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Abstract—Islanded Microgrids (MGs) have low inertia,
which leads to faster frequency dynamics, and as a result,
effective Load Frequency Control (LFC) is required to maintain
the frequency within its permitted ranges under different
operating scenarios. Typically, conventional linear fixed-gain Pl
controllers are employed for MG control. In this article, a non-
linear variable-gain Pl controller is proposed to boost the
dynamic performance of a stand-alone MG. The structure of
this proposed controller consists of a non-linear function of
relative error (e) and the change of error (Ae) values connected
with a conventional Pl controller. Furthermore, the paper
utilizes the TS optimization technique to finely adjust the
parameters of the presented controllers. To measure the
effectiveness of the suggested controller, the system is exposed
to various disturbances such as change in load and weather
conditions using MATLAB / Simulink software. The obtained
simulation results demonstrate that the proposed controller
outperforms the conventional Pl controller in terms of
maximum overshoot and settling time.

Keywords—Microgrid, Load Frequency Control, Non-

Linear Pl Controller, Variable Gain, Transit search
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List of abbreviations
Abbreviation  Definition
DG Distributed Generation
HRES Hybrid Renewable Energy Sources
LFC Load Frequency Control
MGs Microgrids
MPPT Maximum Power point tracking
N-DPID Non-linear discrete proportional integral derivative
PCC Point of Common Coupling
PLL Phase-Locked Loop
PMSG Permanent- Magnet Synchronous Generator
RESs Renewable Energy Resources
SPWM Sinusoidal Pulse Width Modulation
TS Transit Search Algorithm
WECS Wind Energy Conversion System

I. INTRODUCTION

Generating electricity from fossil fuels, natural gas, and
coal has significant limitations and environmental impacts,
such as the depletion of the fossil fuels, contribution of
greenhouse gases and carbon emissions, which lead to global
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warming and climate change [1]. According to these
environmental issues, the world is moving towards green
alternative resources such as RESs to meet the increase in
electric power demand while reducing pollution. MGs are
small scale power system that can effectively integrate various
sources of DG, especially RESs such as wind turbines and
solar energy [2]. MGs can operate in two modes, namely grid-
connected and isolated modes [3].

The islanded MGs have low inertia, which leads to
frequency fluctuation and stability problems under the
unpredictable nature of RESs caused by continued variation
of solar irradiance and wind speed over time [4]. So, isolated
MGs must be equipped with an effective and efficient control
strategy to keep the frequency within acceptable limits. In past
literature associated with MGs, conventional PI controllers [5,
6] have been utilized as they are simple in structure and
adequate in performance, but these conventional controllers
are not able to operate efficiently over a wide range of
operating conditions for non-linear processes. Non-linear
variable-gain PI controllers have been developed to avoid and
overcome problems that arise using conventional linear Pl
controllers [7]. A non-linear PI controller with a non-linear
function relative to error and reference signal is introduced in
[8]. In [9], the author employed a N-DPID controller to
achieve MPPT for a photovoltaic system. In this study, a non-
linear variable-gain PI controller is proposed with a modern
non-linear gain function of error (¢) and change of error (Ae)
signals to enhance the frequency response over different
disturbances. If the relative error is large, the non-linear gain
will be large, causing the control signal to increase
exponentially. Conversely, decreasing relative error results in
an exponential reduction in the control signal.

The primary objectives of this article are: (i) introducing
an advanced control strategy for enhancing the dynamic
performance of islanded MG under different scenarios. (ii)
The proposed non-linear PI controller with a new non-linear
function is introduced and compared with the conventional
fixed-linear gain PI controller under various disturbances. (iii)
tuning the parameters of the proposed controller using a
modern optimization algorithm named TS optimization
technique.

This article can be divided into several sections, as
follows: Section 2 introduces the analysis and modelling of
MG. The proposed control strategy is discussed in section 3.
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The optimization algorithm technique is presented in Section
4. The system dynamic performance derived from non-linear
Pl controller is compared with conventional linear PI
controller under various scenarios, and the obtained results are
shown in Section 5. Ultimately, the conclusion is summarized
in Section 6.

