‘-».{: processes

Article

Implementation of Fuzzy PID Controller to an Isolated
Wind/Battery/Super Magnetic Energy Storage Power System

Sherif A. Zaid *

check for
updates
Academic Editors: Olympia Roeva

and Tsonyo Slavov

Received: 12 January 2025
Revised: 7 February 2025
Accepted: 11 February 2025
Published: 12 February 2025

Citation: Zaid, S.A.; Alatawi, K.S.
Implementation of Fuzzy PID
Controller to an Isolated
Wind/Battery /Super Magnetic
Energy Storage Power System.
Processes 2025, 13, 515. https://
doi.org/10.3390/pr13020515

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Khaled S. Alatawi

Electrical Engineering Department, Faculty of Engineering, University of Tabuk, Tabuk 47913, Saudi Arabia;
khaled@ut.edu.sa
* Correspondence: shfaraj@ut.edu.sa

Abstract: An eco-friendly standalone microgrid is demonstrated in this article. It has an
energy storage system (ESS), a superconducting magnetic energy storage system (SMES),
and a wind power generator. Usually, microgrid control and energy management are
challenging issues when designing microgrids. Hence, introducing fuzzy control concepts
enhances the performance of the recommended microgrid. Wind and ESS energy are
normally suitable for satisfying load demands under normal circumstances. However, the
SMES supports the microgrid’s transient performance against load demand disturbances.
The newly designed fuzzy proportion integral derivative (FPID) controller was used to
measure the microgrid’s behavior subjected to fluctuations in wind power and load de-
mand. Simulations via Matlab/Simulink were performed to assess the suggested system’s
performance. The simulations” outcomes established that the introduced microgrid continu-
ously energizes the load demand with AC power during all interruptions with a regulated
frequency and voltage. Furthermore, the microgrid operated excellently despite changing
wind power and load. The results have been examined under identical conditions with and
without SMES using the FPID controller and then compared to the proportional integral
derivative (PID). Hence, the suggested microgrid has been examined under four situations:
FPID controller with SMES, PID controller with SMES, FPID controller without SMES, and
PID controller without SMES. It was found that the microgrid with the proposed FPID con-
troller and SMES produced the best microgrid performance and responses of all the tested
situations. The proposed control system provides an average improvement in overshoot,
about 24.4%. Also, it is discovered that the suggested controller can precisely maintain the
microgrid response stable under any disturbances, notwithstanding the modeling errors.
Additionally, the TI C2000 Launchpad XL, TMS320F28379D microcontroller kit was used to
create a Hardware-In-the-Loop (HIL) emulator in order to assess the suggested system and
verify the simulation outcomes.

Keywords: wind energy; superconducting magnetic energy storage; fuzzy control; FPID

1. Introduction

These days, rural areas and islands are seeing an increase in the use of standalone
energy-producing equipment. This is due to the grid being frequently unavailable because
of financial difficulties. Diesel generators are frequently used to provide energy in rural
areas. Although these generators are reliable, easy to start, and inexpensive to install, they
have negative environmental effects and need frequent maintenance [1]. Alternatives to
traditional diesel generators include standalone wind installations with energy storage.
It is cost-free to operate and ecologically beneficial [2]. Wind power cannot provide
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constant electrical power to loads since it is an intermittent energy source. This issue
can be solved by using an energy storage device to store or deliver energy in a way that
largely makes up for changes in wind energy. As a result, ESS devices are crucial for
the dependability and stability of the wind systems to withstand variations in wind and
load [3-11]. Flywheels, batteries, SMES, hydrogen, supercapacitors, compressed air storage,
and thermal techniques are just a few examples of the various types of ESSs that have been
used. However, due to their low-cost advantages, wide working temperature, and high
cell voltage, batteries are the typical ESSs used in several implementations [12]. Therefore,
the advancement of isolated wind power systems is highly supported by lead-acid energy
storage batteries [13].

The generator and turbine are the two major parts of any wind energy system. Numer-
ous generator types, including induction and permanent magnet synchronous generators
(PMSGs), have been used in wind systems [14,15]. Nevertheless, because of their small size,
no excitation problems, and high power density, PMSGs are the best choice for many wind
installations. It is possible to utilize gearless wind turbines to produce electricity [16].

In the literature, the subject of autonomous wind power systems has recently been
enriched by many studies [17-23]. The authors in [17] presented a stability analysis for
an isolated renewable supplied microgrid utilizing the small signal approach. Different
energy storage systems have been utilized; however, the analysis did not include the
presence of SMES. Reference [18] suggested a fuzzy controller for a wind-and-solar hybrid
system that takes into account variations in wind speed and sun radiation. A mathematical
model considering linear programming was suggested in [19]. The model is implemented
to minimize financial costs using different energy storage capacities for an autonomous
energy system. Reference [20] introduces a voltage and frequency controller employing
three single-phase IGBT-based voltage source converters for a standalone wind energy
system to investigate the response of various dynamic situations. A study to optimize
the configuration of an integrated power source consisting of solar, wind, fuel cell, and
battery is investigated in [21]. The optimization aims to minimize cost and improve the
probability of the supply power loss. Reference [22] proposes a hybrid bus microgrid,
and its organization control has been reported to decrease the procedures of multiple
conversions in a DC or AC grid. The research study in [23] used a real-time monitoring
and fuzzy logic controller to control the energy of a multi-sourced power system.

