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Optimizing PV-Battery Hybrid Systems: A
Reconfigurable Approach With Module-Level
Maximum-Power-Point Tracking and Load Sharing

Wei Jiang, Nima Tashakor

Abstract—This article presents a novel hybrid reconfigurable
battery and photovoltaic (PV) system designed to meet the growing
demand for efficient renewable energy sources. The system features
a modular reconfigurable architecture with compact coupled in-
ductors and a unique modulation strategy, which enhance flexibility
and energy utilization. The system ensures that each PV component
operates at its maximum power point (MPP) to maximize power
generation, while it solves the problems of hard-wired connec-
tions, such as local optima and scalability. The battery module
seamlessly adapts to fluctuations in PV power output and load
demands, while it ensures a stable dc-bus voltage output. Inter-
mediate states between parallel and series connectivity are created
through coupled inductors to manage voltage differences between
paralleled modules. These inductors offer a small footprint and
minimal magnetic material usage. They do not need to manage
the high common-mode magnetic flux at high load currents but
serve for the balancing currents through high differential-mode
inductance. The proposed modulation strategy enables efficient
bidirectional energy transfer and allows precise control of power
exchange between modules independently of output control. The
independent control facilitates charge and load balancing between
battery and PV panels with varying voltages. Simulations and
experiments demonstrate the system’s MPP tracking performance
with atleast 97 % efficiency, an approximate 19 % increase in energy
output compared to a fixed string of two PVs, and <1% ripple in
the output voltage and current.
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I. INTRODUCTION

N THE face of climate change, the transition to low-carbon
I energy sources is crucial. Due to a massive cost drop in
the last decades, photovoltaic (PV) panels stand out among
green energy solutions. They offer easy installation as well
as long-term reliability and contribute significantly to global
renewable energy growth [1]. However, to limit global warming
to 1.5°C, renewable energy would need to grow faster and
requires enhanced efficiency, reliability, and cost-effectiveness
in renewable energy systems [2].

PV generation presents challenges due to its intermittent
nature, which can result in voltage and frequency fluctuations
in power systems [3], [4], [5]. Battery energy storage systems
have emerged to solve these issues [6], [7], [8]. Battery storage
ensures grid stability and reliability with the ability to respond
rapidly to power needs, supply immediate power deficits, and
compensate unforeseen fluctuations [9], [10].

Conventional PV and battery system interconnections via
dc—dc converters encounter challenges as systems become larger
[11], [12], [13]. Large setups with separate PV and battery
units each with their own inverter often connect in parallel to
the grid and, thus, require at least three conversion steps for
energy transfer, typically even more due to dc—dc conversion and
power-point tracking. However, large strings of PV panels with
only one central inverter are limited by the weakest element,
such as a defective PV module or battery cell or just due to
partial shading [7], [14], [15]. The performance spread between
elements in a system result in load sharing issues and reduced
efficiency and reliability [16], [17], [18], [19]. Flexible and dy-
namically reconfigurable connections can solve these challenges
and optimize system performance in diverse conditions [20],
[21].

Cascaded bridges, such as diode-clamped [22], [23], flying-
capacitor [24], [25], and modular multilevel converter (MMC)
structures [26], [27], [28], are potential solutions for recon-
figurable PV systems [29], [30], [31], [32], [33], [34], [35],
[36], [37], [38], [39], [40], [41], [42], [43], [44], [45]. Previ-
ous attempts to create such systems used diodes, which have
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drawbacks including high losses [46], [47]. An optimal recon-
figurable PV system should efficiently extract energy from all
modules and bring each module to its individual maximum
power point (MPP). Research has suggested various reconfig-
urable PV concepts, e.g., to remove shaded modules from the
active string with mechanical relays and route their residual
energy to a separate battery [48]. However, control and hard-
ware effort are high for only a low advantage. An alternative
introduces a switched-capacitor-based charge redistribution cir-
cuit for two-dimensional perturb-and-observe maximum power
point tracking (MPPT) [49]. However, this method impairs
power conversion efficiency, especially in case of cell mismatch
and partial shading. Goetz et al. [20] proposed a topology
that separates local power factor correction and storage in the
modules. This design uses a fixed ratio of solar energy and
storage, which however limits system flexibility and adapt-
ability. Additionally, all solar energy, even if directly fed into
the grid, must pass through the local MPPT boost conversion,
which increases the number of conversion steps and lowers
efficiency.

To simplify control and increase flexibility, some applications
incorporate PV panels and batteries into modular structures. A
configuration combines PV and battery modules into a double-
star cascaded bridge structure to create a multiport reconfig-
urable PV plant suitable for high-voltage direct-current appli-
cations [50]. However, high-voltage systems may encounter
common-mode challenges due to the inherently large capaci-
tance in PV modules associated with the panels’ physical size,
which can lead to significant current flow and safety risks [51],
[52], [53]. These systems have drawbacks, including no direct
energy exchange between modules, lack of a parallel mode with
an impact on utilization, redundant multiple energy-conversion
stages, low efficiency, and high cost. Similarly, integrating
energy storage and PV modules into MMCs faces similar is-
sues [51], [52], [53]. Additionally, reconfigurable topologies
with parallel connections and direct energy exchange often
lack compatibility with PV systems and control strategies that
suit PV-specific requirements [54], [55], [56], [57], [58], [59],
[60].

This article fills this gap by introducing a hybrid system
that incorporates both PV and batteries, each in dedicated
modules strung together into a system with a double module-
interconnection bus. Coupled inductances between modules
with corresponding modulation enable voltage-independent di-
rect energy exchange and dynamic power routing, reducing
energy conversion stages. Furthermore, the coupled inductances
allow MPPT on the module level without a dedicated local de—dc
converter as in previous research [20], [21]. The hybrid system
effectively decouples the control of output voltage and the rate
of energy exchange between modules. It enables bidirectional
energy transfer between heterogeneous modules through an
additional mode. Importantly, this energy exchange is achieved
independently of the individual module voltages.

Some of the main contributions and advantages of the pro-
posed system are as follows.

1) Minimal output voltage and current ripple (<1%) ob-

served in simulations and experiments due to increased
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effective switching frequency as well as higher voltage
granulation.

Intermodule balancing and load-current distribution with
the coupled inductor pairs.

