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Abstract: This study investigates the potential application of Stateflow (SF) to design an energy
management strategy (EMS) for a renewable-based hybrid energy system (HES). The SF is an
extended finite state machine; it provides a platform to design, model, and execute complex event-
driven systems using an interactive graphical environment. The HES comprises photovoltaics
(PV), energy storage units (ESU) and a diesel generator (Gen), integrated with the power grid that
experiences a regular load shedding condition (scheduled power outages). The EMS optimizes the
energy production and utilization during both modes of HES operation, i.e., grid-connected mode
and the islanded mode. For islanded operation mode, a resilient power delivery is ensured when the
system is subjected to intermittent renewable supply and grid vulnerability. The contributions of
this paper are twofold: first is to propose an integrated framework of HES to address the problem of
load shedding, and second is to design and implement a resilient EMS in the SF environment. The
validation of the proposed EMS demonstrates its feasibility to serve the load for various operating
scenarios. The latter include operations under seasonal variation, abnormal weather conditions,
and different load shedding patterns. The simulation results reveal that the proposed EMS not
only ensures uninterrupted power supply during load shedding but also reduces grid burden by
maximizing the use of PV energy. In addition, the SF-based adopted methodology is envisaged to be
a useful alternative to the popular design method using the conventional software tools, particularly
for event-driven systems.

Keywords: Stateflow; finite state machine; photovoltaic; energy storage; load shedding; renewable-
based hybrid energy system

1. Introduction

Distributed power generation technologies are becoming popular to combat the prob-
lem of frequent outages. In addition to this, they minimize adverse environmental impacts,
reduce or eliminate the losses and costs associated with the transmission and distribution
lines, decrease the planning and construction time, and reduce the reliance on the grid.
In this regard, various set-ups of renewable energy sources (RES) have been installed
according to the localized availability of renewable energy. Among the RES, the PV power
system is globally recognized as the most promising due to its abundance and environment-
friendly nature. The PV system is simple to install, low in maintenance, quiet, and does
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not require fuel to sustain its operation [1]. However, weather-dependent variations and
the intermittency of the sun have become a hindrance for PV to become a fully dependable
distributed power generator. Under these circumstances, the integration of battery banks
becomes essential to improve the reliability of such systems [2]. In most cases, the backup
generators are also used to increase the availability and resiliency of the system [3]. These
systems are called HES as they combine both renewable and non-renewable energy sources.

Furthermore, the innovative concept of hybridization capitalizes on the benefits of the
conventional and non-conventional (RES) sources [4]. The HES can operate in standalone
mode (for supplying electricity to remote areas) or in a grid-connected mode (for supplying
electricity to communities where the grid is readily available) [5,6].

To achieve an efficient and stable operation of HES, an effective energy management
system is needed. Its primary function is to manage the energy production and utilization
such that uninterrupted power flow from various sources to the load is ensured. In
addition, other objectives, such as reducing the system cost, optimizing the usage of the
HES components, and maximizing the efficiency, may be set according to the localized
requirements [7]. Several research works dedicated to energy management strategies of
HES have been published, with a few of them focusing on ensuring the power balance
and the demand satisfaction [6–8]. However, the control strategies for the grid-connected
system differs from the off-grid system. Depending on the system configuration, the
off-grid system needs to have sufficient storage capacity to handle power variations from
the alternative energy sources [9]. The storage (battery, hydrogen) absorbs the transients
and allows the power balance to be maintained by remaining between the minimum and
maximum state of charge (SOC) limits. The diesel generator (if incorporated) works as a
tertiary backup to operate in the worst-case scenarios. Such systems can be considered
as microgrids with their own generation sources and loads, as well as power electronic
interfaces to control voltage and frequency and ensure proper load sharing among its
sources. Conversely, for the grid-connected system, there is no need for battery storage
systems or their capacity can be smaller as the grid can be used as a system backup [9].
The grid, being the active part of the system, maintains the power balance by supplying or
absorbing energy. Ideally, grid-connected configurations allow more flexibility and energy
security than off-grid configurations. However, the system becomes more vulnerable if the
grid is weak and subjected to load shedding—a condition whereby the utility disconnects
the electricity supply to specific customers on a time-sharing basis. The load shedding is
commonly used in countries or regions in which the supply of electricity is inadequate [10].
These scheduled disruptions can complicate the HES control because the system has
to undergo frequent transitions between different operating modes to sustain the load
demand. Adding to the complexity of the problem is coping with the intermittency of PV
power, the need to maintain the level of the state of charge of the ESU within the acceptable
limit, and to minimize the fuel consumption of the generators.

Despite many studies for the grid-connected system [6,11], limited research has been
done on load shedding. For instance, the optimal power dispatch in solar assisted uninter-
ruptible power supply systems for residential application is investigated in [10,12]. Both
research works, however, focused toward the feasibility of the designed system in terms
of costs. Furthermore, the energy management scheme is proposed for hospital buildings
in Gaza that experience frequent grid outages [13]. Authors in this work consider the
hypothetical scenarios of grid outage; further, their EMS did not analyze the performance
of the system at nighttime, i.e., during the absence of PV power. Recently, another research
work analyzed the control operation of a microgrid with a PV and diesel generator backup
system under the time-of-use (TOU) tariff policy [8]. The case study was performed for a
university campus in Kenya, and the performance of the proposed system was investigated
under a grid black-out scenario. This work presents a good analysis of the instantaneous
response of energy resources during a grid outage. However, in this control operation, the
recurring scenario of load shedding is not analyzed. In addition, their design does not
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include the battery storage system; thus, the charging and discharging behavior during
operation cannot be noticed.

