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Abstract

This paper proposes a distributed rule-based power management strategy for dynamic
power balancing and power smoothing in a photovoltaic (PV)/battery-supercapacitor
hybrid energy storage system. The system contains a PV system, a battery-supercapacitor
hybrid energy storage system (HESS), and a group of loads. Firstly, an active compensation
technique is proposed which improves the efficiency of the power smoothing filter. Then, a
distributed supervisory control technique is employed that prevents the BESS and SC from
SOC violation while maintaining the balance between generation and load. To this end, the
system components are divided into three different reactive agents including an HESS
agent, a PV agent, and a load agent. These agents react to the system changes by switching
their operational mode upon satisfying a predefined rule. To analyse the hybrid dynamical
behaviour of the agents and design the supervisory controllers, the agents are modelled in
hybrid automata frameworks. It is shown that the proposed distributed approach reduces
the complexity of the supervisory control system and increases its scalability compared to
its equivalent centralized method. Finally, the performance of the proposed approach is
validated using a test system simulated in MATLAB/Simulink.

1 INTRODUCTION

The deployment of renewable energy technologies in mod-
ern power systems is growing rapidly to reduce the carbon
emissions and alleviate global energy crisis by decreasing the
dependency on fossil fuels [1]. Photovoltaic (PV) systems
use a clean, free, and unlimited source of energy with rela-
tively low maintenance costs. Because of these desirable fea-
tures, PV systems play an important role in the transforma-
tion of the global electricity sector [2]. Photovoltaic systems
also enable an economical sustainable solution for remote rural
areas in which there is no access to the utility grid [3]. How-
ever, balancing the PV’s generated power and load is chal-
lenging due to the limitation on the availability of power and
intermittency of generation. This challenge can be tackled
by utilizing energy storage systems (ESSs) as well as imple-
menting effective dynamic power and energy management
systems [4, 5].
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Among many available ESS devices on the market, battery
energy storages systems (e.g., lithium-ion or lead acid batteries)
are one of the prevalent energy storages for various applica-
tions including residential buildings, renewable energy systems
and microgrids. The battery energy storage systems (BESSs) are
dispatchable, with low energy losses and relatively low costs. In
addition, they have a large energy density that makes them suit-
able for peak shaving and steady state power balancing. How-
ever, the BESSs may have poor performance during sudden
load variations or rapid changes of PV power due to their rela-
tively low power capacity and slow dynamic response. In addi-
tion, the BESSs have a limited life cycle. Thus, the instantaneous
changes of the PV power generation or load power fluctuations
may cause frequent charge/discharge of battery that reduces the
BESS’s lifetime [6, 7] .
The aforementioned limitations of the BESSs can be tack-

led by effective hybridization of BESSs with supercapacitors
(SCs) [8]. SCs have a higher power density and faster dynamic
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FIGURE 1 Classification of energy management strategies in HESSs with active topologies

response compared to the BESSs which enables them to pro-
vide more energy for a considerably shorter time. In addition,
they have significantly higher lifecycle than the BESSs. So, the
frequent charge/discharge of the SCs does not affect their life-
time [9]. However, the SCs are not suitable for long-term energy
storage due to their limited energy density. Considering the
underlying limitations and capabilities of the BESSs and SCs, a
SC is utilized in tandem with a BESS in battery/supercapacitor
hybrid energy storage systems (HESSs) to improve the transient
response of the system as well as increasing the life span of the
BESSs. To this end, the BESS is utilized for steady state power
balancing while the SC absorbs high frequency power fluctua-
tion from the PV and loads [7].
HESSs comprised of BESS and SC may have different

topologies including passive, semi-active, and active topologies.
Among them, active topologies are superior due to their higher
level of controllability. In addition, the energy storage capac-
ity and power dispatch capability of the HESS components
(i.e., BESS and SC) can be fully utilized in active topologies.
In these topologies, each of the HESS components is indi-
vidually connected to the system bus through a power elec-
tronic converter and has an independent control system. Nev-
ertheless, an efficient control and power management strat-
egy is essential to justify the additional cost of the active
components [10].
The effective integration of PV/HESSs depends on optimal

sizing as well as appropriate power management and super-
vision of BESSs and SCs. The optimal sizing of the HESSs
can minimize the likelihood of load shedding actions as well
as PV power curtailment due to the lack/excess of power
generation while considering the cost of components. On the
other hand, the power management and supervision tech-
niques aim to perform power allocation of BESS and SC
for effective utilization of their storage capacity and oper-

ational capabilities as well as ensuring the reliability of the
system.
The power management strategies of HESSs can be cat-

egorized into optimization-based, filtration-based, and rule-
based methods [11]. Figure 1 shows the classification of
energy management strategies in HESSs with active topolo-
gies. The optimization-based methods can be categorized
into model-based and intelligent approaches. The model-based
approaches typically include online algorithms (e.g., model pre-
dictive controllers) for real time applications or offline algo-
rithms (e.g., multi-objective or dynamic programming) for long-
term planning. The intelligent methods also include data-driven
approaches such as machine learning-based and artificial neural
networks (ANN), or evolutionary algorithms.While these meth-
ods can be implemented through both offline and online algo-
rithms, in practice, their high computational complexity may
limit their real-time applications [12, 13].
On the other hand, the rule-based methods have lower com-

putational complexity and are more suitable for real-time appli-
cations. The rule-based methods can be categorized into finite
state machines (FSMs) and fuzzy rule-based approaches. In
these methods, the rules can be designed by an expert or based
on mathematical models [13].
Due to the simple and powerful structure of FSMs, they are

widely used in rule-based dynamic energy management systems
for various applications. FSMs or their equivalent finite state
automata (FSA) are mathematical models of computation that
are widely used in computer science and control for modelling,
analysis, and supervisory control of discrete-event dynamic sys-
tems. A discrete-event dynamic system (DEDS) is an event-
driven system that consists of a set of discrete states and tran-
sitions among them. In these systems, the evolution of states
(or state transitions) depends on the occurrence of events at
discrete instants of time. In FSM-based power management



GHORASHI KHALIL ABADI AND BIDRAM 3

techniques, each operational mode of the system is associated
with a discrete state of an FSAmodel; the transitions are defined
based on the switching rules. The application of FSMs in design-
ing centralized supervisory control and energy management sys-
tems has been studied in [14–16]. Furthermore, hybrid automata
have been introduced to model and evaluate the interaction
between transient response and internal logic of a dynamic rule-
based system. To this end, the internal logic and continuous-
time dynamics of the system are represented in one frame. This
is achieved by labelling continues-time dynamics equations on
the discrete state of an FSA. Hybrid automata modelling has
been used in [17, 18] to design centralized supervisory control
and dynamic energy management systems.
Despite the advantages of FSA techniques to model systems

with sequential Boolean logics, they have an intrinsic limita-
tion in modelling concurrent operation of subsystems. In these
models, the number of discrete states grows exponentially with
the number of processes, which is an obstacle in developing
highly flexible and adaptive supervisory control systems [19].
To reduce the complexity, modular modelling techniques can
be used to develop an FSA model for each module as well as
designing a distributed supervisory control system or use a coor-
dinator agent to manage the appropriate coordination among
them [20, 21].
In most microgrid (MG) applications, power management

