
HAL Id: hal-04287446
https://hal.science/hal-04287446v1

Submitted on 15 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Adaptive Fuzzy Logic-Based Control and Management
of Photovoltaic Systems with Battery Storage

Houria Assem, Toufik Azib, Farid Bouchafaa, Cherif Laarouci, Nasreddine
Belhaouas, Amar Hadj Arab

To cite this version:
Houria Assem, Toufik Azib, Farid Bouchafaa, Cherif Laarouci, Nasreddine Belhaouas, et al.. Adaptive
Fuzzy Logic-Based Control and Management of Photovoltaic Systems with Battery Storage. Inter-
national Transactions on Electrical Energy Systems, 2023, 2023, pp.1-18. �10.1155/2023/9065061�.
�hal-04287446�

https://hal.science/hal-04287446v1
https://hal.archives-ouvertes.fr


Research Article
Adaptive Fuzzy Logic-Based Control and Management of
Photovoltaic Systems with Battery Storage

Houria Assem ,1,2,3 Toufk Azib,1 Farid Bouchafaa,2 Cherif Laarouci,1

Nasreddine Belhaouas,3 and Amar Hadj Arab3

1ESATAC’LAB, S2ET Department Ecole Supérieure des Techniques Aéronautiques et de Construction Automobile, ESTACA,
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Renewable energy sources (RESs) such as solar photovoltaic (PV) systems are increasingly used as distributed generation for
replacing the conventional energy. At the same time, energy storage systems like battery (BAT) must be applied for maintaining
the balance between fuctuating energy production and load consumption. BAT’s state of charge (SOC) should be maintained
within their design limits unafected by RES intermittency and/or load power variations.Tis necessitates advanced power control
and management methodologies for overcoming challenging conditions. Tis paper discusses and evaluates an optimal DC bus
voltage regulation approach: an intelligent controller using an adaptive fuzzy logic controller (FLC) and a novel supervisory power
management strategy for PV systems with BAT. Te objectives are to keep a stable power fow in the system and guarantee the
continuity of service by ensuring that the system components do not exceed their limits. In this manner, the DC bus voltage
regulation of the PV/BAT system can be improved in comparison with conventional regulation. Terefore, the most important
contributions of this work are as follows. (1) Development of comprehensive and modular novel energy management system
(EMS): its originality is related to the inclusion of the control system limits with faster SOC balancing and smaller DC bus voltage
fuctuation. (2) Providing a simple power fow management implementation that considers the optimal energy fow between PV
system, BAT system, and load: a balance between minimal energy fow in the connecting line and the least requirements of BAT
capacity is kept, reducing component constraints with a very straightforward structure. (3) Furthermore, FLC ofers high ro-
bustness and smooth performances. FLC is added to the control strategy design requirements to reduce DC bus voltage deviation.
(4) Real-time simulation/experimentation-based complete cases utilizingMatlab/Simulink andDSpace are illustrated to testify the
efectiveness of the proposed FLC and EMS.

1. Introduction

1.1. Background. Recently, the demand for more accessible
and eco-friendly energy has been recognized a priority
issue for many countries as they attempt to reduce the
greenhouse efects due to CO2 emission from thermal
power producers as well as contamination problems as-
sociated with nuclear power stations [1]. Tis drives rep-
resentatives of over 200 countries to unite at COP24 in

Katowice trying to give life to the COP21 Paris Agreement
and taking into account the recent report of the GIEC 2018:
to stay below +1.5°C, CO2 emissions should be reduced by
almost 50% by 2030 compared to 2010. Tis implies
a signifcant transformation of the economy and industry
transition. RES is emerging as an alternative means of
producing clean energy [2–5]. As a result, adopting re-
newable energy sources (RESs) for power generation is
being implemented, mainly taking advantage of solar and
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wind power and installing these types of power generation
systems in electrical systems [6].

Integrating the photovoltaic (PV) energy source is ex-
periencing a sharp increase in the world [7]. It is widely
developed for various applications. It is either connected to
the power grid or it can participate in solving the problems
of an autonomous site.

Regardless of the many benefts provided by PV energy
generation, it is sufering from the unpredictability of the
environment conditions and sudden changes in the power
loads. To overcome this limitation, the use of an energy
storage system (ESS) is required [8–11]. By utilizing a battery
(BAT), a continuous power supply is provided, stabilizing
the DC bus voltage and responding to load variations.

An energy management system (EMS) is necessary for
this kind of systems.Te EMS design is the central part of the
hybrid power systems’ energy distribution. It defnes the
coordinative task of the energy sources, ensures the maxi-
mum functionality of the system, and optimizes some im-
portant parameters (high lifetime of the system components,
lower cost, higher safety coefcient, uninterrupted function,
stable output, high robustness, etc.) [12].

1.2. Literature Review. Dynamic power management
structures aimed at incorporating RES and ESS with DC bus
have been largely exploited [13–15]. Several research papers
have also focused on energy management system (EMS) in
diferent applications of hybrid PV-BAT systems: electric
vehicles, charge station, electricity, smart microgrid, etc.,
comparing diferent power management strategies and
hybrid PV-BAT architectures [16–20]. Some power man-
agement approaches of hybrid PV-BAT systems for of-grid
domestic households are proposed [21, 22].

