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Abstract
Nowadays, power system stability and reliability are considered as the most pressing
issues worthy of studying and analyzing in modern electric power systems. The use of
renewable energy sources (RESs) is one of the noteworthy strategies to reduce the
dependence on fossil fuels and consequently mitigate the environmental pollution
impacts. The most popular types of these RESs are wind power, solar photovoltaic (PV),
solar thermal systems, biomass, and various forms of hydraulic power. Several problems
have been addressed by installing wind power generation (WPG) and solar PV generation
systems

to

the

electric

power

system.

Wind

speed

always

changes

by

increasing/decreasing around the average wind speed value, causing variable output
power of WPG. Furthermore, due to the intermittent nature of the solar irradiance, the PV
output power will be affected. Consequently, power system stability and reliability will be
affected by these conditions accordingly.
Energy storage systems (ESSs) have an important role to aid in solving the abovementioned problems and in mitigating the fluctuating nature due to the increase in the
penetration level of RESs in the electrical power system. The main contribution of
employing ESSs in electrical power networks is to mitigate the active/reactive power
transfer from/to the utility power grid during normal conditions and when it is subject to
disturbances. Among various ESSs, the superconducting magnetic energy storage
(SMES) systems have proven themselves as an effective solution. In addition, SMES
systems have a short time delay during charging/discharging processes, high efficiency,
and long lifetime. Fuzzy logic control (FLC) is considered one of the advanced and robust
controllers which can control the energy transfer between the power system and energy
storage system.
The main goal of this research work is to enhance the performance of power system
stability and reliability of the electric power system which included distributed generation
(DG) systems. PV and WPG are considered from the most growth RESs worldwide. The
intermittent nature of wind speed and solar irradiance, as well as the abnormal conditions
due to random load changes, are the critical issues on the stability and reliability of the
electrical power system. Moreover, a developed SMES with the FLC method is proposed
to enhance the stability and reliability of the electrical power system in the presence of
RESs by fast charging/discharging energy between the power system and SMES.
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For this purpose, an efficient FLC-SMES is proposed to enhance the performance of
interconnected WPG system during high wind gust variations and the changes in load
power demand. The FLC is used with the DC-DC chopper to control the power exchange
between the point of common coupling (PCC) and SMES. With proposed FLC, SMES
can absorb/inject real power from/to the grid. On the other hand, reactive power is
controlled to adjust the variation of PCC voltage. Additionally, the proposed method can
enhance the voltage and frequency instabilities of the IEEE 33-bus radial distribution
system with high levels of WPG. The proposed FLC-SMES can be applied to both
balanced and unbalanced distribution systems in various operating modes and conditions.
Furthermore, a robust fuzzy control for SMES is proposed to improve the reliability
of the islanding microgrids (MGs) system in the presence of WPG and solar PV
generation systems. The impact of insertion PV/WPG and a sudden load rejection from
the MG are analyzed and improved with installing the controlled-SMES. Additionally, in
the grid connected MG equipped with a solar PV system, two proposed methods, namely,
fuzzy logic control-SMES method (FSM) and an optimized fuzzy logic control-SMES
method (OFSM) are applied to minimize the tie-line power flow, mitigate the PCC
voltage fluctuation, and reduce the transmission power losses. On the other hand, the
robustness of the proposed FLC-SMES is investigated with applying to a hybrid MG grid
connected PV-wind system to mitigate the fluctuation in active and reactive transfer
between the hybrid system and the grid. Therefore, the system line power loss is clearly
reduced by using the proposed-FLC SMES system as well.
Finally, a coordinated control between electric vehicles (EVs) and SMES unit is
proposed to level the power required by EVs, to manage load demand during on-peak
load and fast charging, and to improve the whole power system performance. Electricity
price is a common coordination signal for both EVs and SMES, which is based on the
fuzzy control method. In addition, a coordination control strategy between the robust
SMES based on the FLC and the load frequency control (LFC) is investigated to emulate
virtual inertia into the control loop of the Egypt power system (EPS) and stabilize the
EPS frequency during contingencies. Moreover, the proposed control strategy is
coordinated with digital frequency relay (DFR) for enhancement the frequency stability
and preservation EPS dynamic security due to the high penetration level of RESs. To
prove the effectiveness of the proposed coordination strategy, it has been tested with
considering different load and RESs disturbances with varying the inertia level of EPS.
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Chapter 1: Introduction
1.1 Power System Stability and Reliability
Recently, the transmission and distribution networks are facing a huge growth of
renewable generation sources where these sources generate power that varies depending
on the availability of wind, waves or solar radiation. This formulates new challenges for
the power system stability and reliability, therefore, in many instances, the reinforcement
of the networks is needed to maintain stable and reliable operation. Energy storage
systems (ESSs) can have a significant role in economically managing power networks to
face demand and maintain supply stability and reliability during the periods of
intermittent power generation and load fluctuations [1,2].
Power system stability can be generally defined as the property of a power system that
permits it to remain in a state of operating equilibrium under normal operating conditions
and to recover an acceptable state of equilibrium after being subjected to a disturbance
[3,4]. Power system stability can be mainly categorized as 1) rotor angle stability, 2)
frequency stability, 3) voltage stability [5]. Rotor angle stability can be divided into
transient stability and small disturbance angle stability, both occur in a short-term period.
Frequency stability is defined as the ability of a power system to maintain steady
frequency due to the imbalance between generation and load. Frequency stability can be
classified as a short-term or long-term phenomenon. Voltage stability refers to the ability
of a power system to maintain steady acceptable voltages at all buses in the system under
normal operating conditions and after being subjected to a disturbance [6–8]. Voltage
stability is divided into; 1) large disturbance voltage stability, is concerned with a
system’s ability to maintain steady voltages following large disturbances, 2) small
disturbance voltage stability is concerned with a system’s ability to control voltages
following small perturbations, such as incremental changes in system load. Large and
small disturbances voltage stability are formulated in a short-term or long-term
phenomenon.
Power system reliability refers to the ability of the power system to achieve its
planned purpose of providing satisfactorily supply of electrical energy to consumers
efficiently with a reasonable assurance of continuity and quality [9]. There are two basic
functional properties to describe power system reliability: adequacy, and security.
Adequacy is the ability of the power system to supply the total electric power and energy
1
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requirements of the consumers within components ratings and voltage limits, considering
the planned and unplanned outages of system elements. Security is a measure of the
power system to withstand abrupt disturbances such as symmetrical/unsymmetrical
electric faults or unanticipated losses of system elements or load conditions together with
operating constraints [10]. Substantially, in case of the power system is operated in a
reliable and secure manner, system stability is not endangered.

1.2 Background
1.2.1 Impacts of RESs
The penetration of distributed generation (DG) is recently being increased in modern
power systems worldwide. These DG units can be categorized into non-dispatchable
sources (e.g. wind power, solar power) and dispatchable sources (e.g. diesel engines,
biomass). [11,12]. The use of RESs is one of the important strategies utilized to reduce
the dependence on fossil fuels and consequently, mitigating climate change impacts.
Wind and solar energies are considered as the most important RESs which have grown
rapidly in all countries due to the large shortage in the conventional energy resources and
the rising of the price of the fossil energies around the world. However, the main
drawback of the photovoltaic (PV) and wind systems is that generation power outputs
depend on climatic and weather conditions such as wind speed, solar irradiance, and
temperature. Therefore, the stability and reliability of the electrical power systems will be
affected by these conditions [13].
Wind energy has been given global attention due to its high-power generations of up
to 10 MW in a single wind turbine, the low cost of generated kWh, and being
environmentally friendly. Therefore, wind energy systems are suitable for high
penetration levels of RESs that may lead to full replacement of conventional energy
sources [14–16]. However, high penetration levels of wind energy have led to frequency
and voltage instabilities in utility grids due to the intermittent nature of wind power
[17,18]. Furthermore, the high penetration levels of large wind farms may have adverse
eﬀects on the electrical grid under abnormal faulty conditions [19]. Thus, voltage
stability, frequency stability, and damping oscillations have been highlighted as critical
challenges to the integration of wind energy with high penetration levels in utility grids.
Preserving the frequency stability can be achieved through the power balance between the
generation and the load-demand sides. In addition, the existence of heavy loads and low
power factor loads represents another challenge for voltage instability problems in many
2
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electrical networks. These factors directly aﬀect the power transfer capability and
reliability of the power system [20,21].
There are several attempts in the literature to provide solutions for solving voltage and
frequency instability issues. The ﬂexible alternating current (AC) transmission systems
(FACTSs) controllers are considered as the most popular devices for supporting reactive
power to enhance voltage stability [22,23]. However, the power system stabilizer (PSS)
of the generator and static synchronous compensator (STATCOM) based PI controller,
are needed for damping the oscillations [24]. Moreover, several optimization methods
were employed in the literature for setting the parameters and locations of some FACTS
devices, such as the thyristor-controlled series capacitor (TCSC) and static var
compensator (SVC). This, in turn, can improve voltage stability and minimize the active
power losses [25]. Furthermore, on-load tap changing (OLTC) transformers were utilized
for preserving an acceptable range of voltage at consumers’ connection points. This, in
turn, can guarantee satisfactory operation and lifetime of the client apparatus. However,
OLTC and FACTS strategies are not eﬀective in the case of highly ﬂuctuating wind
generation systems, which may occur faster than the equipment handling time [26].
Latterly, the yearly growth rate of PV generation has been largely increased, the
global power generation rise to 13% by 2030 and a quarter by 2050, according to the
Future of Solar PV report published by the International Renewable Energy Agency
(IRENA). It is expected that solar may reach 2,840 GW and 8,519 GW of installed
capacity by 2030 and 2050, respectively [27]. Being available everywhere,
environmentally friendly and achieving a continual decrease in their cost per watt benefits
have made PV systems widespread compared to other renewable energy sources [28].
However, the generated power of PV systems is dependent on solar irradiance and
ambient temperature, which change continuously during the daytime. The fluctuating
nature of the PV generation systems results in continuous changing output power in
addition to voltage rise problems. Therefore, the increased penetration levels of PV
systems and their fluctuating nature have made their reliability, maximum energy
harvesting, and integrating energy storage systems (ESSs) of the principal interests for
research and industry [29,30].
The electrical microgrid (MG) is the newest structure of the network that would allow
obtaining a better use of distributed energy resources (DERs). This new structure tackles
all DERs (e.g. RESs) as a unique subsystem and offers significant control capacities on its
operation. This MG can operate as connected to the main utility grid as autonomously
3
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isolated [31,32]. Therefore, flexible MGs can not only export and import energy to/from
the main utility grid, but also can operate in grid-connected or in island modes. However,
one of the critical issues in the islanded MG operation in the distribution system is
highlighted during the period of RESs (i.e., wind and PV power generation) integration
into the MG. This, in turn, affects the voltage and frequency performance of the MG
islanding operation [33]. On the other hand, grid integration of PV is becoming the most
important and fastest-growing form of electricity generation among renewable energies.
However, the output power generation of PV has an intermittent nature due to cloud
movements [34,35]. The high penetration of PV can cause several problems, such as the
fluctuation in tie-line power between the utility grid and MG, voltage rise/dip at point of
common coupling (PCC), violations of power lines capability, and high line power loss.
To overcome such problems, ESSs can be utilized in combination with the PV power
generation [36,37] as effective devices with the ability to rapidly and flexibly exchange
power with the MG.
Hybrid renewable power generation system has become the most popular solution for
remote areas which suffer from the difficulty of interconnecting to the grid power system
due to high costs and increasing line losses [38,39]. There are many types of renewable
power generation systems that can be combined to form a hybrid generation system.
Wind power and solar energy are common, and more economical types are used in hybrid
connection mode. Wind and solar energies are considered to be the most important
renewable energy resources, which have grown rapidly in all countries due to the large
shortage in conventional energy resources and the rising price of fossil energies around
the world [40]. However, the main drawback of the PV and wind systems is that the
generated power outputs depend upon the weather conditions. Therefore, the stability of
the electric power system will be affected by these conditions. Moreover, the power
fluctuations of PV and wind generation systems due to these conditions can affect
adversely power transfer and voltage profile at the connection point with the grid power
system [41]. The control of wind and PV systems could partially help to improve the
performance of the hybrid generation system (HGS) and power system stability at any
system operation [42–45].

1.2.2 Role of Energy Storage Systems (ESSs)
The main contribution of employing energy storage in electrical power networks is to
compensate active/reactive power transfer between DG units and the utility power grids
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during normal conditions and when it is subject to disturbances. ESSs are widely used in
power grids worldwide as they can charge/discharge the electrical power during transfer
between DG systems and the grid side [46,47]. From another perspective, ESSs such as
batteries [48,49], ﬂywheels [50,51], pumped hydro [52,53], etc., were employed in the
literature for solving the frequency, power, and voltage ﬂuctuation problems. This can be
done through charging and discharging operations of the ESSs to balance the power
between RESs and loads. However, the flywheel ESSs have a slightly slower response for
compensating power fluctuation. Among various types of ESSs, the superconducting
magnetic energy storage (SMES) is a preferred choice to overcome the problems resulting
from the changing of weather and load power. SMES systems have a short time delay
during the charging/discharging processes, high efficiency, high power density, quick
response, and long lifetime [54,55].
1.2.2.1 Brief Introduction to Superconductivity
The first observation of superconductivity in mercury was discovered in 1911 by

(a) Magnetic field/temperature behavior
of Type I superconductor

(b) Magnetic field/temperature behavior of
Type II superconductor

(c) Resistance/temperature relationship of
superconductor/non-superconductor
material

(d) The critical parameters for a Type II
superconductor

Figure 1.1 The main characteristics of superconductivity.
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Dutch physicist Heike Kamerlingh Onnes. It is cooled to the temperature of 4 K (-452 F, 269 °C) with liquid helium [56]. There are two types of superconductors: Type I and
Type II, as shown in Figure 1.1 (a) and (b). In Type I, the transition from a
superconducting phase to a normal state due to the external magnetic field is sharp and
sudden. On the contrary, the transition from a superconducting state to a normal state due
to the external magnetic field is gradually but not shape and abrupt. At lower critical
magnetic field (BC1), the Type II superconductor begins missing its superconductivity. At
the upper critical magnetic field (BC2), type-II superconductor totally loses its
superconductivity. The state between the lower critical magnetic field and the upper
magnetic field is known as an intermediate state or mixed phase [57–59]. The relationship
between resistance and temperature for superconductor and non-superconductor materials
is discussed in Figure 1.1 (c). As presented in Figure 1.1 (d), the superconductivity state
of a material is destroyed if one of the following parameters is larger than its critical value
[60–62], the parameters are as follows: 1) critical temperature (Tc), 2) critical magnetic
field (Hc), and 3) critical current density (Jc).
1.2.2.2 Comprehensive Comparison of Energy Storage Types
There are many types of energy storage systems according to [63,64], they can be
categorized as the following:

⎯ Mechanical energy storage: this type composes; pumped-storage hydropower
(PSH), compressed-air energy storage (CAES), and Flywheels.
⎯ Electric energy storage: it includes; supercapacitors and superconducting magnetic
energy storage (SMES).
⎯ Electrochemical (conventional batteries): it comprises; lithium-ion (Li-ion),
sodium-sulfur (NaS), lead-acid, nickel-cadmium (Ni-Cd).
⎯ Electrochemical (flow batteries): it contains zinc-bromine and vanadium redox.
⎯ Chemical hydrogen energy storage.

⎯ Thermal (sensible heat): it includes; underground thermal, hot/cold water, and
solid media.
⎯ Thermal (latent heat): it comprises; thermochemical, molten salts, liquid air, and
phase change materials.
⎯ Thermochemical energy storage: it includes; sorption and chemical storage.
The first three energy storage categories are considered the most popular and utilized
types in the power system applications so, the comprehensive comparison should be
6
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highlighted between them. Table C.0.1, in Appendix C, shows the complete comparison
between the most popular three energy storage systems.
There are many benefits of the SMES in comparison with other ESSs [65], as follows:
1. The direct storage of electric energy in the field of a superconducting coil allows

(a) The power density vs power cost ($/kW)

(b) The specific power density vs power cost ($/kW)