3) Ability to operate each PV module at its optimal global
MPP and efficiently transfer excess energy to neighboring
battery module.

Direct energy exchange between PV modules and batter-
ies, eliminating the need for multiple energy conversion
stages and reducing conversion losses.

5) Introduction of compact mutual inductances and a cor-
responding modulation technique to achieve maximum
power on the module level, enhancing flexibility in energy
transfer and load sharing among modules.

Decoupled control of output voltage and energy exchange
rates for independent optimization and improved system
performance as well as efficiency.

The rest of this article is organized as follows. Section II
introduces the proposed topology and operational principles.
Section III delves into power distribution between PVs and
battery packs to examine the impact of coupled inductors on
load current and voltage balance between modules. Section IV
provides the design considerations. Sections V and VI employ
simulations and experiments to validate the system’s perfor-
mance. Sections VII compares the system with recent work.
Finally, Section VIII concludes this article.

2)

4)

6)

II. TOPOLOGY AND OPERATING PRINCIPLE

A. Module Implementation

The proposed topology combines PV arrays with dedicated
battery modules and forms the reconfigurable PV-battery struc-
ture shown in Fig. 1. The chosen module structure is an asym-
metric double half-bridge with four transistors and a differential
inductor. This module structure enables various interconnections
(parallel, serial, boost) and can actively control current distribu-
tion between modules and energy transfer.

The coupled inductor pairs serve two purposes: 1) they
combine intermodule energy exchange and 2) the load current
transfer in one shared energy backbone. With minimal induc-
tance for the load current path through low common-mode
inductance, they offer substantial inductance specifically for the
current component responsible for energy exchange between
modules through high differential-mode inductance. While the
common-mode inductance remains small, it provides the neces-
sary impedance for grid or load connection at the output as well
as for control.

The differential-mode inductance, in conjunction with sur-
rounding module transistors, forms an intermodule de—dc con-
verter. This converter controls balancing current flow and
bridges voltage differences between modules, facilitating local
MPPT without a dedicated conversion stage. Consequently, the
system enables a PV with lower voltage to charge a neighboring
battery module with higher voltage, with energy exchange ad-
justable to zero while evenly sharing the load between modules.
Moreover, the system ensures an even distribution of load current
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Fig. 1. Configuration of the reconfigurable PV-battery hybrid topology with
differential inductors.

among each inductor pair, where currents effectively counteract
each other’s magnetization.

The dominant inductance, the differential-mode inductance,
determines the magnetic core size based on the maximum re-
quired intermodule balancing current, typically only a fraction
of the load current. This design ensures that each PV module
operates at its optimal global MPP, efficiently transferring excess
energy to neighboring battery modules. The battery modules can
contribute voltage and power to the system’s output as needed.
These benefits are particularly advantageous in high-power and
high-voltage scenarios.

For illustration, we examine an interconnection group that
encompasses the lower half-bridge of Module j, the upper half-
bridge of Module (j+1), their respective battery and PV, and the
coupled inductor bridging them as a unified unit. Fig. 1 denotes
such an interconnection between Modules 1 and 2 as Group 1.
Within this configuration, the transistors, in conjunction with the
differential-mode inductance, operate as a bidirectional buck—
boost dc—dc converter. The de—dc function operates in tandem
with the primary function of these transistors, which is to control
the state of module interconnection and manage load current.
The coupled inductors are meticulously designed to ensure that
the load current (zqy), Which is evenly divided between the two
branches of the coupled inductor (representing the common
mode), encounters minimal inductance. Conversely, any vari-
ation, such as those induced by balancing currents or the dc—dc
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Fig. 2. (a) Serial mode of asymmetrical double-half-bridge submodules.
(b) Equivalent circuit of serial mode.

modes, all of which contribute to the differential-mode current,
faces a substantial inductance. This substantial inductance can
be magnetized and demagnetized to facilitate the transfer of
current from a lower-voltage module to a higher voltage module
or module group [60].

B. Operation Modes of the Interconnections

While the generation of output voltage and the dc—dc in-
terconnection can be independently controlled, they interact
at the transistor level, resulting in a high transistor utilization
rate. The utilization for the load current alone reaches 50%
and is comparable to that of conventional cascaded bridges or
double bridges. On top of that, we further integrated the dc—dc
functionality so that the very same transistors simultaneously
serve the functions of output formation and intermodule de—dc
operation.

There are three potential operational modes based on the
switch states within each interconnection. For the sake of sim-
plicity, we assume that the load current remains relatively con-
stant over one switching cycle. As illustrated in Fig. 2(a), when
Sia and S(; 41y, are turned ON, they connect the two modules
in series. This mode occurs when the demanded output voltage
exceeds the previous level of series-connected modules so that
this interconnection also switches to series. The current flow-
ing through the inductors comprises two primary components:
one corresponds to %4y, While the other pertains to the local
circulating current (% ). When self and mutual inductances are
symmetrical (L1 = Lo = Mo = May ), iy is evenly divided
between the coupled inductors, while i freely circulates be-
tween these two inductors. Hence, the inductor currents based
on 4oy and e follow:

iout

. . . i()l]t
L1 = + tcire, L2 = — leirc- (D

2 2

The number of modules in series determines the output volt-
age of the string (vou) per

Vo = Y _ (8 X ;). 2

Variable s; can be 0 in the parallel and boost modes or 1 in
the series mode, where ¢ is the module number. Module voltage
v; can be vpy or vp. According to (2), all the battery and PV
modules can contribute to generating the output voltage. This
flexibility is one of the advantages of this topology compared
to the ones where the batteries are connected in parallel to the
output or PV. Fig. 2(b) presents the equivalent circuit for one
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Fig. 3. (a) Parallel mode. (b) Equivalent circuit of the parallel mode.

set of inductors in the series mode. Based on Fig. 2(b), toy =
111 + ir2. Assuming that L; = Lo, the effective common-mode
inductance experienced by gy 1S

Legrom = 0.5 (L1 — Mya) = 0.5(La — Ma1) =0 (3)
and the effective differential-mode inductance is

Lestpm ~ L1 + Mg+ Lo+ Moy = 2(Ly + Miy2).  (4)

This can be easily calculated using Kirchhoff’s voltage law
(KVL) per

diry dira dire diry
LS, 02, 42 S s
e dt a Ty (5)