In order to satisfy many objectives, researchers suggest
multiple advanced control methods applied to EMSs. Var-
ious felds are implicated in developing EMSs, including
linear and nonlinear algorithms [23], metaheuristic strate-
gies [24], artifcial intelligence approaches [25], stochastic
programming [26], and predictive model controller [27].
Terefore, through recent research, several control strategies
were proposed, involving PI/PID linear controllers, fuzzy
logic controller (FLC), and artifcial neural network con-
trollers for voltage, frequency regulation, and power man-
agement [28–31].Te results show that the FLCs outperform
better than the other approaches. Consequently, we will
develop a similar controller for more challenging scenarios
in this research. Using the FLC in hybrid RES-ESS has been
intensively studied over the last few years, owing to its three
most important benefts. Firstly, it is a very strong nonlinear
method; secondly, it has the ability in modeling the un-
certainties. Finally, no mathematical model is required as the
entire system is considered as a black box [32].

For example, an EMS based on FLC in an autonomous
hybrid PV-BAT-gas generator system was proposed in [33].
A water pump was used as a dump load to avoid the
overcharge of the BAT. However, this method could not be
applied to all power conditions. In [34], a two-stage EMS for
PV-FC-BAT hybrid electric system was designed. In

comparison to the conventional PI controller, this approach
reduced the hydrogen consumption equivalence. In addi-
tion, the study in [35] presented an EMS that takes into
account voltage stability and generation eventuality re-
quirements. Zhang et al. [36] proposed comparative ex-
periments with online EMS through a comparison of passive
controller and fnite-state machine controller approaches,
highlighting the prioritization of the higher performance of
the fuzzy control algorithm applied within the hybrid power
system. Te purpose of the EMS is to ensure that power
losses, DC bus voltage fuctuations, and related costs of
power generation are minimized. Furthermore, an EMS
ensuring power balancing of power loads, generation
sources, and battery system was suggested in [37]. Te
objective of the designed EMS is to try to increase the system
component lifetime while seeking the highest cost-efec-
tiveness/efciency determined by the experts on the basis of
the demand power profle. An ADVISOR-based FLC
method applied to hybrid FC-BAT power was discussed,
performing the power distribution between FC and BAT
system, and was tested using the dSPACE hardware platform
[38, 39]. Balootaki et al. [40] proposed a complete analysis of
controlling and synchronizing fractional-order chaotic
system switching that points out the constraints and in-
troduced several interesting works regarding the control
aspects. Te suggested power system was coupling diferent
power sources and was regarded as a highly nonlinear setup.
Temethodology described in [40] would be a good solution
in this sense. More recently, in [41], the authors proposed an
adaptive model predictive control strategy and management
to regulate the voltage of local nanogrid DC bus and to
provide desirable power sharing among diferent nanogrids
without afecting their plug-and-play ability in the presence
of nonlinear loads. However, BESS elements connected to
the DC bus may not be able to provide good system stability
due to them exceeding their power limits (current and
voltage) during abrupt load variations or peak power loads
as well as providing mediocre transient responses (high
voltage fuctuations and ripples). In addition, these power
excesses of the BESS elements can lead to their progressive
degradation and thus shorten their lifetime.

1.3. Research Gap and Motivation. References mentioned
above for DC-bus regulation technique and power man-
agement strategies discuss diferent associated techniques:

(1) Some methods are relatively sophisticated and
complex that require a very high computation time.
Moreover, in some cases, the required switching
frequencies and sampling frequencies are also very
high, which complicates the design of the converter
output flters, thus making their hardware imple-
mentation much more challenging for real-time
applications.

(2) Fewer studies take into consideration the dynamic
response features of system units’ power and en-
durance simultaneously. Tey have focused on
power management aspects without constraining
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some of the system’s elements, such as maximum
BAT power limits.

(3) In addition, in some cases, the power of the loads
may vary signifcantly and suddenly driving the
system to an unstable and nonlinear dynamic be-
havior. Tus, the efcient and reliable operation of
the DC generator may not be ensured by linear
control (e.g., PI controllers) or conventional
techniques.

(4) Te results of these proposed control approaches
show relatively high voltage deviation on the DC link
(>%2) as well as inaccurate power sharing between
sources and load.

Consequently, the control of the diferent units (voltage/
current sources) of the systems in various modes of oper-
ation under certain constraints has not yet been entirely
resolved. Research on fnding optimal control strategies and
operating modes continues to develop.

1.4. Challenges. Typically, the challenge is to fnd a better
trade-of between stability, performance, robustness, and
reliability of the hybrid system, which addresses the fol-
lowing challenges:

(1) Ensure accurate power sharing and correct balancing
of the BAT SOC regardless of disturbances including
changing environmental conditions, power loads,
and faults resulting in DC bus voltage fuctuations,
overshoots or undershoots, and sags or drops [13].

(2) Consider the characteristics or limitations of the
system’s component units.

(3) Reduce voltage oscillations and current ripples as
well as transient time.

(4) Improve the DC bus voltage regulation, which can
bring better stability in the system and a clear im-
provement in performance. Tus, solve the above-
mentioned problems related to the low dynamism of
control systems with respect to the transient time of
disturbances [14].

(5) Simplify the control structure and power manage-
ment strategy with respect to computation time and
sample rate switching, thereby making their and
hardware implementations feasible and easier.

