually several times higher than the steady-
state value. To extend the lifetime of batteries, they can be
complemented with supercapacitors (SCs), which are high
power density energy storage devices and can supply the
required high magnitude current. This combination supplies
the transient and steady-state components of the load current
without stressing out the battery. If SCs are present, the battery
does not need to be designed for peak power requirement
but only for the steady-state power requirement [4]–[10] thus
leading to low weight/volume of the energy storage system
(ESS). A combination of battery and SC can satisfy both
the energy demand and the power demand of the load and
is known as Hybrid ESS (HESS). Based on how the battery
and SC are interfaced, the various configurations of HESS are.

A. Passive HESS (P-HESS)

In a P-HESS, the two energy storage devices are connected
directly to each other without any interfacing converter as
shown in Fig. 1(a) [3]. This is a cost-effective way, but there
is no active control over the power sharing between the two
energy storage sources and the voltage range of operation of
SC is limited.

B. Semi-Active HESS (SA-HESS)

In an SA-HESS, one of the energy storage elements is inter-
faced to the load through a converter, whereas the other one is
directly connected across load terminals. There are two types
of SA-HESS which are shown in Fig. 1(b) and (c). In type
A SA-HESS [4] [Fig. 1(b)], the battery is connected directly
to load whereas the SC is interfaced via a power electronic
converter. This allows SC to operate over a wide voltage range
but the battery current, in this case, is not completely shielded
from the transients. In a type B SA-HESS [5], [6] [Fig. 1(c)],
the SC is connected directly across the load. This allows the
battery current to reject the transients but the voltage range
of operation of the SC is limited by load voltage regulation
requirements.

C. Active HESS (A-HESS)

In an A-HESS, both the battery and the SC are interfaced
with the load through individual power electronic converters.
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Fig. 1. Various configurations of HESS. (a) P-HESS [3], (b) type A
SA-HESS [4], (c) type B SA-HESS [5], (d) conductively coupled A-HESS [7],
and (e) magnetically coupled A-HESS. [10] Vbatt: battery voltage, VSC: SC
voltage, VO: load voltage, ESRbatt: equivalent series resistance (ESR) of
battery, ESRSC: ESR of SC.

TABLE I

COMPARISON OF VARIOUS HESS CONFIGURATIONS

This system offers control over the sharing of power between
the two sources and the voltage of both sources can be boosted
to match the load voltage. Depending on the type of coupling
between the load and energy storage, an A-HESS can be either
conductively coupled [7]–[9] or magnetically coupled [10] as
shown in Fig. 1(d) and (e), respectively. Table I summarizes
and compares the various types of HESS configurations.

Renewable energy sources (RES)-based standalone system
should comprise a RES as the main energy source, ESS
for backup power, and an SC bank to protect the battery
from transient loading. The characteristics and objectives of
the RES, battery, and SC impose the following requirements
on the power electronic system designed to interface these
elements with the load.

1) The maximum power point (MPP) of RES must be
tracked.

2) Load voltage must be regulated to its nominal value
under normal and transients loading conditions.

3) Transient components of power must be deliv-
ered/absorbed by the SC, and only the steady-state
power be supplied or absorbed by the battery.

4) Power from the RES and battery should be processed
once as multiple power processing stages reduce
efficiency.

This work aims to interface HESS with an RES-powered
standalone power system. The major contribution is to inter-
face and control the various elements in the system, which
includes an RES (solar PV), battery, and SC. All these
elements have distinct requirements that must be fulfilled and
offer distinct advantages that can be made use of. An inte-
grated approach that takes SC operation into account for
controlling the other elements of the system as well can
enhance the system performance significantly. This article
proposes one such approach in which the SC is used to
perform MPP of the solar PV thus enabling it to take care
of variation in RES generation. The battery current refer-
ence is obtained from power balance and SC energy man-
agement which is then controlled using CF-DAB operation.
Using this approach all of the above-mentioned objectives are
fulfilled.