of HESSs is implemented using filtration-based methods [11].
These methods are typically deployed by decomposing the
input current (or power) of the HESS into high-frequency and
low-frequency components and allocating the high-frequency
components into SC. Generally, the implementation of power
smoothing filters using linear time invariant (LTI) low-pass fil-
ters (LPF) results in less system complexity but lower efficiency.
On the other hand, to increase the system efficiency, one can
use advanced filtering techniques such as wavelet transforma-
tions with the cost of increasing the computational complexity
of the charge control system [13, 22].
In practice, using non-ideal filters may result in full charging

or discharging of SC. In addition, sudden changes in the input
power of the HESS (e.g., a sudden load variation) may impose a
considerable stress on the SC module that can immediately fully
charge or discharge the SC. To avoid state of charge (SOC) vio-
lation of SC and increase the system efficiency adaptive filtering
techniques can be applied [5, 23, 24]. In adaptive rule-based fil-
ters, typically a rule-based supervisory controller is utilized to
relax or deactivate the filter if the SOC of SC violates a certain
limit. In this case, more of high frequency components of the
HESS input power are sent to BESS to avoid SC SOC viola-
tion. Therefore, the size of the SC should be designed appro-
priately considering the bandwidth of the filter and net power
fluctuations. Otherwise, the filter is frequently deactivated that
may lessen the system’s efficiency. An adaptive SOC-based lin-
ear time-varying filter is also presented in [24] for smoothing the
output power of wind turbine/HESS. This approach improves
the power smoothing capabilities of the HESS by adjusting the
time constants of the filters based on SOC variations of the
ESSs. However, this technique is basically designed for power

smoothing applications, and it is not appropriate for dynamic
power balancing purposes.
To address these challenges and improve the efficiency,

and reliability, this paper creates a control framework for a
PV/HESS system. The case study system contains a group
of interconnected loads, a PV power generation system, and a
battery-supercapacitor HESS with parallel active topology. The
contributions of this paper are as follows:

∙ An active compensation technique is proposed that improves
the efficiency of the power smoothing filter. This approach
reduces the minimum required size of the SC for smooth-
ing the input power of the BESS. In addition, it
does not increase the computational complexity of the
charge control system that makes it suitable for real-time
applications.

∙ Based on the active compensation technique, a hybrid
dynamic adaptive filter is designed that ensures reliable oper-
ation of the HESS by avoiding SOC violation of SC.

∙ A distributed supervisory control strategy has been imple-
mented. In this approach, the duties of centralized super-
visory controller are distributed among the PV, load, and
HESS agent. This technique reduces the computational com-
plexity of the supervisory control system and increase its
scalability.

∙ To analyse the hybrid dynamical behaviour of the agents and
design the supervisory control system, the agents are mod-
elled in a standard hybrid dynamical framework (i.e., hybrid
automata). This approach facilitates designing a reliable and
efficient hybrid supervisory control system for the PV/HESS
system.

The rest of the paper is organized as follows: Section 2 intro-
duces the hybrid automata and Section 3 describes the sys-
tem architecture and components. Section 4 proposes the active
compensation technique and presents the designed distributed
supervisory control strategy as well as the hybrid automaton
model of the agents. The proposed hybrid control strategy is
verified through simulation in Section 5. Section 6 discusses the
scope and delimitation of this research as well as the future stud-
ies. Section 7 concludes the paper.

2 INTRODUCTION TOHYBRID
AUTOMATA

Hybrid automata are standard mathematical frameworks to
model, analyse, and design supervisory controllers for hybrid
dynamical systems. Hybrid dynamical systems are defined as the
systems in which an interaction between continuous-time and
discrete-event dynamics exists (e.g., switching systems or reac-
tive agents). In such systems, a discrete event may change the
dynamical behaviour of the system. A hybrid automaton with
inputs and outputs can be described with a nine-tuple as:

 = {Q,X ,F ,E , Inv,U ,Y ,H , Init } (1)
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where Q is a finite set of discrete modes. X ⊆ ℝm is a finite
set of real-valued variables associated with the continuous-time
states of the system. F denotes a set of vector fields fqi that rep-
resent the evolution of continuous-time dynamics of the system
at each discrete mode. Each vector field is a Lipchitz function as
fqi ∶ X ×U → ℝm . E is the set of all transitions e(i, j ). A tran-
sition is a four-tuple as {qi , g(i, j ), r(i, j ), q j } where qi and q j are
the source and target modes, and g(i, j ) is the guard condition.
A guard condition is a Boolean expression which is evaluated
dynamically based on its associated value. r(i, j ) ∶ ℝ

m → ℝm is
the reset or update of the transition. The reset maps initialize
the dynamics of the system before completing a transition.U is
the finite set of inputs and Y is the finite set in which is the set
of outputs of the system. H also represents the set of output
functions of the system associated with each operational mode
and Inv is the set of invariants. Init is also the set of initial states.
For example, consider a hybrid dynamical system contain-

ing two reactive agents (a, b) that have asynchronous mode
transitions. Assume that the agent a has three different oper-
ational modes (i.e., Qa = {qa1, q

a
2, q

a
3}) and b has two modes (i.e.,

Qb = {qb1, q
b
2}). Consequently, the global system has n(Qab ) =

n(Qa ) × n(Qb ) = 6 different operational modes. The dynamical
behaviour of these agents changes if they switch to a new oper-
ational mode. The dynamics of this system are defined as:{

ẋa = 𝛼(qa
j
)xa + xb

ẋb = xa + 𝛽(qbj )xb + uc
(2)

with 𝛼(qa
j ) ∈ {−1, −2, −3} and 𝛽(qbj ) ∈ {−1, −2}. uc is an exter-

nal control input and (xa, xb ) are the continuous time dynamics
of agents a and b, respectively.
First, consider that each agent has a supervisory control sys-

tem that selects the operational mode of that agent, and the
agents can communicate with each other (i.e., there is a dis-
tributed supervisory control architecture). Figure 2(a) shows
a state transition diagram that visually represents the hybrid
automata models of the two coordinated reactive agents. Both
agents send the value of their continuous state to each other
(i.e., ua = yb = xb and ub = ya = xa). Agent a is initially in qa1
operational mode with xa (0) = x0 . In this mode 𝛼(qa1) = −1,
so the continuous dynamics of the agent a evolves based on
ẋa = −xa + ua. Similarly, agent b initially operates in qb1 opera-
tional mode withxb(0) = x0 and its continuous dynamic evolves
as ẋb = ub − xb + uc . Once the state of agent b (i.e., xb = ua)
exceeds a certain value (i.e., 1) the guard condition ga(1,2) ∶

ua > 1 is satisfied and ea (1,2) is activated. So, agent a switches
to qa2 operational mode and changes its dynamical behaviour.
In addition, before completing the transition, the initial value
of agent a is specified based on the defined reset map (i.e.,
r a(1,2) ∶ xa (t0) = x(t− )). Similarly, agent b can react to system
changes by switching its dynamical behaviour upon stratifying
a guard condition.
Alternatively, consider an equivalent system that has a cen-

tralized supervisory controller that selects the operational mode
of these agents. Figure 2(b) shows the hybrid automaton model