1.5. Contributions. In this regard and in order to address the
above challenges, this research proposes adaptive fuzzy
logic-based control and EMS for PV-BATsystems that could
be applied to multiple industrial domains, namely, in DC
microgrids. Te innovative contributions presented in this
article are as follows:

(1) A novel EMS and control structure with a compre-
hensive and modular system design are developed
that ofer fexibility for system design and improved
supervisory control responsible for efcient, secure,
reliable, and optimal power management and energy
balancing between sources and loads. Te

supervisory controller adjusts the operational mode
of the system components (e.g., BAT, PV, and load),
and its originality is related to the inclusion of the
control system limits, which presents progression
with the existing approaches with respect to system
conditions to achieve the system objectives.

(2) A new cascaded control loop is implemented to
improve DC bus voltage regulation by using
controller-based fuzzy logic with adaptive parameters,
which provides high robustness and consistent per-
formance to the system in terms of lower time
transient and voltage oscillations. Te FLC employs
a set of fuzzy logical control rules to resolve problems
related to system nonlinearities. Finally, since there is
no on/of switching between the three FLCs as they
work in parallel, with a progressive behavior between
each other, there is no risk of instability of the system.

(3) An anti-windup compensator is added in the inner
control to reduce current ripples. Tis anti-windup
compensator only acts in the case of control value
saturation. It maintains the closed-loop system in
a linear domain. At this stage, the two cascaded
control loops can accurately regulate the DC bus
voltage while maintaining the required parameters
for proper operation of the BAT.

(4) A simple implementation of power fow manage-
ment (reduced component constraints with a very
straightforward structure) that considers the optimal
operation between the PV units, the BAT units, and
the loads makes its use more advantageous.

(5) Finally, two simulation/experimentation tests utiliz-
ing Matlab/Simulink and DSpace are proposed with
diferent scenarios to prove the continuous supply of
energy when the DC bus fuctuation is below 1% even
under abrupt conditions. Tis method brings a sig-
nifcant improvement with faster SOC balancing and
lower DC bus voltage fuctuation (<1%) compared to
the methods proposed in the literature.

1.6. Paper Organization. Te rest of this article is organized
as follows. Hybrid PV-BAT system description and mod-
eling are defned in Section 2. In Section 3, the proposed
adaptive FLC algorithm and power management strategy
scheme are detailed. Te experimental step description is
described in Section 4. Te results are given in Section 5,
showing the efectiveness and performance of the proposed
system. Finally, the conclusion summarizing the contribu-
tions of this article is reported in Section 6.

2. System Description and Modeling

2.1. System Architecture and Description. Te architecture
chosen for the proposed system is a parallel structure. It is
the most common topology used because of its several
advantages [42, 43]; indeed, the system has the advantage of
being simple and relatively inexpensive, with fewer con-
straints on components, easy energy management, and good
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reliability. In a hybrid system with a parallel structure,
photovoltaic panels are considered as the primary source
and storage systems as an auxiliary source coupled to the
load. Referring to Figure 1, the DC bus is linked to both
sources and load via static converters. Consequently,
DC-DC static converters via their control devices play a key
role in regulating the power from PV and BAT systems to
satisfy the load requirements through the DC bus.

Te system has been designed to satisfy the load re-
quirements. A PV-BAT hybrid system is typically composed
of four major components: PV system generation units; ESS
based on BAT; and diferent loads (DC and AC). Com-
plementary behavior is required for the primary source (PV)
and its ancillary device (BAT). In addition, it is possible to
calculate the system parameters to meet the load re-
quirements. Te sizing and choice of converters depend on
how the PV and BAT units behave as well as on the desired
load profle and application used. Consequently, the equa-
tion for maintaining the power balancing within the DC bus
has to be preserved at all times:

ηLoadPLoad(t) � ηPVPPV(t) + ηBATPBAT(t), (1)

where ηpv, ηBAT, and ηLoad 906 of DC converters related to
PV array, BATs, and loads, correspondingly. For the present
paper, we have supposed that the power converters’ ef-
ciency average value is about 85%.

2.2. Hybrid System Modeling

2.2.1. PV Array Model. Mono-crystalline silicon PV mod-
ules are used, a single-diode PV cell model is utilized, and
a series resistor is included to consider the intra-cell losses.

IPV � Iph − Id exp
q VPV + RsIPV( 

nkT
  − 1  −

VPV + RsIPV

Rsh

,

(2)

where k represents Boltzmann’s constant and T represents
the PV cell surface temperature.

A PV array model can be represented by

IPVarray � NPIpv,

Rarray �
Ns

NP

Rs + Rsh( ,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(3)

where ?? symbolizes a number of series-connected modules
and ?? represent a number of parallel-connected modules.