To interface all the elements to the load while performing
the above-mentioned functions, multi-port converters (MPCs)
offer a low-cost solution compared to dedicated converters for
individual sources as some of the components can be shared
and non-critical or redundant power processing stages can be
eliminated leading to higher efficiency [11], [12]. In an MPC,
the coupling between the multiple elements can be either
conductive [13], [14] or magnetic [15], [16], or both [17], [26].
Accordingly, these converters can be classified into conduc-
tively coupled MPC, magnetically coupled MPC, and hybrid
MPC, which involve both conductive and magnetic coupling
among the energy sources/loads. Conductively coupled or non-
isolated MPCs, shown in Fig. 2(a), use a lower number of
switches and are generally preferred where isolation is not
required. Isolated MPCs combine the various sources/loads
through a multi-winding high frequency (HF) transformer or
multiple transformers. Dual active bridge (DAB) converters
are a common form of HF link converters and can be
extended to multiple ports using multi-winding transformers as
shown in Fig. 2(b). Fully isolated MPCs have been proposed
in [10], [15], and [16]. They require separate HF inverters for
each port, resulting in a larger number of components which
leads to increased system cost. Also, there is a circulating
current between the windings, which increases the conduction
losses.

Partially isolated MPCs, such as the one shown in Fig. 2(c)
have both magnetic and conductive coupling [17]–[26]. They
combine the low component count advantage of conductive
coupled MPCs with the advantages of isolated MPCs such
as high voltage gain and galvanic isolation. Qian et al. [20]
have proposed one such multi-port dc/dc converter. However,
in this converter, zero average voltage across the transformer
is maintained using the width of the gate pulses to the
switches. Any inaccuracy in the pulsewidth calculation or
differences in device characteristics may lead to a non-zero
average voltage across the transformer, leading to its satura-
tion. Mangu et al. [22] have proposed an MPC for a solar
PV and wind energy interfacing application. However, in this
converter, power from the battery is processed in two stages,
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Fig. 2. Various types of MPCs: (a) conductively coupled or non-isolated,
(b) magnetically coupled or isolated, and (c) mixed or hybrid coupled.

which increases the losses and thus translates to a lower battery
run-time.

Current-fed DAB converters offer a multi-port structure
and can be well exploited to form MPCs as demonstrated
in [18], [21]–[26]. Lu et al. [23] and Sun et al. [24] have
presented unidirectional MPCs based on current fed full-bridge
converters, featuring two control variables. In these converters,
the unidirectional nature restricts the battery to be charged
from sources placed on the secondary side.

Most of the MPCs reported in the literature are aimed
at interfacing only the RES and battery, or multiple RESs
and storage. Interfacing of SC is different from interfacing
multiple RESs from the control point of view and MPCs for
SCs have not received enough attention in the literature. The
conventional way of interfacing a HESS is to use a separate
converter as presented in [7]. Here, the control of SC is
done by extracting the HF component of load power demand
and supplying it using the SC. The rest of the components
of current can be supplied from other sources. Even though
this approach protects the battery from transients due to load
fluctuations, the transients caused due to sudden variation in
renewable energy availability which may be caused by factors
like the sudden appearance of clouds over the PV panels may
not be filtered. In [25], a CF-DAB-based MPC is proposed to
interface battery and SC to the load. In this scheme, the SC
is on the high voltage side, and also the voltage range over
which SC is operated is limited by the minimum pulsewidth
of the voltage waveform across the transformer winding. This
leads to the under-utilization of SC and/or necessitates a higher
capacity SC for a given application.

The converter structure that is adopted in this work for
interfacing all the elements is a partially isolated MPC. The
proposed MPC exploits sharing of components to reduce
the component count and to minimize the number of power
processing stages while achieving all the desirable features
discussed above. The core of the MPC is a current-fed DAB
converter, which is configured to interface PV and battery to a
common output. The SC is interfaced to the low voltage side
using a non-isolated converter.

Fig. 3. Schematic of the MPC for interfacing HESS and RES to load. VPV:
solar panel voltage, VSC: SC voltage, Vbatt: battery voltage, VDC: dc load
voltage.

The rest of this article is organized as follows. Section II
describes the proposed MPC and its various ports. Section III
explains the control to achieve the various objectives and
generation of gate signals for the switches. Section IV presents
an analysis of the zero voltage switching (ZVS) region, current
stresses, losses, and leakage current in the proposed MPC.
Section V presents system designs and steps to select the var-
ious parameters. Section VI presents the experimental results
collected on a laboratory prototype under various operating
conditions. Section VII summarizes the contributions and con-
cludes the article.

II. MPC: PORTS AND OBJECTIVES

Fig. 3 shows the schematic of the MPC structure used in
this article. The core circuit for the MPC is a current-fed DAB
(CF-DAB) converter where the battery is connected through
two inductors to the poles of the two legs of the primary side
HF inverter like an interleaved converter for controlling battery
current. The capacitor C1 can act as a variable voltage port and
can be used to interface the PV. By controlling the voltage of
capacitor C1(VC1), MPPT of PV can be carried out. This leads
to a single-stage power transfer from the PV to the load. The
SC is connected to C1 through a separate bidirectional buck-
boost converter. The various ports of the proposed converter
and the associated requirements are.