The main objective of the above studies is to obtain uninterrupted continuity of the
power supply, which is also the main aim of this work; however, the EMS introduced in
this paper stands out from other studies as it considers an additional constraint in the form
of actual load shedding schedule. The paper advances the EMS design by implementing
the proposed control using SF, which has not been reported before. Modeling the EMS
using SF has many advantages in terms of reducing the complexity and simplifying the
control tasks, providing a better understanding of the HES operation, and increasing the
ability to reconfigure operating conditions and accommodate new subsystems at any stage.
Hence, it makes a good case study of how supply and demand might be balanced on
an hour-by-hour basis and grid stability maintained by taking the benefit from the SFs’
inherent ability to simulate the event-driven system. The main contributions of this paper
are twofold: first, the design of an integrated framework of HES to address the problem
of load shedding, and second, the implementation of the EMS in the SF environment and
observation of the resiliency of HES using annual data of an actual load shedding schedule
and the weather profile (temperature, irradiance) of the studied location.

The paper is organized as follows. Section 2 introduces the architecture of the proposed
HES used in the test case. It also outlines the hierarchical control objectives implemented
through different levels in a hierarchy. Then, the main concepts pertaining to the SF are
explained using a simple example. The implementation of the proposed EMS in an SF
environment is explained in detail. The modeling methods and the specification of HES
components, along with a description of location of the area, is described in Section 3.
The case study is based on the load shedding condition imposed on a locality in the
city of Quetta, Pakistan. The sun irradiance data are also obtained from the same area.
Section 4 demonstrates the operation of HES based on several modes of operation, in an
SF environment. Accordingly, the results and discussion part are presented in Section 5.
Finally, Section 6 concludes the paper.

2. The HES Architecture and Modeling in Stateflow

In general, the HES operations are realized through different levels of control hier-
archy [5,14,15]. The hierarchical structures can be classified into three levels: primary,
secondary, and tertiary, as depicted in Figure 1. The primary control, which is the lowest
level, is responsible for updating the values of the current, voltage, and frequency of the
system. The most common example for HES is the V–I droop control [16]. On the other
hand, the tertiary control (the highest level) is utilized to ensure optimal operation of the
HES over a much longer term. Its fundamental role is to manage the energy flow among
the sources of the HES and utility grid in order to achieve certain designed objectives,
such as load scheduling, energy management, and optimization. The secondary level
control is intermediate between the two. It mainly focuses on power flow coordination and
restoration of the voltages of the dc bus to the nominal value. In addition to the control
tasks, it must be emphasized that in the literature, the expressions “power management”
and the “energy management” are distinct from each other in terms of time scales [5]. The
key parameters in primary control are the instantaneous values of the electrical parameters.
To achieve a meaningful response, its control strategies require very small control sampling
time, i.e., from tens of micro to milliseconds [17]. For the tertiary level, since the evaluation
of the objectives is long-term, the typical sampling time can be in minutes or hours. The
scope of this work is oriented towards tertiary control. Various research works dedicated
to tertiary control are reported in [7,18,19].
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Figure 1. Hierarchical control levels of a hybrid energy system.

2.1. The HES Structure

The structure of the proposed HES is presented in Figure 2. It consists of a photovoltaic
(PV) array, energy storage unit (ESU), and diesel generator (Gen). These components are
connected to the utility grid at the distribution feeder. The grid is assumed to be incapable
of satisfying the load demand throughout the day; thus, during the absence of grid power,
the PV, ESU, and Gen support is expected. Structural-wise, the PV array is connected
to a DC bus by means of a unidirectional DC–DC converter with the maximum power
point tracking (MPPT) control. The ESU is constructed using Li-ion battery banks and is
connected to the DC bus via a bi-directional DC–DC converter. Thus, the energy flow for
the ESU is in both directions. The utility grid, community load, and generator are directly
connected to the AC bus. The AC and DC sources are interfaced through one bidirectional
inverter. This topology reduces the cost of integration of HES’s components [20]. To
maintain the power balance of HES, a central controller with an embedded EMS is used.
Due to the centralized control, the controller requires global information to fulfill the energy
management needs; thus, the communication infrastructure needs to be established [21].

Figure 2. Architecture of the proposed HES.
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If P−Load (t) is the hourly load demand of the system, in order to maintain the power
balance of the system P−HES(t) = P−Load(t),

P−HES(t) = P−Grid(t) + P−PV(t) + P−ESU(t) + P−Gen(t) (1)

Here, P−HES(t) is the hourly net output power of HES. The P−Grid(t), P−PV(t),
P−ESU(t), and P−Gen(t) are the hourly power supplied by grid, PV, ESU, and diesel
generators, respectively, according to the devised EMS.

2.2. The Stateflow (SF)

The SF is an add-on program for MATLAB and is explicitly linked to Simulink [22]. It
is best used to mimic and simulate event-driven systems. SF is well suited for a reactive
system, where multiple subsystems respond to the events happening in their surroundings
while remaining aware of each other operations. It provides a graphical editor on which
the objects are dragged from the design palette to create an extended finite state machine
(FSM) function. Further, SF simplifies the system modeling and accommodates more
complex logic by adding hierarchy, parallelism, events, actions, history, and truth tables,
etc. These important extensions and flexible syntax increase the usefulness of SF to model
the behavior of a complex system. Moreover, the excellent GUI guarantees strong evidence
about the consistency, correctness, and completeness of system behavior [23]. To illustrate
the concepts of SF, a simple example of a common compact disc (CD) player is shown in
Figure 3.

Figure 3. Illustration of common compact disk player’s operation using SF.