2.2.2. Lead-Acid Battery Model. Tis paper used a generic
model of the lead-acid BATdescribed in [44, 45]. Te model
is based on the calculation of two signifcant parameters
representing the BAT’s conduct, namely, terminal voltage, ?
BAT, and state of charge, SOC:

Vbat � EBAT − RintIBAT,

SOC � 100 1 −
 IBATdt

QBAT
 ,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

EBAT � E0 − k
1 − SOC

SOC
QBAT + A exp −B(1 − SOC)QBAT ,

Discharge: VBAT(t) � E0 − R.IBAT − K
Q

Q − IBATt
IBATt + i

∗
(  + Exp(t),

Charge: VBAT(t) � E0 − R.IBAT − K
Q

IBATt − 0.1Q
i
∗

− K
Q

Q − IBATt
IBATt + Exp(t),

i
∗

� f iltered current (A),

IBATt �  iBATdt � actual battery charge (Ah).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

DC
DC

PV Array

BAT Array

PPV

PBAT

DC Bus

PLoad

DC
DC

DC

DC

DC
DC

DC loads

Control and Energy
management system

MPPT

BMS

Load control

Load control

AC Bus

AC loads

Figure 1: Typical DC microgrid parallel architecture of the PV/
BAT hybrid systems.
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Te model includes E0 modeling the BAT’s open-circuit
voltage, ?, and ?int modeling, respectively, the capacity (Ah)
and internal resistance (Ω) of the BAT. K represents the
polarization voltage (V/(Ah)), A is the exponential voltage
(V), and B is the exponential capacity ((Ah)−1)) [45].

2.2.3. PV Boost Converter. Te PV array is linked to the DC
bus through a unidirectional DC/DC boost converter. Te
topology of the boost converter is shown in Figure 2.

By the defnition of αpv as the duty cycle of the converter
controller, this sub-unit can be depicted by its mean model:

vBus �
vpv

1 − αpv

,

dvpv

dt
�

ipv − iLpv

Lpv

,

diLpv

dt
�

vpv − vBus 1 − upv 

Lpv

,

dipv

dt
�

1
Lpv

− 1 − αpv vBus + vpv .

(5)

Te voltage ripple can be calculated from equation (7).

Lmin �
αpv 1 − αpv 

2
R

2f
, (6)

where Lmin is the inductance minimum value for continuous
operation, since the inductance function is fltering the
commutation frequency; αpv is the duty cycle; R is the re-
sistance of the load; and f is the commutation frequency.

∆vBus

vBus
�

αpv

RCf
, (7)

where vBus is the output voltage and C is the capacitance.

2.2.4. BAT Buck-Boost Converter. Reversible static power
converter is utilized to connect the BATunit to the DC bus,
which allows BATs to be charged or discharged. As illus-
trated in Figure 2, they are combined with an inductance
LBAT and a commutating element. Te current in this ele-
ment is bidirectional. Two operating modes can be defned:
a buck operation mode, which corresponds to the BATs
absorbing power from the DC bus, and a boost operation
mode corresponding to the BATs providing power to the DC
bus. For our experimental setup, BATs are characterized by
a constant capacitance C and negligible losses. By the def-
inition of αBAT as the duty cycle of the converter controller,
the second sub-system’s average model can be expressed by
the following equations:

diBAT

dt
�

1
LBAT

− 1 − αBAT( vBus(  + vBAT,

dvBAT

dt
� −

iBAT

C
.

(8)

A bidirectional converter can be conceived simply by
joining the functionalities of the boost and buck converters
and swapping their diodes with switching devices, as il-
lustrated in Figure 2. Te upper switch is utilized for op-
erating the converter like a buck converter, switching power
from higher voltage side to the lower voltage side, and the
down switch is used for operating the converter like a boost
converter, which transfers power from the lower voltage side
to the higher voltage side.

2.3. System Operation. BAT can generally function in either
charge mode or discharge mode, depending on the state of
power availability-requirement between the PV and load
[44]. Te prolonged power unbalancing in the PV-BAT
systemmay allow BATdeep discharging or overcharging. To
extend the lifetime of BAT and fully utilize the PV power
generation, the operating modes of the PV-BAT system can
be divided into two modes: the operation with normal
charging/discharging of BAT (normal mode) and operation
with full charge/discharge of BAT (transient mode).

2.3.1. Normal Mode

(1) Charge mode: PV power output is higher than the
power load requirement and SOC< SOCmax. Te
surplus of power from PV is accumulated in BAT
through the bidirectional converter, which will
operate in this case in charge mode. Te PV can
function in MPPT mode in order to use the RES
properly as

PBAT � PPV − PLoad. (9)

(2) Discharge mode: Te PV power generation cannot
satisfy the load consumption, and since the
SOC> SOCmin, BAT can, therefore, provide energy.
Te bidirectional converter operates in discharge
mode for compensating the defcit power in the DC
bus as follows:

PLoad � PPV + PBAT. (10)

2.3.2. Transient Mode

(1) Upper limit: Te PV power generation is still greater
than the power load demand, and BAT is close to
SOCmax. Te BAT controller intervenes for pre-
venting the BAT overcharging, and the PV system
has to quit the MPPT operating mode [46] and
switch to the DC bus voltage regulation operation as

PPV ≈ PLoad. (11)

(2) Lower limit: Te PV power is still insufcient to
satisfy the demand of the load demand, and BAT
nears SOCmin. Te BAT controller intervenes to
avoid the BATdeep discharging, and the low-priority
load can be disconnected to preserve power balance
and DC bus stability as
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PLoad ≈ PPV. (12)

Recharging/discharging of the BAT stops when they are
fully charged/discharged.

3. Fuzzy Logic Controller and Energy
Management System

Te global structure of the proposed control strategy and
EMS is illustrated in Figure 3 based on the cascade control
loops and multi-stage power exchanging control.

In Figure 3, the main circuit scheme is shown on the top,
the block diagrams of the inner current control loops are
shown in the middle, and the block diagram of the multi-
stage power exchanging control is shown at the bottom.