A. RES (Solar) Port (Port 1)

The RES, most commonly a solar PV panel, is connected
across the input side capacitor C1 of the CF-DAB, and
this is termed as Port 1. This port is voltage controlled,
and the reference voltage is the MPP voltage of the RES.
If the available RES is a wind turbine generator, it can be
interfaced through an active/passive rectifier. This port can
also be used to interface a fuel cell or a diesel generator
as an alternate power source. However, this article will focus
on solar PV applications. The PV array must be operated at
its MPP whenever possible. When the power generated by
the solar panel exceeds the load power, the excess power is
diverted toward the battery for charging. Operation at MPP is
performed by regulating VC1 equal to the MPP voltage of the
PV denoted by VMPP. VMPP is obtained using MPP algorithms
like perturb and observe or incremental conductance method.

B. Battery Port (Port 2)

To the switching node of S3-S4 and S5-S6, the battery pack
is connected through inductors La and Lb and is termed as
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Port 2. The minimum inductance values of La and Lb depend
on the permissible ripple in the battery current and are

Lmin
a

(
Lmin

b

) = Vbatt(1 − Dmax)

2 f �I max
batt

. (1)

The battery current must be regulated at all times and
should be free from sharp rise and fall for long battery life.
To protect the battery from the high magnitude and HF current,
the battery current is controlled using switches S3-S6. These
switches are the switches of the DAB primary side inverter,
and also form an interleaved converter from the PV to the
battery. Switches S3-S6 are operated to control the battery
current and prevent it from power surges. The power supplied
by the battery is given by

Pbatt = Vbatt Ibatt. (2)

Ibatt is controlled such that the battery current does not
experience sudden changes, and the battery is thus protected
from surge loading.

C. SC Port (Port 3)

Since the battery does not supply the transient power
demand of the load, the instantaneous difference between the
load power and RES plus battery power is supplied by the SC.
The SC is connected to the switching node of S1-S2 through
inductor LSC as shown in Fig. 3. This port is termed Port 3.
Switches S1-S2 are operated to regulate the voltage of the
capacitor C1, which is also the PV voltage, VPV. VPV also
determines the amplitude of the voltage at the transformer
primary winding. MPPT is performed by regulating VPV to
VMPP of the solar panel, using the SC as an energy buffer. Any
sudden fall in PV power due to conditions such as shading is
reflected in the SC power and not the battery. Thus, the battery
is prevented from supplying the transient power that could be
necessitated by a sudden change in insolation.

D. DC Load Port (Port 4)

The dc load, which can be either a standalone dc load or
the dc link of an inverter feeding an ac load is connected to
the dc link of the secondary side HF inverter and is termed as
Port 4. The balance of power is maintained by regulating the
output voltage of the MPC (Vout). The reference value of Vout

is the nominal load voltage in the case of dc loads, whereas,
in the case of ac loads, it is the nominal dc link voltage of
the interfacing inverter. Load voltage regulation is done by the
DAB stage of the proposed converter, by controlling the phase
shift δ between the gate pulses of primary and secondary side
HF inverters. The power transfer through a DAB converter is
given by

P =
(

4

π

)2 V1V2

2π f Ln
sin(d1π) sin(d2π) sin(φ)

where

φ = (d2 − d1)π + 2πδ (3)

where d1 and d2 are the duty ratio of gate pulses for switches
in the primary and secondary side bridges and δ is the phase

TABLE II

POWER RATINGS OF VARIOUS PORTS AND TRANSFORMER

difference between them. n is the turns ratio of the transformer,
V1 is the PV voltage (VPV), V2 is the load voltage, L is the
net leakage inductance referred to the primary side, and f is
the switching frequency.

The secondary side bridge of the DAB is switched at a
duty ratio of 0.5. Regulation of Vout ensures power balance
and is implemented by comparing Vout with the reference
output voltage and generating δ using a PI controller. The
power rating of the various ports and the transformer are given
in Table II. It can be seen that in the proposed MPC, the power
rating of the transformer is only the load power, and not the
load plus battery charging power as in the case of fully isolated
MPCs.