The difficulties that microgrids face, such as power changeability and intermittent
phenomena, can be moderately resolved by enhancing the microgrid’s resilience with
additional storage devices. One of the most recent and important storage devices is the
SMES, which has recently attracted a lot of interest [24].

Traditionally, PID controllers have been employed to manage standalone micro-
grids [25]. These controllers are straightforward, easy to adjust, robust, and dependable.
However, they have several problems, including substantial overshoot, and their response
is influenced by the setpoint [26]. Also, they are inappropriate for unpredictable, compli-
cated, time-delayed, nonlinear, and higher-order systems. Consequently, the controller’s
actions may have a detrimental effect on the system’s performance. A smart controller, such
as fuzzy logic, can be used to get around these problems. Fuzzy logic-based PID controllers
(FPID) have been proven to be better able to manage the aforementioned systems [27].
The performance of a hybrid renewable PV /wind DC-bus microgrid that independently
deploys fuzzy-controlled battery and SMESs to improve microgrid stability and power
quality is compared in [28]. The authors provide thorough simulations by addressing five
distinct test cases—including balanced and unbalanced loading events, as well as typical
and extraordinary climate fluctuations—and taking into account the various load demand
variations. However, the robustness of the control system against system parameter varia-
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tions has not been tested. Additionally, an isolated WT/BSS/SMES DC-bus MG regulated
by a PI-controller was studied in [29] for energy management. The system was tested for
pulse loading events as well as under various unstable loading and weather situations.
In [30], a PI control and fuzzy control schemes were designed to improve the system’s
dependability, and the SMES was employed to combat the fluctuations brought on by the
high penetration level of PV generators in a grid-connected AC MG. Variations in solar
radiation, loads, and abrupt grid disconnection were all taken into consideration while
evaluating the control methods. In [31], a reliable decentralized FPID control approach
for a distant microgrid system was presented. Using a pulse width modulation approach,
the suggested decentralized voltage control strategy is implemented on a voltage source
inverter. Additionally, a hardware-in-loop configuration under certain system conditions
is used to validate the performance of the suggested controller. Nevertheless, the micro-
grid incorporates PV only as a renewable supply and control algorithm requires complex
computations. A fuzzy control system was proposed in [32] to control the bus voltage
and modify the power stability of a DC-bud MG that incorporates a fuel cell and PV /BSS.
Different dynamic instabilities in load demand, solar radiation, and overloading scenarios
were used to evaluate the control system. However, the PV system did not use maximum
power point tracking (MPPT), and the load voltage/frequency management was not well
explained. To reduce power variations, limit harmonic currents in a grid-tied AC MG that
includes a PV system, and provide various loads, the authors in [33] used an SMES that
depends on a shunt active power filter. However, the impact of adding WTs to the system,
as well as the fluctuations in renewable energy sources and high stress, were not examined.
For a PV/WT/BSS DC-bus MG, an intelligent energy management system based on a
fractional-order PID controller and a combined fuzzy controller was introduced in [34].
Nevertheless, oscillations around the reference value were still present in the DC link, load
voltages, and load power. Additionally, the suggested scheme’s efficacy was not verified
during loading events or wind gusts.

Table 1 provides a summary of a comparison between the examined research and the
work that is being provided in order to better explain the differences between the many
treated investigations.

Table 1. The rule basis for the fuzzy logic controller.

uG Type Disturbances

Reference RESs Storage Controller Robu's t.ness
AC/DC Grid Environment Load Verified

[28] DC off WT + PV BS + SMES Fuzzy yes yes no

[29] AC on PV SMES Fuzzy no no no

[30] DC off WT BS + SMES PI yes no no

[31] DC off 1% BS AFPID yes yes yes

[32] DC off PV BS Fuzzy yes yes no

[33] AC on PV BS + SMES FPID no no no

[34] DC on WT + PV BS Fuzzy no no no
This study DC Off WT BS + SMES FPID yes yes yes

In this research, a new FPID controller is suggested to control an isolated wind /battery/
SMES microgrid that supplies a variable load. It has a wind energy generator, an SMES, and
an ESS. The FPID controller can be adapted to improve the performance of the suggested
microgrid. Under typical conditions, wind and ESS energy are suitable for fulfilling load
requirements. However, the SMES steps in to cover the extra capacity required in emer-
gency scenarios. Also, the proposed controller ensures regulated output frequency and
voltage for the load demand. Moreover, the behavior of the proposed microgrid against
step changes in load demand and wind power was observed using the newly developed
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FPID controller. MATLAB/SIMULINK simulations were handled to assess the suggested
microgrid’s performance. This study’s main contributions were as follows:

e An FPID regulator has been designed to enhance the performance of the suggested
microgrid, including the SMES. The performance of the wind, battery, and SMES
power system versus changes in wind velocity and load demand using the suggested
FPID has been implemented.

e A microcontroller kit was used to create a Hardware-in-the-Loop (HIL) emulator to
assess the suggested system and verify the simulation outcomes.

e A simple analytical model in state space form has been developed for the system’s
converters and components.

e  The microgrid’s responses to the proposed FPID and the responses with the conven-
tional PI have been compared in two cases; with and without SMES.

e  The microgrid’s performance using the proposed FPID has been investigated under
parameter uncertainties.