Te control strategy consists of MPPTand adaptive FLC
control for PV, BMS based on adaptive FLC for BAT, and
voltage regulation for DC bus. Tese control techniques are
designed to achieve the power exchange control in EMS and
maintain the power balance and thus realize coordinated
functioning between diferent units in the PV-BAT system.

3.1. Control Strategy for PV. When the PV-BAT system is
operating in normal mode, i.e., BAT assumes the re-
sponsibility of the voltage balance in the DC bus, the MPPT
controller controls the PV system. Te MPPT technique
chosen in this paper is the one using the FLC algorithm
because of the benefts that it ofers. Te MPPT techniques
performed in the authors’ previous work and are reported in
[47]. In transient mode, when BAT’SOC nears its maximum

limit and PV generation power is high enough for the load
requirement, the PV system has to take over the DC bus
voltage regulation mission. Consequently, the MPPT con-
troller will switch to the adaptive fuzzy controller for sta-
bilizing the DC bus voltage. Te structure control strategy is
described in detail in Figure 4, where the switching com-
mand signal between MPPT and the fuzzy controller is
derived from the EMS.

Te general structure of a fuzzy logic control consists of
three blocks, as shown in Figure 5: fuzzifer block, inference
rule block, and fnally the defuzzifer block.Temembership
function value is assigned to the linguistic variables by
means of fve fuzzy sub-sets.

Te fuzzy controller consists of a fuzzy inference system
(FIS) and an integrator. Te adjustment of the PV reference
voltage is performed following the DC bus voltage error E
(k). Te DC bus voltage reference VBUS_ref (k) is adjusted
based on the inference and the fuzzy incremental output
(ΔV). Te membership functions (MF) are presented in
Table 1 according to a set of fuzzy inference rules, as shown
in Figure 6.

3.2. Control Strategy for Battery. When the PV-BAT system
operates in normal mode, the BAT system is controlled by
BMS. In transient mode, when SOC’BAT approaches its
limitations (lower and upper limits), the reference voltage of
the DC bus is compensated to correct value through the FLC
block to reduce the deviations of the DC bus voltage. Te
detailed structure control is shown in Figure 7, and the
switch choice between BMS and FLC is obtained from
the EMS.

DC/DC

LBATiBAT

vbus

LPViPV

C

ibus

DC/DC

vPV

vBAT

PV

BAT

Load

Figure 2: PV boost converter and BAT buck-boost converter model.
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Te proposed fuzzy battery controller (FLC-BAT) is
illustrated in Figure 8. Te input and output parameters of
the FLC-BAT consist of two sub-systems (upper and lower)
corresponding to the charging and discharging mode of the
BAT, respectively.

Te upper FLC-BAT sub-system is assigned to prevent
the BAT from overcharging and exceeding its power-
charging limit. Te inputs of this sub-system are given by

∆SOC1 �
SOC
∗
max − SOC

SOC
∗
max − SOC

∗
min

,

∆Pcharge �
P
∗
charge max − Pcharge

P
∗
charge max

.

(13)

Te output is a negative BAT current iBAT max.
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LPV
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Power Management Strategy
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iBus
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+
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-mes mes

αPV
αBAT

PV

V

PV Array

-

Figure 3: Proposed EMS and control and supervision design and confguration.
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Te lower FLC-BAT sub-system is assigned to prevent
the BAT from deep discharging and exceeding its power-
discharging limit.Te inputs for this sub-system are given by

∆SOC2 �
SOC − SOC

∗
min

SOC
∗
min+10% − SOC

∗
min

,

∆Pdischarge �
P
∗
discharge max − Pdischarge

P
∗
discharge max

,

(14)

where SOC∗min is the SOCminimum value and SOC∗min+10% is
the SOC minimum value plus 10%.

Te output is a positive BAT current iBAT min.
As the proposed FLC-BAT system is implemented in the

EMS and depends on the bus voltage, the BATcurrents will be
deviated to a new iBAT ref . Consequently, the PV power can
also be reduced accordingly. Te rules are modifed in con-
junction with changes in MF to evaluate the PV-BAT hybrid

system’s performance; therefore, modifcations are made as
required. More details will be given in the next section.

3.3. Energy Management Strategy. Te power management
system must be in a position to manage power sources: PV
and BAT, to satisfy load demand and ensure that the
whole system operates with high efciency and high
reliability.

Te basic principle of the suggested control approach of
the EMS system presented in Figure 3 is centered on smart
power management supervision with cascade control loops:

(1) Primary control: Te local control strategy consists
of associating a current closed-loop controller to
each PV and BAT source. Te control is carried out
using a classical PI controller through corresponding
static converters: unidirectional for PV and bi-
directional for BAT.

Inference Fuzzifier Defuzzifier

Rules

Fuzzy
inputs

Fuzzy
outputs

Crisp
input

Crisp
outputs

Fuzzy Logic
System

Figure 5: General structure of the fuzzy logic controller.

Table 1: Fuzzy rule table.

Te input of FIS NL NM NS RZ PS PM NL
Te output of FIS PL PL PS RZ NS NL NL
Te input and output variables are symbolized as PL (positive large), PM (positive medium), PS (positive small), NL (negative large), NM (negative medium),
NS (negative small), and RZ (symbolizing zero).