III. OPERATION AND CONTROL

The operation and control of the proposed MPC are pre-
sented in this section. The parasitic resistances of switches and
other elements, magnetizing current, core loss of transformer,
and switching ripples in C1 and C2 are neglected.

A. Energy Management Algorithm

The PV is the main power source in the system and is
operated at its MPP. When PV power (PPV) exceeds the load
demand (Pload), the excess power is used to charge the battery
and when the PV generation is lower than the load, the deficit
power is drawn from the battery. The SC ensures that the
transient component of load current is not drawn from the
battery. Since the energy storage capacity of the SC is less,
it cannot act as an energy source/sink for a long time and is
used only to source/sink transient power. The battery current
Ibatt is controlled such that it changes slowly toward the final
value which depends on the power balance.

1) Control of S1-S2: The SC converter, consisting of S1 and
S2 is operated to regulate the PV voltage (VC1) equal to the
MPPT voltage of the PV panel (VMPPT), which is obtained
using an adaptive perturb and observe algorithm

V ref
C1 = VMPP. (4)

The control of VC1 is done using double-loop control,
employing an outer voltage and inner current control loop that
generates dSC. The control loop for VPV is given in Fig. 4.

2) Control of S3-S6: The switches S3-S6 are operated to
control the battery current Ibatt, like an interleaved boost
converter. The duty ratio of S3, S5 is d1, and S4, S6 are switched
complimentary to S3 and S5, respectively (with a small dead
time). The gate pulses for S3 and S5 are shifted by 180◦.
Fig. 5(a) shows the gate signals for S3-S6 and the current in

Authorized licensed use limited to: The University of Utah. Downloaded on December 31,2022 at 00:57:59 UTC from IEEE Xplore.  Restrictions apply. 



4742 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 10, NO. 4, AUGUST 2022

Fig. 4. PV voltage control loop.

Fig. 5. (a) Gate pulses for switches S3-S6 and currents in La and Lb . (b).
Experimental waveforms for iLa , iLb , and ibatt .

inductors La and Lb. Ibatt is the sum of currents in La and Lb

and is having low ripple content, as seen in the experimental
waveform in Fig. 5(b). The duty ratio, d1 is obtained using a PI
controller, aimed to control the battery current to its reference
value I ref

b which is explained below. Due to the volt-second
balance across La and Lb, the steady-state value of d1 is

d1 = Vbatt/VPV. (5)

The battery supplies the power difference between solar
power and the load demand. There is one more component
of battery power, which is the power required to charge the
SC. ISC,ch the charging current of the SC is proportional to
the difference between the SC instantaneous voltage vSC, and
the maximum voltage vmax

sc . However, to prevent high charging
current from being reflected to the battery side when the vSC

is very low, ISC is limited to a maximum value

∴ ISC = max
(
I max
SC , k1

(
vmax

SC − vsc
))

. (6)

The battery power is given by (neglecting the losses)

Pbatt = Pload − PPV + PSC (7)

where

PSC = VSC ISC (8)

where Pload is the load power, PPV is the power generated
by the PV, and PSC is the power required to charge the SC.
Ibatt is changed toward the final value slowly to prevent it from
experiencing a fast change. The final value of the Ibatt is

I f
b = Pbatt/Vbatt (9)

where Vbatt is the battery voltage. The reference for Ibatt is
changed slowly from its initial value to its final value I f

b .

∴ I ref
b = I 0

b + k1

∫ (
I f
b − Ib

)
dt (10)

where I 0
b is the initial value of I ref

b and I f
b is the final value.

k1 determines how fast Ibatt tracks the reference. A large value
of k1 makes Ibatt rise fast, but a low value of k1 requires a

Fig. 6. (a) Gate pulses for switches S7-S10, transformer voltages, and current.
(b) Experimental waveforms of switch currents, iLa and itrans.

higher capacity SC. Therefore, the value of k1 must be chosen
to optimize the SC size and the maximum rate at which the Ibatt

can be changed without causing life deterioration. When vSC

reaches its maximum V max
sc , SC cannot be charged anymore.