(c) The operation and maintenance (O&M) costs in ($/kW/year) and ($/kWh)
Figure 1.2 Cost comparison for various storage technologies [65].
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access times in the range of milliseconds.
2. The duration and number of charges/discharges have almost no influence on the
lifetime of SMES.
3. SMES has high efficiency; it can achieve up to 98% charge/discharge efficiency.
4. Due to its low power loss, the SMES unit is highly efficient (the energy needed
for cooling is usually not considered among power losses).
5. Electric currents in the coil encounter almost no resistance and the unit has no
moving parts.
In the economic aspect of SMES system, Figure 1.2 (a) – (c) discuss the power
density vs power cost ($/kW), the specific power density vs power cost ($/kW), and the
operation and maintenance (O&M) costs in ($/kW/year) and ($/kWh), respectively, for
various storage technologies. It can be seen that SMES has a medium cost comparing
with the other energy storage where it has a high-power density (i.e. 1000–4000 kW/m3),
with low power cost (i.e., 200- 300 $/kW), as shown in Figure 1.2 (a). On the other hand,
Figure 1.2 (b) proves that SMES lies in a suitable place based on the price of its specific
power density. Wherewith range of 500–2000 kW/kg specific power density of the
SMES, the cost of power is 200- 300 $/kW. Additionally, as presented in Figure 1.2 (c),
the O&M costs of SMES are reasonably comparable with various energy storage types.
SMES has a cost of 18.5 ($/kW/year), and it is recorded 0.001 ($/kWh), it is considered a
minimum cost over all other types.
On the contrary, SMES has a high energy capacity cost (i.e., 1000-10,000 $/kWh), for
this reason, SMES is utilized only in the application that needs a short-time discharging
process [65–67]. However, with the use of appropriate HTS materials, designers may
overcome these drawbacks and thus encourage a market niche for SMES soon. Another
disadvantage of SMES is the coil’s sensitivity to temperature. Small changes in
temperature can cause the coil to become unstable and lose energy in heat form since the
superconductor state value depends on the cryogenic temperature. These disadvantages
mentioned above mostly pertain to possible technical problems, so designers should be
able to mitigate them with accurate designs.
1.2.2.3 SMES Contributions in Electrical Power Systems
SMES is considered one of the very significant energy storage technologies in the
application of RESs. Due to the intermittent nature of the RESs, their output power will
fluctuate accordingly. These fluctuations can be mitigated by using SMES by
absorbing/injecting the fluctuated power transfer between RESs and the utility grid [68].
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Several studies demonstrated the behavior of SMES with RESs. The impact of SMES in
improving the transient stability in the existence of a doubly-fed induction generator
(DFIG) type is presented in [69], [70]. The application of SMES to regulate the
fluctuation of PCC voltage as well as real/reactive power transmitted between the utility
grid and the wind power generation (WPG) systems during extreme wind gust by using
SMES is reported in [71]. The SMES impact for minimizing the voltage fluctuations of
the unbalanced three-phase radial distribution system connected to the WPG system with
high power penetration level during wind speed gusts is presented in [72]. Authors in
[73], [16] have evaluated and highlighted the improvement of voltage sag and swell
events of the distribution networks interconnected with DFIG and SCIG wind generation
by installing the SMES unit. SMES can control the output power of wind farms at normal
wind speeds, it also used for improving the output power of WPG at the slow and small
power fluctuation events [74].
Although, reliability concerns of the SMES system have been increased when they are
applied in power systems including PV generations. This is due to that the exchanged
power by SMES causes AC loss in the SMES magnet, and heat is generated in
accordance [75]. Thence, the thermal stability of the SMES coil is threatened. Besides,
the continuously changing current of SMES leads to unstable power availability and
capacity. Major researches appertaining to the reliable operation of SMES in power
systems have been developed in the literature. Different aspects and design considerations
of SMES in high power applications have been studied in [54]. A method combining
electrical design and electromagnetic design was introduced in [76]. Whereas, advanced
methods for power losses calculations of SMES as energy exchange devices were
presented in [77]. Moreover, the transient thermal stability of SMES in power systems
has been covered in the literature. Capability curve based design and protection scheme
for SMES during transient overload condition was presented in [78]. Additionally, the
SMES status evaluation scheme was presented in [79] for assuring the better dynamic
thermal stability of SMES in power systems. Using these methods, the sharp temperature
rise of SMES can be averted, while compromising the functionalities of SMES in the
power system.
On the other hand, the proportional-integral (PI) controller was employed for
controlling active/reactive SMES power [80]. However, the fixed-gain property of PI
controllers does not match the continually changing nature of the power systems. Selftuning control methods using linear models and neural networks were presented to fix the
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fixed gain problems of conventional PI controllers [81]. Although these controllers cannot
guarantee better performance due to the lack of control constrains of the SMES devices.
The application of fuzzy logic control (FLC) for SMES in microgrids with PV generation
systems was introduced in [82]. The FLC provides smooth and efficient control against
the power fluctuations in microgrids. However, the severe fluctuated output power of PV
generation systems results in overcharging and deep discharging states of SMES, which
may cause its failures and shortened lifetime.
Many studies mentioned the application of SMES in MG distribution systems with
considering WPG/PV integration. In [83,84], improved frequency control for a winddiesel hybrid power system with adaptive predictive control of a small capacity SMES
unit is proposed. In [85], the authors utilized a hybrid storage system of SMES and
batteries to ensure a seamless transition for the MG under unhealthy conditions like faults.
Improving voltage, frequency and smoothing power flow in hybrid MG based SMES is
addressed in [86]. In [87], an optimization technique is applied to the main MG converter
to reduce distortions in the transferred power and the regulation of the SMES energy was
achieved using a Cuk-converter.
The combination of SMES and MG with RESs has been pointed out in several
research works in the literature. Authors in [88] have studied the power quality
improvement of a large-scale PV power generation and smooth the power fluctuations
under various weather conditions with SMES system. Stabilization of MG which includes
PV and wind power generations due to the fluctuations and the faulty condition is
achieved by the SMES controller considering the state of charge (SoC) and the optimal
SMES coil design, as presented in [89]. In [90], the application of small-scale SMES
units in improving the fault ride-through capability and enhancing the transient behavior
of the grid-connected 100 kW PV generation system is investigated. A robust SMES
controller to stabilize the fluctuation of tie-line power flow for a six-area interconnected
power system in the presence of a wind farm is analyzed in [91]. The SMES device and
its controllability to mitigate the stability of the utility power grid integrated with wind
power generation have been introduced in [92]. The connection of SMES at different
locations has been studied to suppress the power fluctuations and to improve the low
voltage ride through.
Authors in [93] have explored the application of SMES in PV/Wind/battery energy
storage system (BESS) to mitigate the power fluctuation of RESs, and they also studied
the economic aspects of wind power curtailment and installation of SMES with the hybrid
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real power system. SMES impact on improving the frequency stability of hybrid wind
power and diesel engine generator (DEG) during the periods of wind speed variation is
presented in [94]. Improvement of frequency stability during variable PV power and
uneven load power with the application of SMES in hybrid PV and DEG is discussed in
[95]. Authors in [96] have proposed the application of high-temperature superconductor
SMES with commercially available battery systems to create a hybrid energy storage
system for mitigating the potential issues caused by a large-scale penetration of
distributed generation, such as; voltage rise, reverse power flow and voltage unbalance in
the distribution system. The behavior of a battery/SMES hybrid energy storage system
used in a fuel cell/renewable energy hybrid power system under an unexpected load
profile and variable RES power is studied in [97].

1.3 Research Objectives
As presented in the above literature, several research works have been accomplished
to enhance the stability and reliability of the power systems by cooperating SMES with
RESs; nevertheless, these attempts have either drawbacks or deficiencies that are
summarized in the following:
─ Existing methods studied the behavior of SMES with WPG to mitigate the power
and voltage fluctuations during wind speed transients. However, the mitigation of
WPG output power during high wind gusts and taking into consideration the load
power variations have not addressed. There are several attempts in the literature to
provide solutions for solving voltage and frequency instability issues in the
distribution systems. Nevertheless, both the SoC of SMES and high wind speed
transient impacts are not considered especially in unbalanced distribution networks.
─ Proposals exist to use SMES in improving the reliability of the islanded MGs
integrated with WPG/PV. But the impact of WPG/PV station insertion during
operation time and the sudden rejection of the large electric loads are not included
in the designing of the SMES control.
─ Existing approaches proposed the application of SMES in the MG equipped with a
PV generation system to control and minimize the tie-line power flow between the
MG and the utility grid. However, these approaches have not considered the optimal
value of active and reactive SMES output power to reduce the thermal stress due to
the overcharging and deep discharging states of SMES, which may cause its failures
and shortened lifetime. Additionally, proposals exist to utilize SMES with a hybrid
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WPG/PV system to mitigate power and voltage fluctuations. Although, a high
irradiance variation, wind gust events, and the random variation of load demand
have not included together in the proposed control.
─ Existing methods used to investigate the cooperation between SMES (as energy
storage) and EVs (as a controllable load) did not consider the coordination control
strategy between SMES and EV for reducing the distribution system power loss,
minimizing voltage fluctuation at peak load period, and avoiding congestion in the
distribution network.
─ The coordination between SMES and protection devices to improve the reliability of
a real power system is based on a simplified SMES model in some of the research
works. Most of the research work has not considered either the complete SMES
model nor the appropriate control method.
Motivated by the aforementioned insufficiency, this dissertation presents efficient
control methods for the SMES to deal with these drawbacks. By applying these methods,
the fluctuating of active/reactive power and voltage of the power system can be
significantly mitigated, and the system total power loss is clearly reduced. The main goal
of this work is to improve the stability and reliability of the power system by cooperating
SMES and RESs. The research objectives, which will be accomplished in this work to
face the challenges listed above and enhancing the stability and reliability of the power
system are in the following.

1.3.1 Mitigation Voltage/Power Fluctuation and Stability Improvement
To mitigate both voltage and power fluctuations of a grid-connected WPG during the
wind gust and load power variations, a developed FLC-SMES is proposed. The proposed
control is designed in order to enable SMES to rapidly charge/discharge both active and
reactive powers to meet the power and voltage ﬂuctuations. In addition, the voltage and
frequency stability issues are enhanced by employing the SMES system based on the FLC
method. This proposed method for SMES can improve the performance of three-phase
balanced and unbalanced distribution systems considering the high wind speed variation
and large unbalanced loading conditions.

1.3.2 Robust SMES Control for Improving MG Reliability
To enhance the reliability of islanding MGs including WPG/PV units, a robust FLC
method is proposed for SMES. This proposed method can regulate the system frequency
and PCC voltage to the acceptable value during both load rejection and WPG/PV
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Chapter 1: Introduction
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ

insertion scenarios. Moreover, the reliability of both the grid-connected PV-MG system
and the hybrid PV-wind grid-connected system is improved with employing the proposed
FLC-SMES. Therefore, the tie-line power between MG and the utility grid and the total
system power losses are significantly minimized.

1.3.3 Cooperation between SMES and EVs
To improve the distribution networks' performance in the presence of both EVs and
SMES, an efficient coordinated control strategy is proposed between SMES and EVs.
This coordination control is based on the FLC method which utilizes for SMES and EVs
via a common electricity price control signal. This method can effectively minimize the
total power loss, reduce the active and reactive required grid power, keep the PCC voltage
at acceptable standard value.

1.3.4 Coordination of SMES with Digital Protection System
To operate with high reliability and more secure for low inertia power systems, a
proposed SMES based FLC method is coordinated with the digital protection system.
This coordination strategy can effectively improve the frequency of low inertia power
systems and maintain dynamic stability and security in admissible limits due to different
load and RESs disturbances.

1.4 Thesis Outline
This thesis is arranged as follows:
Chapter 1: presents the definition and description of stability and reliability of power
system, comprehensive background and application about ESSs especially SMES,
research goals, and structure of the thesis.
Chapter 2: describes the detailed modeling of SCIG based wind turbine, construction of
solar PV generation system, complete SMES configuration, and the description of FLC.
Chapter 3: introduces a proposed FLC method to mitigate the power and voltage
fluctuation of the grid-connected distribution network due to extreme wind speed
variation. Additionally, improving the small disturbance voltage and frequency stabilities
for both balanced and unbalanced distribution systems.
Chapter 4: proposes a robust FLC for SMES to enhance the reliability of the islanded
MG equipped with the WPG/PV system during the insertion of the WPG/PV unit and
sudden load rejection.
Chapter 5: offers two proposed methods for minimizing the tie-line power flow between
the MG with PV and the utility grid in the presence of SMES. In addition, robust control
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of SMES is proposed to mitigate power and voltage fluctuations of a hybrid PV-wind
power generation system integrated with the utility grid during high irradiance variation,
wind gust events, and uneven load power demand.
Chapter 6: provides a coordination strategy between SMES and electric vehicles (EVs)
in the charging/discharging process including EV’s charging price to improve the
characteristics of EVs charging/discharging moreover, regulate line active/reactive power
to achieve a load balance operation.
Chapter 7: proposes a coordination control strategy between SMES, load frequency
control (LFC), and digital frequency relay (DFR) to improve the frequency stability.
Chapter 8: concludes the contributions of the thesis. The potential future direction of
research is also offered in this chapter.
To provide a complete picture and help to understand the contents and the distribution
of contributions between the different chapters, Figure 1.3 describes the complete
workflow in the dissertation, which is divided into four parts, namely, Part I, Part II, Part
III, and Part IV.
Abstract
Part I: Problem Description
•
•
•
•
•

Stability & Reliability of Power
Systems.
RESs and SMES Modeling.
SMES Benefits and Contributions.
Research Questions.
Thesis Contributions.

Chapter 1

Chapter 2

Introduction

Modeling of RESs and
Energy Storage System

Part II: SMES for Stability Improvement
•
•
•
•

Proposed FLC Method.
Voltage & Frequency Stabilities.
Active/Reactive Power Mitigation.
Balanced/Unbalanced Distribution System.

Part III: SMES with Hybrid System
•
•
•

Islanded mode of WPG and PV in
Presence of Proposed FLC-SMES.
FSM and OFSM Methods.
Hybrid WPG-PV System.

Chapter 3

SMES Cooperation with WPG for
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Chapter 5
Reliability Enhancement
of Hybrid System Using
SMES

Chapter 4
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Voltage and Frequency
Fluctuations with SMES

Part IV: SMES for Reliability & Security
•
•
•
•

Coordinated Control for SMES
and EVs.
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Charging and Discharging.
Dynamic Frequency Stability.
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Digital Protection System

Chapter 6
Performance Analysis of
SMES with Electric
Vehicles
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Figure 1.3 Organization of the dissertation.
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Chapter 2: Modeling of RESs and Energy Storage
System
2.1 Introduction
This chapter describes in detail the modeling of the squirrel cage induction generator
based on the wind power generation (WPG) system. The aerodynamics, electric system,
and mechanical system of WPG are also presented. The construction of a solar power
generation system including PV panels, DC-DC boost converter, and three-phase inverter
is highlighted in this chapter. Also, the complete SMES configuration with all its
components such as superconductor coil, chopper circuit, voltage source converter
(VSC), power conditioning system, and protection system is clearly displayed. Finally,
the detailed description of the FLC technique which is utilized for controlling the SMES
chopper circuit is totally presented.

2.2 Wind Power Generation System
The output power of the wind turbine is mainly dependent on wind velocity at the
turbine hub height and on mechanical turbine characteristics. This mechanical power is
extracted to a squirrel-cage induction generator (SCIG) for converting the mechanical
power to electrical power before injecting it at the common point integration with the
utility power grid. SCIG needs more reactive power to excite its rotor circuit, which can
be achieved by connecting a shunt capacitor to improve its power factor.

2.2.1 Aerodynamics Model
The aerodynamics model is mainly based on the steady-state power characteristics of
the turbine. The wind turbine mechanical power is expressed mainly as a function of the
power coefficient (Cp ) and the cubic wind speed (υ) in (2.1) as follows [98]:
𝑃𝑚 = 0.5 𝐶𝑝 (𝜆𝑡 , 𝛽 )𝜋𝜌𝑅2 𝑣 3

(2.1)

where Pm, β, λt, R, ρ are turbine mechanical output power, mechanical pitch angle, tip
speed ratio (ratio between the angular speed of turbine blades ( m) and wind speed), the
blade radius, and the air density, respectively. The value of the tip speed ratio can be
calculated by (2.2), the power coefficient in terms of pitch angle and tip speed ratio can
be given in (2.3) and (2.4). Constant C1 to C6 are reported in Appendix B, Table B.0.1.
𝜆𝑡 =

𝜔𝑚 𝑅
𝑣
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𝐶𝑝 (𝜆𝑡 , 𝛽 ) = 𝐶1 (

𝐶2
− 𝐶3 𝛽 − 𝐶4 ) 𝑒 −𝐶5 /𝜆𝑖 + 𝐶6 𝜆𝑖
𝜆𝑖

1
1
0.035
=
− 3
𝜆𝑖 𝜆𝑡 + 0.08𝛽 𝛽 + 1

(2.3)
(2.4)

Figure 2.1 shows the complete system configuration of the SCIG wind turbine system.
Figure 2.2 discusses the relationship between turbine output power and turbine speed
(with respect to nominal SCIG speed) at different values of wind speeds. For example, at
the base wind speed is 9 m/s and the turbine speed at nominal generator speed is 1.1 pu.
The turbine is operating at zero pitch angle to produce maximum allowable electrical
power. The detailed parameters of SCIG and mechanical turbine characteristics are listed
in Appendix B, Table B.0.2.

Soft-starter
Gear

Grid

SCIG

Capacitor Bank

Figure 2.1 Schematic diagram of the SCIG wind turbine system.

Figure 2.2 Turbine power characteristics at different wind speeds.
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2.2.2 Electrical System
SCIG is typically demonstrated as a traditional PQ model, with the active power
generated and reactive power demand specified. However, the reactive power demand
can be stated as a function of the bus voltage as in (2.5), if the SCIG is modeled as an
improved PQ bus by using the demonstration introduced in [99] and later used in [100],
the complete equivalent circuit of SCIG is shown in Figure 2.3.
𝑄𝐺 = 𝑉𝑠2 (

𝑋𝑐 − 𝑋𝑚
𝑋
) + 2 𝑃𝐺2
𝑋𝑚 𝑋𝐶
𝑉𝑠

(2.5)

where QG is the excitation reactive power of the generator, PG is the active power
generation, Xc is the compensation capacitive reactance which unitized to improve the
power factor, X is the summation of rotor Xr and stator Xs reactances, Rs is the stator
resistance, Rr is the rotor resistance, and Xm is the magnetizing reactance as shown in
Figure 2.3. The rotor voltage of the SCIG based wind turbine is equal to zero, therefore,
the voltage equations of the machine can be in per unit equations in the d-q reference
frame expressed as follows [101]:
𝑣𝑑𝑠 = −𝑅𝑠 𝑖𝑑𝑠 + 𝜔𝑠 ((𝐿𝑠𝜎 + 𝐿𝑚 )𝑖𝑞𝑠 + 𝐿𝑚 𝑖𝑞𝑟 )
𝑣𝑞𝑠 = −𝑅𝑠 𝑖𝑞𝑠 − 𝜔𝑠 ((𝐿𝑠𝜎 + 𝐿𝑚 )𝑖𝑑𝑠 + 𝐿𝑚 𝑖𝑑𝑟 )

(2.6)

0 = −𝑅𝑟 𝑖𝑑𝑟 − 𝑠𝜔𝑠 ((𝐿𝑟𝜎 + 𝐿𝑚 )𝑖𝑞𝑟 + 𝐿𝑚 𝑖𝑞𝑠 )
0 = −𝑅𝑟 𝑖𝑞𝑟 − 𝑠𝜔𝑠 ((𝐿𝑟𝜎 + 𝐿𝑚 )𝑖𝑑𝑟 + 𝐿𝑚 𝑖𝑑𝑠 )
where Lsσ, Lrσ, ids, iqs, idr, iqr, vds, vqs are the stator leakage inductance, rotor leakage
inductance, stator direct, quadrature current, rotor direct, quadrature current, stator direct,
and quadrature voltage, respectively. The active power of SCIG (P) and the compensation
reactive power (Q), are discussed in (2.7) and (2.8) [101]:
𝑃 = 𝑣𝑑𝑠 𝑖𝑑𝑠 + 𝑣𝑞𝑠 𝑖𝑞𝑠

(2.7)

𝑄 = 𝑣𝑞𝑠 𝑖𝑑𝑠 − 𝑣𝑑𝑠 𝑖𝑞𝑠

(2.8)

Figure 2.3 Equivalent circuit of SCIG.
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2.2.3 Mechanical System
Different mechanical effects take place in a wind turbine that may induce dynamics in
the electrical part, such as tower vibration effect and soft shaft drive train dynamics. The
first effect is caused by a non-homogenous wind speed across the turbine rotor plane and
the presence of a tower (tower shadow). For power system stability, tower vibration is of
secondary importance because the oscillation magnitude generated by these dynamics is
negligible. Hence, only dynamics on the drive train are considered [102]. The mechanical
part is represented by a second-order system [103]. The complete model equations are as
follows:
dr
1
=
(Tm − Fr − Te )
dt
2H

(2.7)

d r
= r
dt

(2.8)

where ωr, Tm, Te, H, r, F are rotor angular velocity, shaft mechanical torque,
electromagnetic torque, combined rotor and load inertia constant, rotor angular position,
and viscous friction coefficient, respectively.

2.3 Solar Power Generation System
The modeling of the photovoltaic (PV) system is usually employed for converting the
irradiance and temperature of the sun into electricity. The PV array systems are modular,
and they consist of series and/or parallel connection of PV modules. The number of
connected series and parallel modules in the PV array are determined according to
voltage level requirements of the PV system and desired DC power output ratings of the
array, respectively. The PV cell represents the basic component of the PV module system,
which is composed of multiple series and parallel PV cells.