FIGURE 2 State transition diagram of hybrid automata models of two
coordinated reactive agents. (a) Distributed supervisory control approach (b)
centralized approach (hybrid automata with sequential logic)
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FIGURE 3 The schematic model of the PV/HESS system

of the global system. To design the equivalent centralized super-
visory controller using a hybrid automaton with sequential logic,
it is required to define n(Qab) = n(Qa ) × n(Qb) = 6 discrete
modes and identify the transitions among them. However, in
the distributed approach n(Qa ) + n(Qb) = 5 discrete modes are
defined.
Now, let assume a system containing N coordinated reactive

agents with asynchronous mode transitions that each hasM dis-
crete modes. To design a centralized supervisory control sys-
tem for the global hybrid system using a hybrid automaton with
sequential logic, it is required to define MN discrete modes and
identify the transitions among them. Consequently, the com-
plexity of hybrid modelling and supervisory control of the sys-
tem exponentially increases with the number of agents. How-
ever, by utilizing a hybrid automaton framework (with inputs
and outputs), the equivalent distributed supervisory control sys-
tem can be designed by just defining M ×N discrete modes
(i.e., M discrete modes for each agent). Thus, the complexity of
modelling, and supervisory control of the system can decrease
remarkably.

3 SYSTEM DESCRIPTION

Figure 3 shows the schematic model of the PV/HESS sys-
tem in this work. The PV module consists of a group of
PV panels that are connected to the point of common cou-
pling (PCC) through a DC-DC converter. The HESS module
includes a SC and a BESS which are also connected in par-
allel to the PCC using DC-DC converters (i.e., parallel active
topology). The PV/HESS system supplies a group of loads
in an AC stiff grid, which is connected to the PCC through
an AC-DC converter. The voltage of the PCC is also regu-
lated by the AC-DC converter through connection to the AC
stiff grid. So, the HESS module is assumed to operate in cur-
rent control mode. The AC stiff grid is considered as an AC
microgrid that a portion of its power demand is supplied by the
PV/HESS system. Knowing the fact that energy management
and supervision level has by far slower dynamics, the dynam-
ics of the power electronic converters and low-level controllers
(LLC) (e.g., current controllers) are neglected in the rest of this
paper.

FIGURE 4 The structure of a centralized energy management system in
PV/HESSs adopted from [25]

In HESS power management systems, the net power, i.e.Pnet ,
is typically defined as the difference between generated and
demanded power. In the case of having a PV system as a sin-
gle source of generation, the net power can be formulated
as:

Pnet = PPV − Pload (3)

where PPV represents the PV power generation and Pload is the
demanded power by the load. The net power is used by the
HESS to maintain the power balance between the demand and
generation. Alternatively, the net power can be written as:

Pnet = PHESS =VdcIHESS =Vdc (Ib + ISC ) (4)

where Ib and ISC are the input currents of BESS and SC from
the DC bus side, respectively.Vdc is also the voltage of the DC
bus.
In practice, the BESSs have limited life cycle. For instance,

the estimated life of a lithium-ion battery may vary between
400 to 800 charge cycles. Thus, the instantaneous changes of
the net power in a PV power generation system may cause fre-
quent charge/discharge of the battery that reduces the BESS’s
lifetime. Typically, to increase the BESS lifetime and improve
the system efficiency a filtration-based power allocation algo-
rithm is designed that decomposes the net power into high fre-
quency and low frequency components and allocates the high
frequency components into SC. Figure 4 shows a conventional
centralized energy management system in a PV/HESS for MG
applications [11, 25]. In this method, the input reference cur-
rent of the HESS module (i.e. IHESS ) passes from an LPF and
then is sent to the current regulator of the BESS. The difference
between the HESS and BESS input current (IHESS − Ib) is also
sent to the SC. Assuming the system is in normal operation (i.e.
ISC = I in

SC
, and Ib = I in

b
) and using an LTI low-pass filter (LPF),

Ib and ISC can be obtained as:

Ib(s) = GF (s)IHESS (s) (5)

ISC (s) = (1 − GF (s))IHESS (s) (6)
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where GF (s) represents the transfer function of the low-pass
LTI filter. Practically, using none-ideal filters and/or severe
variations of the net power may result in SOC violation of
the SC. To avoid this, the energy management system (EMS)
typically deactivates the filter based on predefined rules to
avoid SOC violation of the SC module. For example, when
the SOC of SC exceeds a certain value, the filter is deacti-
vated and the EMS sends the HESS current to the BESS
(Ib ≃ IHESS , ISC = 0) to prevent SC from being over charged
[23]. Thus, more of the high frequency components of the
net power are sent to the BESS in this mode. Consequently,
the size of the SC should be designed properly regarding the
bandwidth of the filter and the net power fluctuations. Other-
wise, the filter is frequently turned off that reduces the system’s
efficiency.
Moreover, if the SOC of BESS violates its upper limit (i.e.

SOCb > SOCmax), the PV power generation should be cut down
(i.e. IPV = Iload < IMPPT ) to avoid the BESS’s SOC violation.
Similarly, if the BESS’s SOC reaches to its minimum allowable
value, the EMS or supervision system may disconnect unneces-
sary loads to avoid the instability of MG. It should be mentioned
that optimal sizing of the PV/HESS (e.g. long-term planning)
or using advanced load and PV power forecasting methods can
reduce the likelihood of PV power curtailment as well as load
shedding actions that results in more system efficiency. How-
ever, to guarantee the reliable operation of the PV/HESS sys-
tem, it is still necessary to design a real-time supervisory control
and energy management system to avoid SOC violation of the
BESS and SC.
This paper focuses on improving the performance of the

power smoothing filter as well as designing an efficient and reli-
able real-time energy management and supervision system. To
this end, it proposes a hybrid adaptive filtering approach based
on the so-called active compensation technique to increase the
system efficiency and improve its reliability. To this end, a com-
pensation term will be added to the power smoothing filter that
indirectly regulates the SOC of the SC. This technique reduces
the SOC variation of the SC that results in reducing the mini-
mum required size of the SC for a same filter bandwidth com-
pared to the conventional method. In addition, a flexible super-
visory control system will be designed in a hybrid automaton
framework that provides smooth transitions between opera-
tional modes of the HESS and ensures the reliability of the
PV/HESS system.

4 PROPOSED CONTROL AND
MANAGEMENT SYSTEM

The proposed distributed energy management and supervision
system is illustrated in Figure 5. In this structure, every sin-
gle module of the system (i.e. PV, HESS, and load) has a ded-
icated energy management system. The coordination among
these EMSs forms the global energy management system. Here,
PV, load, andHESS can be considered as reactive agents that has
have asynchronous mode transitions. The coordination of these
agents is as follows:

FIGURE 5 The structure of the proposed distributed rule-based power
management system

∙ The HESS agent receives the generation and demanded
power (i.e.PPV , Pload ) from the PV and load agents. PPV and
Pload is then used by the HESS’s EMS to determine the input
currents of the BESS and SC (i.e. Ib,ISC ). To avoid SC SOC
violation, The HESS supervisory controller selects the oper-
ational mode of the HESS agent with respect to the SOC of
SC.