So, ISC,ch is made zero. Also, Ibatt cannot be slowed down i.e.,
I ref
b should be equal to I f

b , to prevent the overcharging of SC.
3) Control of S7-S10: The switches S7-S10, form the sec-

ondary side inverter of the DAB converter and are controlled
to regulate the load voltage using phase shift control. The
duty ratio of the gate pulses for these switches is 0.5 and they
are displaced by an angle δ from the gate pulses of S3-S6.
The gate pulse for S7 is displaced from the gate pulse for
S3 by δ, S8 is displaced by δ from the gate pulse of S4, and
so on. δ determines the power transfer across the DAB, and
thus regulates the load voltage. Its value is obtained from
a PI controller, which regulates the error in load voltage
to zero. By switching S3-S10, phase displaced square/quasi-
square voltages are generated at the primary and secondary
windings of the transformer as shown in Fig. 6(a). The
transformer primary and secondary voltages and transformer
primary currents are shown in Fig. 6(b). The control loops
for load voltage and battery current control are shown in
Fig. 7(a) and (b) respectively.

IV. ZVS, CURRENT STRESS, AND LOSS ANALYSIS

In this section, the ZVS region and current stress in
the switches are analyzed using a mathematical model of
CF-DAB. Since the SC acts only during transient conditions,
its operation can be ignored for the loss analysis. The analysis
presented here will consider only the CF-DAB part, which
includes the battery, PV source, and load. The values presented
in this section are normalized using the following base values:

Pbase =
(

4

π

)2 V1V2

4π f Ln
, Vbase = Vbatt, ibase = Pbase

Vbase
(11)

where V1 and V2 are the nominal values of VC1 and VDC

respectively.

A. Modeling of CF-DAB

A DAB converter can be modeled as two HF alternating
square/quasi square voltage sources on the primary and sec-
ondary sides of the transformer. The transformer resistance and
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Fig. 7. Control scheme for the proposed system. (a) Output voltage control loop. (b) SC charging and battery current control loop.

Fig. 8. (a) Waveforms of transformer primary and secondary voltages and
currents. (b) Switch currents in the primary side switches.

the magnetizing current at HF can be neglected, and the current
waveform can be approximated as a piecewise linear function
as shown in Fig. 8(a) [27]–[29]. The figure is shown for only
the case d1 < 0.5. The case d1 > 0.5 can be analyzed similarly.
The values of currents i0, i1, and i2 shown in Fig. 8(a) can be
determined by solving the following:

i1 = i0 + Vpri
(
t+
0

) − Vsec
(
t+
0

)
L

(t1 − t0) (12)

i2 = i1 + Vpri
(
t+
1

) − Vsec
(
t+
1

)
L

(t2 − t1) (13)

i3 = −i0. (14)

These values are needed to analyze the ZVS behavior of
the MPC. Vpri(t+) and Vsec(t+) are the values of the primary
and secondary voltages, immediately after the time instant, t .

B. ZVS Behavior of the MPC

One of the main advantages of DAB topologies is the ability
to undergo ZVS under certain conditions. The occurrence of
ZVS depends on the magnitude and direction of current in the
switches which is the same as the transformer current at the
instant of switching (in voltage fed DAB). In a CF-DAB,
the primary side switches carry the transformer current as
well as the current in La (Lb) as shown in Fig. 8(b). Due
to this, ZVS behavior is changed from that of a conventional
DAB. The range of load and PV power for which the MPC
undergoes ZVS is analyzed here. The conditions under which
ZVS occurs in a power electronic switch can be summarized
as [27]

Switch current before turn-on, iON < 0 (15.a)

(anti-parallel diode of switch conducts)

Switch current at the instant of turn-off, iOFF > 0. (15.b)

Fig. 9. Region of ZVS in the proposed MPC (a) VPV = 1.67 Vbatt .
(b) VPV = 2 Vbatt . (c) VPV = 2.33 Vbatt .

For the devices of the primary side HF inverter, the switch
currents while conducting are given by

i t
SW = itrans − Ibatt/2 (16)

i b
SW = −itrans + Ibatt/2. (17)

The values of iON and iOFF can be determined by solv-
ing (12)–(14) for each value of load power and PV power in
discrete steps and analyzing the devices that are conducting.
Solving (12)–(14) and checking for (15.a) and (15.b), it can be
verified that whether the operating point (Pload, PPV) satisfies
ZVS or not. If the ZVS conditions are satisfied, the point falls
under the ZVS zone. This is performed for three values of VPV

relative to Vbatt (1.67t , 2, and 2.33 Vbatt) and those regions are
shown by the shaded zone in Fig. 9.

It can be inferred from the figure that when VPV is equal
to twice the battery voltage, i.e., d1 = 0.5, ZVS occurs over
a wide region, whereas for other values of the PV voltage,
the ZVS region is narrowed down. So from a switching loss
point of view, it is preferred to keep the nominal MPP voltage
of the PV panel equal to twice the battery voltage.