2.3.1 Configuration of PV Array
The complete PV generation system consists of three parts. The first part is an array
which forms with connected in series and parallel modules of Sun-power SPR-305-WHTU (305W) panel to determine the appropriate output DC voltage and current [104]. In this
work, the PV system comprises of 5 series modules and 330 parallel to generate 500 kW
DC power at the selected values of irradiance and temperature are 1 kW/m2 and 25 ○C. In
the second stage, the DC-boost converter is utilized to get a higher DC voltage, which
also takes the maximum allowable power from PV array by using incremental
conductance maximum power point tracking (MPPT). The third stage of the PV system is
18
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the voltage source inverter (VSI) which converts DC voltage to AC voltage before the
interconnection with the utility power grid. Also, it keeps the DC voltage across the
linked capacitor at a constant setpoint voltage.
The PV cell represents the basic component of the PV module system, which is
composed of multiple series and parallel PV cells. Figure 2.4 shows the equivalent circuit
model of the PV cell [105]. The characteristics of power and current with respect to the
voltage of PV array at different values of irradiance and temperature are presented in
Figures 2.5 (a) and 2.5 (b), respectively. The dependence of the output current and output
power of the PV cell (Pcell) on the PV model parameters are described using (2.9) and
(2.10) as follows:
𝐼 = 𝐼𝑝𝑣 − 𝐼0 [𝑒𝑥𝑝 (

𝑉 + 𝑅𝑠𝑟 𝐼
𝑉 + 𝑅𝑠𝑟 𝐼
) − 1] −
(𝑘𝑇/𝑞 )𝑎
𝑅𝑝

𝑃𝑐𝑒𝑙𝑙 = 𝑉 (𝐼𝑝𝑣 − 𝐼0 [𝑒𝑥𝑝 (

𝑉 + 𝑅𝑠𝑟 𝐼
𝑉 + 𝑅𝑠𝑟 𝐼
) − 1] −
)
𝑘𝑇
𝑅𝑝
( 𝑞 )𝑎
Rsr

G

T

(2.9)

(2.10)

I
+

Id

Rp

IPV

V

-

Figure 2.4 PV cell complete equivalent circuit.

(a) At different irradiance values

(b) At different temperature values

Figure 2.5 Power-voltage and current-voltage characteristics of PV system.
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where V, I, Ipv, I0, Rsr, Rp, q, K, T, and a are terminal voltage, current of PV cell, generated
current from incident light, the diode’s leakage current, equivalent series resistance,
equivalent parallel resistance, the electron charge (1.60217646 × 10−19 C), Boltzmann
constant (1.3806503 × 10−23 J/K), temperature of p–n junction in (K), and ideality factor
of the diode, respectively. Cells can be connected in parallel to increase the current and in
series to provide a greater output voltage. Thus, the output power of the PV array can be
controlled by the number of PV cells.
𝑃𝑎𝑟𝑟𝑎𝑦 = 𝑁1 𝑃𝑐𝑒𝑙𝑙

(2.11)

𝑃𝑢𝑛𝑖𝑡 = 𝑁2 𝑃𝑎𝑟𝑟𝑎𝑦

(2.12)

where N1 and N2 are the total numbers of PV cells connected in series and parallel in a PV
array and the total number of PV arrays in the total PV generation unit.

2.3.2 Controlling PV DC-DC Boosting and Voltage Source Inverter
The boost DC-DC converter is employed to step up the output voltage of the PV
array. In addition, the MPPT controller is needed to maximize the energy efficiency of the
PV output. The incremental conductance (IC) MPPT method is used in this model due to
its fast-tracking response, low ripples, and high tracking accuracy [106]. In this second
stage, the DC-DC boost converter is utilized to regulate the MPPT which controls the
DC output power and to boost the array DC voltage from 290 V to 1 kV. The IC
technique is based on the slope of the PV array power curve is zero at the maximum
power point (MPP), positive on the left side, and negative on the right side as it is given
by:
P = VI 

dP
dI
= I +V
dV
dV

(2.13)

Hence at MPP,
dP
dI
dI
I
= I +V
= 0
=−
dV
dV
dV
V

(2.14)

The third stage in the PV generation system is the VSI, which is utilized to regulate
the DC link voltage and to adjust the reactive power set-point if needed. The two-level
VSI is selected for the selected case study due to its lower components count and its
widespread in industrial PV systems. The synchronous d-q reference frame is used for
implementing the VSI controller as provided in [16]. The main functionalities of the
controller are to synchronize the PV generation with the utility grid in addition to
controlling the active and reactive power injection into the utility grid. A phase-locked loop
(PLL) system is employed to synchronize the output voltage of the VSI with the grid [107].
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Figure 2.6 Schematic diagram of complete PV system and control scheme.

The detailed design method of the VSI controller can be found in [108]. The main
parameters of the PV system are summarized in Appendix B, Table B.0.3.
Figure 2.6 shows the schematic diagram of the complete PV generation system and
controllers. The sensed output voltage VPV and current IPV of the PV array are fed to the
IC MPPT method, which controls the demanded duty cycle Dt of the boost converter
according to the maximum power operating point. The pulse width modulation (PWM)
converts the duty cycle demand of the MPPT controller into switching signals for the
power electronic switches. From another side, the controller of the VSI is implemented
using the d-q reference frame transformation. The synchronization process of the VSI
with the utility grid is performed using the angle θ, which is extracted using the PLL
system. The DC link voltage regulated by VSI and the injected active power into the grid
is inverter is controlled with the boost DC-DC converter.

2.4 Superconducting Magnetic Energy Storage (SMES)
SMES is an energy storage technology that stores energy in magnetic form. Among
all of the energy storage technologies, SMES has played an important role in power
system applications. SMES stores its energy in magnetic form by flowing a direct current
through superconductor coil (SC) which forms from superconductive material with no
resistance at its superconducting state [109], it is cooled with liquid helium or nitrogen as
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Figure 2.7 The configuration of SMES system.

its type (i.e., liquid helium for low-temperature (LTS) and liquid nitrogen for hightemperature (HTS)) to maintain the temperature of SC less than or equal the specific
critical temperature (Tc) of the superconducting material [110,111].

2.4.1 Configuration of SMES System
As shown in Figure 2.7, the main components of SMES can be classified as follows:
1) coupling transformer and filtering stage, which can reduce the voltage level to
the acceptable voltage for power electronic devices and minimize the harmonics content
in voltage and current waveforms;
2) power conditioning unit (PCU), which consists of a bidirectional voltage source
converter (VSC) and a DC-DC chopper circuit; it is responsible for transferring real and
reactive powers in both directions;
3) superconductor coil, which is considered to be the heart of SMES system and is
made of superconductive material, hence it is always with zero ohmic resistance when
cooling and operating under its critical temperature [109], [112];
4) protection and cooling system which is used to protect the SMES coil against
quench instant. The cooling system is also essential for the HTS material with liquid
nitrogen, liquid helium is used for LTS material to guarantee that the SMES coil operates
within its superconductive state [110,111].

2.4.2 SMES VSC Control Method
In general, there are two major configurations of SMES; current source converter
(CSC) and VSC, the total cost of switching devices of CSC is 66.73% more than that of
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VSC [113]. Moreover, VSC has better self-commutating capability and injects fewer
harmonic currents into the AC grid than a comparable CSC. Since the switching
frequency of an insulated-gate bipolar transistor (IGBT) is preferred on the range of 2-20
kHz as opposed to the preferable switching frequency of gate-turn off thyristor (GTO) is
1.0 kHz, the use of IGBT is more beneficial in this configuration compared to GTO [114].
Figure 2.8 shows the bidirectional VSC control for the SMES system in the d-q
synchronous reference frame. The PLL determines the transformation angle (θ) from the
phase voltages. The angle (θ) helps to synchronize the SMES system with the AC grid in
addition to transforming the measured three-phase currents into d-q currents Id, and Iq,
respectively. The controller involves direct d-axis control loop and quadrature q-axis
control loop. The active power control is performed through controlling the DC link
voltage Vdc of the converter according to be equal to the reference DC link voltage Vdc-ref
by using the proportional-integral (PI-1) controller. The output of the controller PI-1 of
DC link voltage control is the reference d-axis current Id. Then, another proportionalintegral (PI-2) controller is employed for maintaining Id equals to its reference Id-ref. The
reactive power control is achieved through controlling the measured grid AC voltage VG
to be equal to the grid reference voltage VG-ref through the controller PI-3. In addition, the
controller PI-4 is employed for controlling the resulting q-axis current Iq-ref with the
measured q-axis current Iq. Therefore, both active and reactive power can be controlled
for the SMES system. The values of VSC PI controllers are listed in Appendix B, Table
B.0.4.

Figure 2.8 The bidirectional VSC and controller.
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2.4.3 SMES DC-DC Chopper Circuit
The SMES coil is charged or discharged or operated in standby mode by the twoquadrant DC-DC chopper. The DC-DC chopper is controlled to draw SMES coil positive
voltage (Vsm) (during IGBTs S1 and S2 are on) or negative Vsm (during IGBTs S1 and S2
are off) or zero voltage (during IGBT S1 and diode D1 or IGBT S2 and diode D2 are on,
simultaneously). Therefore, the stored energy can be charged or discharged or remain
constant accordingly. Hence, the SMES coil is charged or discharged or standby by
adjusting the average value of Vsm across the coil, which is determined by the duty cycle
(D) of the two-quadrant DC-DC chopper. In case the duty cycle is equal to 0.5, then
SMES unit is activated in a standby mode of operation, but when it is larger than 0.5 or
less than 0.5, the SMES stored energy is either charged or discharged, respectively. three
modes of operation for chopper circuit are shown in Figure 2.9.
The SMES rated energy (Esm) in terms of SMES coil current (Ism) and the inductance
of SMES coil (Lsm) can be calculated by (2.15).
2
𝐸𝑠𝑚 = 0.5 𝐿𝑠𝑚 𝐼𝑠𝑚

(2.15)

The relationship between SMES coil average voltage (Vsm), the DC voltage across the
linked capacitor (Vdc) and duty cycle (D) is expressed as (2.16).
(2.16)

𝑉𝑠𝑚 = 𝑉𝑑𝑐 (2𝐷 − 1)

SMES active power (Psm) is changed positively during charging and negatively at
discharging mode of operation, as illustrated in (2.17).
𝑃𝑠𝑚

(𝐷 = 0.5)
(0.5 < 𝐷 ≤ 1.0)
(0 ≤ 𝐷 < 0.5)

0
= { +𝑉𝑠𝑚 𝐼𝑠𝑚
−𝑉𝑠𝑚 𝐼𝑠𝑚

(2.17)
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Figure 2.9 Switching states of the DC-DC chopper circuit.
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2.5 Fuzzy Logic Control (FLC)
FLC is one of the advanced control techniques used in power system applications.
FLC is fast, easy to implement and preferable for both linear and nonlinear system
variations. To operate the chopper circuit with a fast response, FLC is employed to set the
active power transmitted between the SMES coil and VSC. FLC is considered one of the
robust control techniques which are widely used in power system applications.
There are many benefits of using fuzzy logic controllers compared with the
conventional controllers [115], as follows;
(i) The FLC can operate at much wider variety of operating conditions compared with
conventional PID controllers. Moreover, FLC can deal with the various forms of
noise/disturbances, which represent major features of RESs-based power systems.
(ii) The implementation of the FLC is cheap and it can be programmed using low-cost
digital controllers. Furthermore, the FLC represents a rule-based control system,
which does not require experienced persons.
(iii) FLC is a fast response, easy to implement, and preferable for both linear and
nonlinear system variations. Additionally, it is easier to understand and modify its
rules, it is customizable, which not only uses a human operator’s strategy but also is
expressed in natural linguistic terms.
From the above advantages of FLC, it uses as a good choice for helping in the
adaptation of this work to practice. The main four processes of the FLC is shown in
Figure 2.10, as follows:
1) Fuzzification module is the functions of which are first, to read, measure, and scale

Figure 2.10 Complete procedure of FLC.
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the control variable (speed, acceleration) and, second, to transform the measured
numerical values to the corresponding linguistic (fuzzy variables with appropriate
membership values).
2) Knowledge base includes the definitions of the fuzzy membership functions defined
for each control variable and the necessary rules that specify the control goals using
linguistic variables.
3) Inference engine should be capable of simulating human decision making and
influencing the control actions based on fuzzy logic.
4) Defuzzification module converts the inferred decision from the linguistic variables
back to the numerical values.
In fuzzy logic, the four most common membership functions (MFs) are illustrated in
Figure 2.11.
Gaussian curve is shown in Figure 2.11(a). Gaussmf-type MF is used in fuzzifying
both inputs and output on a 0–1 scale for the MF degree. It provides a better response
from the other MFs shapes and fast performance, especially during sharp changes in the
input variables [116], which is useful in case of examining sudden changes (load,

(a) Gaussian

(b) Triangular

(c) Sigmoidal
(d) Trapezoidal
Figure 2.11 Membership function types of fuzzy logic controller.
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renewable energy generation); for these reasons, it is used in this Thesis. The standard
Gaussian-curve equation is stated in (2.18) [116]:
(𝑥−𝑐)2
−
𝑒 2𝜎2

(2.18)
𝑓(𝑥, 𝜎, 𝑐 ) =
where c is the parameter that decides the center of the peak, σ is the width of bell curve.
Triangular curve is presented in Figure 2.11(b), it can be obtained by (2.19) or after
simplification by (2.20).
0,
𝑥−𝑎
,
𝑏
−
𝑎
(
)
𝑓 𝑥, 𝑎, 𝑏, 𝑐 = 𝑐 − 𝑥
,
𝑐−𝑏
{
0,

𝑥≤𝑎
𝑎≤𝑥≤𝑏

(2.19)

𝑏≤𝑥≤𝑐

}
𝑑≤𝑥
𝑥−𝑎 𝑐−𝑥
(2.20)
] , 0]
𝑓(𝑥, 𝑎, 𝑏, 𝑐 ) = 𝑚𝑎𝑥 [𝑚𝑖𝑛 [
,
𝑏−𝑎 𝑐−𝑏
where a and c are the parameters locate the “feet” of the triangle, and b is parameter
locate the “peak”.
Sigmoidal curve is discussed in Figure 2.11(c), it can be calculated by (2.21).
1

(2.21)
1+
where a is parameter determines the steepness of the function width of the curve, and c is
𝑓(𝑥, 𝑎, 𝑐 ) =

𝑒 −𝑎(𝑥−𝑐)

parameter locates the distance from the origin.
Trapezoidal curve is shown in Figure 2.11(d), it can be expressed by (2.22) or more
compactly, by (2.23).
0,
𝑥−𝑎
,
𝑏−𝑎
𝑓 (𝑥, 𝑎, 𝑏, 𝑐, 𝑑 ) =

{

1,
𝑑−𝑥
,
𝑑−𝑐
0,

𝑥≤𝑎
𝑎≤𝑥≤𝑏
𝑏≤𝑥≤𝑐

(2.22)

𝑐≤𝑥≤𝑑
𝑑≤𝑥

}

𝑥−𝑎 𝑑−𝑥
(2.23)
, 1,
] , 0]
𝑏−𝑎
𝑑 −𝑐
where a, b are the parameters locate the “feet” of the trapezoid, and c, d are the
𝑓(𝑥, 𝑎, 𝑏, 𝑐, 𝑑 ) = 𝑚𝑎𝑥 [𝑚𝑖𝑛 [

parameters locate the “shoulder”.
Center of gravity, which is a widely used method in fuzzy models, is used for
defuzzification process in the function of membership degree (µc) and the input variable
of defuzzification process (z), where the expected output (zo) can obtain by (2.24) [117]:
𝑧0 =

∫ 𝑧. 𝜇𝑐 (𝑑𝑧)
∫ 𝜇𝑐 (𝑑𝑧)
27

(2.24)

Chapter 3: SMES Cooperation with WPG for Improving System Stability
ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ

Chapter 3: SMES
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WPG

for

Improving System Stability
3.1 Introduction
In this chapter, a developed fuzzy-logic-controlled SMES strategy is presented to
improve the performance of a grid-connected fixed-speed WPG system during extreme
wind gust scenarios by controlling both active and reactive powers of SMES. The
proposed control strategy is applied to SMES system for improving and mitigating the
ﬂuctuations of both active and reactive powers which transfer between the utility grid and
WPG system as well as the PCC voltage variation during the high changes of wind speed
and load power. FLC's inputs take into consideration the variations of the load power and
the changes due to wind speed variation. In addition, a robust control method of SMES
based on fuzzy control is proposed to improve the small disturbance voltage and
frequency stability of the balanced and unbalanced distribution systems with high
penetration levels of wind energy. Furthermore, the proposed FLC-SMES system is
validated using the IEEE 33-bus distribution system with a 30% penetration level (i.e.,
with respect to loading power) of the wind energy systems. The main contributions of this
chapter are summarized as follows:
•

Mitigating the extreme variations of the line active and reactive powers caused by
a wind gust and changes of load power.

•

Improving the ﬂuctuations of the PCC voltage to a suitable value due to the
variation of wind speed and load power.

•

Compensating both active and reactive powers that transfer through transmission
line as well as the reactive power required for the excitation of SCIG during
steady-state and transient events.

•

Enhancing the performance of three-phase balanced and unbalanced distribution
systems considering the high wind speed variation and large unbalanced loading
conditions.

•

Reducing the grid reactive power required for the SCIG excitation circuit by
injecting the reactive power by the SMES. Therefore, the transmission line power
losses are reduced in accordance with the local supply of reactive power.
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3.2 Problem Description
3.2.1 Wind Power Fluctuation and Load Demand Impacts
The natural variations of the wind speed cause fluctuations in the injected wind power
to the grid as well as the bus voltage of the interconnected bus, therefore the line active
and reactive powers are changing according to the shape of wind speed variations. Also,
the random variations in the load power produce fluctuations of active/reactive power
transfer between WPG and AC grid, as well as the voltage profile of the PCC. Therefore,
the energy storage system (EES) plays a vital role to mitigate the line active/reactive
power and the PCC bus voltage during the variations of both wind speed and the load
power. SMES is considered one of the important energy storage techniques, which is a
preferable choice for wind farm applications. SMES can charge/discharge rapidly to face
abnormal conditions in the system. FLC is utilized to control the duty cycle of the twoquadrant DC-DC chopper to operate with fastly charging/discharging modes to alleviate
fluctuations of the line real/reactive power and the PCC voltage as well.

3.2.2 Frequency Stability Issue
The frequency stability of the power system can be maintained according to the active
power balance between the generation and load demand sides. There are several
additional factors that may aﬀect the frequency stability, such as sudden load variations in
the power system in which the frequency ﬂuctuates until the aggregate generation in the
system meets the new load condition. Furthermore, the increased installations of wind
energy sources are adversely aﬀecting the frequency stability of the system, which results
from the low inertia property of wind systems. Hence, a power system with high
penetration levels of wind energy generation is expected to face more frequency stability
challenges.