Il. SYSTEM DESCRIPTION

The proposed Micro-Grid comprises of HRES such as a
photovoltaic system, wind energy system, and biomass
system, all of which are connected to an AC bus through
power electronics converters, as shown in Fig. 1. The
photovoltaic, wind, and biomass systems are designed to
output 1 MW, 1.5 MW and 3.5 MW, respectively. All these
RESs contribute to supplying 4 MW AC loads, which is also
connected to the AC bus.

I1l.  SYSTEM MODELING

A. Photovoltaic Subsystem Model:

Solar radiation and temperature are the two main variables
that affect how well solar cells operate. The efficiency and
capacity of PV units drop when the temperature exceeds the
normal value of 25 °C, although an increase in solar radiation
increases the amount of energy produced and, consequently,
the PV efficiency. The PV cell can be represented using the
one-diode model, as shown in Fig.2. The PV electrical
mathematical expression is given by Eq. (1).
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Fig. 2: PV cell equivalent circuit
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where, 1pv and vpv are PV cell output voltage and current,
respectively; Iph is the current generated by the incident light;
lo is the saturation current of the diode; g is electron charge
; k is Boltzmann’s constant; T is ambient temperature; Rse is

the series resistance of the PV cell; Rsh is the shunt resistance
of the PV cell.

As shown in Fig.1. The PV model comprises of two
essential parts, namely the DC-DC boost converter and the
voltage source inverter. DC-DC boost converter is responsible
for achieving MPPT, while the inverter is responsible for
controlling the active power supplied and the DC-Link
voltage.

The PV three phase inverter control strategy is shown in
Fig. 3. The control technique applied to the inverter consists
of two main cascaded loops, namely current control loop
(inner loop) and voltage control loop (outer loop). The
purpose of the outer control loop is to control the dc-link
voltage, while inner control loop regulates the current [10].
The dq control structure is implemented for the transformation
from abc to dg values. The PLL is used to determine the phase
angle used for the abc to dq transformation module.

The following equations are obtained by applying KVL at
the inverter output and transforming the equation from abc to
dq quantities using the Park and Clark transformations.

uy =V —E4 —Lwi, (2)

u, =V ,—E, +Lwi, ?3)

The inverter is triggered using SPWM. The relationship
between the modulation index, m, the DC link voltage, Vdc,
and the inverter output voltages can be expressed as:

Vdc

(4)
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Fig. 3: The PV three phase inverter control strategy

B. Wind Energy Subsystem Model:

The WECS shown in Fig. 4, consists of a mechanical part
(aerodynamic system) and an electrical part (PMSG with
back-to-back converters).

B.1 Mechanical Part of WECS:
The wind turbine mechanical power is given as follows:

m

P =%7szr2CpVW3 (5)

Where, p is the density of air ( kg /m® ), R, is the wind
turbine rotor radius, C is the power coefficient and is a



function of tip speed ratio (4 ) and the pitch angle ( 8 ), is
the wind speed (V , ).

c oy
C, =c, {f—caﬂ—c‘l}e( A hceh (6)
The expression of the power coefficient C  is given as
follows:

1 1 ~ 0.035
A A+0.088 pB*+1

™

Where, c, to ¢, represent the characteristic coefficients of
wind turbine.

