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Abstract: Recently, hybrid wind/PV microgrids have gained great attention all over the world. It has
the merits of being environmentally friendly, reliable, sustainable, and efficient compared to its coun-
terparts. Though there has been great development in this issue, the control and energy management
of these systems still face challenges. The source of those challenges is the intermittent nature of both
wind and PV energy. On the other hand, a new intelligent control technique called Brain Emotional
Learning-Based Intelligent Controller (BELBIC) has garnered more interest. This paper proposes the
control and energy management of hybrid wind/PV microgrids using a BELBIC controller. To design
the system, simple power and energy analyses were proposed. The proposed microgrid was modeled
and simulated using MATLAB. The responses of the energy system were tested under two different
types of disturbances, namely step and ramp disturbances. These disturbances are applied to the
wind speed, the irradiation level of the PV, and the load power. The results indicate that the AC
load voltage and frequency are steady with negligible transients against the previous disturbance. In
addition, the performance is better than that of the classical PI controller. Also, energy management
acts perfectly to compensate for the intermittence and disturbances of the wind and PV energies.
On the other hand, the system robustness against model parameters uncertainties in the microgrid
parameters are studied.

Keywords: BELBIC; photovoltaic; wind energy; maximum power point tracking

1. Introduction

The beginning of this century was accompanied by worldwide industrial develop-
ment and a growing population. These issues increased the world’s electricity demand.
However, the traditional sources of electricity are not sufficient and have many environ-
mental problems [1]. Hence, renewable electricity resources (wind, solar, tidal, etc.) have
gained great consideration. Renewable electricity resources have many environmental
benefits. Nevertheless, it has a common disadvantage, namely intermittency [2]. Energy
intermittency may not be a big problem when the system is connected to a large utility grid.
However, isolated systems and small microgrids will suffer from this problem. One way to
solve the intermittency problem is the integration of two or more renewable resources by
introducing hybrid energy systems [3]. A common microgrid of such a type is the wind/PV
microgrid [4].

Though the wind and PV energy resources are not steady, they may integrate to reduce
the intermittency problem. Solar energy is available during the daytime. The availability of
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wind energy is not restricted to a certain time of the day. However, in some circumstances,
the wind energy at night is greater than during day. Therefore, there is some form of
integration between the two energy resources. Hence, for standalone applications, hybrid
wind/PV systems are considered reliable and feasible alternatives to battery-coupled solar
and wind-diesel systems [5].

Several research papers have been proposed for hybrid wind/PV systems [6–12].
Ref. [6] proposed a wind/PV system utilizing MPPT and fuzzy algorithms. The system’s
goal is to reduce storage requirements while also regulating load power. However, the
controller was complex and expensive. Ref. [7] suggested a hybrid wind/PV system
supplying an unbalanced load. The system has no storage, a simple controller, and extensive
field tests. In ref. [8], a new hybrid wind/PV energy system was investigated for agricultural
systems. Three different management algorithms were tested on the proposed power
system. The results show that system efficiency was best in making the battery charging
process have a priority over the system loads. A PWM rectifier is proposed by [9] to replace
the boost converter of the conventional wind/PV energy system. Also, a composite sliding
mode controller for load inverter was implemented for rural electrification applications.
An implementation of a wind/PV microgrid operated in dual AC and DC modes was
introduced by [10,11]. The control system adapted to the power exchange between AC and
DC microgrids. The microgrid supplies dynamic and domestic loads. Ref. [12] has proposed
a wind/PV microgrid with a distributed DC bus. The control system has implemented the
MPPT of the PV array and the wind turbine. Step changes in the nonlinear load are applied
to test the system performance.

Regarding wind/PV control systems, many control algorithms have been introduced
in the literature [13–15]. Nevertheless, the intelligent control of nonlinear systems has
gained great attention in the past decade [16]. Hence, widespread controllers of such types
have been investigated, such as neural networks, and fuzzy and neuro-fuzzy controllers [17].
They have many merits, such as parameter linearization, good learning capabilities, built-in
universal approximation, and model-free operation [18,19]. Therefore, it has too many
applications in robust control, nonlinear control, adaptive control, robotics, and decision
making [20–23].