3.2.3 Small Disturbance Voltage Stability
The voltage stability is related to the balance of reactive power loading and reactive
power capability within a power system. Voltage dips occur in the power system in the
case of reactive power unbalance. In a similar way to the frequency stability problem, the
unbalanced loading can lead to an unbalanced voltage drop. This, in turn, increases the
current drawn by inductive loads and the rotor heating due to the negative sequence
magnetic ﬂux. This ﬂux generated in the stator opposite to the rotor rotation induces
negative sequence voltage on the shorting bars. Thence, negative sequence short circuit
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current ﬂows in the rotor. Moreover, the false operation of protective devices may trip the
system due to the high resultant current ﬂowing in the neutral line at earth's fault. These
factors directly increase the required reactive power support.

3.3 Proposed FLC Method for SMES Model
3.3.1 Description
The superconducting coil is charged and discharged by two-quadrant DC-DC
chopper. The DC-DC chopper is controlled to supply positive (IGBT is turned ON) or
negative (IGBT is turned OFF) voltage to the SMES coil and then the stored energy can
be charged or discharged. Therefore, the superconducting coil is charged or discharged by
adjusting the average voltage across the coil, which is determined by the duty cycle (D) of
the two-quadrant DC-DC chopper. When the duty cycle is larger than 0.5 or less than 0.5,
the stored energy of the coil is either charging or discharging, respectively. In order to
generate the PWM gate signals for the IGBT of the chopper, the reference signal is
compared with the triangular signal.
To control power transfer between the SMES coil and the AC system, a DC-DC
chopper is used and FLC is selected to control D. FLC consists of two inputs and one
output. The model is built up using the graphical user interface tool provided by
MATLAB software. Inputs and output were fuzzified into five sets of Gaussmf-type
membership functions (MFs) on a scale of 0–1. The variation range in the inputs and
output is used to develop a set of fuzzy logic rules in the form of (IF–AND-THEN)
statements to relate the input variables to the output of MFs. There are two studied cases
in which the proposed method is applied; Case 1 is the grid-connected distribution system
and Case 2 is for balanced/unbalanced 33-bus radial distribution system.

3.3.2 Proposed Method for Grid Connected Distribution System
For controlling the active power transmitted between the PCC and SMES coil, DCDC chopper circuit is utilized with the proposed FLC to control its duty cycle, this is
discussed in Figure 3.1. The proposed control takes into consideration the difference
between wind power and load power (Pt), then it compares with the reference value. This
means the load is approximately locally fed from wind power and SMES without using
power from the utility grid and reducing the line active/reactive power variations due to
wind gust and randomly load power. The weighting factors of the FLC, K1, and K2 equal
to 0.1 and 0.3, respectively.
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Figure 3.1 Proposed FLC method for the chopper circuit at Case#1.

(a) Input 1 of MF, dT (pu)

(b) Input 2 of MF, dIsm (pu)

(d) The 3-D graph for inputs-output MFs

(c) The output of MF, (D)

Figure 3.2 Inputs and output variables of membership functions.

As shown in Figure 3.2, the SMES current and the summation of wind power and the
load power variations as well as the corresponding duty cycle are arranged with the
logical linguistic of (IF-AND–THEN) routines to determine the rules of fuzzy interface
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system, then the output numerical values can be calculated as an output of the
defuzzification process. The input MFs are represented using five diﬀerent linguistic
variables: big negative (BN), negative (N), zero (Z), positive (P), and big positive (BP).
The output membership function is represented by using five linguistic variables: fast
discharge (FD), discharge (D), no action (NO), charge (C), and fast charge (FC).

3.3.3 Proposed Method for Balanced/Unbalanced Radial System
The proposed FLC method is employed for improving the SMES control behavior so
that the SMES can smoothly perform the charging and discharging operations with the
electrical distribution system. Moreover, the proposed enhanced FLC method considers a
simple implementation using only two inputs and one output MFs. The first input is the
variation of wind speed (dw), which is the diﬀerence between actual wind speed and the
reference wind speed (to obtain the required output power). The second input is the
change of SMES current (dIsm), which is the diﬀerence between its reference value and its
actual value. The output membership function of the FLC method is the duty cycle of the
DC-DC SMES chopper converter, as shown in Figure 3.3.
Figure 3.4 shows the proposed FLC controller with the input and output membership
functions. In addition, Figure 3.4 includes the rules of the FLC and the 3-D graph of the
input-output relationship of the proposed FLC method. The design process of the input
and output membership functions is based on the Gaussian membership function. The
look-up rules based proposed FLC method is shown in Figure 3.4. If-then rules of fuzzy
logic are implemented using the rule table. Then the maximum of the minimum
composition scheme is utilized for the interference stage. The center of gravity (COG)
υw

υ *w
I*sm

+

-

FLC

dw
D

dIsm
+

To DC-DC
Chopper Gates

-

>=

Ism

Comparator

Triangular signal 1000 Hz

Figure 3.3 Proposed FLC method for the chopper circuit at Case#2.
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Figure 3.4 Complete schematic diagram of the proposed FLC method for the SMES system.

scheme is used for implementing the defuzzification process.

3.4 Results and Discussions
Two distribution systems have been used to validate the proposed method (grid
connected distribution system and 33-bus distribution system). The details of these
systems are available in Appendix A.

3.4.1 The Grid Connected Distribution System
As shown in Figure 3.5, the complete power system model which used as a case study
in this subsection. The studied system is a wind farm containing six identical wind

Figure 3.5 Power system model under study.
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turbines with 1.5 MW each. These units are connected to a 25 kV distribution system that
supplies the power to a 120 kV grid through a 30 km, 25 kV transmission line. The stator
winding of SCIG wind turbines is connected directly to the PCC and their rotor is driven
by a fixed-pitch angle wind turbine. The capacitor bank at each wind turbine low voltage
bus compensates the SCIGs with the initial required reactive power. The rating of SMES
and its VSC capacity is 4.5 MJ/3 MVA, respectively. SMES and a large load are
connected at PCC. The complete simulation is performed in MATLAB/Simulink® and
simpower system package.
The main impact of SMES in the presence of extreme wind gust and variable loads
connected to PCC as shown in Figure 3.5, is analyzed. Figure 3.6 presents the wind gust
variation [71], the profile of variable load demand (i.e. 4.5 MW, 0.85 lagging power

Figure 3.6 Response of wind gust speed variations.

Figure 3.7 Response of load demand variations.
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Figure 3.8 Response of PCC bus voltage.

factor) which connected at the PCC is shown in Figure 3.7. WPG, SMES, and the load are
connected at the PCC. FLC is proposed for operating the chopper circuit, the SMES is
operated initially with the full charge energy (4.5 MJ), and the initial current is 3 kA.
Figure 3.8 presents the voltage profile of PCC during high variation of both wind and
load with/without installing SMES. PCC voltage is decreased to less than 0.95 pu due to
the load variations then also, it is dropped to less 0.85 pu due to the wind gust, without
using SMES. The proposed FLC control of the SMES could rapidly discharge/charge
active power between SMES and AC system to minimize the fluctuation due to variations
of the load and the random wind power as well. Furthermore, the SMES reactive power
can be generated/absorbed to achieve the best improvement of the voltage profile of the
PCC. Therefore, the active and reactive powers are injected/released in order to regulate
the PCC voltage at 1.0 pu during the extreme wind speed and load fluctuations. It is clear
from Figure 3.8, by using SMES, the PCC voltage is regulated to 1.0 pu.
Figure 3.9 shows the behavior of active and reactive power at PCC. The active power
at PCC dropped sharply approximately to zero due to the wind speed, then returns to
increase dramatically to 10 MW without SMES. However, the response of the power
variation is improved by using SMES. With installing SMES, the real power
absorbed/injected at the PCC during low/high wind speed events is relieved. The limits of
the fluctuated real power which transfer between the PCC and wind farm are 9.462 MW
and 0.342 MW without SMES, these limits are 6.694 MW and 2.975 MW after using
SMES, i.e., the fluctuation is reduced by 59.24%.
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(a) Active power

(b) Reactive power

Figure 3.9 Response of line active and reactive powers at PCC.

On the other hand, WPG system needs a large value of reactive power which is
absorbed from the grid without SMES, this value of reactive power reached 5.61 MVAR
during wind gust period. After using SMES with WPG system, the line reactive power is
compensated, additionally, the absorbed reactive power from the utility grid is reduced to
only 1 MVAR by using the SMES. As a consequence of the impact SMES reactive
power, a great improvement is achieved in reactive power absorbed from the AC side.
The average value of the absorbed wind reactive power from the grid is decreased from
4.167 MVAR to 0.951 MVAR after using SMES (i.e., the reduction of absorbed reactive
power from the grid is 77.18%).
The response of SMES active and reactive powers is described in Figure 3.10. SMES
could charge/discharge active power with fast response to face the variations of load and
wind speed. On the other side, the SMES reactive power is injected at PCC to compensate

Figure 3.10 SMES active and reactive power.
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Figure 3.11 The SMES energy.
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Figure 3.12 DC-link voltage.

Figure 3.13 SMES coil voltage.

the load reactive power besides improving the variation of PCC voltage due to wind gust
and the change in load demand. Figure 3.11 illustrates the behavior of the SMES energy
in both charging and discharging modes of operation to compensate the load at both wind
speed and load variations. The SMES stored energy increased/decreased and it does not
exceed the rated value during charge/discharge modes. Also, the voltage of the DC-linked
capacitor is nearly fixed at 2.4 kV during all modes of operation, as shown in Figure 3.12.
The investigation of the control process is approved by the fixed value of the voltage
across the capacitor. Finally, the SMES coil voltage is changed negatively/positively
according to discharging/charging modes, respectively, as shown in Figure 3.13.
To demonstrate the superior effectiveness of the proposed control method, the
obtained results in the study are totally compared with the achieved results listed in [71],
[118], which summarized in Table 3.1. The two selected references have examined the
same application of SMES used in this study, in the presence of extreme wind speed
Table 3.1 Detailed comparison of SMES impact for improving exchange power applications.
Proportion of SMES
with respect to total wind
power generation (MW)
Proportion of SMES
with respect to total
system load (MVA)
Type of wind speed
fluctuations
Line
active
variations

power

Average
transmission
line reactive power
PCC bus voltage

[71]

[118]

Proposed method

4.5 MJ, 9 MW
Penetration = 50%

150 MJ, 66 MW
Penetration = 227.27%

4.5 MJ, 9 MW
Penetration = 50%

Without load

Total load = 62.64
MVA
Penetration =239.46%

Total load = 5.29 MVA
Penetration = 85.07%

Fast and High

Slow and small

Fast and High

Decreased by 35%

Decreased by 59.24%

Reduced by 55.56%

Reduced by 77.18%

Mitigated to its rated
value (1.0 pu)

Mitigated to its rated
value (1.0 pu)

Decreased by 53.1% in
Scenario #1
Decreased by 56.53% in
Scenario #2
Reduced by 27.45% in
Scenario #1
Reduced by 31.13% in
Scenario #2
Mitigated to its rated value
(1.0 pu)
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variations. The line real power fluctuation is reduced by 35%, 56.53% in [118], [71]
respectively, while it is decreased by 59.24% in the proposed method. On the other hand,
the transmission line reactive power flow at the PCC has reduced approximately by
55.56%, 31.13% in [118], [71], respectively, it has reduced by 77.18% in the proposed
method. The proposed control indicated that with a small contribution of SMES energy, a
better reduction in line active and reactive powers fluctuations which flow between PCC
bus and WPG is accomplished.

3.4.2 The 33-Bus Distribution System
In this subsection, the proposed method is applied to the 33-bus distribution system.
Figure 3.14 shows the single-line diagram of the studied system. The selected case study
considers the system data of loads and line impedances as given in Appendix A. This case
study of the power system is studied under two conditions; balanced loading and
unbalanced loading. The case study of unbalanced loading is emulated by the unequal
division of the electrical loads on the three phases with 30%, 20%, and 50% of full
loading between phases A, B, and C, respectively. The designed SMES units and the
wind power generation system were placed at buses 18 and 33, which represent the
weakest points of the distribution system. The parameters of the SCIG and SMES model
12.66/0.48 kV

0.6 MVA SCIG
wind farm

23 24 25 26 27 28 29 30 31 32 33
SMES 2
160 KJ

Sub-station
12.66 kV

SMES 1
160 KJ

1 2

3 4

5

6

7 8 9 10 11 12 13 14 15 16 17 18

12.66/0.48 kV

19 20 21 22
Data line

Control
system

Control
system

0.6 MVA SCIG
wind farm

Power line

Figure 3.14 IEEE 33-bus radial distribution system.
Table 3.2 Parameters of the SCIG system.
Component
Power rating
Voltage (line-line)
Stator resistance
Stator reactance
Magnetizing reactance
Rotor resistance
Rotor reactance

Symbol
MVA
Vrms (V)
Rs )pu(
Xs (pu)
Xm (pu)
Rr (pu)
Xr (pu)

Table 3.3 Parameters of the SMES system.

Value
0.6/0.9
480
0.01965
0.0397
1.354
0.01909
0.0397
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Component
Rated energy (Esm)
SMES inductance (Lsm)

Value
160 kJ
0.5 H

SMES current (Ism)
DC link capacitor (Cdc)
SMES VSC rating (SVSC)

800 A
20 mF
1.5 MVA
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are summarized in Table 3.2 and Table 3.3, respectively. The initial SoC of the SMES
system is assumed to be 50% of its maximum value (320 kJ).
The impacts of the SMES system for smoothing power generated and enhancing
frequency/voltage ﬂuctuations were studied with intermittent 30% wind penetration with
respect to system load power. The system was tested at enormous variations of wind
speed, which is shown in Figure 3.15. Voltage profiles of other buses have not been
mentioned in the results as they possess better profiles than the selected weak buses.
Moreover, the study is implemented considering both balanced and unbalanced
distribution systems
3.4.2.1 Balanced Distribution System Analysis.
This subsection presents the results of frequency ﬂuctuations and voltage profiles at
buses 18 and 33 taking into consideration wind speed variations as shown in Figure 3.15,
and the loads are equally distributed between the three phases. The voltage profiles at
buses 18 and 33 are shown in Figure 3.16 (a) and Figure 3.16 (b), respectively,

Figure 3.15 The profile of wind speed for the selected case study.

(a) Bus 18
(b) Bus 33
Figure 3.16 Voltage profiles of the balanced distribution system.
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considering three cases: (1) without installing wind or SMES systems (2) installing wind
generation only, and (3) installing both wind generation and SMES systems. It is clear
that the voltage profiles are significantly improved by using the SMES. The voltage
magnitude at bus 18 has increased from lower than 0.92 pu in the case of no SMES to
about 1.02 pu with installing the proposed SMES and controller. In addition, the voltage
magnitude has been improved at bus 33 to nearly 1.0 pu by installing the SMES system.
Furthermore, the eﬀectiveness of the proposed enhanced design of the FLC method has
become clear as the frequency deviations have been damped rapidly to the steady-state
value.
The ability of the proposed system and controller to damp the power system
overshoot and undershoot spikes is shown in Figure 3.17. It can be seen that the proposed
FLC method has smaller overshoots and undershoots than that without using the SMES.
This can be interpreted due to the high and fast response of the SMES system. Moreover,
the proposed system and controller can stabilize the power system faster than the

Figure 3.17 Frequency profile of the selected case study with the balanced distribution system.

(a) Active and reactive power profiles

(b) Stored energy

Figure 3.18 Performance of SMES with balanced distribution system scenario.
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traditional power system not using the SMES. Therefore, enhanced frequency stability is
achieved by installing the designed SMES and the proposed FLC method.
Figure 3.18 (a) shows the active and reactive power exchange of the installed SMES
at bus 18 for the selected case study. The proposed SMES system charges real power at
high wind speed and discharges real power during low wind speed. Hence, it can
compensate the variation of the frequency profile of the selected case study. Additionally,
the SMES system can inject/absorb reactive power to regulate the voltage profiles for all
buses of the distribution system during wind speed variation. The charging/discharging of
real/reactive powers are controlled so that the voltage at all buses remains at acceptable
values (±5% of rated value) during wind speed variation. The corresponding stored
energy in the SMES system is shown in Figure 3.18 (b). The stored energy
increases/decreases around its rated value to compensate the ﬂuctuation in the voltage and
frequency profiles.
3.4.2.2 Analysis of Unbalanced Distribution System
The performance of the proposed SMES system and the FLC method is also
investigated with the unbalanced distribution system. The unbalanced condition is
emulated through the unequal distribution of loads among the phases with 30%, 20%, and
50% of the total loads for phases A, B, and C, respectively. The comparison of threephase voltage profiles between a traditional power system without SMES and with
installing the SMES for buses 18 and 33 is shown in Figures 3.19 and 3.20, respectively.
The superior performance of the distribution power system with the proposed SMES
and controller in maintaining the voltage profiles of both buses at the system limits of 5%
tolerance is clear. For the voltage profile at bus 18, voltage magnitude has increased from

(a) Without SMES

(b) With the proposed SMES system and
FLC
Figure 3.19 The voltage profiles of the three-phase distribution system at bus 18.
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(a) Without SMES

(b) With the proposed SMES system and
FLC

Figure 3.20 The voltage profiles of the three-phase distribution system at bus 33.

Figure 3.21 Performance of the frequency profile of the unbalanced distribution system.

0.93, 0.94, and 0.89 pu to 1.03, 1.03, and 1.0 pu for phases A, B, and C, respectively. In
addition, the voltage magnitude at bus 33 has improved from 0.93, 0.95, and 0.89 pu to
1.02, 1.02, and 0.98 pu for phases A, B, and C, respectively. Thus, the proposed system
and controller are suitable for balanced and unbalanced distribution systems operations.
Furthermore, Figure 3.21 compares the behavior of frequency ﬂuctuation between
traditional power systems without SMES and the proposed controlled SMES system for
unbalanced distribution systems. It can be seen that the proposed SMES and FLC
controller are able to eﬀectively damp the frequency ﬂuctuations in the system.
Additionally, the steady-state value with installing the SMES is stabilized faster than in
traditional power systems without SMES. Therefore, the proposed FLC-SMES is feasible
under unbalanced distribution systems operation and the enhanced damping of frequency
ﬂuctuations of the power system is obtained.
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(a) Active and reactive power profiles

(b) Stored energy

Figure 3.22 Performance of SMES with unbalanced distribution system scenario.