The order of the manuscript is this way: The structure and modeling of the proposed
microgrid are introduced in Sections 2 and 3, respectively. Section 4 discusses fuzzy control.
The suggested system controllers are provided in Section 5. Section 6 is set for the discussion
of the system simulation findings. Section 7 offers the paper’s overall conclusion.

2. Structure of the Proposed Microgrid

The recommended microgrid is a wind//battery/SMES that can sustain variable
load, as presented in Figure 1. A wind turbine powers a 3-¢ PMSG whose output is
transformed to DC by the AC/DC rectifier. The end product of that converter represents
the DC link of the microgrid. A 3-¢ inverter is also delivered by the DC bus, and it is
regulated to provide the microgrid loads with regulated AC power. The PMSG’s output
often fluctuates along with variations in wind speed. As a result, a storage battery powers
the load when the wind-producing unit’s output drops. Therefore, it serves as a slave to
provide any extra power necessary for the load and to balance the decrease in wind power
production. SMES is similarly essential for controlling wind generation and improving the
transients of the microgrids. The wind’s varying speed frequently leaves the system’s load
voltage uncontrolled. The load inverter uses a voltage controller to regulate the microgrid’s
output voltage and frequency. In addition, the battery converter is a two-quadrant DC
chopper. The job of that chopper is to control the battery’s state of charge. It also aids in the
adjustment of the DC bus voltage. The battery converter is managed by the FPID controller.

—Dn AC
: DC
Wind PMSG \I/
Turbine
mppr | D¢
converter DC
DC Bus ‘L
ESS SMES
............... . JUCTITY EPTTTI Load
: : : Inverter
i DC DC
i : : DC
i | DC H 1 |DC :
s s ac
T L G ww
N R
............... AC Bus

AC Electrical Loads

Figure 1. The arrangement of the suggested microgrid.
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3. Proposed Microgrid Components: An Overview

The specific model of each recommended microgrid component is clarified in the next
subsections.

3.1. The Wind-Turbine Model

The power coefficient (Cp), function of the blade pitch angle () and tip speed ratio
(A), is used to describe the dynamic properties of wind turbines. To use wind energy best,
(A) should be set to its ideal value. As a result, the equivalent (C,) will prevail. As shown
in [24], the wind turbine power coefficient ratio of the tip speed, and power of the turbine

(Py,) are:
wy R

Ow

)\:

Cp(A, B) = (044 — 0.0167,8)sin(7r()t —-3)(15— 0.3[3)71) +0.001845(3 — A) (2)
P = ApvyCp(A, B)/2 ®)
where the density of the air is (p) and the swept area is (A).

3.2. The Generator Model
Reference [2] provides the PMSG’s d-q model:

di . .
7? = (_1sd7’s + Plsqmeq - Vsd)/Ld (4)

dis . .

T: = <_1sqrs + Pwm(lded + )\m) - Vsq) /Lq )
where (r5) denotes the stator resistance, (isy, is7) the stator current’s d-g components, and (L,
L,) the stator current’s d-q inductances. The number of pole pairs is (p) and the permanent
flux connection is (Ay,).

3.3. The AC/DC/DC Converter Model

Actually, this converter has two cascaded converters: a rectifier and a boost converter
as shown in Figure 2. It is commonly proven that the PMSG speed and wind speed are
related. But the speed of the wind changes all the time. The PMSG'’s voltage and frequency
are not regulated since they mostly rely on its speed. To remedy this, the generator AC
output is rectified and linked to the DC bus. Therefore, a power rectifier is utilized to
source the loads with regulated AC power. This leads to the employment of an unregulated
rectifier bridge. If the generator impedance is neglected, Reference [3] states that the
rectifier’s usual relationships are as follows:

Iy =1/2.,/31p, V4 = 3./3/ 7V, (6)

where the rectifier’s average output voltage and current are (Vy, I;), and (V), I,) are the
phase input voltage and current.

The boost converter output is the system DC bus, its input is the uncontrolled rec-
tifier output. It is accountable for regulating the PMSG’s output to guarantee the MPPT
conditions. Reference [2] provides the model of that converter.

Vae| _ [1{11 0
Iy 0 1-4d1

\Z

. @)
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where (Vy, 1) are the average output voltage and current of the buck converter, and (d1)
is the duty ratio.

Ia

PMSG{ V3V, f
— - 9 Vd

3¢

T .

Figure 2. The schematic of the AC/DC/DC Converter.