∙ The PV agent receives the demanded power (i.e. Pload ) from
the load and SOC value of the BESS (i.e. SOCb) from
the HESS agent. The PV supervisory controller selects the
operational mode of the PV with respect to available solar
irradiance power (i.e. Pir ) and SOCb to avoid over charg-
ing of the BESS as well as ensuring the reliability of the
system.

∙ The load module receives the SOC value of BESS (i.e. SOCb)
from the HESS agent. This value is then used by the load
supervisory controller to avoid BESS SOC violation and
ensure the stability of the MG.

The following subsections represent the designed control
and management system as well as the automaton model
of the agents. First, an active compensation filtering tech-
nique is proposed that increases the system efficiency with-
out increasing the computational complexity of charge control
system. Then, by modelling each agent in a hybrid automa-
ton framework, a distributed supervisory control technique will
be applied to ensure the safe and reliable operation of the
system.
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FIGURE 6 The proposed active compensation technique

4.1 Proposed active compensation
technique

4.1.1 Mathematical formulation and analytical
studies

SOC and the stored energy in an SC (i.e. ESC ) can be obtained
by Equations (7) and (8) as:

SOCSC (t ) =
1
Qn ∫t0

I ′SC dt + SOCSC (t0) (7)

ESC (t ) =
1
2
CV 2

SC
(t ) (8)

whereVSC and I ′
SC

are the input current and the voltage of the
SC from the SC side (see Figure 3). Qn andC are also the nom-

inal charge and capacitance of the SC. Knowing I ′
SC
= C

dVSC

dt
,

and using Equation (7), the SOC of an SC can be represented
as:

SOCSC (t ) =
C

Qn
VSC (t ) (9)

Thus, from Equations (8) and (9) one can obtain:

SOCSC ∝
√
ESC (10)

Therefore, by regulating the ESC in a certain range, one can
prevent SOC violation in SC. To this end, a compensating term
is added to filter that indirectly controls the SOC of the SC. The
compensator term is defined as:

IC = kp(Ere f − ESC (t )) − kd (
dESC

dt
) (11)

where kp and kd are the proportional and derivative terms of
the active compensator and Ere f is the reference signal for
ESC and it has a constant value (i.e. Ėre f = 0). Figure 6 shows
the conceptual model of the proposed active compensation
technique and its equivalent closed form model. Assuming the
filter is linear time invariant (LTI), Ib and ISC are obtained

as:

Ib(s) = GF (s)IHESS (s) − GF (s)IC (s) (12)

ISC (s) = (1 − GF (s))IHESS (s) + GF (s)IC (s) (13)

where IHESS = Ib + ISC andGF represents the transfer function
of the low-pass LTI filter. Therefore, if IC > 0 the input current
of the BESS decreases and that of SC increases to charge the SC
with a slight amount of low frequency components. Implement-
ing the proposed filtering technique with the conceptual model
in Figure 6 requires the computation of kp and kd using a trial-
and-error approach as well as measuring ESC which may not
be feasible. To avoid this, the discussed approach can be imple-
mented in a closed form as follows. To this end, ESC is defined
as:

ESC = ∫
t0

VdcISC dt + E (t0) (14)

Using Equation (14), the compensator term can be represented
as:

IC = kp(Ere f − ∫
t0

VdcISC dt − E (t0)) − kd (VdcISC ) (15)

Knowing Ere f has a constant value, the compensator term is
obtained in the frequency domain as:

IC (s) = −GC (s)ISC (s) +
kpΔE

s
(16)

where ΔE = Ere f − E (t0) and GC (s) is the transfer function of
the active compensator which is defined as:

GC (s) =
k′ ps + k′i

s
(17)

where k′
i
= kpVdc and k

′
p = kdVdc . Using Equation (16), Equa-

tion (12) can be reformulated as:

Ib(s) = GF (s)IHESS (s) + GC (s)GF (s)ISC (s) − kpGF (s)
ΔE

s
(18)

By replacing ISC with IHESS − Ib, and kpΔE = 𝛾, Equation
(18) can be represented in a closed form as:

Ib = G ′
F
(s)IHESS − G ′′

F
(s)
𝛾

s
(19)

where G ′
F
(s) and G ′′

F
(s) are defined as:

G ′
F
(s) =

GF + GCGF

1 + GCGF
(20)

G ′′
F
(s) =

GF

1 + GCGF
(21)
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Similarly, ISC can be represented in a closed form as:

ISC = (1 − G ′
F
(s))IHESS + G ′′

F
(s)
𝛾

s
(22)

Thus, the compensated filter is a multi-input-multi-output
(MIMO) LTI filter. Finally, using Equations (19) and (22) the
compensated filter is obtained as:

[
Ib(s)
ISC (s)

]
=

[
G ′

F (s) −G ′′
F (s)

1 − G ′
F (s) G ′′

F (s)

][
IHESS (s)

𝛾

s

]
(23)

Using Equations (7) to (10), 𝛾 can be also defined as:

𝛾 = 𝜌(SOCre f
2 − SOCSC

2(t0)) (24)

where 𝜌 is the charging coefficient defined as 𝜌 =

(k′iQ
2
n )∕(2VdcC ). Equation (24) shows that 𝛾 is a function

of the reference SOC (i.e. SOCre f ) as well as the initial SOC
value of the SC. This definition facilitates regulating the SOC
of SC when its initial value is different from the reference SOC.
It should be mentioned that to model the system in a hybrid

automaton framework and design the supervisory controller, it
is required to define the dynamics of the compensated filter in
the state space form. Here, assume that the original LPF is a
second order LTI filter defined as:

GF =
1

(𝛼s + 1)2
(25)

where 𝛼 is the filter coefficient. Using Equations (20) and (21),
the transfer functions of the filter with using active compensa-
tion technique is obtained as:

G ′
F
=

(1 + k′ p)s + k′i

𝛼2s3 + 2𝛼s2 + (1 + k′ p)s + k′i
(26)

G ′′
F
=

s

𝛼2s3 + 2𝛼s2 + (1 + k′ p)s + k′i
(27)

Using Equations (23), (26), and (27), the dynamics of the
compensated filter can be represented in the state space form
as: {

ẋF (t ) = AF xF (t ) + BF uF (t )
yF (t ) = CF xF (t ) +DF uF (t )

(28)

wherexF = [x1, x2, x3]
T ,uF (t ) = [IHESS , 𝛾], andyF (t ) =

[Ib, ISC ]
T . AF ,BF ,CF , and DF are also obtained as:

AF =

⎡⎢⎢⎣
0 0 −k′i∕𝛼

2

1 0 −(1 + k′ p)∕𝛼
2

0 1 −2∕𝛼

⎤⎥⎥⎦ (29)

BF =

[
k′i∕𝛼

2 (1 + k′ p)∕𝛼
2 0

0 −1∕𝛼2 0

]T
(30)

FIGURE 7 The performance of the proposed compensation technique
(ISC = IHESS − Ib). (a) Input current of the HESS and battery (b) SOC
variation of the SC

CF =

[
0 0 1
0 0 −1

]
(31)

DF =

[
0 0
1 0

]
(32)

The dynamical equation of the compensated filter repre-
sented in Equations (28) to (32) will be used later in Section 4.1.2
to analyse the performance of the proposed active compensa-
tion technique and in Section 4.2.1 to design the hybrid supervi-
sory controller of the HESS module. In addition, these equa-
tions show that the proposed active compensation technique
does not require any additional information or measurements
and it does not increase the computational complexity of the
charge control system making it suitable for real-time applica-
tions. While this method can be utilized for both non-linear and
linear filters, in the case of using an LTI filter, the closed form
formulation enables the system designer to select the parame-
ters of the filter in an analytical manner considering the dynamic
stability and the bandwidth of the filter.