A new controller called the brain emotional learning-based intelligent controller
(BELBIC) was recently proposed [24,25]. The idea of this controller was derived from
the computational model of the limbic system in the human brain [26]. It has various
applications in space vehicles, electric power systems, and automotive systems [27–29]. The
main advantages of the BELBIC controller are its good robustness, simplicity, effectiveness,
and flexibility in selecting the emotional cues and sensory inputs for a certain application.

There are some recently published works in the proposed subject. Ref. [30] provides an
intelligent energy management controller. It utilized a hybrid of fuzzy logic and fractional-
order PID techniques. The proposed controller ensured continuous output power for both
DC and AC loads. However, the harmonics of the load voltage and current are thought
to be high. Also, the proposed microgrid has not been tested against ramp disturbances.
Ref. [31] introduced a DC microgrid supplied by a hybrid wind-PV battery system. It used
the classical PID controller and utilized the SEPIC converter. However, the system has
a fair time response, and the load voltage has a steady-state error. Ref. [32] proposed a
hybrid wind/PV energy system with an optimal MPPT controller. The controller provided
energy management and tracked the peak power. Though the system was simple, its
optimality was not ensured. As compared to the previous work, the proposed microgrid
introduces a recently developed BELBIC controller to improve the energy management
and time response of the wind/PV standalone microgrid under different disturbances in
the insolation and wind speed as well as the load power. The disturbance types include
the step and ramp form. Also, the load power quality is measured and compared to
the standard values. It is thought that this is the first time the BELBIC controller was
applied to the wind/PV standalone microgrid. The novelty items of this work include the
energy analysis of the wind/PV microgrid, design of the system controllers (especially the
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BELBIC controller), and simulation of the system response under step/ramp disturbances
in the system load, wind speed, and solar radiation. The microgrid stability against model
parameters uncertainties and variations in the microgrid parameters are also studied.

In this paper, a new simple analysis and design of a hybrid wind/PV energy system
are proposed. A new simple analysis is investigated, generating closed-form design
relations that are derived for the design purpose. The controller of the proposed system
was designed based on the BELBIC control algorithm. The analysis and the design are
verified by modeling and simulations. The introduced system contains a wind turbine, a
PMSG, a rectifier, a PV array, two boost converters, a two-quadrant DC/DC converter, and
an Energy Storage System (ESS). The introduced system and controllers were simulated
using the MATLAB/Simulink platform. The research aims are:

1. Investigating simple energy and power analysis of the system. Hence, power and
energy closed-form relations are derived. Also, equations for the size of the ESS
are generated.

2. Designing the wind/PV microgrid for the BELBIC controller and other controllers.
3. Simulating and implementing the proposed system in the MATLAB platform. Then,

the system performance is tested under step and ramp changes in the system load,
wind speed, and solar radiation. Moreover, the system stability against model param-
eter uncertainties and variations in the microgrid parameters are discussed.

The paper structure is as follows: Section 2 explains the introduced system structure.
Section 3 gives the analysis of the introduced wind/PV microgrid. Section 4 presents the
power system design. The design of the controllers and BELBIC are presented in Section 5.
Section 6 discusses the simulation results. The conclusions are presented in Section 7.

2. Explanation of the Proposed Microgrid

The proposed wind/PV standalone microgrid is presented in Figure 1. It has two
renewable energy sources: wind and solar PV. Solar energy is available during the daytime.
The availability of wind energy is not restricted to a certain time of the day. However,
in some circumstances, the wind energy at night is greater than during day. Therefore,
there is some form of integration between the two energy resources. Nevertheless, they
do not generate steady energy due to the variations in the environmental state and solar
irradiation. These issues give the wind and solar energies their intermittence nature.
Hence, the utilization of the two resources increases the reliability and sustainability of the
microgrid. Moreover, the size of the ESS system will be reduced.

The wind system includes the wind turbine coupled mechanically to a 3-ϕ Perma-
nent Magnet Synchronous Generator (PMSG). The PMSG output is rectified through an
uncontrolled rectifier, generating an unregulated DC voltage. This voltage is supplied to a
boost converter. The function of the boost converter is to force the wind turbine towards
the MPPT conditions. The output of the boost converter is attached to the DC bus of
the microgrid.

The solar energy system consists of a PV array formed of three parallel stings. Each
string includes modules. The PV output is supplied to another boost converter. Also, the
boost converter is used to implement the MPPT conditions of the PV.