MPPTVPV

iPV

PI
+

-VBus

VBus_ref

1

2
PWMPI

Primary control PV
+

-

αPV

iPV ref

iPV

PPV mppt

E 

M 

S
Integrator

E

CE
ΔV

Fuzzy controller

Control strategy for PV

DC
DC

Figure 4: Structure of the PV fuzzy controller.
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(2) Energy management system: Te power man-
agement protocol consists in dispatching the
energy provided by the PV and BAT sources with
the load respecting the local control
system—FLC-PV for the primary PV source and
the FLC-BAT charge/discharge regulator for the
auxiliary BAT source. Te control strategy is
based on reference currents iPVref and iBATref
defned by the EMS corresponding to PV and BAT
sources, respectively.

In amore detailed way, the operation of themanagement
module is explained in Figure 9. Te exchange of power
between the sources and the load necessarily results in
a modifcation in the DC bus voltage. Consequently, their
measurements are essential in estimating the power needed
by the power system supervisor.

CBus
dvBUS

dt
� iCbus � iSources − iLoad

iSources � i
∗
PV + i

∗
BAT � G1∙iPV + G2∙iBAT,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

G1 �
vBUS

vPV

,

G2 �
vBUS

vBAT
.

(15)

Te voltage control loop has to maintain VBUS (t) on its
reference value, eliminate the DC bus voltage deviation, and
accordingly deliver the current of sources (iSources (t)).

Te proposed power management system must still be
integrated once the required energy sources have been
identifed. A kR weighting coefcient can be used to

The input of 
FIS

The output of 
FIS

NL NM NS RZ PS PM PL

NL NM NS RZ PS PM PL
1

0.5

0

1

0.5

0

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Figure 6: Te membership functions of the fuzzy control.
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Figure 7: Structure of the fuzzy battery controller.
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implement this strategy to manage the distribution of power
between PV and BAT according to the operating modes
shown in Figure 9.

i
∗
PV � kR∙iSources,

i
∗
BAT � 1 − kR( ∙iSources.

⎧⎨

⎩ (16)

It is noteworthy that the voltage and current of the BATs
are limited, as well as the PV current as follows:

−VBAT min ≤VBAT ref ≤+VBAT max,

0≤ iPV ≤ iPVmax,

iBATmin ≤ iBAT ≤ iBATmax.


(17)

Te goal of the controller algorithm and energy
management strategy is to control the converters so that
they operate in appropriate modes. According to the
status of PV and BATunits, the system’s boundaries are to
be taken into account by maintaining the SOC at the
nominal values [SOCMin, SOCMax]. Te value of the DC
bus voltage is imposed by the BATs. By making this
choice, the BATs have a double role: they perform their
usual storage function but also allow the regulation of the
DC bus voltage. On the other hand, they impose a current
control strategy on the converters. Te BATs provide
energy stored and make sure the system works efciently
and has a good dynamic performance by recovering excess
PV production.

4. Experimental Setup Description

Te proposed control and EMS systems have been frst built
through Matlab/Simulink, as shown in Figure 10, consisting
of PV and BAT systems with their DC-DC power converter.
Also, the DC bus and load with control systems are used in
each unit.

Closed-loop digital and physical experimentation has the
potential of overcoming the restrictions of simulation and
has more authenticity. To verify the proposed control
strategy and EMS practically, a small-scale experimental
platform (Figure11) was built up in ESTACA’LAB and the
S2ET Department of the “Ecole Supérieure des Techniques

SOC

SOC

P*
charge_max

P*
charge_max
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-

Figure 8: Structure of the fuzzy battery controller.
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Figure 9: Control and EMS fowchart for hybrid PV-BAT hybrid
systems.
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Aéronautiques et de Construction Automobile, ESTACA”
(Paris, France).

Te structure diagram of the experimental test setup is
shown in Figure 12. Te measurement, control, and transfer
signals are identifed by green, blue, and black colors,

respectively. As the number of supervised waveforms was
huge for a complete display, signals were observed in
DSpace/ControlDesk.

From Figure 11, the PV and BATunits are connected to
a ZS1806 programmable electronic load with variable power

T T
Ppv PpvTemperature

Icpv

Ipvref Ipv_ref
Ipv Alpha_PV Alpha_PV

Ipv
MPPT controller Ipv

Vpv

Ipv
BUS DCVpv

V_BUS_ref

PV System
Controller

Icpv

PV Converter

V_BUS_ref
PV Model

V_BUS_ref

ICbus Iload v_BUS

V_BUS

V_BUS I_Load

Load ProfilDC-Bus
Controller

IcbatUbatt

Vbat
Iload

Ibatt Ipv I_bat_ref

Vbat

Icbus i_BAT_ref ICbat
SOC (%) VBUS alpha_BAT

i_BATSOC AlphaBAT

Conversion
BAT Model

BAT System
Controller i_BATVbus

BAT Converter

I_r Ir

Irradiance
Profil

Figure 10: Graphical block of the Matlab/Simulink model used in experimental tests.
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Figure 11: Structure diagram of the setup of the experimental tests.
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up to 1800W ([0–150 A]/[0–60 V]). Te measurements
are transmitted to the control system via A/D converters
of the DSpace control board with a sampling rate of
25 kHz, which means that the controllers provide the
updated control setpoints every 50 µs. For the measure-
ment of current and voltage, the Hall efect transducers
LEM LA55-P and LV20-P were used, respectively. A
DS1104 DSpace board is used to real-time test the pro-
posed control and power management system developed
and implemented in Matlab/Simulink. Additional system
specifcations of the relevant experimental parameters are
given in Table 2 [48].