4.1.2 Empirical analysis

Considering Equations (29) to (32), the performance of the
proposed active compensation technique is illustrated in Fig-
ure 7. The case study system is a SC with 4 s charge time and
30 kW nominal power and Vdc = 300V. The BESS also has
30 kW nominal power and 2 h charge time. The filter param-
eters are 𝛼 = 2, k′i = 0.12, k′p = 0.003, SOCre f = 0.5, and the
initial SOC of SC is 0.45 (i.e. SOCSC (t0) = 0.45). As seen, by
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defining 𝛾 using Equation (24), the compensated filter smoothly
charges the SC to increase its SOC to the reference value (i.e.
SOCre f = 0.5) after around 15 s. On the other hand, without
compensation technique the SOC of SC does not reach to the
desired point (i.e. SOCre f = 0.5). At t = 40 s, a sudden load
change happens. This load change imposes a high stress on
the HESS that charges the SC with ISC = IHESS − Ib during a
short time interval represented by T1 (see Figure 7(a)). The load
change results in SOC violation of the SC when there is no
active compensation. However, the active compensation tech-
nique generates an overshoot current during T2 interval that dis-
charges SC to prevent its SOC violation and regulates its SOC
to the reference value. Thus, the proposed active compensa-
tion technique lessens the SOC variation of the SC that reduces
the minimum required size of SC and increases the system effi-
ciency. It should be noted that the proposed technique can
have similar impact on the other types of linear and non-linear
filters.

4.2 Supervisory controllers

In the proposed rule-based approach, the supervisory control
system is designed to avoid SOC violation of the HESS compo-
nents (i.e. BESS and SC) while maintaining the balance between
generation and load. To reduce the computational complexity
and improve the scalability, the tasks of a centralized supervi-
sory control system are distributed among the PV, load, and
HESS agent. To this end, the HESS supervisory controller is
responsible for the efficient and reliable operation of HESS as
well as avoiding SOC violation of the SC. On the other hand,
avoiding BESS SOC violation is dedicated to the PV and load
supervisory controllers. In addition, the cooperation between
supervisory controllers ensures the balance between generation
and load in all operating modes. In what follows, the supervi-
sory controller of each agent and its hybrid automaton model
will be discussed.

4.2.1 HESS agent

To avoid SC SOC violation, a hybrid adaptive filtering tech-
nique is utilized in the HESS module. The filter is compen-
sated using the proposed technique in Section 4.1. Figure 8
shows the structure of the proposed hybrid adaptive filtering
technique. In this approach, if the SOC of SC exceeds a cer-
tain value, the bandwidth of the filter increases to lessen the
stress on the SC. To this end, the HESS supervisory controller
changes the dynamics of the filter by adjusting the filter param-
eters (i.e. 𝛼,k′p, andk

′
i
). In addition, it updates the value of 𝛾 and

specifies the initial states of the filter (i.e. xF (t0)) before switch-
ing to the new operational mode for regulating the SOC of the
SC as well as ensuring the stability of the system after switching
instances.
Figure 9 represents the state transition diagram of the hybrid

automaton model of the HESS agent wherexF = [x1, x2, x3]
T

is the continuous dynamics of the filter and uF = [IHESS ,𝛾]
T

FIGURE 8 The proposed hybrid adaptive filtering technique

FIGURE 9 State transition diagram of the hybrid automaton model of
the HESS agent

represents the inputs (see Equation (28)). This hybrid automa-
ton model shows the interaction between continuous-time
dynamics and discrete logic of the HESS agent.
To balance the power generation and load IHESS is defined as:

IHESS = Pnet∕Vdc = (PPV − Pload ) ∕Vdc (33)

where PPV is the photovoltaic power generation and Pload is the
load power. The state space parameters of the dynamical model
of the compensated filter in q1 and q2 or q3 operational modes
are respectively defined as:

{A,B,C ,D} = {AF ,BF ,CF ,DF }|k′ p=𝓁2,k′ i=𝓁1,𝛼=𝓁0 (34)

{
A′,B′,C ′,D′

}
= {AF ,BF ,CF ,DF }|k′ p=𝓁′2,k′ i=𝓁′1,𝛼=𝓁′0

(35)
whereAF ,BF ,CF , and DF are defined in Equations (29)–(32).
{𝓁0, 𝓁1, 𝓁2} also represent the filter parameters in q1 operat-
ing mode and {𝓁′0, 𝓁

′
1, 𝓁

′
2} are the filter parameters in q2and q3

modes. In Figure 9, e(i, j ) = {qi,g(i, j ), r(i, j ), q j } represents a transi-
tion from operational mode qi to q j . Table 1 shows the guard
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TABLE 1 Guard conditions of the HESS agents

Guard Expression Guard Expression

g(1,2) SOCSC > 0.7 g(1,3) SOCSC < 0.3

g(2,1) SOCSC ≤ 0.5 g(2,4) SOCSC > 0.8

g(3,1) SOCSC ≥ 0.5 g(3,5) SOCSC < 0.2

g(4,1) SOCSC ≤ 0.5 g(5,1) SOCSC ≥ 0.5

conditions (i.e. g(i, j )) of the supervisory controller. q1 represents
the normal operation of the HESS agent. Based on the discrete
logic of the HESS illustrated in Figure 9, the agent switches to
q2 or q3 operational modes when g(1,2) or g(1,3) are satisfied. (i.e.
SOCSC > 0.7 or SOCSC < 0.3). In these modes, the supervisory
controller changes the dynamics of the filter and increases the
filter bandwidth to reduce the stress on the SC module. If this
mode changing is not effective enough to control the SOC of
SC, the agent will switch to the SC recovery modes represented
by q4andq5 to protect the HESS’s devices. In these modes, the
supervisory controller deactivates the filter and SC is smoothly
charged or discharged by 20% of its nominal power. Once the
SOC of SC reaches to a predefined value, the filter switches back
to the normal operation.
In hybrid dynamical systems, the switching resets (or ini-

tialization) have a significant impact on the transient response
and stability of the system after switching instances [26]. In the
proposed hybrid filtering method, any transient current oscilla-
tion after switching instances can affect the performance of the
power smoothing filter by charging or discharging the SC. In
one hand, after switching to q2 operating mode (i.e. SOCSC >

0.7), to discharge the SC and return to normal operating mode
(i.e. SOCSC ≤ 0.5), it is required to send a negative transient cur-
rent to SC. Similarly, after switching to q3 mode, it is necessary
to send a positive transient current to SC, to charge it and switch
back to q1. On the other hand, when the HESS switches back
to normal operation a bump less transition (i.e. transition with
no current fluctuation) is needed to maintain the SOC of SC to
the reference value.
Assume a hybrid system that has a stable equilibrium at each

mode. If the initial states of this system in each discrete mode are
equal to their steady state value (i.e. equilibrium point) the sys-
tem will not experience any transient oscillation after switching
instances. Using Equations (29) to (32), the steady state values of
the filter dynamics (i.e. x∗