3.4. The Super Magnetic Energy Storage Model

For SMES, a huge superconducting coil that can store electrical energy as magnetic
energy can be employed. It can be utilized for the SMES, because, at temperatures close
to absolute zero, it has essentially negligible electrical impedance. The superconducting
circuit is kept at a cryogenic temperature using containers filled with liquid helium or
nitrogen. Energy is lost during the cooling process that maintains the coil’s temperature
at its cryogenic value, but because superconductors have no barriers to electron flow, the
losses vanish. SMES coils have a limitless capacity for storage cycles and can swiftly and
effectively discharge large amounts of power. Low-temperature devices are currently
available; however, high-temperature superconductor devices are still being developed
thanks to their high price [35].

The SMES can be electrically modeled as a DC/DC bidirectional converter coupled
to the SMES coil, as illustrated in Figure 3 [36]. The two-quadrant converter of the SMES
operates on the simultaneous activation of its switches. The coil will be charged, and
the diodes will be reverse-biased when switching on. The coil releases its energy, and
the diodes turn forward-biased when switching off. The converter’s duty cycle may be
changed to regulate the coil voltage. One way to represent the converter average model
is [37]:

Vm

Ism

Vdc
Idc

0 (1—2k)7" ®)

_ [(1 — 2K) 0

where (Is;;, Vi) is the average current and voltage of the SMES coil, (I, V) is the average
current and voltage of the DC link, and (k) is the duty cycle of the switches.

Figure 3. The schematic of the SMES Converter.
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3.5. The Battery Energy Storage Model

This converter’s job is to control how the ESS is charged and discharged. It is capable
of supplying electricity in both directions. Figure 4 illustrates how this converter’s circuit
was built. This converter’s input terminals are tied to the system DC bus. However, the
storage battery is linked to its output terminals. The step-down mode and step-up mode are
two categories in which this converter can operate. The converter functions in step-down
mode when S, is off, and S; is modulated. In this mode, the storage battery is being
charged. When S; is modulated, and S; is off, it behaves in step-up mode. Hence, the state
of the storage battery is discharging at period.

V,
dc
Mo
Q
L, ;
Logic — b
Circuit nm

"

§ Ub Eb
s —
_I_

Figure 4. The ESS chopper converter schematic.

The following describes the circuit model:

— Charging state:
0 F Yae 0
X=1|;, L|X+|L|s+ ] 9)
T o 0 7C
i
X= (10)
Up

where (1}, Ep,) are the internal resistance and the voltage of the ESS, (v, i;) are the capacitor
voltage and inductor current, Sy is the logic-state function, (C, L) is the capacitance and
inductance of the filter.

— Discharge state:

o =2 vy Vie
X=|; H|X+| L |S+]|f (11)
T o 0 Ty

where S, is the switching logic state function.

3.6. The Output Converter Model

The circuit diagram of that converter, the 3-¢ inverter, is shown in Figure 5. As a result,
the inverter’s whole current and voltage are represented by [24]:

0 12)
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Iy
v

Z= (13)

c

where (Iy) is the output current, (Ly, Cy) are the filter inductance and capacitance, (Q) is the
switching state, (V) is the capacitor voltage, and (Iy) is the filter current. All currents and
voltages are space vectors.

3-¢Inverter

— L
vdcT I & ="
/ Ji- T =
FITTTT A

SPWM ] - |

Figure 5. The output inverter.

4. Fuzzy PID Control

The physical properties of the controlled object—rather than its exact mathematical
model—are the foundation of fuzzy control. Consequently, it works well for complicated
nonlinear, time-varying systems and is ideal for physical systems that have no accurate
models and unconditioned procedures with inadequate evidence. The inability of the fuzzy
control to completely eliminate static error is one of its drawbacks. We can fully utilize the
benefits of PID and fuzzy control to successfully enhance the performance of both dynamic
and static systems by combining the two and employing fuzzy rules to adopt the PID gains
in real time [38,39]. In the meantime, the resilience and performance of the system’s trouble
elimination can also be enhanced. While fuzzy PID controllers are, no doubt, very useful in
nonlinear systems, certain drawbacks, such as complexities in tuning and computational
demands, noise sensitivity, and rule-base design sensitivity, cannot be gainsaid. Moreover,
the occurrence of real-life issues with respect to parameter drift and interference could
affect performance substantially. Hybrid methods, online tuning, and robustness analysis
make them more adaptive and reliable [40].

Figure 6a describes the FPID controller block diagram. The fuzzy logic idea and the
traditional PID controller are combined to create the suggested self-tuning FPID controller.
Based on the error (¢) and its time rate (Ae), fuzzy logic concepts are utilized to tune the
parameters of the traditional PID controller generating FPID controller. Here, the strategy
is to derive PID controller settings by utilizing fuzzy reasoning. The discrete PID controller
equation is:

u(nT) =u(nT —T) +kp(e(nT) —e(nT —T)) + kje(nT) + kp (e(nT) —e(nT —T)) (14)

where u is the output of the controller signal. It serves as the inner current loop’s reference

7

current.; “n” is the sample order.
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Figure 6. (a) Fuzzy logic controller main stages, (b) the input membership function, and (c,d) the
output membership function.