Substitution of (1) into (5) results in
d .
&) 5 i =0

Letr,cm

d
Teire + (

(Ll + Mia+ Ly + M21) T

Letr,pm

(6)

According to (6), the circulating current does not change

during the series mode, i.e., (ftzm ~ (0. By employ-

ing the equivalent circuit of the serial mode shown in

Fig. 2(b), and applying KVL within the main circuit, voy
follows:

diry dirs
+ M-
dt 2o

between PV1 and bt

diLl dZL
Mo
dt + dt

between bt and PV2

Vout = Upv1 + ( Li—— ) + Upt

+ (_Ll ) + Upva

= Upy1 *+ Vbt + Upva. @)

The boost mode and parallel mode are specifically created
to facilitate bidirectional energy transfer between PVs and the
battery. The parallel mode, depicted in Fig. 3(a), can be achieved
by manipulating the mentioned switches and activating S;3
and S(i+1)2. In this mode, (1) still evenly distributes iy, (the
common-mode current) between the two inductors. However,
the rate of change of i, is contingent on the voltage dis-
parity between the two modules. The parallel mode’s equiv-
alent circuit is illustrated in Fig. 3(b) and can be described
following:

diry oy, 2 diro M21dZL1 Ly diro

vevi = v = Lo == a a dt
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Fig. 4. Boost mode (left to right). (a) Linearly charging the inductors.
(b) Turning to parallel mode.

dicire - EZ )
dt dt "
(3)

= (L1 + Mo + Moy + Lo)

The effective differential-mode inductance constrains the rate
of change of 7., between adjacent modules.

By slightly adjusting the switch toggling times of the two
half-bridges, one additional mode could be introduced: the boost
mode. Assuming vpy1 > vy, activated S;3, and S; 1)1 let PV;
charge the coupled inductance [see Fig. 4(a)]. This behavior
is akin to a conventional boost converter that comprises an
inductor, a switch, a diode, and a capacitor (or in this case, a
battery). Consequently, 7. increases in a clockwise direction
by discharging PV, resembling the operation of a conventional
boost converter per

d d d
—tcire + Mi2—lcirc + Moy —

vpy1 = Ly T T dticirc
d. Li=Lo=Mp=My d . Upv1
Lo—ige =228 4. = —=. (9
theg! at i, ¥

Once the coupled inductors are charged, S(; 1)1 and S(;11)2
are, respectively, opened and closed, resulting in a parallel
connection in accordance with Fig. 4(b). This demagnetization
shifts the energy stored from the coupled inductors to the battery
(vpr), which takes on the role of a load in the conventional boost
converter. By adjusting the ratio between the duration of the
boost mode and the parallel mode, it is feasible to exercise full
control over 7. in both directions without any adverse impact
on 7y It is important to note that minor timing shifts in the
switching of the half-bridges can introduce additional modes,
although the effective switching frequency of the half-bridges
remains constant.

C. Switching Logic

The switching logic is based on the phase-shifted carrier
modulation stated as

State 1:[01]7, mo — maz (ma1) > C
tate L = ’
S1aLe Lis(keN) {State 0:]1 O]T, mo — maz (ma1) < Ck
(10)
State 1: [10]7,  mg + maz (ma1) > C
tate Uy, (pen) = 7
SHATe Uk(keN) {State 0:[(01", mo+mas (mar) < Cy.
(11)

C}, represents the kth carrier, while Ly and U denote the
states of the switches within the upper ([S3 Sk4]T) and lower
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Fig. 5. Half-bridge states (L and Ug).

([Stk+101 S(k+1)2]T) half bridges of group k, respectively. Ad-
ditionally, mg and mq; and mgs are control modulation indices
responsible for regulating the output voltage and energy transfer
between modules. It is worth noting that these controllers can
yield both positive and negative values for mq; and mgs.

Fig. 5 presents the states of each half-bridge when mg; and
mge are positive. Specifically, when both the lower and upper
half-bridges are in State 1, modules are connected in series,
and i, remains constant. Conversely, when both modules are
in State 0, they are connected in parallel, and the circulating
current 4., varies according to (9), which means %, flows from
the module with higher to the one with lower voltage. When Ly,
is in State O while Upis in State 1 (i.e., when mg; and mgs>0),
icrcincreases in a clockwise direction. Conversely, when Ly is in
State 1 and Uy, is in State 0, 7., flows anticlockwise (i.e., when
mgq1 and mgs<0). Both of the PVs should work in MPP, and
the battery should absorb or make up the difference between the
power generated by the PVs and the load. Thus, the controller
measures two PV modules’ voltage (vpy; and vpy2) and current
(ipv1 and ipy2) and uses an MPPT algorithm to determine the
PV-battery energy interaction references. mgq; and mqs are two
modulation indices to generate MPPT reference of PV, and PVs.

As a result, the duration for which the modules are in either
series, parallel, or boost states can be determined per

Series state
Parallel state
Boost state.

Ty = Tgw (mo —maz (Mma1)),
Ty = Tow (1 —mo —maz (Mma1)) ,
T, = £2Tywmaz (Mma1) ,

(12)

Fig. 6 provides an overview of the control system for our
proposed setup. This control strategy can be divided into two
largely independent components: one is responsible for regulat-
ing the output voltage, denoted as (mg), and the other focuses
on managing the energy transfer between modules. A simple
PI controller (PI;) regulates the output voltage and employs a
feedback loop to determine my. Similarly, a perturb-and-observe
algorithm in each interconnection maximizes the individual
power points of the PVs.

In the following section, we will provide a more detailed
explanation of both the feed-forward and feed-back components
of the energy transfer controller.
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Fig. 6.  Control system of the modulation of the groups.

III. POWER DISTRIBUTION AND ENERGY TRANSFER BETWEEN
PVs AND BATTERY

The steady-state circulating current (g, ss) due to the volt-
age difference between the two modules follows:

vpy1 (Ipv1) — Vbt (13)

icirc,SS =

Teq

which can be solved only numerically to accommodate that

vpy1 (4py1) has a nonlinear relationship with the current passing

through the PV, i.e., ipy = %cire + %our- In the equation presented,

Teq = 27pS(on) T TPV(s), + Tbtj41) TEPIEsents the equivalent

resistance in the current path for the jth module interconnection.