C. Switch Current Stress

The rms value of the switch current can be calculated using
the values of i0, i1, i2 obtained from (12)–(14). Equations (16),
(17) can be used to determine the total switch current, and
calculating the rms values of the total switch current over
a cycle gives the total switch current stress. Fig. 10 shows
the plots of total switch rms current stress including all the
switches versus PPV for Pload equal to 0.4 and 0.8 p.u. It can be
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Fig. 10. Plots of total switch rms current (normalized) versus PV power
(a) Pload = 0.4 PU. (b) Pload = 0.8 PU.

seen that the switch current stress heavily depends on the Pload,
and is lower when the Pload and PPV are close to each other.
As the Pload and PPV deviate more and more from each other,
switch current stress increases. Also, switch current stress is
higher at lower values of VPV.

D. Total Loss Calculation

Total losses in the circuit can be calculated by adding the
individual loss components. If the operation falls in the ZVS
zone, switching loss can be neglected, otherwise, they can be
taken equal to [28]

Psw = 0.5CdevV 2
dev fsw (18)

where Vdev is the blocking voltage of the device and Cdev is the
device’s effective output capacitance at the blocking voltage.
Switching losses for all devices (primary side and secondary
side) can be added to determine the total switching loss.
The device’s conduction losses can be determined by using
the device’s rms current stress and their ON-state resistance.
Transformer copper loss can be determined by calculating the
rms value of transformer current using the values i0, i1, and
i2 for a particular load using the following:

iT,rms =

√√√√√
(
i 2
0 + i0i1 + i 2

1

)
(t1 − t0) + (

i 2
1 + i1i2 + i 2

2

)
×(t2 − t1) + (

i 2
2 + i2i3 + i 2

3

)
(t3 − t2)

1.5
. (19)

The resulting transformer copper loss can be calculated as

PT
Cu = i 2

T,rms Rtrans. (20)

Transformer core loss can be calculated from the core’s
datasheet using the information provided. Losses in inductors
La and Lb, PLab can be calculated by using their dc resistances
and the operating value of battery current.

Total losses can be obtained by the addition of all the above-
mentioned components. It should be noted that since the SC
acts only during transients, and once the transients are over
and steady-state is reached, SC converter (S1, S2, LSC) is not
active (iLSC ≈ 0), losses in the SC converter can be neglected.
However, switching loss taking place in the SC converter needs
to be accounted for, which can be calculated using (18); the
value of Vdev for SC circuit is equal to VPV.

E. Ground Leakage Current

Ground leakage current arises due to the parasitic capac-
itance that exists between the various nodes and ground as

Fig. 11. Parasitic capacitances at the various points concerning sources and
loads.

shown in Fig. 11. Due to the switchings, the voltages at these
nodes oscillate, and thus capacitive current flows through these
parasitic capacitances that manifest as ground leakage current.
The parasitic capacitance for lumped sources like battery and
SC are of the order of a few picofarads, whereas for the solar
PV array, these capacitances are of the order of hundreds of
nanofarads owing to their large size [30]. It should be noted
that the leakage current is very low under the following two
cases.

1) When the ground terminals of source and load are tied
together [31].

2) When there is galvanic isolation between the load and
the source [32].

If there is no galvanic isolation between the source and load,
and the source and load negative (ground) terminals are not
tied together (e.g., a full bridge transformer-less inverter), there
will be a significant leakage current. In the system proposed
in this article, the sources are having a common negative
terminal, and the load is galvanically isolated through an HF
transformer. So the above-mentioned conditions are satisfied
and thus the ground leakage current is not high.

V. SYSTEM DESIGN AND PARAMETER SELECTION

The system design depends on the requirements and avail-
ability of the available resources. To select the required para-
meters of the system, the inputs can be taken as the required
load voltage, available battery voltage, and voltage rating of
the solar PV.

A. SC Capacity and Voltage Rating

The SC capacity is selected based on the expected power
transients, which can be due to either a load change or a
change in solar insolation. Since the SC is interfaced to the PV
through a buck-boost system, with PV on the higher voltage
side, the maximum vSC will be equal to the maximum PV
voltage. So, SC voltage rating can be taken as the maximum
expected PV voltage as follows:

V rated
SC = V max

PV . (21)

SC rating is determined by the peak power demand. This
can be determined from the load and generation characteristics
and can be translated to the required transient energy (Etrans).
A low SC capacity will lead to transient power being reflected
on the battery side whereas too high a value of SC capacity
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Fig. 12. Design rules for the proposed system.