Due to the intermittent nature of the generated energy, ESS is usually utilized to
compensate for the energy intermittency problem. The ESS consists of a group of lead-acid
batteries connected in series and parallel to construct the required energy. These batteries
are connected to the DC bus via a bidirectional converter. Generally, that converter is a
DC/DC converter. Its function is to regulate the charge/discharge process of the ESS. Also,
that converter represents the main adjustment actuator for the DC bus voltage and the
microgrid energy balance.
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Figure 1. The proposed standalone Wind/PV microgrid.

3. Power Analysis of the Proposed Wind/PV Microgrid

The design of the system relies mainly on the power and energy relations of the system.
Hence, deriving these relations will aid the design procedure. In this regard, it is assumed
that the initial state of energy of the ESS (Ei), the load power of the microgrid (PL), the
swept area of the blades (A), the air density (ρ), and the average wind speed (v) are given.
The first step is the derivation of the average wind and solar power.

3.1. Average Wind Power

To get the annual average wind power (Pw) over a certain site:

Pw =
∫ ∞

0
p(v). f (v)dv (1)

where (p(v)) is the wind power at the wind speed (v), and (f (v)) is the probability density
function. Rayleigh is a common probability density function utilized for implementing the
actual wind speed statistics; it is defined as [33]:

f (v) =
πv
2v

e[−0.25π(v/v)2] (2)

The wind power as a function of the wind speed is given by:

p(v) = 0.5ρAv3 (3)

Substituting (2) and (3) in (1), and completing the integration, the formula becomes:

Pw =
3
π

ρAv3 (4)
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The average wind speed can be determined by gathering site data for a long time. If
the value of (v) is determined, the average wind power is also determined.

3.2. Average Solar Power

Assume that the instantaneous PV power (ppv(t)) of the array, as shown in Figure 2a,
is given by:

ppv(t) = Pm

(
1− t2/36

)
(5)

where (Pm) is the maximum PV power and (t) is the time in hours. The solar energy is
provided to start at 6:00 AM and has a duration of 12 h.

Figure 2. (a) The daily PV array power and (b) the system power flow diagram.

The average PV power may be calculated as:

Ppv =
1

24

6∫
−6

Pm

(
1− t2/36

)
dt =

1
3

Pm (6)

The daily peak power (Pm) is determined from the statistics of the solar insolation at
the specified site of the microgrid and averaged over the year.

The microgrid power flow diagram, presented in Figure 2b, generates the following
instantaneous equation:

ppv(t) + pw(t) = pL(t) + pb(t) (7)

where (pb(t)) is the instantaneous ESS power. Take the daily average of Equation (7), which
leads to:

Ppv + Pw = PL + Ei/24 (8)

As the average power of the ESS is supposed to be constant at (Ei/24).

3.3. Energy Analysis of the ESS

In this section, the instantaneous stored energy (Eb) can be determined by:∫
dEb =

∫
pb(t)dt (9)

From (7), the instantaneous stored power is:

pb(t) =
{

Pm
(
1− t2/36

)
+ pw(t)− pL(t)− 6 ≤ t ≤ 6

pw(t)− pL(t) 6 ≤ t ≤ 18
(10)

Assuming that the wind and the load power are constants at their average values:

pw(t)− pL(t) ∼= Pw − PL (11)
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Substituting (6), (8), and (10) into (9) and manipulating the integration:

Eb(t) =

{
1
3 Pm

(
6 + 2t− t3

36

)
+ Ei

(
1.25 + t

24
)
− 6 ≤ t ≤ 6

(Ei − 8Pm)t 1
24 + 6Pm + 0.25Ei 6 ≤ t ≤ 18

(12)

Using traditional calculus, the maximum value of the stored energy takes place at:

tmax =

√
24 + 1.5

Ei
Pm

(13)

Hence, the maximum stored energy is given by:

Eb|max = Eb(tmax) (14)

The rated energy storage can be determined using (14). From this analysis, if the
required load power PL is given, then Equations (6), (8), and (14) can help to determine the
power rating of the system components. Based on the previous analysis, the PV power
and the ESS size can be determined. Assume that the load power demand and the wind
turbine power are given. Assume a suitable value for (Ei). Usually, the SOC of the ESS is
from 20% to 95% [34]. Hence, from (6), (8), and (14), the PV power and the ESS energy will
be determined.