F
= [x∗1 , x

∗
2 , x

∗
3 ]

T ) in q j ∈ {q1, q2, q3}

operating mode can be obtained as:

ẋ∗
F
= 0 → x∗1 =

𝛾

𝛼2
j

, x∗2 =
2
𝛼 j

I ∗
HESS

, x∗3 = I ∗
HESS

(36)

where 𝛼 j is the filter coefficient in q j mode defined in Equa-
tions (29) to (32). Consequently, by properly defining the reset
maps, one can manage the transient current oscillations to reg-
ulate the SOC of SC and ensure the reliable operation of HESS
after switching instances. To this end, using Equations (24)

TABLE 2 Characteristics of the tested filters

Characteristics

Test cases Filters

Adjusting

𝜶,k′p,k
′
i

Resetting 𝜸

Resetting

xF (t0)

Case 1 Filter1 Off Off Off

Filter2 On Off On

Filter3 On On On

Case 2 Filter1 On On Off

Filter2 On On On

and (36), the reset maps (i.e. r (i, j ), j ∈ {1, 2, 3}) are defined
as:

r(i, j ) = {x1(t0) = 0, x2(t0) =
2

𝛼 j

x3(t
− ), x3(t0) = x3(t

− ),

𝛾(t0) = 𝜌 j (SOCre f
2 − SOCSC

2(t− ))}
(37)

where t− is the time when the transition is activated and t0 is
the time at which the transition is completed. 𝛼 j and 𝜌 j are
also the value of filter coefficient and charging coefficient (see
Equations (24)–(29)) at the new operational mode (i.e. q j ). With
this definition, when the system switches back to normal oper-
ation (i.e. q1), 𝛾 is updated to zero (i.e. 𝛾(t0) = 0). So, the initial
states of the filter become equal to their steady state value (i.e.
xF (t0) ≠ x∗

F
) and the HESS experiences a bump less transition

to q1. On the other hand, if the system switches to q2 or q3,
𝛾 will be updated to a negative or positive value, respectively.
Consequently, xF (t0) ≠ x∗

F
and the charge control system gen-

erates a transient current fluctuation that discharges/charges the
SC and regulates its SOC to the reference value (i.e. SOCre f ). It
should be mentioned that in SC recovery modes (i.e. q4, q5) the
filter is deactivated, so the initial states do not have any impact
on the outputs of the filter. Thus, r (i, j ), j ∈ {4, 5} are not
specified.
The impact of the switching resets on SOC regulation of the

SC as well as system’s stability has been studied in two test cases.
Table 2 represents the characteristics of the filters used in these
test cases. In both cases, the study system is like the study system
of the example in Section 4.1.2.
Case 1 highlights the performance of the proposed hybrid

adaptive filtering technique as well as the necessity of resetting
𝛾 after mode transitions. Figure 10 illustrates the performance
of the three tested filters in this test case with SOCSC (0) = 0.52
and SOCre f = 0.5. All the filters initially have a small negative
value for 𝛾 (i.e. 𝛾(0+ ) ≃ −1.6) to slightly discharge the SC and
regulate its SOC to the reference value. Then, a sudden load
change happens at t = 40 s. As seen, Filter 1 is not able to
respond to the load change and fails to maintain the SOC of
the SC within the allowable range (i.e. 0.2 < SOCSC < 0.8). On
the other hand, in Filter 2 and Filter 3, once the SOC of SC
exceeds 0.7 (at t− = 41.7 s), the supervisory controller increases
the bandwidth of the filter by switching to the q2 operational
mode at t0 = 41.7+s. Consequently, the SOC of the SC remains
in the allowable range for both filters. However, in Filter 2, 𝛾
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FIGURE 10 The performance of the filters in Case 1.
(𝓁0 = 2, 𝓁1 = 0.2, 𝓁2 = 0.01,𝓁′0 = 0.1,𝓁′1 = 0.5, 𝓁′2 = 0.005) (a) Input current
of the HESS and battery (b) SOC variation of the SC

is not updated (i.e. 𝛾(41.7− ) = 𝛾(41.7+ ) ≃ −1.6) and the SOC
of SC remains equal to 0.7. So, the HESS agent is locked in q2
operational mode and it cannot switch back to normal opera-
tion. On the other hand, Filter 3 discharges SC by updating 𝛾
to a larger negative value when it switches to q2 (i.e. 𝛾(41.7

− ) ≃
−1.6, 𝛾(41.7+ ) ≃ −48). Thus, it regulates the SOC of SC to the
reference value and switches back to q1 at t0 = 51.5+s. In addi-
tion, at t0 = 51.5+s, Filter 3 pushes 𝛾 to zero (i.e. 𝛾(51.5+ ) = 0)
to ensure a bump less transition to q1. Similarly, if the system
switches toq3, 𝛾 will be updated to a positive value that results in
charging the SC. Here, resetting 𝛾 to a positive/negative value
is like intentionally generating an overshoot current (see Fig-
ure 10(a)) that charges/discharges the SC to regulate its SOC to
the reference value. It should be noted that in all the operating
modes the input current of the SC is equal to difference between
HESS and BESS current (i.e. ISC = IHESS − Ib). So, this over-
shoot current does not have any impact on the power balanc-
ing performance of the system and Equation (33) is always
satisfied.
Case 2 highlights the necessity of precisely resetting the initial

states (i.e. xF (t0)) to avoid unintentional transient current oscil-
lations after switching instances. In this test case, the first HESS
agent employs a typical gain scheduling adaptive filter (i.e. Fil-
ter 1). This filter maintains its previous states as the initial val-
ues for the new operational mode (i.e. xF (t0) = xF (t

− )). On the
other hand, the second agent is designed based on the proposed
hybrid adaptive approach (i.e. Filter 2) and it resets the initial val-
ues using Equation (37) before completing the transitions. The
performance of the two tested filters is illustrated in Figure 11.

FIGURE 11 The performance of the filters in Case 2.
(𝓁0 = 2, 𝓁1 = 0.2, 𝓁2 = 0.01 𝓁′0 = 0.1, 𝓁′1 = 0.5, 𝓁′2 = 0.005) (a) Input
current of the HESS and battery (b) SOC variation of the SC

In this test case a sudden load change happens at t = 40 s.
Consequently, to avoid SOC violation, both filters switch to
q2operational mode at t0 = 42.8+s and increase their band-
width. In addition, both HESS agents update 𝛾 before com-
pleting the transition (i.e. 𝛾(42.8+ ) ≃ −48) to regulate the SOC
of the SC to the reference value (i.e.SOCre f = 0.5 Then, the
guard condition g(1,2) is satisfied at t

− = 51.8 s and both HESSs
switch to the normal operation and update 𝛾 (i.e. 𝛾(51.8+ ) ≃ 0).
However, the first HESS that uses Filter 1 experiences a signif-
icant uncontrolled current fluctuation after switching back to
normal operation (i.e. q1). This current fluctuation is beyond
the nominal value of the BESS current, and it may damage or
destabilize the system. In addition, it charges SC again and the
HESS switches back to the q2 at t0 = 52.4+s to avoid SC SOC
violation. Consequently, this agent cannot switch back to the
normal operation to smooth the input current of the BESS.
However, by defining the switching resets as Equation (37) one
can eliminate the uncontrolled current fluctuation after switch-
ing instances.
In conclusion, if the SOC of SC violates a certain range

(i.e. SOCSC > 0.7 or SOCSC < 0.3), the HESS agent switches
to q1 or q3 operational modes. Once the agent switches to these
modes, the charge control system generates a controlled tran-
sient current to regulate the SOC of SC to the reference value
(i.e. SOCre f = 0.5). Then, once the SOC of SC reaches to its ref-
erence value, the HESS switches back to q1 operational mode.
Then, the HESS experiences a bump less transition (i.e. transi-
tion with no current oscillation) to maintain the SOC of SC to
the reference value. The proposed supervisory control approach
is achieved by modelling and analysing the system behaviour
in a standard hybrid dynamical framework (i.e. a hybrid
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FIGURE 12 State transition diagram of the automaton model of the PV
module

automaton) as well as properly defining the guard conditions
and reset maps.