Fig. 13. Laboratory prototype of proposed MPC.

TABLE III

PARAMETERS OF EXPERIMENTAL SETUP

will not be economically optimum. The SC capacity can be
calculated by

ESC >= Etrans = 1

2
CSC

(
V 2

SC,max − V 2
SC,min

)
. (22)

where VSC,max and VSC,min are the maximum and minimum
limit of the SC operating voltage.

B. Battery Voltage Rating and Capacity

It can be seen from Fig. 9 that when VPV = 2 Vbatt , ZVS
takes place over a wide region, which is desirable. So the
battery nominal voltage can be taken as half of the nominal
value of MPP voltage of the solar PV panel.

The battery is used to supply power when solar power
generation is low/absent, so the battery rating (in Ah/kWh)
can be calculated as the net difference between generation
and consumption, and this can be determined from load and
generation profiles. The above-described design criteria are the
basic philosophy of a HESS design. The design of a practical
system takes into consideration several other factors such as
frequency response of the battery and SC, cost, and so on.

Fig. 14. Experimental waveforms under static conditions (constant load
and solar generation). (a) PV and battery supplying power to load. (b) PV
supplying power to battery and load. (c) MPP tracking of solar PV. (d) PV
curve display showing MPP performance. (e) MPC operation without PV.

The optimum design of HESS is a vast topic in itself and is
outside the scope of this article.

C. Transformer Turns Ratio

It is a well-known fact that the optimum operation of a DAB
takes place at unity voltage gain because when the voltages on
the two sides of the transformer are matched, ZVS takes place
over a wide power range and current stress is also minimum.
So the transformer turns ratio can be set to give a unity gain
at the nominal values of VDC and VPV

n = Vout

V nom
PV

. (23)
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Fig. 15. Experimental waveforms under dynamic conditions with changing
loads and solar generation. Changeover of battery current from (a) posi-
tive (discharging) to negative (charging) due to decrease in load (b) nega-
tive (charging) to positive (discharging) due to increase in load. Switch-over of
battery current from (c) negative (charging) to positive (discharging) value due
to decrease in solar irradiation (d) positive (discharging) to negative (charging)
value due to increase in solar irradiation.

D. Leakage Inductance of the Transformer

It is desirable to have a large leakage inductance to have
better control over the power flow, but too large a value of L lk

limits the power transfer capability of the converter (3). The
maximum value of permissible leakage inductance is

Llk <
1

Pmax

(
4

π

)2 V1V2

2π f n
. (24)

But, L lk should be much smaller than this value to account
for resistance and variation in duty ratio d1. The design process
is summarized in Fig. 12.

VI. LABORATORY PROTOTYPE AND

EXPERIMENTAL RESULTS

A proposed scheme has been validated on a laboratory
prototype with parameters listed in Table III. A photograph
of the MPC used is shown in Fig. 13. The converter has
been tested to validate its performance under various static
and dynamic conditions.

Fig. 16. Experimental waveforms under. (a) Severe load transients. (b) Regen-
erative transient.

Fig. 17. Experimental waveforms showing primary side and secondary side
devices undergoing hard switching and ZSV when the operating point lies
in respective zone. (a) Hard switching at VVP = 1.667 Vbatt , Pload = 0.3,
VPP = 0.4 P.U. (b) ZVS at VPV = 2 Vbatt , Pload = 0.3, PPV = 0.4 P.U.

Fig. 18. Analytical and experimental efficiency curve of the laboratory
prototype for three values of PPV.

TABLE IV

VALUES OF LEAKAGE CURRENT MEASURED AT VARIOUS NODES IN THE

PROPOSED SYSTEM EXPERIMENTAL SETUP

Fig. 14(a) shows the waveforms when the solar PV and
battery are supplying power to the load. In this case, the load
demand (170 W) is higher than PMPP (135 W) of the solar
panel. So, the battery is in the discharging mode, supplying
the balance load power. Fig. 14(b) shows the case when
PMPP is higher than the load demand (50 W), so the bat-
tery is being charged with surplus power. Fig. 14(c) shows
the MPPT tracking performance of the converter. MPPT is
performed by making the reference voltage for C1 equal to
VMPP. VMPP is obtained using perturb and observe algorithm.
To eliminate the oscillations in VPV (once VMPP is reached),
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Fig. 19. Efficiencies of various MPC topologies reported.