The gains of the PID regulator (kp, kj, kp) are established according to the error and

- |

where T is the sampling period.
Usually, the error components (e and Ae) are limited to the range [1, 0] for simplicity:

the error rate (e, Ae), where

Viae — Vdcfre f

e(nT) —e(nT —T) (15)

e(nT)—euin
en(nT) | _ | ey (16)

where (e, and Ae;,) are the normalized error values.

Determining how the three parameters will be altered in response to the system
feedback signal is the design challenge. Hence, finding and using intuitionistic principles
from human knowledge and experience to determine their correlations is the fundamental
idea behind fuzzy control in this context. The principles of PID tuning adhere to the
subsequent rules in long-term practice [39]:

e Inorder to ensure excellent tracking performance, kp should take a greater value when
lel is larger. kp should have a lower value to avoid integral saturation. Simultane-
ously, the integral part must be constrained, k; should likewise be extremely tiny, and
typically let k; = 0 to prevent more overshoot during the system response.
To guarantee system reaction speed and a lesser overshoot, Kp must be reduced
when lel has a moderate amount, and k; and kp have to be suitable. (The system
responsiveness is more affected by the value of kp, thus k; should be set appropriately).
To achieve excellent steady-state response, kp and k; should take bigger values when
lel is less. kp should be suitable to prevent chattering. kp may be smaller when | Aell
is greater. kp may accept a somewhat larger amount when it is smaller. Typically, kp
takes a modest value.
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Figure 6a illustrates the three main parts of the fuzzy logic controller. These three
components are the rule base, the fuzzification stage, and the defuzzification stage. The
fuzzifier transforms the input’s crisp values into fuzzy values before sending them to the
rule base. For simplicity, the linguistic values have been assigned seven levels. Three
regions positive (P), negative (N), and zero (Z) as well as sub-regions for malls make up
the rule basis. Negative large (NB), small (NS), medium (NM), positive big (PB), medium
(PM), and positive small (PS) are the designations for these variables [12]. The linguistic
values are given the membership function with the triangle waveform. Figure 6b displays
the membership functions for (e, Ae).

If we return to the PID parameters, it can be determined using:

ke ko ki) = [4p0y Asba 5 /iwio)] a7)

where (Ap, A;) are the predetermined constants for the PID parameters; (Ap, A;) are the
change in the pre-determined PID parameters values; («) is the integral parameter adjusting
value. The linguistic values of (Ap, A4, «) are determined by Figure 6¢,d.

A series of if-then rules based on specified expert knowledge are used to represent the
rule basis. Then, the defuzzifier transforms rule-base output values into crisp values [41,42].

Table 2 presents the rule basis for the fuzzy logic controller’s two inputs and three
outputs. These are the three gain values of the PID controller as well as the error, e, and
change in error, Ae.

Table 2. The rule basis for the fuzzy logic controller [12].

Akp Akd x
Ae Ae Ae
NB NM NS ZE PS PM PB NB NM NS ZE PS PM PB NB NM NS ZE PS PM PB
NB B B B B B S B B B B B B B S S S S S S
NM B B B B S B B B B B B B B S MS MS S S S MS MS
NS B B B B B B B B B B B B S S M MS MS S MS MS M
e ZE B B B B B B B S S S B S S S B M MS MS MS M B
PS B B S B B B B S S B B B B B M MS MS S MS MS B
PM B B S B B B B S B B B B B B MS MS S S S MS MS
PB B S B B B B B S B B B B B B S S S S S S S

The fuzzy control rules used per the real operation experience control system are
shown in Table 2. Figure 7 indicates the control surface of the fuzzy logic controller.

Figure 7. The control surface of the fuzzy controller.
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5. The Control System of the Microgrid

The suggested microgrid has three control loops: the output-converter controller, the
controller of the ESS chopper, and the SMES converter controller. These are shown in Figure 8.
The SMES converter controller is employed to control the charging and discharging of the SMES
coil as well as the transient voltages in the DC connection. The charge and discharge of the ESS
are also controlled by the ESS converter controller. Furthermore, it aids in regulating the DC bus
voltage. On the other side, the primary inverter controller is controlled by the third controller.
It regulates the load’s voltage and frequency. The next sections go through these controllers’
specifics.

Vi

e

Vdc—rq/

Kz 5 PWM
Kpz + s + KpzS Generator |_]_
S, &S,
Pulses

Koo+ 5004 s
p1+T+ D1

Ve I
Vd-,pf - _ II Tef 3 K
c-rel b-ref 2 PWM [
K, +— ——>
¥ Controller T Generator
Q1 &Q,
Pulses
(b)
Ir 14
o o Outpmmnv .................................... ...............
Switching H Controller e @
Signals
] 0" !
abc abc
d-q d-q
¥
[P O PL }<Q
Ir,m +

Figure 8. (a) The ESS’s chopper controller, (b) the SMES’s converter controller, and (c) the output-
converter controller.