The root for execution of the SF model is called the SF chart. It holds a mixture of
data, state, and transition diagrams that characterize an operation. The chart interacts with
MATLAB/Simulink through input and output ports. The basic object in a chart is called a
state. The state can be active (on) or inactive (off); an active state implies a state activity
due to event execution or fulfillment of certain conditions. For the CD player example, the
Switch_on is active when the condition for transition (CFT), i.e., Power = 1, is met. During
execution, an active state is denoted by a blue-lined rectangular. Moreover, several states
can be activated simultaneously, which means multiple events can take place at one time.
This is illustrated by Switch_on, Play_mode, and Track2, which are all running in parallel.
Since SF is organized hierarchically, each state is allowed to have a number of sub-states.
The top level of the hierarchy is called a super-state, while the inner states are termed as
parent- or child-state. The execution order of a parent–child state is based on two rules:
(1) the child state is executed only after the parent is activated, and (2) the parent completes
its execution only after all its child states have been evaluated. All states can have two
types of decomposition, i.e., exclusive (OR) or parallel (AND). The OR decomposition



Appl. Sci. 2021, 11, 4601 6 of 24

means that only one child state can be active at a time. In contrast, for AND, all child states
are active at the same time. The states with AND and OR compositions are indicated by
dashed and solid borders, respectively.

In the given example, CD_Player is the super-state. It has two child states, namely
Switch_on and Switch_off. Further, Switch_on is the parent of two child states, i.e.,
Stop_mode and Play_mode. Going down the hierarchy, Play_mode has three child states:
Track1, Track2, and Track3. They are in a mutually OR relationship. The symbol H is the
history function; it maintains the previous setting/record of Switch_on state in case of
sudden interruption. The input/output data are variables that record the values used by
the chart. In the given example, Power and Play are the input data read from Simulink
through its input ports. Similarly, Track is the output of the SF execution and is passed to
Simulink once the operations are completed. The state labels denote the state identifier. It
has three optional types of actions. First, the entry actions are executed upon entering the
state. In our example, the state Track1, for instance, has an entry action that consists of
assigning the value 1 to the variable Track. Second, “during” actions take place when the
state is active and there is no valid outgoing transition. The “during” action can be seen in
the state Play_mode, where the counter is used to increment the value of variable i. Third,
the exit actions are performed when the state is exited. The transition represents a passage
between two nodes that can be states or junctions. The transition label characterizes the
circumstances under which the system moves from the source to the destination. The label
has a format such as E[CFT] {CA}/{TA}, where E is an event that causes the transition to
take place provided the CFT in the form of a Boolean expression is valid. The CA and TA
are the conditions action and transition action, respectively, which can be the assignment or
event broadcast. The CA is executed when CFT evaluates to true, while the TA is executed
when the destination state is determined to be valid and the CFT is true. However, all these
elements are optional.

2.3. Implementing EMS Using STATEFLOW

The EMS controls the energy flow among different sources, i.e., PV, ESU, and Gen, with
the load. Its objective is to maintain the power balance while satisfying load demand under
the operational constraints of the system. In this particular study, the EMS is designed to
accomplish two main tasks: (1) to ensure uninterrupted supply of electricity in the presence
of load shedding, and (2) to optimize the utilization of available energy generated from
both renewable and conventional sources. The HES can be modeled in SF where the states
represent different modes of operation for HES. The HES switches between these states
according to the predefined operating conditions of the EMS. Figure 4 shows the SF chart
for the HES operation.

Figure 4. The HES operation in SF.
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The variables P_Grid, P_PV, and P_Load are inputs to the chart, while the ESU power
(P_ESU) is defined as local data in the super-state HES_Operation. It is based on SOC and
defined as the maximum power that ESU can constantly deliver for 1 h. Similarly, P_Gen is
defined in the Gen_Mode state as constant data. The term “h” represents the time-step and
is expressed in hours. At the output, Grid_Mode, PV_Mode, ESU_Mode, and Gen_Mode
track the energy transactions (for each time-step) among various parts of the system. The
variable SOCC represents the current SOC; it maintains the record of SOC for each hour.

The state diagram is hierarchical with both AND and OR compositions. The names of
the states suggest the operation of different units. The HES_Operation, which represents the
overall operation of HES, has OR composition with two child states: Grid_Connected_Mode
and Islanded_Mode. The former is the normal (default) operation, where the electrical grid
is expected to fulfill the entire load demand. On the other hand, the Islanded_Mode speci-
fies the operation using the alternative sources (PV, ESU, and Gen). This state is executed
when load shedding occurs. Further, Grid_Connected_Mode has AND composition of two
child-states, i.e., PV_Mode and the Grid_Mode, whereas the Islanded_Mode contains two
child states, RES_Mode and Gen_Mode, with OR composition.

The chart utilizes two types of transitions: inter-state and the intra-state. The inter-
state transition is prioritized; it changes the operation from Grid_Connected_Mode to
Islanded_Mode and vice versa (according to CFT). On the other hand, the intra-state
transition is evaluated if the inter-state transition is not executed. It has a temporal logic
operator (timer) to represent the for-loop construct. Table 1 describes the events and the
CFT for the HES_Operation state. Based on the hourly values of the available data, the
operating scenario is created for each time-step (hour) of the chart execution. Under
different operating scenarios, different operational modes of HES are activated. The
operating modes implemented using states can be seen in Figure 4.

Table 1. The parent–child relationship and the condition for transition (CFT) for HES_Operation.

State Condition for Transition (CFT) Description of Event

1. Grid_Connected_Mode Default transition,
P_Grid > 0 Electricity grid or PV supplies the load

2. Islanded_Mode P_Grid=0 Renewables (PV, ESU) or
generators supply the load

3. Modeling of HES Components

This section describes the mathematical modeling of different components of HES.
However, the major difference between this work and previously documented works [7,24,25]
is that the proposed HES incorporates the behavior of load shedding.