TABLE V

COMPARISON OF THE PROPOSED MPC WITH OTHER MPC CONFIGURATIONS REPORTED IN LITERATURE

the increment in VPV at each time step is made adaptive.
It can be seen that VPV gradually becomes equal to 38 V,
which is the VMPP setting of the PV emulator. This can be
seen in the PV curve display of the PV emulator which is
shown in Fig. 14(d). Fig. 14(e) shows the waveforms when the
system is operated without solar PV, only on battery power,
i.e., under very low or no insolation conditions. Capacitor
C1 voltage is regulated to 45 V which is the open-circuit
voltage of PV, and the load under this condition is 100 W. This
demonstrates the scheme working under very low irradiation
conditions.

Fig. 15(a) and (b) shows the waveforms under dynamic
conditions when the load is changed from high to low and
vice versa. The seamless transition of Ibatt from positive (dis-
charging) to negative and vice versa as the load changes
can be seen. Ibatt changes slowly because of the battery
current control. Because Ibatt does not immediately track load
demand, but rather changes slowly, the difference in power
is supplied by the SC. This effect can be seen from the
change in SC voltage. As Iout reduces, vSC rises and vice
versa. Fig. 15(c) and (d) shows the converter operation under
dynamic PV conditions i.e., when PV irradiation is changed
from high (100% insolation) to low (65%) value and vice
versa, while the load is kept fixed to 90 W. The impact of a
sudden change in insolation is translated into a gradual change
in the battery current from −2 A to 3 A. Here also, change
in Ibatt takes place slowly. This shows the effectiveness of
the SC and the scheme to deal with sudden changes in solar
irradiation and load to prevent the deterioration of battery
life.

In Fig. 16(a), the load is given a step change from 80 to
350 W for 4 s to simulate a severe load transient. The effect
of transient on battery current can be seen that even with such
a change in load, battery current does not go to very high and
in fact, it is the SC that is supplying load during this transient.
In Fig. 16(b), the load current changes from 0.8 to −1 A which
indicates a load regenerating transient. Battery current slowly
goes to negative and most of the regenerative power is taken
by the SC.

Fig. 17(a) shows the device voltage and current waveforms
when PPV is equal to 132 W, VPV is 40 V, and Pload is 177 W.
According to Fig. 9(a), this point does not fall under the ZVS
zone, and this is confirmed by the experimental results which
show primary side device undergoing hard switching. When
VPV is changed to 48 V, the resulting operating point falls
under the ZVS zone and this is confirmed by the experimental
waveforms as well. Fig. 18 shows the analytical and experi-
mental efficiency curve of the laboratory prototype for three
values of solar insolation for a PV voltage of 40 V. It can be
seen that the efficiency of MPC is over 94% for a wide range of
loads, even in the event of variation in insolation. To measure
the ground leakage current in the experimental setup, we put
capacitances from the different nodes to the ground as shown
in Fig. 11, and measured the current through them. The values
are indicated in Table IV.

VII. CONCLUSION

A new approach for interfacing a battery, SC, PV gen-
eration, and load using a CF-DAB-based MPC is proposed
and validated in this article. The proposed approach makes
use of SC for MPPT of RES, thus protecting the battery
from load transients as well as transients arising from RES.
Using this approach, MPPT can be performed even with
a highly degraded battery, which is otherwise not possible
when MPPT is performed using the battery alone. Thus, the
inclusion of SC, in addition to enhancing the lifetime of the
battery, also enhances the system’s reliability. The operating
region for which ZVS takes place in the DAB switches of the
adopted converter structure was analyzed and it was found
that for VPV = 2 Vbatt, the converter operates under ZVS
for a wide range of loads. All the objectives for the system
under consideration were achieved and demonstrated, which
include implementing MPPT of RES, battery current control
and regulation of load voltage. Under the dynamic load/source
conditions, the MPC slows down the rate of change of battery
current thus helping in lowering lifetime deterioration of the
battery. The main energy paths, i.e., from PV to battery and
from the battery to load are all single-stage power conversion,
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which helps in minimizing the number of switches and enables
the converter to operate at high efficiency. The performance of
the converter was tested experimentally under various loading
and irradiation conditions and was observed to operate satis-
factorily under steady state and transient conditions. Table V
shows a comparison of the proposed system with similar MPC
topologies proposed in the literature and their efficiency com-
parison is done using PLECS simulation as shown in Fig. 19.
It can be seen that the proposed system reduces the number
of switches as compared to similar solutions and also gives
higher efficiency.
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