4.2.2 PV and load agents

The PV and load energy management systems are designed with
respects to the following operational constraints:

∙ The SOC of BESS must vary within a predefined range (i.e.
0.2 < SOCb < 0.8). Otherwise, the BESS will be damaged.

∙ The PV/HESS system must always deliver the demanded
power by load to the upstream grid (i.e. AC MG). So, any
imbalance between the PV power generation and load is
stored/supplied by the HESS.

∙ The loads, in the upstream grid, are classified into critical
(i.e.Pc ) and non-critical loads (i.e. Pn). During the normal
operation of the system, the PV/HESS supplies the total
demanded power by the critical and non-critical loads (i.e.
Pload = Pc + Pn).

∙ To avoid discharging of the BESS as well as maintaining the
balance between generation and load, the load management
system can disconnect a portion of the loads. Knowing the
fact that the critical loads have higher priority, the non-critical
load are disconnected first in load shedding actions.

∙ To avoid overcharging of the BESS while maintaining the bal-
ance between the generation and load, the PV power genera-
tion must be cut down if the SOC of the BESS reaches to its
maximum allowable value. Otherwise, the BESS will be dam-
aged or there will be an imbalance between the generation
and load.

∙ The PV system should be disconnected if the available solar
irradiance power is lower than a threshold value (i.e. Pir <
Pmin).

Considering the above operational constraints, a rule-based
EMS is designed for each of the load and PV agent. The
logic of the PV agent is represented by an automaton illus-
trated in Figure 12. The PV agent has three operational modes,
including maximum power point tracking (MPPT), load fol-
lowing, and idle modes. The system is initially in MPPT mode
(i.e. q1 and PPV = PMPPT ). If the SOC of BESS reaches to

FIGURE 13 State transition diagram of the automaton model of the load
agent

its maximum value (i.e. SOCb > 0.8), to avoid overcharging of
the battery, PV reduces its power generation and switches to
the load following mode (i.e. PPV = Pload < PMPPT ). In addi-
tion, if the available solar irradiance power is less than the
threshold value (i.e. Pir < Pmin) the PV switches to the idle
mode.
Figure 13 shows the automaton model of the load module.

This agent has three operational modes including full load, load
shedding, and system recovery modes. When the SOC of BESS
decreases from a saturation value (i.e. SOCb < 0.25), the load
module switches to the load shedding operational mode by dis-
connecting the non-critical loads. If this load shedding action is
not sufficient to increase the SOC of BESS, the system will be
forced to switch to the recovery mode by disconnecting all the
loads. This action is necessary to maintain the stability of sys-
tem and protect the system’s devices. The load module switches
back to the full load mode if the SOC of BESS exceeds 0.3 (i.e.
SOCb ≥ 0.3).
Knowing that load shedding or PV power curtailment is

costly, optimal sizing of the PV/HESS is necessary to lessen the
likelihood of load shedding actions and PV power reduction.
In general, optimal sizing of the PV/HESS requires long-term
planning which is out of scope of this paper. Here, it is assumed
that the PV/HESS is efficiently sized. So, the PV power curtail-
ment or load shedding actions would be infrequent during the
long-term operation of the system.
In this paper, PV, load, and HESS agents have asynchronous

mode transitions. As discussed in Section 2, utilizing a dis-
tributed approach for designing the supervisory control system
can reduce the computational complexity compared to an
equivalent centralized structure. In the proposed distributed
supervisory control approach the HESS agent has five opera-
tional modes. PV and load modules also have three operational
modes. Thus, the total number of discrete modes is equal to the
summation of the operational modes, i.e. eleven. On the other
hand, to design an equivalent centralized supervisory controller
using the hybrid automata with sequential logic, it is required to
define 5 × 7 discrete modes and identify the transitions among
them that can be a tedious task. In addition, any change (e.g.
adding new devices) to the system requires a significant recon-
figuration of the centralized controller. Therefore, the proposed
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FIGURE 14 Power sharing and battery SOC balancing performance of
the PV/HESS system. (a) Generation and load power (b) SOC of BESS

distributed strategy reduces the computational complexity of
the supervisory control system and increases its scalability.

5 SIMULATION RESULTS

This section analyses the performance of proposed distributed
rule-based supervisory control and power management system
in mid-term operation of the system using MATLAB/Simulink.
To this end, an unplanned situation has been simulated in
which the BESS can be overcharged due to the excess of
PV power generation. The BESS nominal power and energy
is 30 kW/60 kWh. The SC has also 30 kW nominal power
and 4 s of charge time. The PV and load module have 30
kW nominal power and the voltage of PCC, Vdc , is equal to
300 V. The filter parameters are defined based on Equations
(34) and (35) as 𝓁0 = 4, 𝓁1 = 0.04, 𝓁2 = 0.004, 𝓁′0 = 0.5, 𝓁′1 =
0.5, and𝓁′2 = 0.05.

5.1 Power balancing and power smoothing
performance of the proposed technique

Figure 14 represents the battery SOC control and power bal-
ancing performance of the system. Initially, the PV module is in
the MPPT mode and BESS’s SOC is 0.52 (i.e. SOCb(0) = 0.52).
Then, the SOC of BESS reaches to its maximum allowable value
(i.e. SOCmax = 0.8) at t = 6507 s. At this time, the guard condi-
tion g(1,2) ∶ SOCb ≥ 0.8 is satisfied (see Figure 12) and the PV
agent switches to the load following mode (i.e. PPV ≃ Pload <

PMPPT ). Consequently, the net power becomes zero (i.e. Pnet =
PPV − Pload ≃ 0) and the SOC of BESS remains the same value.
During this time (i.e. t ∈ T1), the available solar power gradually

FIGURE 15 Input current of the HESS module

FIGURE 16 SOC variation of SC (proposed approach).qi is the
associated region with each operational mode of the HESS

decreases while that of load demand increases. At t = 11450 s,
the demanded power becomes more than the maximum power
generation of the PV module (i.e. Pload > PMPPT ). So, the PV
switches to the MPPT mode and the BESS releases power to
maintain the balance between generation and load.
Figure 15 illustrates the input current of the HESS

module (i.e. IHESS and Ib). The power smoothing filter
charges/discharges the BESS with low-frequency components
of the net power. As seen, when the PV is in load following
mode (i.e. t ∈ T1), the input current of the HESS is approxi-
mately zero.
The SOC variation of the SC module of the HESS is illus-

trated in Figure 16. As seen, when the PV switches to the load
following mode at t = 6507 s the input current of the HESS
suddenly changes. As a result, the SC is discharged at t = 6509 s
and the guard condition g(1,3) ∶ SOCSC < 0.3 is satisfied. So, the
system switches to the q

3
mode to avoid SC SOC violation.