The tip speed ratio (A ) and mechanical torque (T, ) are
calculated as follows:

p=aR ®)
T, =0 ©)
o

Where, ¢, is the rotational speed (rad/sec)

B.2 Electrical Part of WECS:

As described in Fig.1, the PMSG is connected to back-to
back converters, namely machine side converter and load side
converter with a DC shunt capacitor connected between
them. The machine side converter is responsible for
maximizing the output power by controlling wind turbine
shaft speed. While load side converter is responsible for
regulating the DC link voltage as the PV three phase voltage
source converter [12]. The control strategy of machine side
converter is shown in Fig.4.
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Fig. 4: The control strategy of wind turbine machine side converter

The mathematical expression of the electromagnetic
torque (T, ) is given as follows:

3
Te :Eplsq ((Ld _Lq)lsd +¢) (10)
Where, p is the number of pole pairs, 1., I are the
quadrature and direct components of the  currents

respectively , L, , L are the direct and quadrature axes

inductances respectively, ¢ is the magnetic flux. For surface
mounted PMSG, ( L, =L, ). Thus, the electromagnetic
torque equation will become as follows:

3
To=>ply (12)

From the above equation, the electromagnetic torque can be
controlled through g-axis current ( 1, ).Consequently, the

speed can also be controlled through this g-axis current.

IV. SYSTEM CONTRL DESIGN

Linear fixed-gain PI controllers are characterized by their
simple construction and adequate performance, but these
conventional controllers provide the finest performance only
during certain operating ranges. Therefore, they can’t provide
the desired performance for non-linear processes with a wide
range of operating conditions [13].

A linear fixed-gain PI controller's mathematical structure
is typically described as follows:

u(t):kpe(t)+kitje(t)dt (12)

Where, u(t) represents control signal, k,6 and k; are

proportional and integral gains, respectively, e(t) represents

error signal.

The non-linear variable gain PI controller is proposed to
overcome the drawbacks of the conventional PI controller
[14]. 1t consists of non-linear gain function of error (e) and
change of error (Ae) signals cascaded with a linear fixed-gain
PI controller.

The mathematical structure of the non-linear variable
gain PI controller is introduced as follows:

u(t)=[kpe(t)+ki]e(t)dth(e,Ae) (13)

ut)=k, k(e,ae)e(t)+k, k(e,Ae)'t[e(t)dt (14)

k, k(e,Ae)=k! (15)
k, k(e,Ae) =k/ (16)
u(t):k;e(t)+ki’j[e(t)dt 17)

k(e’Ae)=a_(exp(ﬂlxe)+zxp(_ﬂ2XAe)j (18)

Where, k (e,Ae) is the non-linear gain function and
a, 3, 3, are the parameters of the designed controller. Block

diagram of non-linear PI controller is shown in Fig. 5. This
controller structure differs from other non-linear controllers
in previous literature in that it consists of non-linear gain,
which is a function of error (e¢) and the change of error (Ae).
In this manner, the control signal is greatly affected by the
error signal.in other words, when the relative error decreases,
the control signal exponentially decreases. But in case of
large error, the control signal exponentially increases, which
in turn retains the system output to its reference value rapidly



[15]. The parameters’ values of the non-linear gain function
and fixed-linear PI controller gains are shown in the table 1
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Fig. 5: Non-linear PI controller block diagram

Table 1: The non-linear gain function and fixed-linear PI controller gains

Parameter Value
Non-linear controller parameter ( ¢ ) 2.57
Non-linear controller parameter ( ﬁl) 0.2
Non-linear controller parameter ( /3,) 0.01
Proportional gain of pi controller (K ;) 75.2522
Integral gain of pi controller ( ki ) 7.18278

V. OPTIMIZATION TECHNIQUE

The gains of PI controllers are optimized using advanced
optimization technique called TS algorithm, which
established on the method of exoplanet exploration by
measuring the amount of brightness from the star during
specific intervals, if there is a noticeable reduction in
brightness, this points to the transit of a planet in front of the
star [16]. The flow chart of the TS algorithm is shown in Fig.
6. According to this flow chart, there are five phases used for
carrying out the TS optimization technique. Namely, Galaxy
phase, Transit phase, Planet phase, neighbor phase and
exploitation phase.