5. Results and Discussion

Two series of tests are carried out to validate the efciency of
the proposed control algorithm and EMS. In the frst test,
under constant solar irradiance, the control strategy is ap-
plied in normal mode, including the switching between

charging and discharging modes and vice versa. Te results
are shown in Figure 13.

Te second set of experiments, conducted under variable
solar irradiance (Figure 14), allows validating the transient
mode. Additionally, the results of these two series of tests
(normal mode and transient mode) are compared and
discussed with other authors to fully validate the efciency of
the suggested control method and EMS.

5.1.Case1:ConstantSolar Irradiance. From the results of the
frst tests shown in Figure 13, the power of PV and BAT
sources is automatically shared through the local converters
with current adjusting following the variation of power load.

Figure 13(a) shows the power on PV array, BAT, and
load, respectively. Te BAT provides the complementary
power to ensure supply and demand balance, as shown in
Figure 13(a).

Figure 13(b) shows the incidence irradiance in the PV
system. Te PV power varies in accordance with the solar
irradiance profle. In Figure 13(b), it is clearly seen that the
curve of maximum PV power tracks perfectly the curve of
solar irradiance variation, despite the fuctuation of load
requirements, which approves the suggested MPPT
technique.

Te variation of SOC in BAT is within the maximum and
minimum ranges in system operation, as shown in
Figure 13(f ).

Figure 13(d) shows the controlled current on the PV unit
and its reference provided by the MPPTalgorithm. Since the
irradiance curve has an infuence on the current, their
variations are very similar. Te PV current output is
maximal and constant (working under its MPP) because
solar irradiance is supposed to be constant during this frst
series of tests.

Figure 13(e) shows the supervised current on the BAT
unit and its reference provided by the second layer con-
troller. Te latter will change its path (sign) from charging
mode to dischargingmode at 8 h 21 to assist the PV source in

Battery system

PV system

Real time
DS 1104 card

DC Converter

ZS Electronic Load

Figure 12: Te constituents of the experimental tests.

Table 2: Electric characteristics of the system.

Value
PV: parameter name
Open-circuit voltage 44V
Rated voltage (standard conditions) 32V
Rated current (standard conditions) 15A
Battery: parameter name
Open-circuit voltage 42V
Rated current 15A
Internal resistance Rint 0.2Ω
SOCmin 50%
SOCmax 90%
i BATmax 10A
Inductors andcapacities: parameter name
Inductors LPV/LBAT 100 μH
Rated currents LPV/LBAT 25A
Capacities CBUS 4mF
Optimal DC-bus voltage VBUSref 50V
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meeting the load power during the load increase. Re-
ciprocally, the BAT current output switches from the dis-
charge mode to charge mode at 20 h to absorb the DC bus
energy when the PV power produced exceeds the required
load power. It is worth noting that the negative sign of the
BAT current means that the BATs are in the recovery mode
(BATare recovering the energy), and the positive sign of the
BAT current implies that the BATs are supplying the load
(BATs are in the supply mode).

Te regulated DC bus voltage and its reference are shown
in Figure 13(c). Te common bus voltage is regulated in the
desired value and remains at its reference (VBus_ref � 50V);

the voltage deviation is very small (ΔV< 1%). In conclusion,
the voltage VBus fulflls the load demands with high control
efciency. Te well-performingVBus enables correct func-
tioning in the PV-BAT system, where the power balance is
achieved.

Figures 13(g) and 13(h) show the controlled voltages and
their references on PV and BATunits, respectively. Te BAT
voltage varies in accordance with the power absorbed/in-
jected into the DC bus. Similar behaviors can be noticed for
the PV voltage.Te PV and BATvoltages are controlled with
a very quick control response, and the largest fuctuations
are about 0.2%, conforming to the system design
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recommendations. Conclusively, the control achieves the
objective of supplying the DC load properly.

5.2. Case 2: Variable Solar Irradiance. Tese second tests
(Figure 14) confrm that the control strategy and the EMS are
fully efective in preventing damage while the load attempts to
push the system elements to reach or exceed their self-limits.

As BATapproaches the limits of its safety capability, the
control strategy changes from normal mode to transient
mode, and the EMS continues to maintain power balance by
exchanging active power with the load, as shown in
Figure 14(a).

When SOC approaches its lower limit at time ranges
[15 h 15–16 h 21], the control strategy in BAT is converted
into a fuzzy controller according to the explanations of
Section 3.2. In Figure 14(a), we can see that the transition is
rapid and smooth, and the BATswitching from charge mode
to discharge mode at 16 h 21 is also smooth, as shown in
Figure 14(e).

Te second stage begins once the BAT’SOC ap-
proaches its upper limit at a time range [23 h-24 h]. Te
PV system quits the MPPT operating mode and switches
to the fuzzy control (Figure 14(d)) to maintain the DC
bus’s stabilization.
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Te results in Figure 14(c) show low fuctuation in the
DC common bus voltage, which gives the proposed control
strategy an advantage.