This resistance includes the drain—source resistance of the tran-

sistor (rps(on))» the resistance of PV (rpV(S)j ), and the resistance
of the battery (71, G +1)).

As the maximum power of the PV is not known and its voltage
has a nonlinear relationship with its current due to factors such as
temperature and irradiance changes, solving the required dura-
tion of T}, compared to T, is not trivial. The relationship between
vpy and ipy under varying conditions, such as temperature and
irradiance, can be represented by [61]

. . [« (b AL Ok ) (vpv + Tpv(s)ipy )
pv =1lph — 120 | € -1)|-| —F
T'sh

(14)
where iy, is the photocurrent (current generated by incident
light), 7o the reverse saturation current (diode saturation current),
q the elementary charge (electron charge), v the thermal voltage
(a constant value related to the temperature of the PV module
and Boltzmann’s constant), n the diode factor (indicating how
closely the diode in the PV module behaves like an ideal diode),
Tpv(s) the series resistance, and ry, is the shunt resistance.

We simplified the ipy — vpy equation as follows: 1) the
exponential term in (14) can be linearized for small deviations
around the operating point with the first-order Taylor term of
the exponential function; 2) irradiance and temperature remain
constant; and 3) neglect shunt resistance. Applying the approx-
imation e” ~ = + 1, (14) becomes

vpy + ’I’pV(S)’ipv> B <UPV + TPV(s)iPV)

nvr

ipv ~ iph — io ( r
sh

(15)
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By replacing ip, with igg, treating v as a constant, and
omitting the term involving 7,

. ) . [ Vpv + Tpy(s)ipV )
ipy R igo — g | ——————— | 2 wpv = f (ZPV)
nvrt

(16)

N (nUTiGo — GolpVTPV(s) — nUTiPV>
= W .
When wvpy; exceeds that of vy, ic. flows from PV to
the battery during the parallel mode. During the series mode,
the integral of the voltage across the inductors, neglecting
resistive elements, is zero. In the parallel mode, it becomes
JoLdt = (vpy1 — vp)Tp. and during the boost mode, it turns
into [vr,dt = —wpy1T}. Assuming no parasitic or core losses,
the average voltage across the inductors over one switching
period must be zero to indicate no flux accumulation in the core.
Consequently, by replacing vpy; with f(ipy1), the ratio be-
tween 17, and Tj, required for nearly zero energy exchange is as
follows:

flpvi) —op _ Th

- = —. 17
[ (ipv1) T, a7

Substituting (12) into (17) results in
I (ipv1) — vpt _ 2ma1 ’ (18)

f (ipv1)

Therefore, the open-loop value, denoted as mq1open in Fig. 6,

which is required to keep the circulating current i, nearly zero

between two modules, depends on the module voltages and the
modulation index m

(1 —mg — mdl)

(f (ipv1) — voi) (1 —myg)
I (ipv1) + vpy ’

Likewise, we can establish a relationship for the case when
vpy1 1s less than vy However, in this scenario, mqiopen Would
be a negative value, and its magnitude can be determined using
(19).

To generate a nonzero ¢, ss, we need to account for the term
associated with the voltage drop across the equivalent resistance
of the path. Consequently, the voltage across the inductors with
a nonzero circulating current is given by

/’ULdt _ {(UP\/l — Upt — icircreq) Tpv

(_UPVI - Z‘circreq) T,.

19)

d1,0pen =

parallel state
Boost state
(20)
Hence, substitution of (12) into (20) and solving for mq1open
results in

(f (iPVl) — Upt — Z'circ""eq) (]- - mO)
f (iPV1) + Vbt + Z'circreq

This value acts as a starting point for the MPPT algorithm

instances to govern the energy transfer between them with

varying voltages between the PV and the battery. Knowing the

approximate value of the PV currents at MPPT can help further
speed up the convergence by setting .. in (21) to

NI

Mdlopen =

(22)

Teire = IMPPT — %load™0-

Additionally, when we set i.,. = 0in (21), the feed-forward
loop strives to minimize any energy exchange between modules.
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Then any conventional MPPT algorithms can easily determine
the exact value of mg for each PV module. In our case, we have
used the typical perturb and observe algorithm as an example
of a well-known method. Yet, it can be easily replaced in Fig. 6
with any other state-of-the-art algorithm.

IV. DESIGN CONSIDERATIONS

To validate the performance of the proposed system, it is
advisable to design the components for continuous-conduction
mode operation. The cross-sectional area (A,) plays a crucial
role in the design of the magnetic cores of the inductors [62].
A,, can be tailored according to the following parameters:

2 8/7
Ay = |BLEVITY g K JRLAT (23)
where K, represents the window utilization factor, K signifies
the stacking factor (with a constant value of 48 200), v denotes
the ratio of iron losses to copper losses, By« stands for the
maximum flux density, L represents the inductance value, [ is
the peak current, K; denotes the current waveform factor, and
AT indicates the temperature rise. Assuming constant values for
Y, Bmax, AT, K;, and K, the cross-sectional area A,, is directly
proportional to I*%/7, a factor equal to the maximum amplitude
of ¢ in the proposed topology. It is essential to ensure that
the inductor does not reach saturation at the peak of 4, during
continuous operation. When vpy1 > vy, the magnetizing term

of the inductor current (ianag“eﬁze) follows:

. i 2v V1
.magnetize . -rated pPv17Ttdl
7 < Leire < Leire

24
Leff,DMfsw ( )

where i represents the rated average circulating current for

the interconnections. To control and limit the peak circulating
current, the necessary inductor value can be determined by

2upiman
AZ.difffsw

We consider g = i2d — 74 o be the maximum allow-

able inductor current ripple. The inductor Lgy, is an essential
component as it forms a low-pass LC filter in conjunction with
Cou- To maintain a maximum output current ripple of 5%, we
can calculate the minimum necessary inductance per

Letrpm > (25)

Vout (mO)
Lijer > —2 200
flter = 0.05imed \ £,

out

(26)

Disregarding the equivalent series resistance and permitting
a 1% voltage ripple for the capacitor, Cyy is determined in
consideration of the maximum allowed voltage ripple (Avgy <
0.01Vou)

VourD

C’out = .
RouAvoy fsw

@27

V. SIMULATION STUDY

To assess the compatibility of the PV and battery system with
control requirements, we developed a simulation model in the
MATLAB/Simulink software. Table I provides the parameters