Similarly, there are four additional switching instances (i.e. t =
513 s, t = 2680 s, t = 12, 586 s, and t = 15, 300 s) in which
the HESS switches to the q3 operating mode to avoid SC SOC
violation. Consequently, the SOC of SC always remains in the
allowable range during the simulation interval. Before switch-
ing to q3, the BESS generates an overshoot current (see Fig-
ure 10(a)) to regulate the SOC of SC to the reference value (i.e.
SOCre f = 0.5). These generated overshoot currents at switch-
ing instances are annotated in Figure 16. It should be noted that
the input current of SC is always equal to difference between
HESS and BESS currents (i.e. ISC = IHESS − Ib), consequently,
the SC absorbs these transient currents which satisfies Equa-
tion (33). In another word, charging or discharging the SC by
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FIGURE 17 SOC variation of SC in the conventional rule-based method
proposed in [25]

TABLE 3 Comparative analysis

Power management strategy

Factors Proposed approach Conventional approach in [25]

NSI 5 96

SBCV 274 301

the BESS does not affect the power balancing performance of
the PV/HESS system.

5.2 Comparative analysis

This section compares the performance of the proposed tech-
nique with a conventional rule-based power management sys-
tem presented in [25]. To this end, the performances of both
power management techniques are compared considering the
two following factors.

∙ Number of Switching Instances (NSI),
∙ Sum of the BESS Current Variation (SBCV).

NSI value represents the number of instances that the fil-
ter is deactivated/relaxed to avoid SC SOC violation. Knowing
the fact that switching instances may cause some small transient
oscillations on the DC bus voltage, the lower NSI value repre-
sents a better performance for the system. SBCV is also defined
as:

SBCV =

K∑
k=K0

|Ib (kTs ) − Ib (kTs − Ts )| (38)

where Ts = 30ms is the sampling time and t = [K0Ts ,KTs] is
the simulation interval. Thus, the lower BESS current variation
results in lower SBCV that shows a better power smoothing per-
formance of the system. Figure 17 shows the SC SOC variation
of the conventional rule-based approach for the test case sce-
nario defined in Section 5.1.
A comparison between these two approaches has been pro-

vided in Table 3. In the conventional rule-based technique, there
is no active compensation which results in higher SOC variation

for the same size of the SC compared to the proposed approach
(see Figure 17). Consequently, the power smoothing filter is fre-
quently deactivated to avoid SC SOC violation. In this case, the
number of switching instances during the simulation interval
(i.e. NSI value) is 96. However, the NSI value for the proposed
approach is 5. In addition, by frequently deactivating the filter
(i.e. Ib = IHESS , ISC = 0) more of high frequency components
of the HESS current are allocated to the BESS that results in
higher SBCV value for the conventional rule-based approach.
In this case, the SBCV value is 301 while SBCV value is 274
for the proposed approach. Thus, the proposed approach sig-
nificantly reduces the number of switching instance (i.e. NSI
value) and slightly lessens (i.e. by around 9%) the SBCV value
that highlights the better performance of the proposed power
management technique.

6 DISCUSSION

This research mainly focuses on improving the performance
and the efficiency of the power smoothing filter as well as reduc-
ing the computational complexity of the energy management
system. So, without loss of generality, a relatively simple model
for the PV and load module is considered. However, because
of the scalability and distributed architecture of the proposed
approach, one can easily add more details (e.g. more operational
constraints) to the PV and load models without changing or
adjusting the logic or continuous-time dynamics of the HESS
agent.
Moreover, it is assumed that the HESS operates as a grid fol-

lowing unit. Then, knowing that the power management sys-
tem has by far slower dynamics, the dynamics of low-level con-
trollers and power electronic converters are neglected. Com-
pared to the conventional rule-based methods, the proposed
approach adjusts the bandwidth of the filter to avoid SC SOC
violation instead of fully deactivating the filter. The authors
believe that this feature may have additional advantages such
as improving the dynamic stability and transient response of
the system compared to conventional methods if the HESS
operates as a grid forming unit in an islanded DC MG. Thus,
the future research direction will be on developing a detailed
dynamic model of the system to investigate the impact of this
technique on the dynamic stability of an islanded DC MG if the
HESS operates as a grid forming unit.

7 CONCLUSION

In this paper, a distributed rule-based supervisory control and
power management technique in a PV/HESS system is pre-
sented. The case study system consists of a PV, a load, and a
HESS that contains a BESS and a SC. Each module is an intel-
ligent agent that can react to the environment by changing its
dynamical behaviour and/or operational mode. First, an active
compensation filtering technique is proposed that improves the
system’s efficiency by controlling the SOC variation of the SC.
Then, to design the distributed supervisory control system, the
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hybrid automaton modelling approach is employed. The pro-
posed hybrid modelling framework facilitates designing a hybrid
adaptive filter for the HESS agent that can manage the current
oscillations after switching instances. The distributed supervi-
sory control approach provides efficient the reliable operation
of PV/HESS system by preventing the SCs and BESSs from
SOC violation. In addition, the proposed distributed power
management technique reduces the computational complexity
of the supervisory control system compared to its equivalent
centralized method. Finally, the performance of the proposed
rule-based power management strategy is verified by simulating
the PV/HESS system in MATLAB/Simulink.
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Nomenclature

C Capacitance of the SC
ESC Stored energy in SC
Ib BESS input current from the DC bus side
IC Compensation current

IHESS HESS input current
Iload Load input current from the DC bus side
IPV PV output current from DC bus side
ISC SC input current from the DC bus side
I ′
b

BESS input current from the battery side
I ′
PV

PV output current from the PV panel side
I ′
SC

SC input current from the SC side
kd Derivative gain of the active compensator in the con-

ceptual model.
kp Proportional gain of the active compensator in the

conceptual model.
k′i Integral gain of the active compensator
k′p Proportional gain of the active compensator in closed

form model
Pc Demanded power by critical loads

PHESS HESS power
Pir Available solar irradiance power

Pload Load power demand
Pn Demanded power by non-critical loads
Pnet Net power
Pmin Threshold value for PV power generation
PPV Photovoltaic power generation
Qn Nominal charge capacity of the SC

SOCb State of charge of the battery
SOCre f Reference state of charge of the SC
SOCSC State of charge of the SC

Vdc Voltage of the DC bus
VPV Terminal voltage of the PV panels
VSC SC’s terminal voltage
𝛼 Filter coefficient
𝜌 Charging coefficient of the SC

BESS Battery energy storage system
EMS Energy management system
ESS Energy storage system

FSA Finite state automata
FSM Finite state machines
HESS Hybrid energy storage
LLC Low-level controllers
LPF Low-pass filter
MG Microgrid
NSI Number of switching instances

SBCV Sum of BESS current variation
SC Supercapacitor

SOC State of charge
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