The active and reactive power profiles of the SMES system at bus 18 are shown in
Figure 3.22 (a), and the associated SMES energy profile is presented in Figure 3.22 (b). It
can be seen that the SMES can rapidly exchange power to stabilize the system in
comparison with the other ESSs. The proposed SMES can discharge/charge real power at
low/high wind speeds to improve the frequency variations. Moreover, the proposed
SMES and FLC method can inject/absorb reactive power to support the voltage profiles
and regulate it within the acceptable limits. It is clear from Figure 3.22 (b) that the SMES
energy has not exceeded its maximum rated value during the charging and discharging
operations. Thus, the proposed SMES system can compensate the variation of the
frequency profile of the selected case study in unbalanced distribution systems. The
proposed FLC can also preserve reliable operation of the SMES device according to its
safe thermal and electrical constraints.

3.5 Conclusions
This chapter has discussed a developed control approach of the SMES system for
controlling it's active and reactive powers to regulate voltage and power interchange as
well as mitigating voltage and frequency stability problems associated with the
ﬂuctuating nature of WPG and the random load changes. The proposed system is
validated using a grid-connected and the IEEE 33-bus distribution systems. Both WPG
and SMES are connected at the PCC. FLC is designed in order to enable SMES to rapidly
charge/discharge both active and reactive powers to compensate the ﬂuctuation of
voltage, frequency, line real power, and line reactive power at PCC. With the proposed
FLC method, SMES has success to rapidly discharge and charge the stored energy during
high wind ﬂuctuation and randomly load variation. This, in turn, helped in regulating the
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PCC voltage to the acceptable standard limits. It also success to mitigate the line active
and reactive powers transfer between WPG and PCC during the extreme variations of
wind speed and load profile change. The eﬀectiveness of the proposed system and
controller in suppressing the existing voltage and frequency ﬂuctuations in the traditional
distribution power systems has become clear. Furthermore, the proposed FLC method is
advantageous in preserving the reliable operation of the SMES system and protecting it
from overloading and thermal stresses conditions. The main results of this chapter have
been published in [J8], [J9], and [C10]. In the next chapter, the mitigation of voltage and
frequency for islanding microgrid system will be analyzed.
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4.1 Introduction
In this chapter, a robust control scheme for SMES is proposed to enhance the
reliability and stability of islanding microgrid distribution system during the period of
WPG insertion as well as the sudden load rejection. The proposed FLC control plays an
important role in controlling the active power transfer between the chopper circuit and
SMES voltage source converter by adjusting the value of duty cycle which is used for
switching the DC-DC chopper circuit. Additionally, the proposed control is also utilized
in an isolated microgrid equipped with solar power generation. It can mitigate the
frequency deviation of the isolated microgrid caused by interconnecting the solar power
generation units and the operation of adding/removing the load suddenly. Moreover, it
reduces active/reactive power produced by the diesel generator during the loading action,
as a result, retains the stable operation of the diesel generator, consequently, improving
the stability of the MG.

4.2 Problem Description
Since the power generation from renewable energy resources (RESs) such as WPG
and solar power generation is unpredictable and variable, this results in more fluctuations
in power flow and frequency in the MG, which significantly affects the power system
operation. Therefore, the high penetration of RESs makes the situation in MG worse
because of the low inertia and small-time constant of the system. Moreover, the random
changes in load power demand caused a bad response to the PCC voltage, system
frequency, and active/reactive power transfer between the grid and RESs. Hence, energy
storage systems (ESSs) can be used to mitigate the renewable power fluctuation and level
the load. The SMES is used to mitigate the power and frequency fluctuations as well as
the PCC voltage. FLC used to operate the DC-DC chopper of SMES to enable it in fast
control of charging/discharging active and reactive power between SMES coil and the
MG.

4.3 Proposed Method
To operate SMES with high efficiency and fast response at all modes of operations,
the proposed FLC control is used with chopper circuit. FLC is used to adjust the duty
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cycle of chopper converter circuit and control the active power transfer between the VSC
and chopper circuit. As shown in Figure 4.1, there are two inputs of FLC; the first input is
the frequency deviation (Δf), the second is the variation of SMES current (ΔIsm). The
output of FLC is the duty cycle for the chopper circuit. FLC inputs variables, output
variables, and the 3-D graph describe the relation between the two inputs and the output
as presented in Figure 4.2. The parameters of SMES are given in Table 4.1. The look-up
table determines the main rules of FLC inputs/output as listed in Table 4.2. FLC output
and the inputs were fuzzified with five sets of Gaussian-type membership functions
(MFs). There are three modes of operation; when D = 0.5, SMES operates in standby
mode. Charging and discharging modes can be achieved by setting the duty cycle as
follows, 0.5 < D ≤ 1.0, 0 ≤ D < 0.5, respectively.
Table 4.1 Parameters of the SMES
system.

Bi-directional Converter
SMES

S1

+

D2

Vsm

Ism

+

-

D1

-

S2

vdc

Component
Rated energy (Esm)

Value
1.56 MJ

SMES inductance
(Lsm)
SMES current (Ism)

0.5 H

DC link capacitor
(Cdc)
SMES VSC capacity

20 mF

800 A

3 MVA

f

+

fref

-

ΔIsm

+

Ism-ref

Ism

D

Δf

Carrier
1 kHz

2 input FLC

Figure 4.1 Schematic diagram of the proposed method.
Table 4.2 Rules look-up table for proposed FLC method.
Δf
ΔIsm
BN
N
Z
P
BP

BN

N

Z

P

BP

NO
C
FC
FC
FC

NO
NO
C
FC
FC

NO
NO
NO
C
C

FD
FD
D
D
NO

FD
FD
FD
D
NO

BP=Big positive, P=Positive, Z=Zero, BN=Big Negative, N=Negative, FD= Fast
discharge, D=Discharge, NO=No action, C=Charge, FC=Fast charge
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(a) Input variable 1

(b) Input variable 2

(c) Output variable
(d) The 3-D graph for inputs/output
Figure 4.2 Membership functions of the inputs and output variables and 3-D graph for inputs
and output.

4.4 Results and Discussions

To validate the proposed method of the SMES, two isolated MG systems are tested.
The first one is islanding MG equipped with WPG system and the second is integrated
with PV solar power generation (SPG).

4.4.1 Islanded MG integrated with WPG
The selected case study used in this subsection is shown in Figure 4.3. It is an islanded
microgrid composed of two WPG units, 1.5 MW each, 4 MW load, and 1.56 MJ SMES
unit as an energy storage system are located at PCC. They are connected throughout a 50
km, 25 kV line with the diesel generator unit. The main source for MG is two-diesel
generators (2*3.125 MVA), the complete description of the diesel generator model and its
control is listed in Appendix A.4. The data of WPG unit is given in Table B.0.2,
Appendix B.
The wind speed used is equal to 12 m/s, WPG1 inserted to MG at the starting of
operation while WPG2 started operation at t = 3 sec. The overall sequence events of the
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Figure 4.3 Islanded microgrid system with WPG and SMES.
Table 4.3 Sequence of events of the islanding MG system.
Steps

Description

Step 1

Steady-state, WPG1, SMES, diesel generator, and 4 MW load are
initialized and started to operation.

Step 2

3.0 Second later, WPG2 is started in insertion beside WPG1.

Step 3

3.0 Second later, 25% of the load (1 MW) is removed.

Figure 4.4 Diesel generator output active power.

MG distraction system operation is reported in Table 4.3. The proposed controlled-SMES
based FLC is employed to improve the reliability and stability of islanded MG by setting
SMES to charge/discharge its energy rapidly.
Figure 4.4 presents the diesel generator output active power with and without using of
SMES. The output power drops at WPG2 insertion and load rejection events, but after
installing SMES, the generator's power restored and damped to steady-state value rapidly
and kept the generator in operation within the stability region after sudden load removes.
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Figure 4.5 Reactive power of the diesel
generator.

Figure 4.6 Response of diesel generator rotor
speed.

Figure 4.7 Response of MG system frequency.

The performance of the reactive power and rotor speed of the diesel generator are
discussed in Figures 4.5 and 4.6, respectively. Without SMES, the reactive power
increased dramatically to 1.0 pu during WPG2 inserted, then it returned again to
approximately 0.3 pu after WPG2 reached its steady-state point. On the other hand, the
output reactive power decreased to a minimum value (i.e., zero value) but it is increased
only at WPG2 insertion to 0.7 pu then rapidly returned to zero value after installing
SMES, as shown in Figure 4.5. This, in turn, helps the diesel generator to operate with
lightly loading and improves its operation. The generator rotor speed increased to 1.55 pu
at the insertion of WPG then sharply increased to a large value after load rejecting at t = 6
sec, without SMES. The protection system was not considered in this study; however, in
case of applying the protection system, the generator will be disconnected at violation
cases after the delayed time (according to the international standard code). After SMES
operated, the rotor speed damped to its steady-state value and the diesel generator can
operate again in the secure region. Figure 4.7 shows the system frequency. It is clear that
the system frequency can return to its nominal value after sudden load decrease and
WPG2 inserted by using SMES.
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Figures 4.8 – 4.9 show the PCC bus voltage profile, and the response of WPG2 output
power, respectively. PCC voltage is regained to its nominal value and it is dropped only
to 0.65 p.u. during WPG2 stared up, with SMES, while it dropped to 0.45 p.u. then
returned again to a specified value lower than its nominal value, as clear in Figure 4.8.
The startup process of WPG2 is analyzed in Figure 4.9, it can be seen that WPG2 needs
approximately 1.5 sec. (i.e. from t = 3 sec. to t = 4.5 sec.) to build up and reach to steadystate operation without SMES. While it takes only about 0.5 sec. to reach its normal
operation by using SMES.
The SMES active and reactive powers, the DC link capacitor voltage are addressed in
Figures 4.10 and 4.11, respectively. SMES charged active power from the MG during
WPG2 insertion and sudden load removes, otherwise, SMES operated in standby mode
without active power transfer. SMES provided reactive power to MG to regulate the PCC
voltage and reduced the main generator’s reactive power which is required to compensate
the WPG units. Finally, the DC link capacitor voltage is maintained at a constant value

Figure 4.8 Response of PCC voltage.

Figure 4.9 WPG2 output power.

Figure 4.10 SMES active and reactive powers.

Figure 4.11 Voltage of DC-link capacitor.
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(2400 V) during all SMES modes of operations this, in turn, proves the effectiveness of
the proposed control method, as shown in Figure 4.11.

4.4.2 Islanded MG integrated with SPG
Figure 4.12 shows the description of the system used in this subsection. The isolatedMG consists of two SPG units, each is 3 x 0.5 MW array. One SPG unit is incessantly
connected to the MG while the other is inserted at a definite time. Each SPG is connected
to a 500 V - 5 kHz boost converter and interfaced with the MG throughout a VSC and
then through a 260 V/25 kV star-delta transformer. A 25 kV, 50 km transmission line is
used to connect these SPG units to the PCC. The MG has two dominant diesel generators,
3.125 MVA each and acting as a central control power source. A constant load of 3 MW
is maintained at the PCC where an additional load of 2 MW is inserted and removed at
different and definite instants. Each PV unit used in this study can generate a maximum
output dc power of 0.5 MW. The parameters of the used PV array are listed in Table
B.0.3, Appendix B. In order to exchange the energy between the generation and the load,
a 1.56 MJ SMES unit as an energy storage system is connected at the PCC.
The major function of the proposed FLC applied to the bi-directional dc-dc converter
is to improve the steadiness and reliability of the stand-alone MG by controlling the
operation modes of the SMES to charge/discharge its energy swiftly or to keep it in the
standby mode. The simulation is performed from t = 0 sec till t = 11 sec, at t = 4, 1.5 MW
SPG is inserted and a load of 2 MW is inserted and removed at t=7 sec and 7.5 sec,
respectively.

Figure 4.12 Isolated MG system with SPGs and SMES.
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Figure 4.13 shows the active and reactive powers of the SPG during the case-study
while Figure 4.14 indicates the duty cycle generated from the proposes FLC during this
study. The diesel generators' active power without and with considering the SMES unit is
shown in Figure 4.15. It can be noted that the amount of active power generated from the
generators is reduced since the inserted SPG contributes to the rest of the required power
to the load. The active power transferred from MG to the SMES (charging mode) during
both SPG insertion and load rejection, while SMES discharge active power when the load
is inserted, otherwise, SMES is controlled to maintained standby mode.
The SMES contribution can be seen in Figure 4.16, during the load event, the active
power shared between the generators and the SMES. This, in turn, reduces the amount of
active power required from the generators and assists the generators to function with
faintly loading and ameliorates its operation.
The generators’ rotor speed behavior and the MG frequency are indicated in both

Figure 4.13 Active/reactive power of SPGs.

Figure 4.14 Duty cycle of the chopper circuit.

Figure 4.15 Diesel generator active power.

Figure 4.16 SMES active and reactive powers.
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Figures 4.17 and 4.18, respectively. Considering the SEMS, the rotor speed is restrained
to its steady-state value allowing the diesel generator to function in the secure region. The
MG frequency is decreased to about 59.2 Hz when the load is inserted which is mitigated
to 59.5 Hz with SMES. When the load is rejected, frequency jumped to 60.6 Hz and
effectively moderated to 60.2 Hz with SMES. Frequency is also enhanced slightly when
inserting the SPG. So, it is obvious that the MG frequency is mitigated and returned to its
nominal value after a sudden insertion of the SPG and a sudden insertion/removal of the
load.
The voltage profile at the PCC bus during the case study is shown in Figure 4.19, the
voltage at PCC bus is maintained at its rated value using SMES, it has only a negligible
slight increase above 1.0 p.u. during the loading action. On the other hand, without using
SMES, the PCC voltage is oscillated around the rated value and has high spikes during
the loading action and SPG insertion.

Figure 4.17 Diesel generator’s rotor speed.

Figure 4.18 Microgrid system frequency.

Figure 4.19 Voltage at PCC.
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Figure 4.20 DC-link voltage.

Figure 4.21 Load current during case study.

The DC-link voltage is illustrated in Figure 4.20, is maintained at its nominal value
(2400 V) during the 3-modes of operations accordingly. The impact of the proposed
control method on the load current is shown in Figure 4.21, with SMES, the load current
is almost smooth compared to the without SMES case, this proves the usefulness of the
proposed control method.

4.5 Conclusions
In this chapter, a robust controlled-SMES scheme is proposed to enhance the
reliability and small disturbance voltage and frequency stability of islanding MGs
including wind power units and solar power generation as well. SMES can charge and
discharge its stored energy to face the abnormal conditions during the islanding mode of
the MGs distribution system. The achievements of the proposed method are summarized
as follows:
•

SMES with the proposed method could adjust the output active and reactive
powers of diesel generator and help to operate within security and stability point.

•

The system frequency and PCC voltage are regulated to the acceptable value
during load rejection or insertion and WPG/SPG insertion events after installing
SMES.

•

The proposed control helped in the startup for WPG2, reaching to its steady-state
operation rapidly, and reducing the reactive power absorbed from the main
generator for SCIG initial excitation.

•

Proposed SMES with controller could regulate the active power and rotor speed of
the main diesel generators, therefore, maintain stability and safety of the
generators.

More details related to this chapter have been covered in [C4], [C8] and [C9].
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Chapter 5: Reliability Enhancement of Hybrid System
Using SMES
5.1 Introduction
In this chapter, two methods are proposed for minimizing the tie-line power flow
between the MG with PV and the utility grid in the presence of SMES. The first method
is fuzzy logic control-SMES method (FSM) and the second method is the optimized
fuzzy logic control-SMES method (OFSM). The idea of these methods is to
simultaneously control/optimize the input parameters of the fuzzy logic controller and
reactive power of the SMES VSC to reduce the fluctuation of the tie-line power. The
charging/discharging power of the SMES and the reactive power of its VSC are
simultaneously computed for mitigating impacts of high power flow between the MG and
the utility grid. The optimal charging/discharging power of the SMES is determined
based on the optimal change in the SMES current. A metaheuristic method particle swarm
optimization (PSO) is used to solve the optimization model considering the constraints of
the utility grid, VSC, and SMES. Additionally, robust control of SMES system to
mitigate power and voltage fluctuations of a hybrid PV-wind power generation system
integrated with the utility grid in the presence of high irradiance variation, wind gust
events, and uneven load power demand is also investigated in this chapter. The variations
of irradiance, wind gusts, and random load demand are taken into consideration during
the implementation of the proposed FLC. Moreover, the SMES state of charge is also
applied to FLC to avoid overcharging and deep discharging conditions, to achieve a
longer lifespan of the SMES system.

5.2 Problem Description
There are two scenarios are studied in this section. Applying the proposed method for
grid connected MG include PV only as a first scenario, hybrid PV-WPG grid connected
MG is the second scenario.

5.2.1 PV-SMES Grid Connected System
Due to the intermittent nature of PV power generation and unexpected load variations,
the line power at PCC is dramatically changing accordingly [119,120]. This power
transfers between the utility power grid and PV solar station where it can be negative (i.e.,
the power goes to the grid) or positive (i.e., the power outgoes from the grid). This power
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Figure 5.1 Detailed problem description due to solar radiation and load power variations.

transfer, in turn, dramatically affects the PCC voltage profile which leads to release of
large reactive power from the grid to regulate the voltage profile at the desired value.
Hence, the total losses of the utility grid will be increased which significantly affects the
loadability of transmission lines. The impact of the solar radiation variation and load
variation on the tie-line power at PCC is presented in Figure 5.1. Therefore, to make the
voltage at PCC within limits and reduce the total losses of the transmission lines, the
power transferring between the utility power grid and the MG should be minimized as
much as possible.

5.2.2 Hybrid PV-WPG-SMES Grid Connected MG System
The fluctuations in a hybrid power generation (HPG) system are caused by many
factors such as the changes of irradiance, temperature and wind speed, in addition, the
unexpected load variation. These fluctuations lead to unaccepted variation in voltage and
power at the common connection point of the hybrid system and the power grid.
Moreover, more power is required from the grid to compensate for the shortage of power
during the abnormal events in the wind speed and irradiance profile. This, in turn,
increases the total line losses and decreases the voltage of the common point, especially
during the peak period of the load demand profile. Figure 5.2 represents the impact of
changes in the weather and load variation on power and voltage profiles. It is clear that
the influence of weather on both the voltage profile and the power transfer at the common
connection point can be considered negative.
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Figure 5.2 Impact of irradiance, wind gust and load changes on power and voltage at the
common point.