A. Galaxy Phase
Lei =Lg +D =N,i =L, (SN x1 )
D ={c,lg; —L,} >if Z=1 (19)
D={cLy; +L,}>if Z=2

where, L, is the galaxy’s habitable zone, L is randomized
location of galaxy’s centre, L, is randomized location in the

search area, N isthe nnoise, SN is the signal-to-noise ratio,
N, is host stars number, ¢, is a randomized number, and c,

is a randomized vector. The two coefficients between 0 and
1, respectively. Z is the zone parameter may be equal 1 or 2,
D represents the difference between the galaxy centre and the
selected location under study.

Le; =Lg; +D=N,i =L.yn
D ={c,Ls,; —C,L, | >if Z=1

D ={c,Lg; +C,L, | >if Z=2

N =[c,]°L,

(20)

Where , L, is the star location , c,and c,are randomized
numbers between 0 and 1 while ¢ is randomized vector
which is also between 0 and 1.

B. Transit Phase

L =R g R, €l
(di) (21)
dy =(Ls =Ly )i =1y

Where, L, is the star, i illumination, R, the rank of the star
i , d, is the distance between the star i and the telescope ,
L, is the telescope location. The illumination received from
the star is updated by changing the value of L according to
the below equation.

Lspewi =Ls; +D=N,i =1...... N
D =c4Ls; (22)
N =[c,]°L
Where, Lg ., ; is the new location of the stari ,cyis a
randomized number between -1 to 1 and c, is a randomized
vector between 0 and 1. The new illumination L; ., from
the star can be calculated by the following equation.
_ Ri,new /ns
inew — 2
(di,new ) (23)

di = (LS,new,i -L; )2

If there is a reduction in the new illumination received from

the star compared to the previous illumination, this points to

a transit of planet in front of the star. In contrast, if the new

illumination received from the star is the same of the

previous illumination, this means that no transit has occurred.
If L <L, -»P =1

S ,new ,i (24)
If L >L, »P. =0
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Fig. 6: Flow chart of TS algorithm



C. Planet Phase
When, B, =1

L, =@l +R, Lg;)/2,i =Loccces (25)

Where, L, is the location of detected planet, R, is the
luminance ratio and c, is a randomized number between 0
and 1.

D. Neighbor Phase
When, P, =0

L, =(uL +r.Cy,)/2 (26)

S ,new

Where, L, is the location of neighbor planet, L is the
host star of neighbor planet ¢, , and c, are randomized
number between Oand 1, r, is a random location.

S ,new

E. Exploitaion Phase

In this phase, the finest planet is chosen for each star as
the best solution.

VI. SIMULATION RESULTS AND DISCUSSION

To prove the effectiveness of the proposed controller in
improving frequency response for islanded MG, the system
is subjected to some various scenarios and disturbances using
MATLAB / Simulink software, then the obtained results are
compared with conventional linear Pl controller.

A. Scenario 1: Three Phase Short Circuit

In this scenario, a three-phase short circuit fault is applied
to PCC at 5 sec and cleared at 5.1 sec. The occurrence of SC
fault results in a reduction in active output power from 4AMW
to LMW and an increase in electric fault current, which in turn
causes a drop in electrical voltage and frequency as there is a
direct relation between each other.

As shown in Fig.7, the proposed non-linear PI controller,
responds effectively to the SC disturbance and retains the
frequency to its reference value within acceptable ranges by
reducing the overshoot of the system’s frequency response as
compared with conventional Pl controller. In case of
conventional PI controller, the frequency deviates from 47 Hz
to 52 Hz, while in case Non-linear Pl controller, the
frequency deviates from 49Hz to 50.65 Hz.
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Fig. 7: Frequency response according to three-phase SC fault

B. Scenario 2: Sudden Load Change

The mismatch between the power generated and power
consumed by loads results in a variation in the speed of the
generator. When the load increases, the generator’s speed
slows down causing a reduction in the frequency. Conversely,
if the load decreases, the frequency increases. In this scenario
the load demand suddenly increased by 25% from 4MW to