3.1. PV Cells

The output power of a PV is calculated using the single diode model [26]. The
PV output current depends on the input data in form of the irradiance (in W/m2) and
temperature (in ◦C). Figure 5 presents the single diode model of PV according to [27] while
the output current of PV is given by

IPV = ( (ISC−STC + ki (T − TSTC))
G

GSTC
)− I0

(
(e)(

VPV+IPV RS
VT

) − 1
)
−

(
VPV + IPV RS

RP

)
(2)

Here, ISC-STC represents short circuit current at standard test conditions (STC), ki is
the short circuit current coefficient given by the manufacturer, T is the temperature of
the module in Kelvin, TSTC represents the temperature at STC and is considered 298 ◦K,
whereas G refers to cell surface irradiance, GSTC is the irradiance at STC, which is equal to
1000 W/m2, VT = akT/q denotes thermal voltage, a is the ideality factor and ranges between
(1≤ a ≤ 2) [28], whereas q is the electron charge and is considered 1.602 10 −19 C, and K
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represents the Boltzmann constant taken as 1.381 × 10−23 J/K. The RS and RP represent
series and shunt resistances, respectively [29].

Figure 5. PV single diode circuit model.

Due to the transcendental nature of (2), the Newton–Raphson method is applied to
solve the equation iteratively by considering the output voltage (VPV) from 0 to VOC_STC.
Furthermore, the peak of the P–V curve is continuously tracked using the perturb and
observe (P&O) MPPT method [30]. The implementation of the P&O method using the SF is
given in Figure 6. The PV output power for a given G and T is calculated as Pmax = (Vmpp ×
IPV). Thus, the instantaneous output power of PV with N number of modules in the array
can be written as [31]

P_PV(t)= Pmax(t)× NPV (3)

The actual values of G and T are taken from data set for the Quetta region, which is
provided by [32]. Other PV parameters are taken from [33].

Figure 6. Stateflow chart implementation of the P&O algorithm.

3.2. The ESU

The charging and discharging process is controlled by estimating the SOC of batteries.
The model presented in [34] is used to calculate the SOC of ESU, i.e.,

SOC(t + 1) = SOC(t) + ηBat

(
Pbat(t)
Vbus

)
× ∆t (4)

where ηBat refers to battery efficiency and is assumed 100% for both the charging and
discharging process. Vbus denotes the voltage of a DC bus (480 V), and ∆t is the time
step set equal to 1 h. The Pbat represents the charging and discharging power of battery
according to its required (charging) and available (discharging) power, respectively. The
power required by ESU (P_ESU_Req) is the minimum amount of power that, if applied
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continuously, increases the state of charge of ESU from the initial to the upper limit (i.e.,
SOCU) in the time-step ∆t. The P_ESU_Req is given as

P_ESU_Req(t) =
(SOCU − SOC(t))× Cbat × Nbat

∆t
(5)

Likewise, the power available with ESU (P_ESU) is the maximum amount of power
that ESU can deliver continuously before reaching the lower limit (i.e., SOCL) in one
time-step. The P_ESU is given as

P_ESU(t) =
(SOC(t)− SOCL)× Cbat × Nbat

∆t
(6)

Here, Cbat is the nominal battery capacity for a single unit in kWh. Whereas, Nbat
represents the total number of batteries in the ESU. To ensure batteries durability, their
SOC should be confined within SOCU and SOCL. The SOCU and SOCL are set as 90% and
10%, respectively [35]. It means that the energy is stored in the ESU up to 90% of total rated
capacity (SOCU) to avoid overcharging. Similarly, ESU stops discharging when the SOC
level reaches 10% of its rated capacity (SOCL) to avoid over-discharging.

3.3. Generator

A split (two-tier) diesel generator system, as shown in Figure 7, is proposed; this is
against the commonly used single generator [36,37]. The reason is to allow the commitment
of generators to match the load demand at a specific instant, thus minimizing the fuel
consumption and net CO2 emission. Furthermore, this structure increases the reliability
and the redundancy of the system. The first generator, Gen1, is smaller in size (10 kW) as
compared to the second generator, Gen2 (20 kW). Gen1 will be turned on when the required
load demand is low. Accordingly, Gen2 will be started when the demand exceeds the
capacity of Gen1. In the case of peak demand, both generators will operate simultaneously.
For this research, the selection of an appropriate generator is performed by calling the
truth table function in the SF. It should be noted that the generators are only turned on
when there is a need to cover the energy deficit during load shedding intervals. This
condition applies when the PV and ESU are not able to meet the load demand. In general,
the power output of a generator can be expressed according to the rated power (Prated) and
its efficiency (ηGen).

P−Gen = Prated × ηGen (7)

Accordingly, the fuel consumption of the generator can be calculated using the follow-
ing formula.

FuelGen(t) = C1 × Prated + C2 × PGen(t) (8)

Here, C1 and C2 refer to the coefficients of the fuel consumption curve. Their values
are 0.246 and 0.08145, respectively [38]. While Prated and P_Gen represent the rated power
and the generated power of the generator (in kW), respectively. Since this research considers
two generators, the total power supplied by the generator system at time (t) is the sum of
the individual generator contribution. It can be expressed as

P− Gen (t) = αGen1 × P−Gen1 (t) + αGen2 × P−Gen2 (t) (9)

P_Gen1 and P_Gen2 represent the power supplied by the Gen1 and Gen2, respectively.
The values for power (P_Gen1, P_Gen2) and fuel consumption (FuelGen1, FuelGen2) of cor-
responding generators can be found through Equations (7) and (8), while α is a binary
variable that describes the state of the considered generator at a specific hour. In case the
Gen1 is working and Gen2 is not working at any hour, the corresponding values will be
αGen1 = 1 and αGen2 = 0, respectively. This research considers suitable diesel generators
from [39] to supply standby power in the proposed HES. Some technical parameters of the
main components of HES are presented in Table 2.
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Figure 7. Split generator system.

Table 2. Technical specifications of the HES components.