5.3 Proposed Methods
5.3.1 MG Equipped with PV Only
5.3.1.1 Description
Two methods are proposed to minimize the tie-line power (Ptie-line) transfers between
the utility power grid and MG. These methods are based on utilizing SMES unit, in the
presence of PV source, to compensate the required demand load power during the night
period, when there is no power generation from PV during this period. Moreover, the
SMES stores the extra energy during the day period when the generation power of PV is
greater than the demand load power. Figure 5.3 shows the schematic diagram of the
proposed methods. As shown in the figure, there are five signals applied to the
optimization solver, PV output power (PPVj), the data of distribution grid, the active
power transfer at a common point (Ptie-line), the voltage thresholds (Vthj), and initial current
of the SMES (Ismo). The output determined signals from the optimization solver are the
variation of transmitted power ∆Ptie-line (i.e., the difference between generation power of
PV and demand load power) and the variation of SMES current ∆Ism (i.e., the difference
between the reference and actual SMES currents). The two output signals are applied to
the FLC technique for generating the optimal duty cycle value which compares with the
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Figure 5.3 Detailed diagram of proposed methods.

triangular signal and produces the gating signal to the DC-DC chopper circuit. The
chopper circuit is responsible for the SMES active power flow between SMES coil and
AC grid side. On the other hand, the reactive power at PCC should be injected/absorbed
in a cooperative manner between VSC of the SMES and the utility grid to regulate the
PCC voltage around a specified standard value.
5.3.1.2 Proposed FLC-SMES Method (FSM)
In this method, FSM, two inputs and one output are applied to FLC for producing the
pulsating signals to the two switches of DC-DC chopper after comparing with the 1 kHz
triangular reference signal. The difference between the generation power of PV and
demand load power (∆Ptie-line) is considered the first input whereas the change of SMES
current (∆Ism) is the second input of FLC and the chopper circuit’s duty cycle is the output
variable. Gaussian-type is used to construct MFs of inputs and output variables. The
rationale behind choosing this type is that it gives better performance for linear and
nonlinear applications. The complete schematic diagram of inputs, output, main rules of
FLC, and the chopper circuit included its control are discussed in Figures 5.4 (a) and (b).
Matlab graphical user interface (GUI) is used to implement the FLC model. The inputs
and output are fuzzified by five sets on a scale of 0-1 MF degree where BigN, Neg., zero,
Pos. and BigP represent big negative, negative, zero, positive, and big positive,
respectively, for the two input variables. FastD, Dis., Not, Charg., FastC are denoted to
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Input 1
FLCFLC
Rules

Output

Rules

Input 2

(a) FLC inputs and output

(b) Chopper circuit with FLC technique
Figure 5.4 Chopper circuit and its complete FLC technique.

fast-discharge, discharge, no-action, charge and, fast-charge, respectively, for the output
variable.
5.3.1.3 Proposed Optimal FLC-SMES Method (OFSM)
This method is like the previous FSM method, but here the fuzzy logic controller
inputs and the injected/absorbed reactive power of the VSC are optimally calculated to
minimize the power transfer between MG and the utility distribution grid. The main
objective function included in the optimization problem is given as follows:
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where Pgm,t, PPVm,t, PLm,t, Qgm,t, Qsm,t, Psm,t, and QLm,t are the active power generation, active
power of PV, active power demand, reactive power generation, reactive power of SMES
inverter, SMES active power, and demand reactive power for mth bus at instant t,
respectively. Gmn and Bmn are the conductance and susceptance between bus m and bus n,
respectively. δmn, Vm min , Vm max , and NB, are the difference voltage angles at bus m and bus n,
minimum voltage limit at bus m, maximum voltage limit at bus m, and the number of
buses, respectively. PSO is used in this paper to solve this optimization problem in which
the control variables are the reactive power of VSC (Qsm) of the SMES and the change of
SMES current (∆Ism).
The state of charge (SoC) of the SMES can be updated as follows:

SoCt = SoCt −1 +  t ch Psm,ch ,t  t −  t 

1

disc

Psm,disc ,t  t

(5.9)

where SoCt, ηch, ηdisc, Psm,ch,t, and Psm,disc,t are the state of charge, charging efficiency,
discharging efficiency, charging SMES power, and discharging SMES power at time
instant t, respectively. αt and σt are binary variables (α, σ ∈ {0,1}), where α  σ = 0
because SMES charging and discharging cannot be simultaneously performed.
5.3.1.3.1 Particle Swarm Optimization Algorithm (PSO)
PSO is one of the smart optimization techniques that has been used in many
applications. It was first introduced by Eberhart and Kennedy [121]. PSO is a populationbased technique in which these populations are called swarms. Each possible solution of
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the problem is represented by a particle. The particles move around in a multidimensional
search space. Each particle comprises the information of the intended control variable and
adapts its position. By moving the particles and evaluating the fitness function of the new
position, PSO can find the optimal solution.
Consider that the position of a particle i at time instant t is xi(t) while its velocity is
vi(t). The vectors of the position and velocity are stored during algorithm processing at
time instant t to be used for updating the population at the next time instant (t+1). At each
iteration, each particle is accelerated toward its previous best position Pi(t) and toward the
global best position which found by particle neighborhood gi(t). During each iteration, the
new velocity will be used to update the particle position which calculates the next
position in the search space. This process will be repeated for a number of iterations until
a minimum error is achieved [122]. The particle position and velocity at each iteration
computed by the following equation [123]:

i ( t + 1) = k i ( t ) + C1r1 ( Pi ( t ) − xi ( t ) ) + C2 r2 ( gi ( t ) − xi ( t ) ) 

xi ( t + 1) = xi ( t ) + i ( t + 1)

k=

2
2 −  −  − 4
2

,  = C1 + C2 ,   4

(5.10)
(5.11)
(5.12)

where k, ω, C1, and C2 are the constriction factor, inertia weight parameter, cognitive
coefficient, and social coefficient, respectively; r1 and r2 are random numbers between
[0,1]; i is the particle number; t and t+1 are the current iteration and next iteration,
respectively. To increase the performance of PSO, there is a common approach used for
this purpose which promotes a balance between local and global search. In this approach,
ω is starting with a high value and during the execution of PSO, it should be decreased as
shown in (5.13).
 max − min 
 ( itermax − iter ) + min
 itermax 

 =

(5.13)

where iter and itermax are the numbers of the current and the maximum number of total
iterations, respectively. Normally, parameter ω can be changed between 0.4 and 0.9
[123]. The acceleration coefficients C1 and C2 can be computed as follows:
 C1 f − C1i
C1 = 
 itermax


 itermax + C1i
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Figure 5.5 Flowchart of the proposed methods.

 C2 f − C2i 
C2 = 
 itermax + C2i
 itermax 

(5.15)

where C1i, C2i, C1f, and C2f are the initial cognitive coefficient, initial social coefficient,
final cognitive coefficient, and final social coefficient, respectively.
5.3.1.4 Solution Process
The flowchart of the proposed methods (FSM and OFSM) is shown in Figure 5.5. As
shown in the figure, at each time instant t, the demand load, PV power, and SMES status
(e.g., capacity, SoC) are read. Based on the chosen method (FSM/OFSM), the required
active and reactive powers from the SMES are calculated to minimize the tie-line power
between the PV solar station and the utility power grid (Psm and Qsm) as follows:
─ If the chosen method is FSM, the active and reactive powers will be calculated using
the proposed FLC-SMES method without considering the optimization option.
─ If the chosen method is OFSM, the active and reactive powers will be calculated
using proposed FLC-SMES method with considering the optimization option (i.e., the
reactive power and FLC inputs are optimally calculated using (5.1-5.8)).
─ Based on the calculated active power (charging/discharging), the SoC of the SMES is
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updated using (5.9). The generated commands at time instant t are saved and
transmitted over the distribution network. This process is repeated for all time
instants.

5.3.2 Hybrid PV-WPG Microgrid System
5.3.2.1 Proposed FLC Technique for Chopper Circuit
Figure 5.6 shows the complete procedure of FLC process, there are two inputs and
one output. In the first input (∆P) where PV, wind and load variations are included
together to indicate the difference between the generation (i.e. PV and wind hybrid power
generation) and load power demand for supplying the load locally from HPG and SMES,
without absorbing additional power from the utility power grid. The second input (∆Ism)
indicates the state of charge of the SMES unit to operate in suitable limits far away from
high charging and deep discharging processes. This, in turn, guarantees that the SMES
coil can operate under its critical temperature especially in extreme charging periods.

Figure 5.6 The complete process of FLC technique.
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Figure 5.7 Proposed FLC technique for DC-DC chopper circuit.
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Two numerical inputs are processed and fuzzified in the fuzzy interface system (FIS)
with appropriate rules to generate the linguistic duty cycle output. Hence the linguistic
output is defuzzified back to the output numerical value in the defuzzification step, where
it can be used easily as a control signal in the power application field.
The complete proposed FLC method for the chopper circuit is presented in Figure 5.7.
It is clear that the main goal of FLC is to reduce the supplied power from the grid and
provide the required load power completely from HPG and SMES. Wind, PV powers, as
well as load changes, are considered as an input of the FLC technique. In addition, the
second FLC’s input is the charging state of SMES to sense the current SoC to avoid high
charging and deep discharging. FLC output is the duty cycle, which is compared to 1 kHz
triangular signal to generate the required pulsating for the two IGBT switches of the
SMES chopper circuit.
5.3.2.2 Complete Methodology of the Proposed Technique
All steps of the proposed method are listed in Figure 5.8, which can be summarized as
follows:
Step 1: Measure PV output power (PPV), wind power (Pw), and load active and reactive

Figure 5.8 Flowchart for the complete process.
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powers (Pl and Ql).
Step 2: Calculate the relationship between generation and load powers as (5.16):
(5.16)

𝑃𝑃𝑉 + 𝑃𝑤 = 𝑃𝑙

Step 3: Check the difference between total power generation of the hybrid system (Pg)
and total load power (Pl), hence the proposed FLC technique can decide if SMES can
operate with charging or discharging or remain in the standby mode of operation as
shown in the following Eq. (5.17):
𝑃𝑃𝑉 + 𝑃𝑤 − 𝑃𝑠𝑚 = 𝑃𝑙
{𝑃𝑃𝑉 + 𝑃𝑤 + 𝑃𝑠𝑚 = 𝑃𝑙
𝑃𝑃𝑉 + 𝑃𝑤 = 𝑃𝑙

𝑃𝑔 > 𝑃𝑙
𝑃𝑔 < 𝑃𝑙
𝑃𝑔 = 𝑃𝑙

(5.17)

Step 4: Balance the reactive power required for the load (Ql) and wind excitation circuit
(Qw) with injecting SMES reactive power (Qsm) for reducing the reactive power absorbed
from the grid side as possible, and for minimizing the line power losses as well. SMES
𝑀𝑖𝑛
active and reactive powers should be within the acceptable limit (i.e. minimum 𝑆𝑠𝑚
and
𝑀𝑎𝑥
maximum 𝑆𝑠𝑚
) rating of SMES capacity (Ssm) as highlighted in the following Equations:

𝑄𝑠𝑚 = 𝑄𝑤 + 𝑄𝑙

(5.18)

2 + 𝑄2
𝑆𝑠𝑚 = √𝑃𝑠𝑚
𝑠𝑚

(5.19)

𝑀𝑖𝑛
𝑀𝑎𝑥
𝑆𝑠𝑚
≤ 𝑆𝑠𝑚 ≤ 𝑆𝑠𝑚

(5.20)

5.4 Results and Discussions
5.4.1 Grid Connected PV-SMES MG System
The grid-connected PV-SMES microgrid system shown in Figure 5.9 has been used as
a case study, in this subsection, to test the proposed methods. This model consists of 500
kW PV farm utilized via 0.26/25 kV transformer to PCC bus, 200 kW, 0.85 lagging

Figure 5.9 Grid connected PV-SMES MG system.
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power factor load, and 625 kJ/500 A, SMES unit interconnected through step-up 1.25/25
kV transformer to PCC. The PCC connected through a 30 km transmission line and
25/120 kV utilization transformer to the grid. A 6 MW heavy load is connected at
transmission line as a separate load area. The complete data of the utility power grid, PV
system and its controller, and SMES system parameters are given in Appendices A and B. Three

cases are studied to demonstrate the effectiveness of the proposed methods as follows:
Case1: base case, in this case, the performance of the selected grid is evaluated without using
SMES and this is the default base case.
Case 2: proposed FSM, the impact of the proposed FLC method with SMES on the grid is
verified in this case.
Case 3: proposed OFSM, the optimization method is combined with FSM to minimize the tieline power transfer between MG and the distribution power grid during the whole day.

Figures 5.10 (a) and (b) discuss the response of active power at PCC during the day
and the total power loss in the transmission line, respectively. It is clear from Figure 5.10
(a) that by applying the proposed methods, the active power transfers between MG and
the utility grid due to weather condition and random load demand variation is minimized.
The behavior of line power loss is presented in Figure 5.10 (b), it is clear that the line
power loss is significantly reduced in case of the proposed methods compared to the base
case. It is worth to mention that the power loss in the base case is smaller than that in the
case of FSM only during the period of 10:00 to 17:00. This reduction in the power loss
occurs because the PV generation during that period is higher than the local load which
means that surplus power will be injected to the heavy load and hence the tie-line power
flow from the grid to feed the heavy load will be decreased. The best reduction in the line

(a) Active power

(b) Line power loss

Figure 5.10 Response of active power and line power loss at PCC for the three studied cases.
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Figure 5.11 PCC voltage profile for the three
studied cases.

Figure 5.12 Response of SMES output power in
the two proposed methods.

power loss is achieved by OFSM where the input parameters of FLC and reactive power
of VSC are optimally computed to minimize the tie-line power flow. Therefore, this
method is highly recommended to use for minimizing the tie-line power flow.
Voltage profile at PCC and the behavior of VSC capacity are discussed in Figures 5.11
and 5.12, respectively. PCC voltage drops to 0.955 pu without using SMES while this
voltage is improved in case of the proposed methods. In the FSM, the voltage is
approximately constant at 1.0 pu by absorbing fixed reactive power, sharing between
VSC and the grid without coordination between them. On the contrary, in case of OFSM,
the VSC reactive power is optimally adjusted with the optimization technique to
minimize the transfer power and to keep the voltage at PCC within limit considering the
boundary of VSC output power. Additionally, it is also clear from Figure 5.12 that the
output apparent power of VSC is calculated optimally to reduce the grid injected reactive
power at PCC this, in turn, minimizes the line power loss and regulates the PCC voltage

(a) Chopper circuit duty cycle (D)

(b) Active power of SMES (Psm)
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(c) Current of superconducting coil (Ism)
Figure 5.13 Response of SMES system.

Figure 5.14 Response of the voltage across DC-linked capacitor (Vdc).

within the acceptable limit.
Figures 5.13 (a) – (c) present the response of the chopper circuit duty cycle, active
power of SMES, and current of the superconducting coil, respectively, in both proposed
methods. Duty cycle is changed between charging and discharging modes when its value
is less than 0.5 and larger than 0.5, respectively, within 0 to 1 scale but it changes
optimally in case of OFSM. SMES active power is negative during the power transfers
from SMES to PCC while it turns positive at charging mode as the active power stored in
SMES coil in case of the extra active power. In both two methods, the SMES coil current
is increased and decreased during charge and discharge events to face the system
requirements from load demand and nature PV power generation.
Figure 5.14 shows the voltage of the DC capacitor. The capacitor voltage is
approximately fixed at 2400 V, this, in turn, validates the effectiveness and robustness of
the controller in both two proposed methods.
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5.4.1.1 Summary
The enhancement of the proposed methods for minimizing tie-line power, reducing
line energy loss, and regulation of PCC voltage has been compared in Table 5.1. From
this table, it can be seen that, in the case of FSM, the improvement of tie-line power
minimization is 66.7% and 69.3% with respect to the maximum overshoot and minimum
undershoot variations, respectively. Whereas, the maximum overshoot and minimum
undershoot of tie-line power are improved by 80.5% and 96.7%, respectively, in the case
of OFSM. The line energy loss is decreased by 3.2% and 28.53% (with respect to the
energy loss of the base case (i.e., 7.5 MWh)) by applying FSM and OFSM, respectively.
On the other hand, the average value of PCC voltage is improved in the case of FSM with
4.5% and 4.3% in the case of OFSM. The criteria used to calculate improvement
percentage (IP) in overshoot/undershoot can be described as follows:
IP =

ShBase − ShPro.
%
ShBase

(5.21)

where ShBase and ShPro. represent the value of maximum overshoot/minimum undershoot
for the base case and maximum overshoot/minimum undershoot in the proposed methods,
respectively.
Table 5.1 Proposed methods improvement in tie-line power, voltage, and line losses
Without SMES
Case
Tie-line
active power
(kW)
T.L. energy
loss (MWh)
Average
value
of
PCC voltage
(pu)

FSM

OFSM

Max.
O.Sh.

Min.
U.Sh.

Max.
O.Sh.

Min.
U.Sh.

Max.
O.Sh.

Min.
U.Sh.

157.2

-377.6

52.35

-115.8

30.64

-12.51

Improvement (%)
FSM
Max.
O.Sh.
66.7

OFSM

Min.
U.Sh.
69.3

Max.
O.Sh.
80.5

Min.
U.Sh.
96.7

7.5

7.26

5.36

3.2

28.53

0.955

1.0

0.998

4.5

4.3

where O.Sh. = Overshoot, U.Sh. = Undershoot, T.L. = Transmission line.

Table 5.2 Performance and validation of the controller in both proposed methods
FSM
Case
Chopper
circuit Duty
cycle (D)
Capacitor
DC voltage
(V)

OFSM

Deviation of duty cycle and capacitor
voltage (%)
FSM
OFSM
Max.
Min.
Max.
Min.
O.Sh.
U.Sh.
O.Sh.
U.Sh.

Max.
O.Sh.

Min.
U.Sh.

Max.
O.Sh.

Min.
U.Sh.

0.633

0.33

0.6216

0.40

26.2

34

24.32

20

2403

2397

2400

2400

0.125

0.125

0.0

0.0

where O.Sh. = Overshoot, U.Sh. = Undershoot.
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Table 5.2 illustrates the validation and robustness of employing FLC technique in the
proposed methods in terms of duty cycle deviation (DDC) and deviation of the DC
capacitor voltage. The change rate of chopper circuit duty cycle is reduced in the cases of
FSM and OFSM from 26.2% to 24.32% for maximum overshoot variation, and from 34%
to 20% for minimum undershoot, respectively, according to (5.22).

 0.5 − DMOS / MUS
DDC = 
0.5



%


(5.22)

where DMOS/MUS is the value of maximum overshoot/minimum undershoot value of D.
Additionally, the deviation rate in DC voltage capacitor is 0.125% in both maximum
overshoot and minimum undershoot variations in the case of FSM, where the deviation
rate is equal to zero in the case of OFSM for both maximum overshoot and minimum
undershoot events. This means that the DC voltage capacitor is approximately constant at
specified referenced value (2400 V), the voltage deviation of the capacitor (VD) can be
calculated in (5.23). Where VMOS/MUS is the value of maximum overshoot/minimum
undershoot value of the capacitor voltage. To sum up, FSM is more efficient in
applications that need voltage regulation whereas OFSM is applicable for reactive power
regulation cases.