Controlled voltages on PV and BAT systems and their
references are shown in Figures 14(g) and 14(h), re-
spectively. Te references are provided to ensure the DC bus
voltage regulation; subsequently, the BATs are enabled to
stabilize the DC bus voltage through injection or absorption
of the erroneous power for balancing the DC bus. Te PV
voltage varies in accordance with the solar irradiance profle
in Figure 14(h). Furthermore, the BAT’SOC is well con-
trolled as, in steady state, BAT voltage is tending towards its
reference setting (Figure 14(g)). BATs are temporarily
assisting the PV source and involve variations in the BAT
voltage. However, the slowness of the PV response guar-
antees a well-regulated BAT voltage. In fact, this is the
explanation for the slight overshooting of the PV power
while the BAT voltage is being transiently compensated.

From comparing the results in Figures 13 and 14, we can
conclude that the proposed control strategy distributes the load
power dynamically efectively between diferent system units.
EMS technique implementation correctly ensures the
power sharing between sources (PV and BAT) and load
demand. Furthermore, the proposed EMS technique is very
efcient in terms of mode changes in accordance with the
operating constraints including load fuctuation, PV power
generation fuctuation, and BAT quiet operation by using
coefcient KR to adapt the global system’s behavior to the
operating modes.

It is noted that despite a high current, the DC bus voltage
VBUS varies very little (less than 1%) compared to its ref-
erence voltage VBUSref set at 50V. Tese results clearly in-
dicate the efectiveness of DC bus voltage regulation that
contributes to the optimal performance of the suggested
EMS. DC bus voltage always follows its reference perfectly
(Figures 13(c) and 14(c)), demonstrating the voltage loop
efectiveness in DC bus regulation.

Likewise, for current loops, the currents also obey their
references for the PV generator (Figures 13(d) and 14(d))
and for the BAT (Figures 13(e) and 14(e)). Tis shows the
signifcance of the primary control and makes a managed
PV-BAT hybrid system capable of increasing the power
produced by the complementarity of the PV and BAT
sources to meet the power load requirements. Te currents
follow their references with high efciency.

In addition, Table 3 demonstrates that the suggested
control approach can maintain the deviation of DC bus
voltage in a lower range, and Table 4 illustrates that the
suggested control algorithm has faster SOC balancing.

By comparing these results with the results of two dif-
ferent approaches given in [46, 49], it can be concluded that
the control algorithm and EMS presented throughout the
present paper have the most rapid SOC balancing and the
smallest DC bus voltage deviations.

 . Conclusion

A new control strategy and EMS for PV-BAT hybrid systems
are presented in this paper. Te proposed approach com-
bines a smart controller using an adaptive FLC algorithm
and novel power management supervision to control the
power fow between diferent energy sources and ensure
system efciency for the stability operation when operating
conditions change: load demands, weather conditions, and
BAT’SOC.

Specifcally, the experimental test results show the fol-
lowing. (1) Te MPPT algorithm tracks the PV MPP per-
fectly, and the MPPT tracking response time is very small
(<0.2 s), even under extreme dynamic changing conditions.
(2) Te closed-loop PI primary controllers track their re-
spective reference values very accurately (dynamic follow-up
time <0.2 s), even under extreme dynamic changing con-
ditions. (3) Te power management algorithm can very well
provide power distribution between the sources and the
load. (4) Using controller has provided a great improvement
to the overall optimization of the EMS. Compared with the
control strategies proposed in the literature, the improved
adaptive FLC-based EMS strategy can signifcantly reduce
both the DC bus fuctuation (<2%) and the time balancing of
SOC (<51 s), maximize the utilization of the PV source,
signifcantly improve the utilization of the storage system,
and maintain the consistency of the BAT SOC.

Abbreviations

RES: Renewable energy source
PV: Photovoltaic
BAT: Battery
MPPT: Maximum power point tracking
PWM: Pulse-width modulation

Table 3: Te fuctuation of DC bus.

Time
Fluctuation of DC bus

Charge mode (V) Discharge mode (V) Charge mode (V)
Figure 13(c) 0.2 0.1 0.1
Figure 14(c) 0.1 0.17 0.2

Table 4: Te time balancing of SOC.

Time
Time balancing of SOC

Charge mode (sec) Discharge mode (sec) Charge mode (sec)
Figure 13(f) 39 41 38
Figure 14(f) 38 49 51
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FLC: Fuzzy logic controller
EMS: Energy management system
BMS: Battery management system
Symbols
Ppv: Te photovoltaic power (W)
PBAT: Te battery power (W)
PLoad: Te power load demand (W)
ƞPV,: PV converter efciency (%)
ƞBAT: Battery converter efciency (%)
ƞLoad: Load converter efciency (%)
SOC: State of charge (%)
SOCmax: Maximum state of charge (%)
SOCmin: Minimum state of charge (%)
VBUS: DC bus voltage (V)
Isources: Te source current (A)
VBAT: Battery voltage (V)
IBAT: Battery current (A)
VPV: PV module voltage (V)
IPV: PV module current (A)
ILoad: Load current (A)
VBUSref: DC bus voltage reference (V)
VBATref: Battery voltage reference (V)
IBATref: Battery current reference (A)
VPVref: PV voltage reference (V)
IPVref: PV current reference (A)
VBATmax: Maximum BAT voltage (V)
IBATmaw: Maximum BAT current (A)
IBATmin: Minimum BAT current (A)
VPVmax: Maximum PV voltage (V)
IPVmax: Maximum PV current (A).
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