5.1. The SMES’s Conuverter Controller

The task of this controller is to regulate the state of charge of the SMES’s coil and
support the stabilization of the DC link. As a backup, it also regulates the DC link voltage
in combination with the ESS converter. As shown in Figure 8a, the current and voltage
of the SMES are controlled by a simple PID controller employing two stacked loops. The
first loop is responsible for the DC link’s voltage regulation. The controller’s output is
the reference current of the SMES coil. When compared to the actual SMES’s current, the
error signal will be produced and fed to the second controller. The output of the second
controller is a reference signal of the PWM generator unit. That unit is responsible for
generating the pulses with the suitable duty cycle for the converter switches (51, S). The
SMES’s controller ends up charging the coil of the SMES when the current approaches its
upper limit.

5.2. The ESS Chopper Controller

The ESS chopper controller regulates the DC link voltage and ESS charging and
discharging. For the system to function and be stable, the DC link voltage must be stabilized.
As indicated in Figure 8b, the FPID controller is utilized for the stabilization of the DC
bus voltage. It is formed of two layered controllers which make up the control system.
The first layer regulates the current, while the outer layer regulates the voltage of the DC
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link. The voltage control of the DC link is the responsibility of the first loop. The storage
battery’s reference current is the controller’s output. The error signal will be generated
and sent to the second controller in comparison to the current of the real storage battery.
The PWM generating unit’s reference signal is the second controller’s output. That unit
oversees producing pulses for the converter switches (Q;, Q) with the appropriate duty
cycle. This procedure is termed the constant current-voltage approach. The fuzzy control
tuning approach is used to adapt the PID parameters.

5.3. The Output Converter Controller

The output converter is essentially a current-controlled inverter. Therefore, the con-
troller consists of two stacked control loops presented in Figure 8c, in which the outer
loop or the output voltage loop compares the measured output voltage with the reference
value. The PID controller receives the error and uses it to create the current’s set point. A
comparison is made between the measured load currents and the set currents. A pulse
width modulator, that creates the inverter pulses, is then fed with the error produced to
provide the converter switching signals.

6. Discussion of the Simulation Results

Digital computer simulations were used to verify the performance of the investigated
microgrid using the suggested controller, as illustrated in Figures 9-12. This system
was modeled and tested using the MATLAB/SIMULINK software (v.23.2 released 2023b)
suite to accommodate several operation tactics for variations in wind velocity and load
characteristics. Table 3 provides microgrid parameters. Testing of the microgrid’s response
was performed with varied wind speeds and AC load, both with and without SMES.
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Figure 9. (a) The wind velocity, (b) the employed load power, (c) the DC link voltage, and (d) the DC
link voltage errors and (e) the injected SMES current.
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Figure 11. The microgrid simulation’s responses with/without SMES using both controllers: the
proposed FPID (a,c,e,g,i) and the conventional PID (b,d,f,h,j).
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Table 3. The suggested AM drive settings.

Variable Value Wind Turbine Value
Load 110V & 50 Hz R 1m
DC-Bus voltage 300 V 0 1.25 kg /m?
Filter 2 uF, 3mH A 4m?

height 4m
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The findings for a few of the suggested microgrid parameters are shown in Figure 9.
Step changes in wind speed (Ws) were applied to the microgrid, as Figure 9a illustrates.
Throughout the duration [0-0.3s], the wind velocity has been maintained at 7 m/s; it
stepped to 12 m/s at time 0.3 s, rose to 14 m/s at the time of 0.7 s, and fell to 0 m/s
at time 1s. Finally, a step change in the wind speed of 8m/s is applied at time 1.3 s.
Figure 9b presents the load power variations that are indicated by the step changes in
the load demand at the timings (0, 0.5 s, 0.9 s, and 1.2 s). These variations in the load
power represent another type of disturbance for the control system. Figure 9c compares the
DC bus voltage responses using the suggested FPID and traditional PID controllers. The
comparison was performed in two situations: with and without the presence of the SMES.
In fact, that figure compares four cases for the suggested microgrid:

e  The FPID controller with SMES.

e  The PID controller with SMES.

e  The FPID controller without SMES.
e  The PID controller without SMES.

The finest response is obviously delivered by the proposed FPID controller with the
SMES in operation. It can be noticed from the subfigures that the main improvement with
the proposed controller is the peak-to-peak overshoot. However, the steady-state error
for all cases is zero. On the other hand, the settling times for all cases and at the different
disturbances are almost the same. This can be understood if complexities such as the visu-
alized huge damping of the filters and SMES’ components are visualized. The traditional
PID regulator without SMES had the worst performance. Moreover, the overshoot and
the overall transient performance of the DC bus voltage, with SMES and the suggested
FPID regulator, is better than that without SMES. Outlines of the percentage errors in
the DC link voltage for the previous four cases are shown in Figure 9d. Nevertheless,
the error shape with the proposed FPID controller is the lowest with the presence of the
SMES unit. Nevertheless, the traditional PID regulator, without utilizing the SMES, has the
worst response of all the cases. Figure 9e illustrates the injected SMES current to the DC
bus. The current is alternating in nature. However, its peak varies according to the energy
requirement of the DC bus. It has been observed that the load and wind speed transients are
associated with the rapid variations in SMES energy and current. SMES enhances the DC
bus voltage’s transient reactivity by allowing the coil to charge and discharge in accordance
with controller orders. Additionally, when the wind increases, the SMES current increases
quickly, and vice versa. This problem aids in reducing undesired transients and system
oscillations. Therefore, the transient performance is enhanced when SMES are present in
the system.