JIANG et al.: OPTIMIZING PV-BATTERY HYBRID SYSTEMS: A RECONFIGURABLE APPROACH

TABLE I
SYSTEM AND CONTROL PARAMETERS

Parameters Description Sim. Exp.
Pimax Maximum output power of PV;at irra- 20.46 kW 14.6 kW
diance = 1000 W/m?
Pomax Maximum output power of PV, at irra- 20.46 kW 17.8 kW
diance = 1000 W/m?
Vi Voltage of PV, array at irradiance = 348V 348V
1000W/m?*
vy Voltage of PV, array at irradiance = 350V 350V
1000 W/m?
SOC Initial state-of-charge 80 % 80 %
Rout Load resistance 5Q (10,40) Q
fow Carrier frequency of DC/DC circuit 10 kHz 10 kHz
My, M>,  Mutual inductance of the coupled in- 24 uH 24 uH
ductor
Cout Output capacitance 600 uF 600 uF
Leitter DC inductance 0.8 mH 0.8 mH
Ly, L, Self-inductance of the coupled inductor 25 uH 25 uH

500 —Output Voltage (V (V)
—Battery Voltage (V| (V)
First PV Voltage (V ... (V)

400~ _Second PV Voltage (V ., (V)
7

300 ™
200
I
0.25 0.5 0.75 1
Time (s)
Fig. 7. Simulation results of vout, Vbt, VPV1, and vpya.

J —Battery Current (I (A))
0" _Output Current ., A)
First PV Current (ll’vl (A)
-50 - —Second PV Current (I, , (A))

0.25 0.5 0.75 1
Time (s)

Fig. 8. Simulation results of iout, ibt, iPvi1, and ipya.

for PVs, battery, load, and coupled inductors. Contrary to state-
of-the-art modular PV systems, two PV modules and one battery
module can generate one additional voltage level, i.e., four levels
as opposed to three levels.

Figs. 7 and 8 illustrate the ability of the system to follow vg
while operating the PVs at MPPT. The irradiance of PV (Epv1)
changes from 600 W/m? to 1000 W/m? at approximately ¢ =
0.22 sand vy, from 300 V to 500 V att = 0.47 s. Fig. 7 presents
Vout as well as the modules’ voltages and demonstrates that the
system can readily follow the reference voltage (Vous_ref) With a
steady state voltage ripple of less than 1%. Additionally, Fig. 8
depicts the current waveforms that depict a small current ripple
at the output of the system.

At the interval of 0.2 s to 0.25 s, there is a discernible correla-
tion between the rise in radiation levels and the increased output
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Fig. 9. Simulation results of iz, 1, ir,2, and iout.-

power from PV, generating a total output power exceeding the
load power leading to a corresponding increase of the battery
charging current. Consequently, the battery charging current
increases from approximately 40 A to above 60 A. Notably,
during the period from 0.25 to 0.5 s, v, remains constant, and
no disturbances are observed at the output voltage. Up to this
point, the load is exclusively sustained by the PVs, and excess
energy is transferred to the battery. Furthermore, the voltages of
both the battery and PVs are in equilibrium (see Fig. 7).

By adjusting voyt_rer to 500 V, the output power is doubled,
and the PVs’ powers become insufficient to supply the load
completely. Therefore, at the new operating point of the system,
the battery and PVs collaboratively work towards supplying the
load. After such a drastic change in the output power, there are
some transients while the MPPT algorithms regulate the energy
exchange between the PVs and batteries to ensure that PV still
operate at MPP. Although the MPP of the PVs is obviously
not affected by the change in the output load, their operating
modulation index (mg) is. The necessary adjustment of the
modulation index requires an update of m, to maintain the same
MPP. Fig. 7 illustrates that approximately 0.13 s are required for
panels to reach > 98% of their MPPs.

Fig. 9 plots the current through the two coils of the first
coupled inductor. According to (1), summation of the current
of the upper and lower inductor provides i, emphasizing
carefully the design considerations.

In the event of failure in one PV module, the battery and the
remaining modules can supply the load. Notably, the control
algorithm remains unchanged, adjusting the connection mode
between the remaining modules to meet system output voltage
and power requirements. The modulation index of the failed
module will be set to constant bypass state.

Freewheeling paths are important for maintaining the current
flow and ensuring system efficiency during switching transi-
tions. The free-wheeling paths for the coupled inductors form
dynamically through the transistors’ diodes and are specific to
the particular operation.

It is noteworthy that the structure achieves a uniform distri-
bution of the changes in the system’s output voltage to the three
energy sources regardless of their individual MPPs. The battery
module manages all power deficits and surpluses between the
PV modules and the output, and can further increase the output
voltage if necessary.
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Fig. 12.  Experimental results of dynamic iout., ibt, iPv1, and ipy2 according
to variations of voyus-ref and Royt in Fig. 10.

VI. EXPERIMENTAL STUDY
A. Hardware-in-the-Loop Experiment

For further verification of the system, we perform hardware-
in-the-loop experiments with an OPAL-RT system. Experimen-
tal tests are divided into two parts. Fig. 10 illustrates the temporal
development of the load and vy rer during the first scenario.
Before t = 6 S, voutref 18 set at 350 V, and, as depicted in
Fig. 11, v,y converges correspondingly and reaches 350 V with
a 1.5% voltage ripple. In Fig. 11, vy, vpy1, and vpyo exhibit
an equilibrium. Each of the voltages contributes to the supply
of the load. Additionally, Fig. 12 illustrates that the battery
starts to charge, reaching approximately 70 A, to absorb the
excess energy generated by the PV panels at their MPP. At 6 s,
Vbts VPV1, and vpys remain steady despite an increase in load,
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indicating voltage equilibrium. Concurrently, with the surge in
iout in Fig. 12, ipyy, and ipyo stay constant. Concurrently,
the charging current from the battery decreases to about 55 A
as the battery charging current is reduced to compensate for
the increase in consumed power by the load. At 10.4 s, the
PI; controller translates an adjustment in voyu_rer from 350 V
to 500 V, which leads to corresponding changes in v, (see
Fig. 11). Simultaneously, v, vpy1, and vpyo maintain the
equilibrium. However, Fig. 12 illustrates that increased vous
and consequently doubling load power decreases the battery
charging current further. Importantly, iy, ipv1, and ipyo remain
constant, signaling the consistent maintenance of MPPT in both
PVs. Following a reduction in the load at 12.5 s while keeping
Vout-ref CONstant, vou¢ in Fig. 11 remains unchanged and stays
stable. However, after 12.5 s, the battery charging current in-
creases, whereas ipy1 and ipy o remain constant, which indicates
that the system maintains operation at MPP. After 14.6 s, Vout_rof
shifts to 250 V. Although v,,; promptly converges to this value,
Vbt, VPV1, and vpyo remain unaltered.