Component Parameter Values Units

PV Rated power
Efficiency

325
17.0

W
%

ESU Rated capacity
Efficiency

1800
100

kWh
%

Diesel generator (Gen1, Gen2) Rated power
Efficiency

10, 20
85.0

kW
%

3.4. Case Study

The specific case study concerns on the reliability and availability of electricity supply
in an area within Quetta City, a region in Baluchistan, Pakistan (30.1798◦ N, 66.9750◦ E).
The problem is unique because it incorporates the real-time load-shedding scenario that
requires intervention from the HES. The load shedding is a condition whereby the electricity
supply to a specific area is cut off to allow other areas to fulfill their electric power demand.
This is normally scheduled on an hourly basis by the national electric power regulatory
authority. The load shedding is necessary due to the acute inadequacy of power generation.
In the case of Quetta, the shedding is not expected to reduce in the near future as the
electricity demand is growing, while the supply is not coping at the same rate. Despite
these difficulties, this region has the tremendous potential of indigenous renewables,
particularly solar. Characteristics of high solar irradiance and moderate temperature of
Quetta make it an ideal candidate for PV generation. Furthermore, with the high tariff
imposed by the utility provider to the customer, a PV system is economically viable.
Furthermore, PV installation also has much faster construction times (18 to 24 months);
thus, the solution can be realized much earlier compared to building a large conventional
power plant.

To represent the behavior of load shedding, the supply from the utility is plotted in the
form of a unit step function [10]. Figure 8a shows the daily power supply schedule of a local
distribution feeder of Quetta city for one summer day (14 June 2020) [40]. The off states
(depicted on the x-axis) reflect shedding durations; on average, it is 5 h a day. However,
the schedule can differ for the summer and winter seasons. The average load demand
profile is required to estimate the amount of electricity being used by the community. In
this case study, a local load profile of a small residential community (with limited public
facilities) within Quetta city is considered [41]. Two load profiles are considered: one for
the summer season (March to August) and the other for the winter season (September to
February). The load curves showing the hourly load shape are given in Figure 8b. The
daily energy consumption for the summer and winter is 345 and 309 kWh, respectively.
The peak power usage is at 26.66 and 23.91 kW for both seasons. Further, the load curve
is categorized into two time zones, according to the Pakistan time-of-usage (TOU) tariff.
The peak period is from 18 to 22 h, while the remaining 20 h are the off-peak. In order to
simplify the observation, it is assumed that the local and grid peak demands coincide with
each other.
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Figure 8. (a) Hourly profile of power grid supply during summer (inclusive of load shedding durations). (b) The community
load demand on an hourly basis.

Regardless of the problems, Quetta has the tremendous potential for indigenous
renewables (particularly solar). Characteristics of high solar irradiance and moderate
temperature make this region suitable for PV generation. Figure 9 demonstrates the
annual climatological data (solar radiation, ambient temperature) of Quetta logged from
August 2019 to August 2020, taken from Solcast (solar resource assessment and forecasting
data) [32]. The data indicate the mean value of global horizontal irradiance (GHI) of
5503 kWh/m2/day.

Figure 9. (a) Heat map view of annual solar irradiance, and (b) annual ambient temperature of Quetta.

4. Execution of SF Chart and Operation Modes of HES

Initially, the SF chart (referred to Figure 4) is inactive; it is triggered after getting input
signals from Simulink. The state HES_operation is entered by executing its entry actions.
It defaults into Grid_Connected_Mode. Due to the AND composition, its child-states
PV_Mode and Grid_Mode are executed simultaneously. In the same way, child states of
PV_Mode (PV_to_ESU_Mode, PV_to_Load_Mode) and Grid_Mode (Grid_to_ESU_Mode)
are executed according to the set priority. After evaluation, the state data of the Grid_
Connected_Mode are updated. Then, the CFT is checked; if P_Grid=0 is valid, the inter-state
transition is activated; otherwise, intra-state transition is evaluated. The intra-state transition
(if performed) activates the Grid_Connected_Mode again and repeats the state activity in the
next time-step. Without loss of generality, we focus on the first case, the inter-state transition.



Appl. Sci. 2021, 11, 4601 12 of 24

This transition results when the operation leaves Grid_Connected_Mode. Upon exiting,
Grid_Connected_Mode (with all the child states) is marked inactive. During the inter-state
transition, the event load_shedding is broadcasted, and therefore, the state Islanded_Mode
becomes active. The execution in the Islanded_Mode is not independent. The solid borders
in Figure 4 indicate the OR composition of the child states. Among the child states, either
RES_Mode or Gen_Mode can be active at a time. Further, the states in the RES_Mode and
Gen_Mode become active concurrently due to the AND formation. After executing all the
child states, the Islanded_Mode is exited. The iteration continues for all the input data for
each time-step. The chart transfers the output data to MATLAB and goes to the sleeping
stage. The complete operation of HES controlled by EMS is shown in Figure 10.

Figure 10. EMS-based operation of HES.

4.1. The Grid_Connected_Mode

The Grid_Connected_Mode is invoked for the normal system operation, i.e., the utility
grid is the main source of energy to fulfill the load demand. Moreover, the load shedding
is not expected to occur during this period. The execution of the Grid_Connected_Mode
ensures the electricity supply to the load is not interrupted and at the same time takes
advantage of the availability of the PV energy for economic benefits and supporting the
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grid operation. The active state chart of Grid_Connected_Mode is shown in Figure 11a. It
is assumed that in the absence of shedding, the grid has sufficient capacity to satisfy the
load and charge the ESU. However, ESU charging through the grid takes place during the
off-peak hours (excluding peak hours, i.e., 18–22 h). Meanwhile, it is possible for several
events to take place during Grid_Connected_Mode. For example, if PV power is available,
it is used to charge the ESU and contribute to the load. The utilization of available PV
power takes place in the child states PV_to_ESU_Mode and PV_to_Load_Mode. Both are
child states of PV_Mode. The decision on the transferred energy is based on the level of
SOC of the ESU. If SOCC < SOCU, charging the ESU is the first priority. Once the SOCC
reaches the SOCU, the remaining PV energy (PV_Surplus) is used to contribute to the
grid power supply operation. The PV_to_ESU_Mode enables PV energy to be stored and
consumed at a later stage when the PV is not available. In practice, this operation is realized
using a DC–DC converter (with MPPT control) and a bi-directional DC charger. On the
other hand, the PV_to_Load_Mode allows the surplus energy to support the grid operation,
thus reducing the burden on the grid.