The remaining findings for the suggested microgrid’s parameters are shown in Figure 10.
The PMSG speed, predicted in Figure 10a, is typically proportionate to the wind speed of
Figure 9a. Furthermore, as Figure 10b illustrates, the SMES coil current is a pure DC but varies
in its value. The coil is charging during the high wind speed periods, while it discharges
during the low wind speed periods. The changes in the SMES coil current value may deliver or
absorb energy from the DC bus to improve the transient response of the microgrid. Figure 10c
shows the SMES coil voltage. According to the traditional operation of the SMES converter,
the coil voltage oscillates + V4. in a pulse width modulation (PWM) manner. The controller
adapts the PWM such that the required energy by the DC bus is delivered to achieve a better
transient response. The major powers in the proposed power system using the FPID controller
with SMES are presented in Figure 10d. It is viewed that the integration of SMES power with
battery power is thought to enhance response and control the microgrid’s energy status. In all
circumstances, the overall powers are the same. The high-frequency variations in the SMES
power are caused by the SMES’ converter switching.
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Figure 11 predicts the comparison of the microgrid response using two cases: (1) the
FPID controller with SMES and (2) the traditional PID without SMES. The responses of
the battery or ESS’s currents are presented in Figure 11a,b. The response of case (1) FPID
with SMES appears to be more damped than the battery’s current response to case (2)
without SMES. Additionally, depending on the amount of wind energy, the battery current
charges and drains the battery in both cases. The load voltage and current responses using
both cases are shown in Figure 11c—f, respectively. It is demonstrated that while the load
current fluctuated based on the demand load, the AC load voltage kept at its level in both
frequency and amplitude. The controller applies a perfect energy management procedure.
Hence, the charging state of the ESS is based on the wind velocity level. If the wind speed
is high enough, the ESS charges; otherwise, it discharges to supply the required demand.
The battery’s state of charge (SOC) in both scenarios is displayed in Figure 11g,h. In both
circumstances, the SOC'’s profile is identical except for a slightly higher SOC during periods
of high wind speeds. It is noted that the SOC in case (2) without SMES is greater than that
in case (1) FPID with SMES. The reason behind that phenomenon is the energy utilized by
the SMES reduces the available charging energy of the ESS’s battery. Figure 11ij illustrate,
respectively, how the DC link current responds under the suggested disturbances using
both cases. It is noted that the DC link voltage transient responsiveness has been enhanced
in case (1), FPID with SMES, and is more consistent than in case (2), PID without SMES.

To evaluate the robust stability of the recommended FPID regulator vs. the fluctuations
of the microgrid parameters, a few of the system’s variables are altered. There is an
increase of 10% in the SMES’s inductance (L) and the battery converter inductance (Ly,),
simultaneously. The microgrid’s response under parameter ambiguity is illustrated in
Figure 12. It is discovered that the proposed regulator can precisely maintain the system
stable under any disturbances, notwithstanding the modeling errors.

Using the proposed FPID and the conventional PID controller, Table 4 evaluates the
peak overshoot for the DC bus voltage for each period of the findings. Both controllers
are applied to the microgrid while the SMES is in operation. The DC bus voltage has a
much lower peak overshoot with the proposed FPID compared with the conventional PID
controller for a variety of load power (P;) and wind velocity (ws) disturbances. Using both
controllers, the steady-state error is nearly eliminated for all troubles, and the average
improvement in overshoot is roughly 24.4%. Both controllers have almost the same settling
time.

The TI C2000 Launchpad XL, TMS320F28379D kit (Texas Instruments, Kuala Lumpur,
Malaysia) was used to create a HIL emulator in order to assess the suggested system
and verify the simulation findings, as shown in Figure 13. The system is divided in
this configuration by the HIL emulator, which usually hosts the power components on a
personal computer as a model in MATLAB. MATLAB is used to simulate the power units
of the suggested system, which include the wind turbines, power converters, SMES, battery,
and filters. During this time, the microcontroller kit runs the control procedures, namely
the FPID. A virtual serial communication port is used to establish connection between the
PC and the microcontroller. This enables MATLAB to transmit the measured signals from
the power setup of the microgrid, including the DC link voltage, to the microcontroller.
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Table 4. Performance comparison of the proposed microgrid, with the SMES, using both the tradi-
tional PID and the suggested optimized FPID controllers.