4. The Control System Design

The proposed system controllers, shown in Figure 3, are the wind-PV MPPT, the ESS
and DC link voltage controller, and the load inverter controller. The functions of the MPPT
controllers are to extract the peak power from the wind turbine and PV array. They generate
the required duty cycle signal to the boost converter, which in turn loads the wind turbine
and the PV array with the MPPT load conditions. However, the ESS and DC link voltage
controller regulate the DC link voltage and the charge/discharge process of the ESS. The
third controller is used to regulate the load inverter voltage and frequency. The control
design of them will be discussed in the following subsections.

Figure 3. (a) The load inverter controller and (b) the storage and DC-link voltage controller.
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4.1. The Wind and PV Array MPPT Controllers

These controllers are important for better utilization of wind and PV energy. In the last
few years, many MPPT approaches for wind/PV hybrid systems have been introduced [35].
A common and frequently utilized approach is called “Perturb and Observe” (P&O). It
has the merits of simple implementation and a straightforward algorithm. Two boost
converters are used for this issue, one for the wind and another for the PV array. The
output of each MPPT controller is the value of the duty cycle switch of the boost converter.
The P&O algorithms for the two energy sources are identical. A flowchart for the P&O
algorithm is presented in [34].

4.2. Load Inverter Controller

The objective of this controller is to supply the load with AC power at a regulated
voltage and frequency. The control loop is shown in Figure 3a. The load 3-ϕ voltages are
measured and transferred to the d-q frame with the help of Phase Locked Loop (PLL).
The transferred d-q voltages are compared to their reference values. Then the resulting
error is fed to a simple PI controller. Hence, the PI controller gains are tuned using the
Ziegler–Nichols algorithm.

4.3. Storage and DC-Link Voltage Controller

Mainly, this controller aims to regulate the DC-link voltage that can be achieved by
controlling the charging of the ESS. It includes two nested loops, as shown in Figure 3b.
The outer loop adapts the DC-link voltage with the help of the BELBIC controller. However,
the inner loop controls the ESS charging current with the help of another BELBIC controller.
The output of the outer loop is the reference charging current of the inner loop. When the
ESS is fully charged, the controller ends the charging process and the MPPT controllers stop.

5. The BELBIC Controller Design

The BELBIC controller emulates the process applied by the brain to process emotions.
Its computational network includes the orbitofrontal cortex, amygdala, thalamus, and
sensory input cortex [29]. The schematic diagram of the BELBIC controller is shown in
Figure 4. The sensory input signals are handled and partially processed by the thalamus
section. The output of the thalamus is the input of the sensory cortex. It helps in subclassing
and favoritism of the thalamus output. The function of the orbitofrontal cortex is to prevent
unstable performances from the amygdala. The amygdala section helps in following up
the stimulus motion. Subtracting the amygdala and orbitofrontal cortex output signals
produces the BELBIC controller output. Each sensory cortex output (S) has one node (A) in
the amygdala. Another node is set to the thalamus output. Except for the thalamic node,
each stimulus has one node (O). The outputs of the amygdala and orbitofrontal cortex are
subtracted to form a common output node (MO).

Hence, the net output node MO is given by:

MO = ∑k Ak −∑k Ok (15)

The orbitofrontal part does not ban the thalamic signal. On the other hand, the
other amygdala inputs are banned. Emotional learning, within the amygdala and the
orbitofrontal cortex, is defined as:[

∆GAki
∆GOk

]
=

[
αSkimax(0, REW −∑ki Aki)

βSkRo

]
(16)

where

Ro =

{
max(0, ∑k Ak − REW)−∑k Ok ∀REW 6= 0

max(0, ∑k Ak −∑k Ok) ∀REW = 0
(17)
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The two learning rules of (16) are similar. The node values are represented by:[
Ak
Ok

]
=

[
GAk Sk
GOk Sk

]
(18)

Figure 4. Scheme of the BELBIC structure.

The BELBIC controller operates in two ways. The first way is to learn the amygdaloid,
then let it predict and respond to a certain REW. The second way is to direct the orbitofrontal
to track diversions between REW and the system’s predictions. Then it learned to ban the
output corresponding to the diversions.