Figure 11. (a) The state chart for Grid_Connected_Mode. (b) The state chart for Islanded_Mode.

4.2. The Islanded_Mode

The Islanded_Mode is triggered when load shedding occurs. At this time, no electric
power is supplied from the grid. The SF chart of the Islanded_Mode during RES operation
is shown in Figure 11b. During this period, the load demand is met either by the ESU
and PV, or if necessary, using a diesel generator. The objective is to ensure the availability
and continuity of supply and to optimize the utilization of the remaining energy from
the PV (if available). The operations of RES and generator are represented by the child
states RES_Mode and Gen_Mode, respectively. Since the PV is not always available and
intermittent (weather dependent in nature), the generator is needed to sustain the load
demand. However, the extraction of energy from PV is given priority due to the much
higher operational cost of the latter.
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To complement the energy excess/deficit, the ESU is charged or discharged. For
example, if there is a surplus of PV power, the excess is used to charge the ESU. Accord-
ingly, ESU delivers the deficit power to the load if the PV energy is not sufficient. These
events take place in the child states, namely PV_Mode and ESU_Mode, respectively. In
addition, the generator operation is performed using two generators of different sizes.
The small generator Gen1 is activated first to supply the energy deficit between RES and
load. However, Gen2 contributes if the load exceeds the power supply. The child states
Gen1_Mode and Gen2_Mode represent the generator operation of HES. The parent–child
relationships for Grid_Connected_Mode and Islanded_Mode, along with their respective
CFT, are summarized in Table 3.

Table 3. The parent–child relationship and the condition for transition (CFT) for Grid_Connected_Mode and Islanded_Mode.

Parent Child State CFT Description of Event

Grid_Connected_Mode
PV_Mode P_PV > 0

The availability of PV power is used to charge ESU and
supply the load through PV_to_ESU_Mode and

PV_to_Load_Mode

Grid_Mode Grid_Surplus > 0 and
SOCC < SOCU

Grid power is used to satisfy load requirement and
charge ESU

Islanded_Mode
RES_Mode P_PV + P_ESU > P_Load Availability of PV and ESU power is used to supply the

load through PV_Mode or ESU_Mode

Gen_Mode P_PV + P_ESU < P_Load Generator supplying the load through Gen1_Mode
or/and Gen2_Mode

5. Results and Discussions

The EMS for HES executed using a real data set of load shedding and a PV irradiance
profile. The former is obtained from [40] and the latter from [32]. The simulations are
performed for the load demand shown in Figure 8b, as well as the scheduled interruptions
due to shedding. The main objective of the simulation is to test the resiliency of the HES
when subjected to certain operating scenarios. In this context, resiliency is defined as the
ability of the HES to provide an uninterrupted supply of electricity under different scenarios.
The scenarios take into account the seasonal variations (summer and winter days), varying
weather conditions (normal and abnormal days), and different load shedding patterns. The
results are shown in Figures 13, 15, 17 and 19.

The results of each scenario are depicted in three plots. Plot a shows the charging
and discharging operation of ESU. Plot b represents the transactions of energy performed
under different operating modes (Grid_Mode, PV_Mode, ESU_Mode, Gen_Mode) of HES.
Lastly, plot c shows the resiliency of HES in the varying load conditions.

5.1. Resiliency in Summer

The weather profile for a specific day (14 June 2020) during the peak summer season
is shown in Figure 12. Since the surface solar irradiance is directly dependent upon the
sky condition (clear, cloudy), the cloud opacity and the solar irradiance data are plotted
to show the weather condition of the considered day. The constant availability of solar
irradiance (of more than 1000 W/m2) during the daytime can be observed, indicating the
normal weather conditions for the considered day.

The HES operation for this day is depicted in Figure 13. The load shedding is imposed
for five hours during 6–8, 13–15, and 17–18 h. The charging/discharging profile of the ESU
is shown in plot a. The ESU charges from the grid during the off-peak hours (Grid_ch_ESU)
and during the excess of PV power (PV_ch_ESU). It discharges during the load shedding
intervals (negative ESU_disch value indicates discharging). The limits (on power exchange)
for batteries and the grid are maintained using [42]. Consequently, the SOC variations can
be noted with the charging and discharging trend of the ESU. At any instant, the energy
delivered by the ESU is given as
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P−ESU(t) = P_Load(t)− P−PV(t) (10)

Note that Equation (10) may result in P−ESU(t) < 0 due to the sporadic nature of PV.
Such situation represents the PV surplus energy being absorbed by the ESU, i.e., within the
bounds of Equations (5) and (6).

Figure 12. The global tilted irradiance and the cloud opacity (on 14 June 2020).

Figure 13. Resiliency of the HES during peak summer season (on 14 June 2020). (a) ESU charging
and discharging operation with SOC variations. (b) Grid, PV, and ESU modes. (c) The resiliency of
HES vs. variable load.
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The flow of power under different modes is shown in plot b. It can be observed that
the grid supply is maintained by PV (PV_Mode) and/or ESU (ESU_Mode) during the
shedding hours. The standby generator is not utilized at all. Since the utilization of PV
is given the first priority, the ESU is only used if P_PV is not sufficient to satisfy the load.
The combined operation of PV and ESU can be seen during the hours 6–8, 13–15, and
17–18. Furthermore, during hours 8–9 and 15–16, PV supporting grid operation can also be
observed (refer to grey color shaded curve in plot b). Finally, the integrated power supplied
by HES against the varying load demand is shown in plot c. The results demonstrate
the stable and uninterrupted power supply operation for a 24-h period despite the heavy
load shedding experienced by the grid. This proves that the HES is sufficiently resilient
under the control of the proposed EMS in providing uninterrupted supply even without
the need to start the standby generator during the summer season having normal weather
conditions.