 2400 − VMOS / MUS
VD = 
2400



%


(5.23)

5.4.2 Hybrid Grid Connected PV-Wind MG System with SMES
Figure 5.15 shows the complete hybrid power system which is used here as a case
study. It consists of a 0.5 MW solar power generator, a 1.5 MW wind generation system,
a 2.12 MVA with 0.85 lagging power factor concentrated load and 3 MJ/2 kA SMES as

Figure 5.15 Hybrid PV/Wind/SMES power system.
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an energy storage unit. All parts of the hybrid power system are connected at the same
common connection point (PCC), then connected through a 30-km-long line and
25Y/120∆ kV power transformer with the utility power grid.
As presented in Figure 5.2, this subsection focuses on the period of a wind gust, a
significant decrease in irradiance and changes in load power. The impact of the abovementioned issues on both active/reactive power transfer at the PCC, the voltage at PCC,
and the line power losses are tested and improved with installing SMES to HGS at the
same common point as shown in Figure 5.15. SMES operates initially with its standby
energy (3 MJ) and the VSC total capacity is ±3 MVA during charging and discharging
processes.
Figures 5.16 (a) and (b) illustrate the response of active and reactive powers transfer at
the PCC. By using SMES with HGS, the overshoot and undershoot variations of active
power at PCC are clearly mitigated at minimum power transmitted to the utility grid
power. Maximum overshoot variation is reduced from 0.9 MW without SMES to 0.2 MW
with SMES (i.e. reduction is 77.78%). On the other hand, SMES has decreased the
minimum undershoot from 0.5 MW to 0.1 MW (i.e. improvement is 80%). The criteria
used to calculate IP in overshoot/undershoot is stated in (5.22). Moreover, reactive power

(a) Active power
(b) Reactive power
Figure 5.16 Response of transmitted power at PCC bus.

Figure 5.17 Response of voltage profile at PCC bus.
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at PCC is reduced from approximately -1.7 MVAR without SMES to less than -0.1
MVAR with SMES. This means that SMES could reduce the line reactive power at PCC
bus by 94%, as shown in Figure 5.16 (b).
The response of the voltage profile at PCC bus is presented in Figure 5.17. It is clear
that voltage drops rapidly to 0.965 pu during wind gust and a sharp decrease of PV
power. In addition, the peak-load value is in the period between 15 to 35 sec without
SMES. On the contrary, this voltage is regulated at 1.0 pu due to reactive power which is
injected at the bus PCC after installing SMES with HGS.
Figure 5.18 presents the profile of line power loss during the whole simulation period
with and without SMES unit. Normally, the value of power loss is approximately 12 kW,
then it increases to 21 kW at the period of wind gusts and low PV power production. Due
to SMES contribution in HGS, line power loss is reduced to less than 1 kW.
Figures 5.19 and 5.20 describe the behavior of the duty cycle of the chopper circuit
and output active and reactive SMES power, respectively. SMES can charge fast (i.e.

Figure 5.18 Line power loss behavior.

Figure 5.19 Duty cycle of the chopper circuit.

Figure 5.20 Response of active/reactive SMES output power.
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SMES active power is positive) at values of D larger than 0.5 and it operates in
discharging mode (i.e. negative value of SMES active power). Furthermore, SMES can
always inject reactive power to HGS for improving the PCC bus voltage profile as well as
to feed the magnetizing circuit of the SCIG with the required reactive power.
SMES energy/current response, DC voltage across the linked capacitor and average
DC voltage of SMES coil are shown in Figures 5.21 (a) - (c), respectively. Energy and
current of SMES increase or decrease according to the weather changes to assist the
hybrid system by releasing energy to the hybrid system in case of generation shortage
period or absorbing energy during a period of available surplus power. Figure 5.21 (b)
shows the voltage of the DC-linked capacitor which is connected between the chopper
circuit and VSC. The value of this voltage is approximately fixed at DC set-point voltage
(i.e. 2400 V), which proves the satisfactory performance of the proposed control
technique. The behavior of voltage across the SMES coil is offered in Figure 5.21 (c).

(a) SMES energy and current

(b) DC-linked capacitor voltage

(c) SMES coil voltage
Figure 5.21 Behavior of proposed FLC-SMES system.
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Table 5.3 Proposed method improvement in power, voltage, and line losses
Max.
Active power at PCC

overshoot
Min.
undershoot

Reactive power at PCC
Voltage at PCC
Line power losses

Without SMES

With SMES

Improvement (%)

0.9 MW

0.2 MW

77.78 %

0.5 MW

0.1 MW

80 %

-1.7 MVAR

-0.056 MVAR

96.7 %

0.965 pu

1.0 pu

Regulated at 1.0 pu

12 kW

Less than 1 kW

91.67 %

This voltage changes from positive to negative during charging to discharging processes
to enable SMES in absorbing or releasing active power to the PCC of the HGS.
5.4.2.1 Summary
Table 5.3 illustrates the achievements of proposed FLC-SMES with HGS installation.
Active power fluctuations at PCC are improved with 77.78% and 80% during overshoot
and undershoot events, respectively. Both reactive power at PCC and line power losses
have been also enhanced by 96.7% and 91.67%, respectively, with SMES contribution.
Moreover, the voltage at PCC bus is regulated at an acceptable value (i.e., 1.0 pu)
according to standard limitation.

5.5 Conclusions
In this chapter, two distribution systems have been examined as studied cases to
validate the proposed methods. PV-SMES grid connected system and hybrid grid
connected PV/wind/SMES MG system are tested with applying the proposed methods.
Firstly, in the PV-SMES grid connected MG system, two methods, called FSM and
OFSM, are investigated for minimizing the tie-line power of the MG and regulating the
voltage at PCC. In the proposed methods, the reactive power of the VSC and the active
charging/discharging power of the SMES are optimally and simultaneously computed.
Therefore, the tie-line power flow has been effectively minimized, and the PCC voltage
has been regulated. Furthermore, the fluctuations of tie-line power flow and the
transmission power losses have been significantly decreased. Secondly, in a hybrid grid
connected PV/wind/SMES MG system, a developed control technique to mitigate the
fluctuations in voltage and power of grid connected hybrid renewable energy system due
to weather conditions using SMES has proposed. The proposed FLC-SMES could reduce
the fluctuation of active and reactive power transfer at the common connection point to a
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minimum value to achieve a self-supply for the loads only with cooperation between
HGS and SMES. Moreover, the voltage profile of the common point is regulated at the
desired standard limitation (i.e. 1.0 pu), although the high changes of wind speed, PV
radiation, and load profile, after FLC-SMES installation. The effectiveness of the
proposed methods is proven by the fixed value 2.4 kV of the DC voltage of the capacitor
connected to the chopper circuit with VSC during all charging and discharging processes.
The results of this chapter have been published in [J5], [J6], and [J7].
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Chapter 6: Performance

Analysis

of

SMES

with

Electric Vehicles
6.1 Introduction
In this chapter, a comprehensive analysis of four operations of the electric vehicle
(EV) categories is presented. In the first operation category, the electrical distribution
systems are assumed to supply residential customers only (base case). In the second
operation category, EVs are connected to the electrical distribution systems with a 50%
penetration level and charging under uncontrolled charging mode. In the third operation
category, the EVs are charging according to the fuzzy logic control charge (FLCC). In the
fourth operation category, the EVs are charging/discharging according to fuzzy logic
control charge/discharge (FLCC/D). In addition, the coordination strategy between SMES
and EVs in the charging/discharging process including EV’s charging price is proposed to
optimize the characteristics of EVs charging/discharging. Moreover, regulation of active
power, reactive power support, and load balancing are achieved. FLC is used to achieve
the robust control of EVs charging/discharging. Meanwhile, a developed FLC strategy is
utilized to determine the duty cycle to control the charging/discharging process of the
SMES coil through the DC-DC chopper circuit.

6.2 Problem Description
In recent years, EVs have had a huge growth, which leads to a decrease in fuel
consumption, emissions, and aid in keeping the clean environment but, this will influence
distribution systems operation if the plug-in vehicles are not managed. Therefore, it is
urgent to choose the ideal charging/discharging methods. The increase of charging energy
in the beacon period through EVs leads to an increase in power losses, voltage reduction
and load on the grid. To deal with these problems, energy storage systems present a
significant substitute solution to solve these problems when they have connected in a
cooperative method with EVs in the distribution systems.

6.3 Problem Formulation
6.3.1 Configuration of EVs
The factors of a Nissan Leaf lithium-ion battery are utilized in this chapter. The
capacity of this battery is 24 kWh [124]. When EVs are connected to the charger where
each one has 20% SoC (initial SoC). The power rating of the charger is 6.6 kW with 90%
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Figure 6.1 The starting time of EVs charging.

efficiency [125]. A Gaussian distribution approach is used to state the start time of EV
charging as in (6.1) where the standard deviation (σ𝑑 ) equals to 5 hours and a mean (µ)
which happens at 18:00 [126]. Figure 6.1 illustrates the start time of EVs charging. The
level of penetration (PL) is 50%, then by (6.2) the number of equals to 48 EVs.
𝑓 (𝑡, 𝜇, 𝜎𝑑 ) =
𝑃𝐿 (%) =

1
√2𝜋𝜎𝑑 2

−(𝑡−𝜇)2
𝑒 2𝜎𝑑 2

𝑁𝑜. 𝐸𝑉𝑠
× 100
𝑁𝑜. 𝑙𝑜𝑎𝑑𝑠

(6.1)
(6.2)

6.3.2 Proposed Coordination Control System
The proposed coordination control system applied in this chapter is divided into two
main control systems, as displayed in Figure 6.2. The first control system is related to the
EVs relies on FLC, which has two inputs and one output. The other one is related to the

Figure 6.2 The schematic diagram of the proposed coordination control.
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SMES based on FLC, which also has two inputs and one output. The two control systems
have a coordinated signal, which comes from the grid through market and information
signals, named as an electricity price signal to execute the coordination control between
the SMES and EV systems.

6.3.3 Proposed Control Method for EVs
Three scenarios are applied to EVs during its interconnection solely to the distribution
system, as follows:
6.3.3.1 Uncontrolled Charging Operation
In this scenario, the EVs will be beginning to charge at the moment of arriving,
whatever the state of the grid is.
6.3.3.2 Controlled Charging Operation
The level of charging power in the EVs charging operation case is based on the FLC
method. The proposed FLC procedure has relied on the communication process in realtime among the grid side and EVs side in the presence of the SoC for each EV and the
electricity price. The MATLAB/Simulink tools are used to implement the proposed
system and its controller.
The block diagram shown in Figure 6.3 explains the fuzzy control process. The
margins of inputs and output fuzzy variables are designed to provide the efficacy of the
FLC process. Figure 6.4 indicates the changing price of electricity in the 24-hour period
as found in reference [127] with some of the changes. According to this price curve and
SoC, the rules of FLC are chosen to compute the level of the EV charging power for each

Figure 6.3 Block diagram of a fuzzy control algorithm for EVs.

Figure 6.4 Profile of the electricity price.
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one coupled with the network, this mode of operation is named as FLCC. The FLC has
three variables two inputs, (i.e. the first input is SoC for EV and the second input is the
value of electricity as money) and one output (i.e. the output specifies the level of
charging power). These variables are set according to variation limits for them. To design
SoC, five-sets of MFs are used, the terms of them are VL, L, M, H, and VH, as shown in
Figure 6.5 (a). While three-sets of MFs are selected for the second input, titled L, M, and
H, as displayed in Figure 6.5 (b). Additionally, five-sets of MFs are assigned for the
output variable, called VL, L, M, H, and VH, as presented in Figure 6.5 (c) to determine
the level of charging power. The statement (IF-AND-THEN) is applied to examine the
relation between the rules of variables. Figure 6.5 (d) illustrates the 3-D graph of the
complete FLC inputs/output process to describe inputs/output relationship. The
explanations of different MFs are listed in Table 6.1. The prime purpose of designing the
FLCC is to encourage EV owners for charging power through off-peak periods bearing in
mind the SoC and to mitigate charging during peak periods.

Figure 6.5 MFs of FLCC, (a) input variable (SoC), (b) input variable (price rate), (c) output
variable (charging power level) (d) 3-D graph.
Table 6.1 FLCC rules of inputs and output variables.
Price rate

VL

L

SoC
M

H

VH

L
VH
VH
VH
H
H
M
H
H
M
M
M
H
L
L
VL
VL
VL
L = Low, M = Medium, H = High, VL = Very Low, VH = Very High.
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6.3.3.3 Controlled Charging/Discharging Operation
In this scenario, the EVs could discharge power besides charge power, which leads to
thinking about some control method to state a proposed technique to control the
charging/discharging period. Fuzzy logic-controlled charging/discharging (FLCC/D) is
utilized to achieve this task. The FLCC/D has three variables two for input (i.e. the first
input is SoC for EV and the second input is the value of electricity as money as shown in
Figure 6.6 (a) and (b) respectively) and one for output (i.e. the output specifies the
charging/discharging power level as presented in Figure 6.6 (c)). Five-sets of MFs are
called as follows: DH, DL, Z, CL, and CH. Figure 6.6 (d) shows the three-dimension (3D) graph which explains the inputs and output relationship of FLC process in this
scenario. Table 6.2 presents the FLCC/D rules base of input and output variables. There
are two assumptions for the EVs. Firstly, the SoC of EVs equal to 20% at the connection
instant (initial SoC), secondly when the SoC of EVs is below 20% the EVs have no
permission to discharge power. The prime purpose of FLCC/D is to encourage EV

Figure 6.6 MFs of FLCC/D, (a) input variable (SoC), (b) input variable (price rate), (c)
output variable (charging power level) (d) 3-D graph.
Table 6.2 FLCC/D rules of inputs and output variables.
Price rate

VL

VL

SoC
VL

VL

VL

L
CH
CH
CL
CL
CL
M
CL
Z
Z
DL
DL
H
CL
Z
DL
DL
DH
CH = Charge High, CL = Charge Low, Z = Zero, DL = Discharge Low, DH = Discharge
High, L = Low, M = Medium, H = High, VL = Very Low, VH = Very High.
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owners for charging power at off-peak instants bearing in mind the SoC and for
discharging power during the on-peak period.

6.3.4 Proposed Control Method for SMES
Figure 6.7 indicates the proposed technique to control the SMES unit which has three
variables, two inputs, and one output. The first input is the change in the price rate
(∆Price, which is equal to the difference between the price rate and price reference
computed by the electricity company). The second input is the variation in SMES current
(∆Ismes, which is equal to the variance among the actual current and reference current of
SMES which is indicated for the SoC of the SMES to prevent overcharging and deep
discharging). Meanwhile, D is chosen as an output variable. The graphical user interface
(GUI) of MATLAB/Simulink is used to build the FLC model. Gaussian membership
functions for ∆Price, ∆Ismes, D, and the surface graph are shown in Figure 6.8 (a) to 6.8
(d), respectively.

Figure 6.7 Block diagram of SMES based fuzzy control.

Figure 6.8 MFs of FLC-SMES, (a) ∆Price, (b) ∆Ismes, (c) Duty cycle (D), (d) 3-D graph.
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Table 6.3 FLC-SMES rules of inputs and output variables.
∆Ismes

PVS

PS

∆Price
PM

PH

PVH

NVL
NL
Z
PL
PVL

SB
CH
CVH
CVH
CVH

SB
SB
CH
CVH
CVH

DH
SB
SB
CH
CH

DVH
DVH
DH
DH
SB

DVH
DVH
DVH
DH
DH

NVL = Negative Very Large, NL = Negative Large, Z = Zero, PL = Positive Large, PVL = Positive
Very Large, PVS = Positive Very Small, PS = Positive Small, PM = Positive Medium, PH = Positive
High, PVH = Positive Very High, CH = Charge High, CVH = Charge Very High, DH = Discharge
High, DVH = Discharge Very High, SB = Standby.

The borders of the two FLC inputs are carefully adjusted because they have a great
influence on the FLC process. The FLC conducts fuzzy deduction according to the rule
base given in Table 6.3 and realizing outcomes. The achievement of the output value
relied on the defuzzification process results after this process finished.

6.4 Solution Process Method
This section discusses the four criteria of the EVs approaches; uncontrolled charging
approach, controlled charging approach, controlled charging/discharging approach, and
controlled charging/discharging with SMES approach. Each approach has a solution
method, which is included in the flowchart in Figure 6.9 for the first two methods, and in
Figure 6.10 for the other two methods. The following points describe the flowchart of the
working procedure of the system:

6.4.1 Uncontrolled Charging Process (Case 1)
The procedures for this case are summarized as follows:
➢ Start the MATLAB software and select the case, which will be executed.
➢ Start with an uncontrolled charging approach, as shown in Figure 6.9, then,
read and sense the base active and reactive power of the load (Pl and Ql).
➢ EVs start with initial SoC equal to 20%, afterwards, EVs start to charge
regardless of grid state, as listed in (6.3), where PG is the grid power.
𝑢𝑛𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑
𝑃𝐺 = 𝑃𝑙 + 𝑃𝐸𝑉𝑠

(6.3)

➢ EVs will stop charging when the SoC reaches 100%. The process is

terminated in the case that the EVs are fully charged.
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Figure 6.9 Flowchart of the system working procedure for Cases 1 and 2.

6.4.2 Controlled Charging Process (Case 2)
The procedure and steps for this case are organized as follows:
➢ Start the MATLAB program and select the case that will be executed,
(controlled charging in this case), as shown in Figure 6.9.
➢ Read and sense the base active and reactive power of the load, electricity
price, and the SoC of EVs.
➢ EVs start with initial SoC which equals 20%, then they start to charge
according to grid state (price signal), as presented in (6.4).
𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑
𝑃𝐺 = 𝑃𝑙 + 𝑃𝐸𝑉𝑠

(6.4)

➢ The EVs will stop the charging process depending on the FLC output signal,
which is based on the price signal and SoC.
➢ Complete the process and end the procedures.

6.4.3 Controlled Charging/Discharging Process (Case 3)
The steps of this case can be arranged as follows:
➢ Start the MATLAB program and select the case which will be executed,
(controlled charging/discharging in this case), as shown in Figure 6.10.
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Figure 6.10 Flowchart of the system working procedure for Cases 3 and 4.

➢ Read and sense the base active and reactive power of the load, electricity
price, and the SoC of EVs.
➢ If electricity price is low and SoC < 100%, then charge EVs, otherwise
discharge into the grid if needed as long as SoC > 20%.
➢ EVs start to charge according to grid state (i.e., price signal), as listed in (6.5).
𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑
𝑃𝐺 = 𝑃𝑙 ± 𝑃𝐸𝑉𝑠

(6.5)

➢ EVs will stop the charging/discharging depending on the FLC output signal,
which is based on the price signal and SoC.
➢ The process will be completed and ended.