5MW at 5 sec and then decreased from 5SMW to 4AMW at 15
sec. As shown in Fig.8, An increase in load can cause a drop
in frequency to 49.7 Hz,49.57Hz for Non-linear PI controller
and conventional PI controller, respectively. At 15 sec, the
load reduction causing an increase in frequency to 50.3Hz,
50.5Hz for Non-linear and conventional Pl controllers,
respectively. In case of load reduction, the settling time of
frequency response are 2 sec for Non-linear PI controller and
6 sec for conventional PI controller.
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Fig. 8: Frequency response according to sudden load change

C. Scenario 3: Sudden Irradiance change

The power generated from the PV system depends
essentially on the solar irradiance. As shown in Fig.9, the
solar irradiance is suddenly decreased from 1000W/m? to
250W/m?at 5 sec causing a reduction in the electrical output
power from 1MW to 0.2445MW. According to the mismatch
between load and generation, the frequency is reduced to
49.75Hz,49.6Hz for Non-linear and conventional PI
controllers, respectively. At 15 sec, there is a sudden increase
in the solar irradiance from 250W/m? to 1000 W/m?
causing an increase in frequency to 50.25 Hz ,50.4Hz with
settling time 2 sec, 6 sec for Non-linear and conventional PI
controller respectively. In Fig.10, the reference dc link
voltage of the PV system is 1050V, according to the solar
irradiance disturbance at 5sec, the settling time of the pv
system dc link voltage response is 2 sec for Non-linear Pl
controller, 6 sec for conventional Pl controller. At 15sec
disturbance, the settling time is 2 sec and 6 sec for non-linear
and conventional Pl controllers, respectively, as shown in
Fig. 10 and table 2.
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Fig. 9: Frequency response according to sudden irradiance change
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Fig. 10: The DC link voltage of the PV system according to solar
irradiance disturbance



D. Scenario 4: Sudden wind speed change

As shown in Fig.11, the wind speed is suddenly decreased
from 12m/s? to 9m/s? at 5 sec causing a reduction in the output
power from 1.5MW to 0. 44MW.According to this reduction
in power, there will be a drop in frequency to 49.78 Hz
,49.6Hz for Non-linear and conventional Pl controllers,
respectively. At 15 sec disturbances, the frequency deviates
from 49.75 Hz to 50.5 Hz for conventional PI controller with
settling time 7 sec while, it deviates from 49.87Hz t050.3Hz
for Non-linear PI controller with settling time 3 sec as shown
in Fig. 11 and table 2.
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Fig. 11: Frequency response according to sudden wind speed change

Table 2: Comparison between overshoot and settling time of the frequency
response in case of Non-linear and Conventional Pl Controllers

Scenario Controller type Overshoot S?m:g

Three-Phase Short Non-linear Pl 0.65 Hz 2 sec
Circuit Fault at 5 sec Conventional PI 2Hz 6 sec
Sudden Load Non-linear PI 0.3 Hz 2 sec
Change at 15 sec Conventional PI 0.5 Hz 6 sec
Sudden Irradiance Non-linear Pl 0.25 Hz 2 sec
Change at 15 sec Conventional PI 0.4 Hz 6 sec
Sudden Wind Speed Non-linear Pl 0.3 Hz 3 sec
Change at 15 sec Conventional PI 0.5 Hz 7 sec

VII. CONCULSION

A non-linear variable-gain PI controller is proposed in this
paper to enhance the frequency response of an isolated micro-
grid. The five parameters of the proposed non-linear PI
controller are optimally tuned by an advanced meta-heuristic
technique called TS optimization algorithm. The system is
subjected to various disturbances, such as short circuit fault
occurrence, variations in load demand and changes in weather
conditions to verify the performance of the proposed
controller.

The results obtained from simulation demonstrate that a
non-linear variable-gain PI controller provides better dynamic
performance with respect to maximum overshoot and settling
time, as compared to a linear fixed-gain PI controller, under
all applied disturbances.
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