The second scenario studies the MPP operation under vary-
ing irradiance (see Fig. 13). During this scenario, Vout ref 1S
maintained at 410 V. As Fig. 14 illustrates, v,y tracks this
value throughout the experiment. At 5.4 s, Epy decreases from
1000 W/m? to 700 W/m?. Despite this change, vy, vpy1, and
vpye remain nearly unchanged with no noticeable changes as
PV1reaches its new MPP. Fig. 15 corroborates that ipy9 remains
constant. However, ipy; decreases, which consequently results
in the charging current of the battery (i1, ) to also decrease from
approximately 45 A to 30 A. At 9.5 s, R,y is increased to
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40 €, reducing the load by a factor of four. As depicted in
Fig. 14, vy, vpyvi, and vpyo remain stable. There is a small
momentary transient (less than 3%) in the output voltage due to
the significant change in the load, but after the initial disturbance,
the voltage control loop brings the output voltage back to its
reference value. In Fig. 15, i increases significantly due to
the decreased R, as the MPPT instances channel the excess
energy of the PV panels to the battery. By 11.5 s, Epyo shifts
from 800 W/m? to 1000 W/m?. Fig. 15 illustrates an increase in
ipyv2 from about 45 A to approximately 58 A, accompanied by
a rise in battery charging current. At 13.6 s, Epy; increases to
1100 W/m? and raises ipyy as well as the battery’s current.

Upon examining Figs. 7, 11, and 14, itis clear that the voltages
of the PV elements and batteries are nearly identical. Although
the voltage across the switches when turned OFF varies with
different switching modes shown in Figs. 2(a), 3(a), and 4(a), the
voltage stress remains symmetric across all components. This
uniform stress distribution reduces the likelihood of premature
failure due to overvoltage, enhancing system reliability and
longevity.

Except when the load is changed, i, and vq, remain constant
throughout the scenario. This constancy highlights the ability of
the system to decouple the output voltage control loop from the
MPPT controllers. Fig. 16 illustrates the inherent relationship
between icirc, lout, i1,1,and iz,2. Fig. 16 corroborates the assertion
of an evenly distributed output current between the coupled
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Fig. 18.  Test bench of the proposed circuit.

inductors when the inductances are symmetric, as outlined in
(1).

Fig. 17 illustrates the normalized maximum power point
values of PV systems. It is evident that the maximum power
point values remain consistently above 98% throughout the
entire duration. The high MPPT efficiency affirms the effective
operation of the controllers. The results demonstrate that the
proposed PV-battery system operates every PV element at its
MPP. Moreover, when one PV array is working in the shadow
and the irradiance of that part is reduced, the system will au-
tomatically adjust its corresponding power routing. Meanwhile,
the performance of other submodules with better irradiance will
not be affected. Such adaptation on the module level through the
inductive interconnection improves the overall energy conver-
sion capability of the system.

B. Real-World Experimental Results

Fig. 18 shows the implemented reconfigurable mixed PV-
battery system. Table II summarizes the system parameters.
Similar to the simulation setup, the experimental setup includes
three modules, each with two interconnections equipped with
coupled inductors. Each module consists of two half-bridge legs
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TABLE II
SYSTEM PARAMETERS IN EXPERIMENTAL TEST

Parameter Experiment
Carrier frequency for quasi-DC-DC circuits 10 kHz
Number of modules 3
Battery nominal voltage vy, 22 V<yy, <23 V
Coupled inductors 25 uH
Legtcm ~0pH
Leftpm 100 pH
Switch MOSFET
7ps: 2 mQ
Vps. 100 V
iDZ 300 A
Load resistance 5Q
Output power 0.18 - 0.4 kW
Output capacitance 430 uF
DC inductance (Lgjier) 0.33 mH
TABLE III
PV PARAMETERS
Parameter Experiment
Maximum power 1751 W
Cells per modules 48
Open circuit voltage v, 2929V
Short circuit current iy, 8.03 A
Voltage at maximum power point v, 2341V
Current at maximum power point i, 748 A

with IPTO15N10NS transistors (r(ps(on)) = 2 m£2). The dc bus
of the second module is connected to a lithium-ion battery with a
6s2p configuration, a nominal voltage of 22.2 V, and a capacity of
5 Ah. The first and third modules are connected to PV simulators
with the parameters given in Table III. Additionally, each module
features a small array of ceramic capacitors, approximately
300 uF, in parallel with the inputs to provide a low impedance
path during the commutation of the switching states.

The voltage and current sensors used in the test bench are
commercially available LV 25-P and LA 55-P models from
LEM, which provide isolated measurements with a bandwidth
of approximately 10 kHz. The controller is implemented on
an sbRIO 9627 rapid-control-prototyping board from National
Instruments, which features a Zyng-7020 system on chip. This
controller receives the output reference voltage (v(out-rer)) and
the measurements from the sensor boards shown in Fig. 18, and
then generates the gate signals according to the control strategy
outlined in Fig. 6 of the article.

ITECH bidirectional power supplies, model IT-M3902C-800-
8, act as PV simulators. ITECH solar array simulation software,
SAS1000M, controlled the devices.

The values of the elements in each inductor can slightly vary
due to manufacturing tolerances in winding and core materials.
However, the topology accommodates these differences among
the coupled inductors while preserving their intended function.
The crucial factor is ensuring that the self and mutual induc-
tances within each group of coupled inductors are consistent and
equal to avoid mismatching. The measured inductances in each
inductor set are Ly = M15 = M2y = Ly = (25 £+ 1) pH, which
result in approximately 100 pH differential-mode and nearly
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Fig. 19.  Experimental results of dynamic vout, Vpack, and iout.

zero common-mode inductance. Due to the cancellation effect
of the self and mutual inductances of the coupled inductors, the
results align precisely with the scenario where all the self and
mutual inductances are identical (L; = Mo = My = Ly =
25 pH).