The REW signal is implemented based on the cost function used:

REW = J
(
e, yp, Sk

)
(19)

Also, the sensory inputs are functions of the system outputs:

Sk = f
(
yp, u, r, e

)
(20)

where (u) is the controller output, (r) is the reference input, (yp) is the plant output, and
(e) is an error signal.

The amygdala and the orbitofrontal have the continuous updating weights given by:[ dGAk
dt

dGOk
dt

]
=

[
αSk(REW − Ak)

βSk(Ak − REW −Ok)

]
(21)

6. The Simulation Results

The introduced hybrid wind/PV microgrid is simulated by the MATLAB/Simulink
platform. The introduced parameters of the microgrid are presented in Table 1.

The proposed wind/PV microgrid is simulated using the MATLAB/Simulink platform.
The simulation results of the proposed microgrid with the BILBIC controller, according to
step changes in the solar insolation, the wind speed, and load power, are shown in Figure 5.
Figure 5a shows the solar insolation level variations. It has 100% insolation during the first
second and drops to zero during the remaining time. The wind speed of the wind turbine
is presented in Figure 5b. It has step changes at the times 0.3 s, 0.6 s, and 1 s, respectively.
The wind turbine response is shown in Figure 5c, where the torque is directly proportional
to the wind speed. Figure 5d shows the state of charge of the ESS. The ESS is continuously
charging during the first second, then discharges. As the PV and wind power are available
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and sufficient until 1 s, the SOC increases. However, after (1 s) the energy is not sufficient to
supply the load. Hence, the ESS discharges to compensate for the energy drop. The PMSG
speed is presented in Figure 5e. It is proportional to the wind or the turbine speed, except
for some transients related to the turbine inertia. Figure 5f shows the ESS charging and
discharging currents. For the period from 0 to 0.3 s, the charging current is 35 A, which
is relatively high, as the PV energy is full and the wind energy corresponds to a 12 m/s
wind speed. For the period (0.3 to 0.6 s), the charging current is 25 A, moderate as the
PV energy is full and the wind energy drops. For the period (0.6 s to 0.8 s), the charging
current is 50 A high as the PV energy is full and the wind energy is full, corresponding to a
14 m/s wind speed. For the period (0.8 to 1 s), the charging current drops as the load is
increased. For the period from 0.8 to 1 s, both wind and PV energy are inhibited. Hence,
the ESS will compensate for them during this period. The load voltage and current are
shown in Figure 5g,h. They are sinusoidal with a stable frequency, and the voltage has a
constant amplitude despite all the disturbances.

Table 1. Proposed Microgrid Parameters.

Item Parameter Value

Wind turbine
Rated power 10 KW

Rated wind speed 12 m/s
wind speed range 3.5–25 m/s

PV
SC current 21.2 A
OC voltage 257.1 V
Max. power 5.4 kW

Load
Voltage 110 V

Frequency 50 Hz

Figure 5. Simulation results of the proposed microgrid with the BILBIC controller (a) wind speed,
(b) PV irradiation level, (c) wind turbine torque, (d) ESS battery SOC, (e) PMSG speed, (f) ESS battery
current, (g) load voltage, and (h) load current.

Figure 6 compares the DC bus voltage responses for the BELBIC and PI controllers
for the same microgrid. It tracks well with the reference voltage (300 V) for both con-
trollers. However, the response of the BELBIC is excellent. It has no overshoot and smaller
settling times.
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Figure 6. The DC link voltage response of the classical PI and BELBIC controllers.

To ensure robust stability against model parameter uncertainties, variations in the
microgrid parameters are altered. Where the temperature of the PV is increased by 10%,
the PV series resistance is increased by 10%, and the boost inductor of the wind MPPT
is decreased by 10%. Figure 7 shows the proposed microgrid response with the BILBIC
controller according to the previous step variations and under parameters uncertainties.
It is indicated in the figure that the proposed controller can stabilize the load voltage and
frequency with high accuracy, despite the modeling errors.

Figure 7. Simulation results of the proposed microgrid with the BILBIC controller under parameters
uncertainty (a) wind speed, (b) PV irradiation level, (c) wind turbine torque, (d) ESS battery SOC,
(e) PMSG speed, (f) ESS battery current, (g) load voltage, and (h) load current.