Overshoot (%) Settling Time (s) AV 4. (%)
Time (s) Disturbance (%)

FPID PID FPID PID FPID PID

0 Aws = +50%, AP; = +50% ~0.65 ~0.9 ~0.04 ~0.04 ~0 ~0
0.3 Awg = 36% ~0.65 ~0.8 ~0.035 ~0.035 ~0 ~0
0.5 AP; = +50% ~0.2 ~0.16 ~0.02 ~0.02 ~0 ~0
0.7 Aws = +14% ~0.8 ~1.1 ~0.03 ~0.03 ~0 ~0
0.9 AP; = —50% ~0.22 ~0.3 ~0.03 ~0.03 ~0 ~0
1 Awg = —100% ~0.45 ~0.6 ~0.07 ~0.07 ~0 ~0
1.2 AP; = +50% ~0.2 ~0.3 ~0.015 ~0.015 ~0 ~0
1.3 Aws = +57% ~0.55 ~0.62 ~0.03 ~0.03 ~0 ~0

7
[ LAUNCHXL-F28379D

~

HOST PC (TMS-F28379D)

< MATLAB<=A
<Ema
S

Figure 13. Diagrammatic representation of the HIL implementation using the TI C2000 Launchpad
XL, TMS320F28379D kit.
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Figure 14 presents the response of the suggested microgrid (with the SMES) utilizing
the proposed FPID controller using the HIL implementation. The findings are relatively
near to those presented in Figure 9.
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Figure 14. The response of the suggested microgrid (with SMES) utilizing the proposed FPID
controller using the HIL implementation (a—d).

7. Conclusions

In this article, a green isolated microgrid is illustrated. It has a wind energy generator,
a superconducting magnetic energy storage system, and an ESS. The FPID controller can be
adapted to improve the performance of the proposed microgrid. Under typical conditions,
wind and ESS energies are suitable for fulfilling load requirements. On the other hand, the
SMES steps in to cover the extra capacity required in emergency scenarios. The behaviors
of the microgrid against step variations in load demand and wind velocity were observed
using the newly developed FPID regulator. Matlab/Simulink implementations were run
to assess the performance of the suggested system. The results indicate that, despite any
interruptions, the introduced microgrid successfully delivers the load in a precise behavior.
In addition, the recommended controller can stabilize the DC link voltage. Consequently,
the load voltage tracks their set amounts despite changes in wind velocity and demand
load. Evaluation and comparison of the ideally regulated microgrid’s performance with
and without the SMES were conducted. The findings show that the SMES significantly
enhanced the dynamic responsiveness and reduced all sorts of overshoots in the response.
The proposed control system provides an average improvement in overshoot of about
24.4%. Moreover, it is discovered that the proposed FPID regulator can precisely keep the
system stable under all disturbances in the load power and wind velocity, notwithstanding
the modeling errors. The proposed FPID controller with SMES has a flawless load voltage
response and lower overshoot than the case without the SMES with the PID controller.
Ultimately, the microcontroller (TT C2000 Launchpad XL, TMS320F28379D) kit was used
to create a Hardware-in-the-Loop (HIL) emulator in order to assess the suggested system
and verify the simulation results. One of the limitations of this research is the relatively
small power rating. This issue affects the system’s inertia and dynamics. Consequently,
the wind velocity variations are assumed to be relatively fast. Another limitation of the
FPID controller is the high computational load, which makes it less suitable for real-time
applications that require a very fast response.
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Nomenclature
ESS energy storage system
SMES superconducting magnetic energy storage system
FPID fuzzy-order proportional-integral-derivative
PID proportional-integral-derivative
PMSG permanent magnet synchronous generators
AC alternating current
DC direct current
PWM pulse width modulation
Ts stator resistance
(isd, isq) stator current’s d-q components
(Lg, Lg) stator current’s d-q inductances
14 number of pole pairs
Am permanent flux connection is
Vp, L) PMSG phase out put input voltage and current
Vg, 1y) rectifier’s average output voltage and current
Vier 1ae) average output voltage and current of the boost converter
dl the boost converter duty ratio
Lsm, Vsm) is the average current and voltage of the SMES coil
Lae, Vae) average current and voltage of the DC link
k duty cycle of the boost converter switch
(rp, Ep) internal resistance and the voltage of the ESS
(C, L) capacitance and inductance of the filter of ESS converter
(vp, 1) capacitor voltage and inductor current
S1 logic-state function
I output current
(Ls Cp) filter inductance and capacitance of the load inverter
Q switching state function of the load inverter
Ve capacitor voltage of the load inverter
Iy filter current of the load inverter
(e, Ae) error and its derivative
(kp, k;, and kp)  PID controller gains
T sampling period
(en, Aey) normalized error and its derivative
(Ap, Ay) predetermined constants for the PID parameters
(Ap, Ay) change in the pre-determined PID parameters values
% integral parameter adjusting value
R turbine blade radius
P turbine’s output power
0 air density
Uw wind velocity

blade pitch angle
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Cp wind turbine’s performance coefficient
W mechanical angular speed of the turbine
A tip-speed ratio

L SMES’s inductance

Ly battery converter inductance

uG Microgrid

HIL Hardware-In-the-Loop
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