The coupled inductor uses a toroidal core (part number
B64290L.0038X027). If a standard inductor were used instead
of a coupled inductor to handle high current in the parallel mode,
the required inductance value would be 230 pH with a current
rating of 10 A, based on (25), and parameters such as v;***
23V, mga = 0.05, fiw = 10 kHz, and Adgig = 10% x 10 A.
In contrast, inductors based on our proposed solution need
to manage only a fraction of the load current, allowing for a
significantly smaller core size.

It is important to note that this calculation is simplified, and a
comprehensive design should consider additional factors such as
core material, saturation current, temperature rise, and efficiency
[63].

We examine the system’s behavior both in terms of output per-
formance and module interactions. The modules are deliberately
unbalanced with a voltage difference of approximately 5%. In
conventional systems, this would result in significant circulating
currents between the modules.

Fig. 19 demonstrates the proposed system’s ability to follow
the reference voltage for vout. V(out-ref), 15 increased in steps
from 40 V to 60 V, illustrating the controller’s capability to
track the reference signal. Fig. 19 shows the output voltage
and current profiles, along with the pulsating output voltage of
the reconfigurable battery pack (Vpack), which operates at an
effective switching rate three times the switching frequency of
a single module.

Figs. 20 and 21 demonstrate the system’s ability to follow
vout While operating the PVs at MPPT. Epy; changes from
1000 W/m? to 800 W/m? at approximately ¢t = 53 s, and Epvo
changes from 1000 W/m? to 800 W/m? at approximately ¢ =
73 s. vout changes from 30 Vto 40 V atr = 33 s.

Fig. 20 graphs vy, along with the modules’ voltages to
indicate that the system accurately tracks v(out-ref) With a steady-
state voltage ripple of less than 1%. Fig. 21 illustrates the current



JIANG et al.: OPTIMIZING PV-BATTERY HYBRID SYSTEMS: A RECONFIGURABLE APPROACH

45
’nu( ) V pvl ) ‘Yp\z A\ \ bt (\0]
40 4 40 ——
ados YT b3s
40 30
120 1201 1202 1203 29 Rk} 331 332
as
26 AN ]
P b
30 e das o ¢S
’ 22 24 e 24 am e oe.
28 3 32 52 3 54 725 7
25
245
f 2 ——
20 20 40 60 S0
20 40 60 80 100 120 140 160 180 200
Time (s)
Fig. 20.  Real world experimental results of vout, Vbt, vPv1, and vpya.
20
IDul (A) 0 o v
B lp\l (A) b0 ¢S ds
- 0 X
ID\Z ) 'vv 33 w1 s 3.1 532 '7';.5 726 27
T )
10
5
Mg
WS

20 40 60 80 100 120 140 160 180 200
Time (s)

Fig. 21. Real world experimental results of ioy¢, ibt, ipv1, and ipya.

waveforms and reveals a small current ripple at the system’s
output. From 53 s onwards, there is a clear correlation between
the decrease in irradiance levels and the reduced output power
from PV 1 and PV2, which results in a total output power that lags
behind the load power. This leads to a corresponding decrease
in the battery charging current, which drops from approximately
8 A to just above 0 A. Notably, from 33 s onwards, vt remains
constant, with no disturbances observed in the output voltage.
Before 33 s, the load is exclusively supported by the PVs, and
any excess energy is transferred to the battery, maintaining
equilibrium in the voltages of both the battery and PVs (see
Fig. 20).

Adjusting v(out-ret) to 40 V enhances the output power, caus-
ing the PVs’ power to become insufficient to fully supply the
load. At this new operating point, the battery charging rate is
decreased. This change in output power induces transients, as
shown in Fig. 20(a), (b), (c), and (d), while the MPPT algorithms
regulate the energy exchange between the PVs and batteries,
ensuring the PVs continue to operate at MPP. Although the PV
elements MPP is not affected by the change in output load, their
operating modulation index (mg) is. Adjusting the modulation
index requires updating mq to maintain the same MPP. Fig. 20
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Fig. 22. Real world experimental results of dynamic ioy¢, ir,1, and ip,2.

illustrates that approximately 0.01 s is needed for the panels to
reach over 98% of their MPPs.

Fig. 22 plots the current through the two coils of the first
coupled inductor. According to (1), the sum of the currents in
the upper and lower inductor provides i, Which emphasizes
the importance of careful design considerations.

VII. COMPARISON WITH STATE OF THE ART

Table IV provides a comparative analysis of the attributes of
the presented circuit in contrast to recent advancements in the
field. There are numerous advantages over other works including
the following.

1) The proposed system allows for direct energy exchange
between PV modules as well as batteries and eliminates
the need for multiple energy conversion stages alterna-
tive technologies would need. The omission of multiple
conversion stages reduces conversion losses and enhances
overall system efficiency.

2) Mutual inductances and a corresponding modulation tech-
nique achieve maximum power on the module level and
offer increased flexibility in energy transfer as well as
load sharing among modules. This flexibility allows for
efficient adaptation to varying environmental conditions
and load demands.

3) The decoupled control of output voltage and energy ex-
change (MPPT controllers) rate enables independent opti-
mization of these parameters, leading to improved system
performance and efficiency compared to systems with
tightly coupled control schemes. The system ensures that
each PV module operates at its optimal MPP, maximizing
power generation, even under partial shading, and overall
system efficiency. Fig. 23 compares the power genera-
tion of the presented topology with a system utilizing
two cascaded PVs. In the latter system, Epvi(cascaded)
and Epva(cascaded), Tespectively, receive 1000 W/m? and
600 W/m? radiation. Typically, each PV in the traditional
setup may not consistently operate at its MPP simulta-
neously. However, our presented topology ensures that
all PVs operate at their MPP at all times. This results in
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TABLE IV
COMPARISON OF PRIOR APPROACHES

Characteristic [64] [65] [66] [67] [27] [68] [69] [11] [70]  Presented work
Energy exchange no no no no no no no no no yes
Load sharing no yes no no no no yes no no yes
Independent control  no no no no no no no no no yes
Modules balancing yes yes yes  no no yes yes no no yes
Optimized MPPT complex no complex no complex simple simple  complex simple simple
Reliability low low low high high low high low high high
40 T T . . . . T a3 kW Contrary to other works, the modular design allows for easy
scalability by adding or removing PV and battery modules
§3O B < T o et i without significant changes to the overall system architecture.
i ok hi‘(’g}}"z:‘;"r;owe: ey i This ﬁ.e).ublh.ty is pgrtmularly advantagef)us for expanding or
z generation downsizing installations to meet changing energy demands.
~ ok — Fixed Cascaded PVs | \ Moreover, the design minimizes the number of required dc—dc
Proposed converters to reduce initial setup costs and maintenance ex-
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Fig. 23.  Comparison of the power generation of the presented topology with
a system utilizing two cascaded PVs.

a notable enhancement of approximately 19% in energy
yield compared to the conventional state.