For the case of abnormal weather (in the summer season), the irradiance and tempera-
ture profiles are based on the data obtained during a cloudy day (29 August 2019). The
load is assumed to be the same as before, but a load shedding of 4 h is considered (based
on the schedule allocated by the utility). The irradiance and cloud profile for the selected
day is shown in Figure 14.

Figure 14. The global tilted irradiance and the cloud opacity (on 29 August 2019).

The HES operation for this scenario is presented in Figure 15. Since the Islanded_Mode
is found to be the most critical one, it is prudent to observe the system resiliency in this
mode. As can be seen in Figure 14, due to the cloud covers, the irradiance is low, and the PV
alone is not able to fulfill the load demand, even during daytime. The ESU contributes the
major portion of load at 6–7 h. During another load-shedding interval, i.e., at hours 8–10,
the combined contribution of PV and ESU is still inadequate to fulfill the load demand.
Thus, the additional power from the generator (Gen1_Mode) is needed. Since the power
deficit (less than 10 kW) is lesser than the capacity of the smaller generator, only Gen1 is
utilized. Accordingly, due to the absence of PV power at hour 18–19 (late evening), the
ESU and Gen1 maintain the power supply. Also due to the lower irradiance, PV is not
able to support grid operation on this day. The contribution from different sources under
different operating modes can be seen in plot b. Clearly, the system is resilient throughout
the day, as indicated by plot c.

The results in Figures 13 and 15 suggest that the proposed system is 100% resilient
during both normal and abnormal days of the summer season. Despite the outage from
the grid, the stable and uninterrupted power supply operation is achieved by the com-
bined operation of all three alternate energy sources. The number of PV modules (Npv),
ESU batteries (Nbat), and the power of a diesel generator (PGen) (for this simulation) are
considered according to Table 4. Keeping in mind the economic feasibility, reliability, and
the environmental effects, minimum sizes of HES components are selected to have peak
power corresponding to the peak load power [43,44].
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Figure 15. Resiliency of HES during cloudy weather (summer day on 29 August 2019). (a) ESU
charging and discharging operation with SOC variations (b) Grid, PV, ESU and Gen1 modes. (c) The
resiliency of HES vs. variable load.

Table 4. Considered values of HES components.

Component Unit Value (kW)

Number of PV modules 67 21.7
Number of batteries 16 28.8

Power of diesel generator 2 10, 20

5.2. Resiliency in Winter

For the winter season, two scenarios are considered: moderate and extreme weather
conditions. The weather profile that represents a moderate winter day (7 November 2019)
is shown in Figure 16. As observed, the intensity of solar radiation for this day is lower than
the summer season. Furthermore, the delayed sunrise and the early sunset significantly
reduce the interval of the total received irradiance during this day.

The HES operation for this case study is shown in Figure 17. Here, the load demand
for the winter season is used while the shedding follows the schedule set by the utility. The
total load shedding for this day also consists of 4 h. Further, the same fleet size (NPV, NESU,
and NGen) is used. As before, the goal is to observe the resiliency of HES when subjected
to the operational constraints and variability of the weather. Due to the delayed sunrise,
the PV production starts later (at hour six) in the morning, as shown in Figure 16. Thus,
during the late evening and early morning, the alternative sources have to be utilized. As
the PV is not producing sufficient power in the morning, the ESU discharges at 6–7 h and
supports the power supply operation along with PV. At 7–8 h, the grid resumes the power
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supply. During this time, the ESU starts to charge from the PV and surplus grid (referred to
plot a). During the hours 8–10, when the load shedding is enforced, the PV starts supplying.
Since the load demand increases, the ESU contributes until the grid resumes the power
supply. The ESU discharging operation (negative dashed line) can be observed in plot a,
while the coordinated operation of PV and ESU can be seen in plot b. At hour 10 when the
load shedding ends, the PV starts charging the ESU with the grid. Since both sources are
charging ESU, the SOCU level is reached quickly. After the ESU is fully charged, the PV
contributes to the load with the grid. The PV supplying load during grid_Connected_Mode
can be observed from hours 11–16 in the grey color shaded area. This operation improves
PV energy utilization. At hour 18–19 (late evening), the ESU discharges and maintains
the power supply. This is because the PV is unavailable at this time. Please note that
during this interval, the generator is not started as the ESU could solely satisfy the load
requirement. At hour 19, the load shedding ends and the grid resumes the power supply.
During this time, the SOC of ESU has reached the SOCL. Due to the peak time (hour 18–22),
the grid is not able to charge the ESU. However, the charging process starts after hour two.
The varying load and HES operation is shown in plot c. Clearly, the system resiliency can
be observed throughout this day.

Figure 16. The global tilted irradiance and the cloud opacity (on 7 November 2019).

Next, the HES performance during the extreme winter conditions is evaluated. The
case study is presented for 2 January 2020. The temperature (at different time intervals of
the day) falls below the freezing point and irradiance levels significantly decrease. The
weather profile indicating the irradiance and cloud opacity is illustrated in Figure 18.

The HES operation for this day is shown in Figure 19. The load shedding for this
day happens for 7 h. At night, shedding happens for two consecutive hours, i.e., hours
2–4. Since the ESU can sustain the load for the first hour only, the remaining period
of the shedding (3–4) has to be supported by Gen1. During hours 6–7, the demand is
fulfillled again by Gen1 and ESU because the PV production has not started. When the load
shedding reoccurs at hour 8–9, the PV and ESU start supplying at this interval. However,
since the demand increases, the generator has to be utilized. The duration of the generator
in operation is determined by the present SOC (SOCc), as shown in plot a. If SOCL is
reached, Gen1 is turned on. At noon, i.e., hour 12–13, PV and ESU coordinate together
to sustain the demand. At hours 16–18, load shedding is imposed again. ESU supplies
during the first hour (16–17), but in the next hour (17–18) Gen2 (Gen2_Mode, pink) is
needed because Gen1 cannot meet the load requirements during this period. Using this
EMS strategy, the HES system has maintained the resiliency, as shown in plot c.
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Figure 17. Resiliency of HES during a moderate winter season (on 7 November 2019). (a) The ESU
charging and discharging operation with SOC variations. (b) Grid, PV, ESU, and Gen modes. (c) The
resiliency of HES vs. variable load.