Figure 8 shows the spectrum analysis of the load current with the BELBIC and PI
controllers. The load current THD in the case of the BELBIC controller is 2.22%. However,
it is 3.68% in the case of the PI controller. The load current THD of both cases is lower than
the standards specified in [36]. Hence, the load current quality is better in the case of the
BELBIC controller than the PI controller.
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Figure 8. Spectrum analysis of the load current with the (a) BELBIC controller and (b) PI controller.

The simulation results of the proposed microgrid with the BILBIC controller according
to ramp variations in the solar insolation and the wind speed are shown in Figure 9. Also,
step load changes at 0.8 s, 1.25 s, and 1.63 s are presented. The wind speed of the wind
turbine has the ramp changes indicated in Figure 9a. Figure 9b shows the solar insolation
level ramp variations. It has a ramp increase of the insolation during the first 0.3 s, however,
the wind speed has a constant value (12 m/s) during this time. The ESS charging current is
increasing during this period, shown in Figure 9c, as the wind energy increases. During
the period (0.3 s < t < 0.8 s), the PV energy decays, and the wind energy increases. As the
energy rate of change is different, there is a drop in the generated power and the charging
current. During the period 0.8 s < t < 1.25 s, the PV energy is at 100% insolation, the wind
energy is very low, and load power is increased by 50%. The charging current drops during
this period. During the remaining period, the solar energy decreases and the wind energy
increases. However, the net generation is not sufficient to supply the load. Hence, the ESS
discharges to compensate for the energy drop and the charging current is negative.

Figure 9d shows the state of charge of the ESS. The ESS is tracking the charging current.
It is the integration of the charging current. Hence, when the charging current is positive,
the SOC increases and vice versa. Also, the load voltage and current, shown in Figure 9e,f,
have sinusoidal waveforms with stable frequency during all the disturbances.

Table 2 shows a comparative analysis of the extracted results with that of ref. [30]. It
can be noticed that the proposed system has the best performance over the others. The
disturbance function used in [30] was a simple one-step change in the wind speed. However,
complex multi-step disturbances in the wind speed and solar insolation are applied to the
proposed system. Also, the parameter uncertainties were not studied in [30].
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Figure 9. Simulation results of the proposed microgrid with BILBIC controller under ramp variations
of the wind speed and solar insolation (a) wind speed, (b) PV irradiation level, (c) ESS battery current,
(d) ESS battery SOC, (e) load voltage, and (f) load current.

Table 2. Comparative analysis of the extracted results with that of ref. [30].

Controller Proposed BELBIC Fuzzy PID [30] PI

Disturbance complexity Complex simple Complex
Parameters uncertainty OK NA NA

DC link
Voltage response

Overshoot 0% 7% 9%
Error 0% 5% 0%

Load current THD 2.22% NA 3.68%

7. Conclusions

A hybrid wind/PV microgrid operating in standalone mode is proposed. The energy
management and control of the microgrid are based on the recent BELBIC control technique.
The microgrid includes a wind turbine, a PV array, two boost converters, an ESS system, a
bidirectional DC/DC converter, and a DC/AC load inverter. The MPPT conditions for both
the PV and the wind turbine are achieved using the P&O algorithm. A new simple analysis
and design of the microgrid energy system are introduced. Also, closed-form equations
for the system energies and ESS size are derived. The proposed wind/PV microgrid
is simulated using MATLAB. The simulation results indicate that the system responses
with the BELBIC controller are better than those of the conventional PI controller. The
system is tested with varying wind speeds, solar insolation levels, and load power. At all
disturbances, the load voltage is sinusoidal at constant amplitude and frequency with a
perfect response. The load current THD in the case of the BELBIC controller has a maximum
value of 2.22%. However, it is 3.68% in the case of the PI controller. The load current THD
of both cases is lower than the standards. The DC link voltage response with the proposed
controller has better performance than that of the PI controller. In addition, the energy
management of the microgrid and the charging/discharging processes of the ESS proved to
have perfect performance for energy compensation for all disturbances. On the other hand,
the wind and PV MPPT points are precisely tracked by their controllers. To ensure robust
stability against model parameters uncertainties, the temperature of the PV is increased by
10%, the PV series resistance is increased by 10%, and the boost inductor of the wind MPPT
is decreased by 10%. The proposed microgrid response with the BILBIC controller can
stabilize the load voltage and frequency with high accuracy despite the modeling errors.
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