4) The ability of battery modules to contribute to output volt-
age granulation reduces the output voltage dependability
to the PV panels, particularly in scenarios with fluctuating
energy generation, and concurrently allows for generating
additional voltage levels.

5) The design of mutual inductors with minimal common-
mode inductance reduces energy losses and improves
system efficiency. This design feature sets the system apart
from others by optimizing energy transfer efficiency.

In previous circuits, both the PV and battery require a dc—dc
converter to connect to the dc bus outside of the modules, which
increases the cost [64], [70]. Alternatively, the PV panel can feed
through a dc—dc boost converter, while a battery is connected to
the module dc bus via a bidirectional dc—dc boost converter,
which includes two switches, a capacitor, and an inductor [65].
Other circuits directly connect the mixed PV-battery system to
the ac grid via a full bridge converter, but they lack provisions for
energy exchange, load sharing, module balancing, and reliability
in the system [66], [67], [27], [68], [69], [11], [70].

It is sufficient to replace the half bridge in each group with
a full bridge to generate an ac voltage at the terminal of the
modular reconfigurable system and subsequently connect the
proposed system to the grid. Conversely, each individual battery
and PV module is connected to a full bridge [64], [65], [67], [27],
[68], [69], [70]. Therefore, from the perspectives of complexity,
cost and the number of semiconductors, the proposed topology
has significant advantages. Additionally, Wang et al. [11] and
Liu et al. [66] proposed a topology of the dual-dc-port dc—ac
converter, which incorporates a diode to prevent a system short
circuit in the absence of sunlight.

penses. The fewer energy conversion stages lower losses and
lead to higher overall efficiency as well as lower operational
costs. The system maintains optimal performance under various
operating conditions, including temperature extremes, weather
fluctuations, and grid disturbances. The ability to ensure each
PV module operates at its maximum power point even under
partial shading significantly enhances overall system efficiency
and reliability. Besides, the flexible, and modular architecture
facilitates integration with existing grid networks, reducing im-
plementation challenges and costs. Plus, the ability to decouple
control of output voltage and energy exchange rates further
enhances system stability and performance.

We also compared various module-based topologies with
respect to component count and efficiency. Although the pro-
posed topology uses a higher number of individual transistors
compared to the literature [71], [72], [73], [74], [75], [76], [77],
these additional transistors increase the output rating by the
same level. Furthermore, the system demonstrates advantages
in the count of capacitors, inductors, and diodes. The increased
number of transistors in our topology directly contributes to
enhanced functionality and flexibility. Each transistor serves
multiple roles and enables dynamic mode switching (series,
parallel, and boost) and efficient energy management between
PV modules and batteries. While a higher component count
might seem to imply reduced reliability, our design leverages
this count to provide redundancy. The system can maintain
operation even if some components fail, thereby enhancing over-
all reliability. Moreover, the integration of multiple operational
modes and advanced energy transfer techniques, facilitated by
the higher transistor count, results in significant efficiency gains.
This efficiency can lead to lower thermal stress and improved
longevity of the system components.

Table V provides a quantitative comparison between our pro-
posed topology and the literature [71], [72], [73], [74],[75],[76],
[77]. Although some circuits from the literature exhibit high
efficiency and lower transistor counts, they often lack in energy
transfer between modules and load sharing, which can reduce
overall system efficiency. Additionally, our proposed circuit’s
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TABLE V
COMPARISON OF MODULE-BASED APPROACHES

Attribute [71] [72] [73] [74] [75] [76] [77) Fresented
work
Nurpber of Transistors 1 7 2 2 2 2 2 4
in each module
Npmber of Diodes 4 0 3 2 2 o0 0 0
in each module
Number of Inductors 1 L4 2 | 1 |
in each module
Nurpber of Capacitors 2 3 2 4 2 5 0
in each module
System Efficiency (%) 96.7 99 92 98.292.7 99 90.23 98
Energy exchange no no no no no no  no yes
Load sharing no no no no no no  no yes

modularity allows us to generate an ac output by substituting
half-bridges in modules with full bridges, a feature not possible
with other works apart from few exceptions [75].

VIII. CONCLUSION

This article introduced a novel reconfigurable PV-battery hy-
brid system that enhances energy utilization and flexibility. The
proposed architecture employs modular reconfigurable circuits
with compact coupled inductors and an innovative modulation
strategy to ensure each PV module operates at its MPP. This
design mitigates the limitations of traditional rigid connections,
such as local optima and scalability issues.

Key advantages of our system include the following.

1) Efficient bidirectional energy transfer between PV mod-
ules and batteries, which reduces the need for multi-
ple energy conversion stages and minimizes conversion
losses.

2) Enhanced load sharing and module balancing, fa-
cilitated by coupled inductors, which offer minimal
common-mode inductance and high differential-mode
inductance.

3) Decoupled control of output voltage and energy exchange
rates, which allow independent optimization and improved
system performance.

Simulation, hardware-in-the-loop test, and experimental anal-
ysis validated the system’s performance and demonstrated at
least 97% MPP tracking efficiency, approximately 19% increase
in energy output compared to conventional setups, and less than
1% ripple in voltage and current. These results underscore the
system’s capability to maintain stable and reliable operation
under varying conditions. The proposed topology’s benefits are
especially pronounced in higher power scenarios. They suggest
it as a promising solution for advancing renewable energy sys-
tems and direct dc—ac conversion.
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