Figure 18. The global tilted irradiance and the cloud opacity (on 2 January 2020).
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Figure 19. Resiliency of HES during an extreme winter season (on 2 January 2020). (a) ESU charging
and discharging operation with SOC variations. (b) Grid, PV, ESU, Gen modes. (c) The resiliency can
be seen.

The successful outcomes of the proposed approach can be observed by the consistency
of the power supply during all the considered scenarios. Despite the heavy load shedding
from the grid, varying load demands are satisfied even during the abnormal weather
conditions. In addition, the continuous exploitation of PV and surplus grid power indicates
the optimized utilization of the available energy. Furthermore, the scheme also results in
the lowest possible burden on the grid. This is because of PV support to grid operations
during the daytime. For further assessment, simulations are performed for a one-year
period logged from August 2019 to August 2020. The annual results are illustrated in
Figure 20. In particular, both generator’s (Gen1 and Gen2) operation can be clearly seen in
the zoomed plot. This shows the emergency conditions in terms of the cloudy sky scenario.
The Gen_Mode is activated only when the demand exceeds the PV and ESU power during
load shedding. Over the entire year (366 days, 8784 h), such situation occurs for 80 h at
different time intervals. The Gen1 operates for 49 h, while the Gen2 is triggered for 31 h. It
is evident that Gen1 (being smaller) is utilized more than Gen2 in order to minimize the
fuel consumption. The results prove the optimized outcome of the proposed EMS. The
annual contribution from different energy sources is described in Table 5. The annual net
energy demand is 119,519 kWh. Accordingly, the seasonal contribution from these sources
is plotted in Figure 21. Clearly, the contribution of HES is greater in the summer season
due to the higher availability of PV power.
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Figure 20. The annual energy generation mix of HES and the load demand.

Table 5. Annual contribution from different energy sources.

Contributor Energy (kWh) % of Demand

Net energy from grid (to satisfy the load) 95,053 79.6
Net energy from PV (to satisfy the load) 8688 7.2

Net energy from ESU (Fraction of PV and grid) 14,674 12.3
Net energy from both Gen 1110 0.9

Figure 21. Contribution of different energy sources in summer and winter seasons.

6. Conclusions

This work presented a Stateflow (SF)-based energy management strategy (EMS) for
a renewable-based hybrid energy system (HES) that experiences regular load shedding.
The EMS controls HES operation during both modes of operation, i.e., grid-connected
mode and islanded mode. It optimizes the energy production and utilization in addition
to achieving uninterrupted power supply during load shedding. The performance of the
system is investigated using a real data set of irradiance, temperature, and load shedding
schedule for a small residential community in the city of Quetta, Pakistan. The simulation
results proved the resiliency of the HES in different weather and load shedding conditions.
Furthermore, the superiority of the control strategy is confirmed in terms of reduced grid
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burden by prioritizing the utilization of PV energy. Additionally, the research has found
that the application of SF minimizes the computational complexity of the problem solving
and advantageously demonstrates the behavior of an event-driven system.

To improve the research, future work should focus on the following key areas. First
is to develop a more refined control strategy for the HES pool (i.e., the interconnection of
several HES) and to study its effectiveness in handling the load shedding issue. Second
is to extend the SF utilization by considering the multi-layer control design for HES that
will contain a prediction layer (to forecast demand, PV, and grid vulnerabilities), energy
management layer (to improve energy efficiency), and operational layer (for current and
voltage control). The third key area is to focus on the techno-economic performance of HES
by studying the impact of various HES configurations and energy management strategies
on the energy yield of the system.
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Nomenclatures

P_PV PV output power (kW)
P_ESU ESU output power (kW)
P_Gen Diesel generator output power (kW)
P_Grid Grid power (kW)
P_Load Energy demand (kW)
SOCC State of charge of ESU current hour (kWh)
SOCU Upper limit of state of charge (kWh)
SOCL Lower limit of state of charge (kWh)
P_HES Output power of HES
α On-off binary variable
Cbat Nominal battery capacity (kWh)
Prated Generator rated power (kW)
∆t Time step (hour)
Pmax PV maximum output power
ηBat Battery efficiency (%)
Vbus Voltage of DC bus
P_ESU_Req Power required by ESU to reach SOCU (kW)
ηGen Generator efficiency (%)
FuelGen Fuel consumption of generator (L)
C1, C2 Coefficients of fuel consumption curve (L/kWh)
h Time step (hour) in SF

https://solcast.com/
http://ccms.pitc.com.pk/FeederDetails
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PVtoESU PV energy being supplied to ESU (kWh)
PVtoLoad PV energy being supplied to load (kWh)
GridtoESU Grid energy being supplied to ESU (kWh)
GridtoLoad Grid energy being supplied to Load (kWh)
PV_Surplus PV surplus energy (kWh)
Grid_Surplus Grid surplus energy (kWh)
ESU_Disch Energy discharge from ESU (kWh)
PV_supp_Load PV operation for supplying load (SF function)
Grid_ch_ESU Grid operation to charge ESU (SF function)
PV_ch_ESU PV operation to charge ESU (SF function)

Abbreviations

CFT Condition for transition
HES Hybrid energy system
PV Photovoltaic
EMS Energy management strategy
SF Stateflow
ESU Energy storage unit
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