6.4.4 Controlled Charging/Discharging Process with SMES (Case 4)
The process steps of this case can be listed as follows:
➢ Start the MATLAB software and select the case which will be executed,
(controlled charging/discharging with SMES), as shown in Figure 6.10.
➢ Read and sense the base active and reactive power load, electricity price, EVs
SoC, SMES SoC, and the voltage at point common coupling (PCC).
─ For the active power process:
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➢ If the electricity price is low, the EVs charge until their fully charged state,
and if the electricity price is high, there are two events: Firstly, the EVs
discharge into the grid as long as their SoC > 20%, and they will be still gridplugged. Secondly, SMES supplies active power (PSMES) to the grid as long as
the SMES capacity in kVA (SSMES) lies within its minimum and maximum
value, according to (6.6).
𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑
𝑃𝐺 = 𝑃𝑙 ± 𝑃𝐸𝑉𝑠
± 𝑃𝑆𝑀𝐸𝑆

(6.6)

─ For the reactive power process:
➢ If the voltage at PCC lower than 1.0 pu, then, SMES supplies reactive power
(QSMES) to the grid with respect to its rated reactive power (QG), as in (6.7).
𝑄𝐺 = 𝑄𝑙 ± 𝑄𝑆𝑀𝐸𝑆

(6.7)

➢ The process will be completed and ended.

6.5 Results and Discussions
Figure 6.11 indicates the studied system model used in this chapter. It is presented as

Figure 6.11 Distribution system model.

Figure 6.12 Daily load curve.

85

Chapter 6: Performance Analysis of SMES with Electric Vehicles
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ

a case study to execute the simulation which contains an electrical station (120 kV), a
step-down transformer (120/25 kV), a transmission line (30 km), a step-down transformer
(25/0.4 kV) to connect EVs and 8 residential buildings, each building has 12 apartments
(total of 96), and a step-down transformer (25/1.25 kV) to connect the SMES system. The
active and reactive power daily load curves are displayed in Figure 6.12.
From the previously discussed cases and perspective of the electrical network (in
section 6.4), the EVs categories are as follows: (i) uncontrolled charging which
considered as simple load, (ii) the controlled charging which operated as flexible load,
(iii) controlled charging/discharging which operated as a distributed storage unit, (iv)
coordination with energy storage (controlled charging/discharging with SMES case).
Figure 6.13 represents the total active power load in different cases. The first case
(uncontrolled charging) has the highest value at peak periods because the EVs charge the
needed power regardless of the state of the grid. In the second case (controlled charging),
there is an FLCC to control the time and value of needed power according to the
electricity price. Note that the load in the peak period is reduced by 23% compared to the
uncontrolled case. In the two latest cases (i.e., controlled charging/discharging and
controlled charging/discharging with SMES), there is FLCC/D to control the time and
amount of charging/discharging according to the electricity price. The average reduction
in the peak period is 78% in both cases compared to uncontrolled charging, and 71%
compared to control charging. In addition, the difference between the two cases is the
source of supply power. In the controlled charging/discharging case the needed power at
charging time comes from the main grid only, but in the controlled charging/discharging
with SMES case the needed power comes from SMES at first, then completed from the

Figure 6.13 Total active power load in the
four cases.

Figure 6.14 Active power supplied by the grid
in the four cases.
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Figure 6.15 The SMES active power.

Figure 6.16 Total reactive power load.

Figure 6.17 Short period of total load reactive
power in the four cases.

Figure 6.18 Reactive power supplied by the
grid in the four cases.

Figure 6.19 The SMES reactive power.

Figure 6.20 Response of PCC voltage.

grid if needed. This difference is shown in Figure 6.14. The main grid supplies the power
to all cases without SMES. If there is a SMES, it participates in power-sharing and gives
the grid power, which helps to improve grid performance. Figure 6.15 shows the SMES
active power which is supplied to the system according to the price signal which indicates
the grid state. Besides that, the SMES reduces the active power required from the main
grid, it also injects reactive power to the grid, which helps to improve the power factor
and system voltage. Figure 6.16 shows the total reactive power required by the system
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(b) SMES stored energy

(a) SMES coil current

Figure 6.21 The response of SMES.

Figure 6.22 The total system power loss.

while Figure 6.17 indicates a small difference in a short period for the four cases. Figure
6.18 presents the reactive power required from the main grid. It is obvious that the
average reactive power required by SMES approximately equals zero because the SMES
injects reactive power to the grid as shown in Figure 6.19, to help the grid which leads to
the improvement of the system voltage at PCC, as shown in Figure 6.20.
Figure 6.21 (a) and (b) shows the SMES current and SMES energy which describe the
SMES processes. Figure 6.22 illustrates that the control process plays a vital role in
minimizing the power loss in each case which has proposed control technique. In the
uncontrolled case, the power loss is maximal compared to the other cases, but in the
second case, which depends on FLCC, there is a reduction of 42% compared to the
uncontrolled case in the peak period. In the third case, which depends on the FLCC/D, the
power loss is reduced to 70% compared to the first case and to 46% compared to the
second case. In the last case, which contains the SMES, the power loss is reduced to 92%
compared to the first case, 86% compared to the second case, and 75% compared to the
third case.
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6.6 Conclusions
In this chapter, a comprehensive analysis of the different EV integration approaches is
presented. Four integration approaches are discussed and compared together as follows;
uncontrolled charging, controlled charging, controlled charging/discharging, and
controlled charging/discharging with SMES. FLC is used to make a coordination control
between the EVs and SMES. The EVs have two FLC inputs and one output. The inputs
are electricity price and SoC; the output depends on the case used. The output for Case 1
is charging power level and charging/discharging power level for Cases 2 and 3.
Regarding the SMES control, there are two inputs and one output. The two inputs are the
change in electricity price and the change in SMES current, the output is the duty cycle
which is responsible for the SMES mode of operation. The simulation results show the
difference between the four integration approaches. In addition, they prove that the
proposed control strategy for the EVs and SMES is efficient. Through the comparison of
the four types, controlled charging/discharging with SMES case achieves the best
performance, this contribution can be summarized as follows: 1) Minimizing total system
power loss. 2) Reducing the reactive power required from the grid by injecting reactive
power to the grid from the SMES. 3) Preserving the PCC voltage at 1.0 pu, during peak
loading events. 4) Decreasing total load power during the peak period by releasing active
power from the SMES. The most important scientific results of this chapter are included
in publications [J3] and [C5].
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Chapter 7: SMES Cooperation with Digital Protection
System
7.1 Introduction
Recently, the dynamic frequency stability problems arise in electrical power networks
with increasing the utilization of low inertia and intermittent RESs. This leads to limiting
the maximum penetration of renewable sources in power networks. In order to solve this
problem and increase the penetration of renewable sources, the dynamic frequency
control of the power system should be enhanced. In this chapter, a proposed coordination
control strategy between the robust SMES based FLC and the load frequency control
(LFC) is investigated to emulate virtual inertia into the control loop of a realistic Egyptian
power system (EPS). This coordination strategy can improve the EPS frequency of low
inertia scenario during contingencies. Moreover, the proposed control strategy is
coordinated with digital frequency relay (DFR) for enhancement of the frequency
stability and preservation of EPS dynamic security due to the high penetration level of
RESs. The main contribution of this proposed coordination strategy in this chapter can be
summarized as follows:
i.

A virtual inertia control strategy using SMES has been presented. The
incorporation of the fast charge/discharge of SMES devices, compared to other
ESSs, with the governor action and LFC to enhance the power system stability
regarding the considerable utilization of the PV and wind energy as a full plan for
the future power systems.

ii.

A practical model for the SMES is presented with an improved FLC method for
virtual inertia control of low inertia power systems. This combined model and
control methods can provide smooth frequency regulation and power transfer
to/from the power system.

iii. A coordination strategy is proposed between the control functionalities and the
protection functionalities in the control center of power systems. The dynamic
security of power systems can be preserved in accordance, especially at large
contingencies cases.
A detailed comparison between the main contribution of this paper and the literature is
shown in Table 7.1. Unlike the existing methods, the proposed coordination method
employs a more accurate SMES model with advanced adaptive FLC to emulate virtual
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Table 7.1 Comparison between the proposed method with the existing methods in the literature.
Reference
Ref [135]
Ref [136]
Ref [137]
Ref [138]
Ref [139]
Proposed

Energy storage
type, model
Not specified,
first order model

Control method
MPC

SMES, dynamic

The derivative

model

control (d(∆f)/dt)

SMES, first order

PI controller

model

tuned using MSA

Not specified,

PI tuned using

first order model

PSO

Not specified,
first order model
SMES, new
practical model

Protection and
control coordination
Not considered
Not considered
Not considered
Considered

FLC

Not considered

Adaptive FLC

Considered

RESs type
Only wind

Minimum stable
inertia level
Till 25% of
normal inertia

Wind and

Till 50% of

PV

normal inertia

Only wind

Till 50% of
normal inertia

Wind and

Till 30% of

PV

normal inertia

Wind and

Till 30% of

PV

normal inertia

Wind and

Till 25% of

PV

normal inertia

Case study
MG
MG
EPS
MG
MG
EPS

inertia into the control loop of power systems and to maintain reliable operation of low
inertia power systems. Both types of RESs and protection coordination system are
considered in the proposed method. This makes the proposed coordination method
contributes to the field of improving the frequency stability of low inertia power systems.

7.2 System Configuration
7.2.1 The Selected Case Study
The realistic Egyptian power system (EPS) is selected as a case study for evaluating
the proposed control and coordination methods. Each zone includes one or more power
plants of different generation sources such as thermal, hydraulic, coal, and natural gas
power plants. The conventional generation sources are classified into reheat, non-reheat,
and hydro power plants. With the advantageous location of Egypt, the government is
targeting to increase the penetration levels of renewable energy in the Egyptian power
system. The most appropriate renewable energy sources for the Egyptian weather are
solar and wind power generation. The government plan is aiming at increasing the
penetration level of RESs to about 30-40% of the total generation by the year 2035 and up
to 65% by the year 2050. Therefore, this promotion for the EPS acts more challenges for
the Egyptian engineers and designers as the existing control and protection schemes
maybe not enough to withstand this increase in RESs penetration.
A schematic diagram of the power system elements of the typical power system is
shown in Figure 7.1. There are two main generation resources, including conventional
generation sources and renewable energy sources. The electrical loads are mainly
including residential and industrial loads. Additionally, energy storage systems are
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Conventional generation sources

Load demands
Power line

Power system
Renewable energy sources

Energy storage systems

Communication
and control line

Primary frequency control
Secondary frequency control
Virtual inertia control

Over-frequency detection and relaying
Under-frequency detection and relaying

Protection functions

Control functions

Control center

Figure 7.1 The main elements and functionalities of typical power system.

employed for smoothing the generation side and load side fluctuations. The local control
center performs two main functions, including the control functions, and the protection
function. The dynamical modeling of the selected case study is shown in Figure 7.2.
Therefore, this study proposed new coordination of LFC and SMES-based on a fuzzy
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Figure 7.2 The dynamic model of the selected power system case study.
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controller, in addition to the DFR to preserve the dynamic stability of the EPS
considering the future updating of increasing RESs and loads. The control functions are
classified into virtual inertia control, primary frequency control, and secondary frequency
control functionalities. Coordinated operation of these functions is crucial for robust
operation of the power system. From another side, the main protection functions are the
over-frequency (OF) and under-frequency (UF) protection functionalities. The detection
of abnormal OF and UF operation at predefined levels requires tripping the circuit
breaking relays of the power system. Additional coordination is required between the
control and protection functions for reliable operation of the power system.

7.2.2 Mathematical Model of the EPS
This subsection presents the state-space modeling of the linearized multi-source
selected case study. The block diagram of the transfer function for the various elements in
the studied system is shown in Figure 7.2. The frequency deviation (∆f) of the overall
power system with considering the effect of penetration of RESs, SMES, the primary and
secondary control (LFC) can be obtained as:
∆𝑓 =

1
(∆𝑃𝑚1 + ∆𝑃𝑚2 + ∆𝑃𝑚2 + ∆𝑃𝑊 + ∆𝑃𝑃𝑉 − ∆𝑃𝑆𝑀𝐸𝑆 − ∆𝑃𝐿 )
2𝐻𝑠 + 𝐷𝑎

(7.1)

The conventional generation includes non-reheat thermal power plant (∆Pm1), reheat
thermal power plant (∆Pm2), and hydropower plant (∆Pm3). The total power of the
conventional generation (∆Pm) can be modeled as the following:
𝛥𝑃𝑚 = ∆𝑃𝑚1 + ∆𝑃𝑚2 + ∆𝑃𝑚3

(7.2)

The three thermal power plants non-reheat, reheat, and hydropower plants are modeled
as in (7.3)-(7.5), respectively as follows:
𝑃𝑛1
−1
1
)∗(
∗ ∆𝑓 − ∆𝑃𝑐 ) ∗ (
)
𝑇𝑔1 𝑠 + 1
𝑅1
𝑇1 𝑠 + 1

(7.3)

𝑃𝑛2
−1
𝐾ℎ 𝑠 + 1
1
)∗(
∗ ∆𝑓 − ∆𝑃𝑐 ) ∗ (
)∗(
)
𝑇𝑔2 𝑠 + 1
𝑅2
𝑇ℎ 𝑠 + 1
𝑇2 𝑠 + 1

(7.4)

𝑃𝑛3
−1
𝑇𝑑 𝑠 + 1
−𝑇𝑤 𝑠 + 1
)∗(
∗ ∆𝑓 − ∆𝑃𝑐 ) ∗ (
)∗(
)
𝑇𝑔3 𝑠 + 1
𝑅3
𝑇3 𝑠 + 1
0.5𝑇𝑤 𝑠 + 1

(7.5)

∆𝑃𝑚1 = (

∆𝑃𝑚2 = (

∆𝑃𝑚3 = (

where H, Da, ∆Pm, ∆PSMES, ∆Pm1, ∆Pm2, ∆Pm3, ∆Pc, R1, R2, R3, T1, T2, T3, Th, Tw, Td, Kh,
Pn1, Pn2, Pn3, ∆Pg2, ∆Pg3, Tg1,2,3 are system inertia, damping system coefficient, change in
mechanical power, SMES power variation, power deviation of non-reheat plant, power
deviation of reheat plant, power deviation of hydro plant, regulating system frequency,
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governor speed regulation of non-reheat plant, governor speed regulation of reheat plant,
governor speed regulation of hydro plant, valve time constant of non-reheat plant, steam
valve time constant of reheat plant, water valve time constant hydro plant, time constant
of reheat thermal plant, water starting time in hydro intake, dashpot time constant of
hydro plant speed governor, re-heater gain, nominal rated power output for non-reheat
plant, nominal rated power output for reheat plant, nominal rated power output for hydro
plant, governor power deviation of reheat plant, and governor power deviation of hydro
plant, and governor time constants of three power plants, respectively.
The wind and PV renewable power generations are considered in the selected case
study. They are modeled traditionally by the first-order transfer function of a unity gain
and time constants (TWT), and (TPV), respectively as follows:
∆𝑃𝑊 =
∆𝑃𝑃𝑉 =

1
𝑠𝑇𝑊𝑇 + 1
1
𝑠𝑇𝑃𝑉 + 1

∗ (∆𝑃𝑊𝑖𝑛𝑑 )

(7.6)

∗ (∆𝑃𝑠𝑜𝑙𝑎𝑟 )

(7.7)

The simplified dynamic model of the SMES system is employed to study the
performance of the frequency response, as presented in Figure 7.3 [128]. The system
frequency deviation is the input signal of the SMES model to generate the required power
to the system (∆PSMES). By neglecting the transformer and converter losses, the inductor
voltage deviation (∆Ed) and inductor current deviation (∆Id) can be calculated as follows:
∆𝐸𝑑 =

𝐾𝑆𝑀𝐸𝑆
∆𝐸𝑑
∙ ∆𝑓 − 𝐾𝑖𝑑 ∙ ∆𝐼𝑑 𝑎𝑛𝑑 ∆𝐼𝑑 =
𝑠𝑇𝐷𝐶 + 1
𝑠𝐿

(7.8)

where TDC, KSMES, L, kid are the converter time delay, the gain of SMES control loop, coil
inductance, the feedback gain of ∆Id, respectively. The SMES active power deviation,
∆PSMES can be expressed with considering the coil rated current (Io) and (∆Ed), where
(∆PSMES = (∆𝐼𝑑 + 𝐼0 ) ∗ ∆𝐸𝑑 ).
The modeled generation and loads in the selected case study in (7.1) - (7.7) can be

Figure 7.3 Simplified SMES model as a frequency stabilizer [128].
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employed for deriving the dynamic equations for the selected case study. The complete
state-space model of the multi-source EPS is listed in Appendix A.

7.3 The Proposed Coordination of FLC-SMES and DFR
7.3.1 Proposed SMES Model and Control
Figure 7.4 describes the proposed SMES model based on FLC. This model considers
all SMES modes of operation as well as the initial condition of SMES mode, as the
following:
Charging mode of operation: in this mode, SMES charges power from EPS when the
value of duty cycle D (the output of FLC) is larger than 0.5 and less than or equal to 1.0
(i.e., 0.5 < D ≤ 1.0). The complete equations for this mode can be summarized as follows:
2
𝐸𝑠𝑚𝑜 = 0.5𝐼𝑠𝑚𝑜
𝐿𝑠𝑚

(7.9a)

𝑉𝑠𝑚 = (2𝐷 − 1) ∗ 𝑉𝐷𝐶

(7.9b)

𝑃𝑠𝑚 = 𝑉𝑠𝑚 ∗ 𝐼𝑠𝑚

(7.9c)

𝑡

𝐸𝑠𝑚 = 𝐸𝑠𝑚𝑜 + ∫ 𝑃𝑠𝑚 𝑑𝑡

(7.9d)

0

where Esmo, Esm, Ismo, Ism, Lsm, Vsm, Psm, VDC are the initial SMES energy, the current
SMES stored energy, initial SMES coil current, the updated SMES current, SMES coil
inductance, SMES coil voltage, output SMES active power, and the voltage across DC
capacitor linked between SMES chopper circuit and SMES VSC, respectively.
Discharging mode of operation: in this mode, SMES discharges its power to EPS
when the value of D changes between 0.0 to 0.5 (i.e., 0.0 ≤ D < 0.5). All equations for
this mode are listed as follows:
𝑉𝑠𝑚 = (2𝐷 − 1) ∗ 𝑉𝐷𝐶

(7.10a)

𝑃𝑠𝑚 = 𝑉𝑠𝑚 ∗ 𝐼𝑠𝑚

(7.10b)

𝑡

𝐸𝑠𝑚 = 𝐸𝑠𝑚𝑜 + ∫ 𝑃𝑠𝑚 𝑑𝑡
0

Figure 7.4 The proposed SMES model based on FLC.
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Input 1
FLC Rules

Output

Input 2

Figure 7.5 The complete procedure of proposed FLC method.
BigN = big negative, Neg. = negative, Pos. = positive, BigP = big positive, FatD = fast
discharge, Dis. = discharge, Not = no action, Charg. = charge, FastC = fast charge

Standby mode of operation: SMES operates without either charging or discharging
energy to or EPS, respectively, in this mode. The value of D is equal to 0.5. The equations
which define this mode are as follows:
𝐼𝑠𝑚 = Constant
{ 𝑉𝑠𝑚 = 0.0
𝑃𝑠𝑚 = 0.0

(7.11a)

2
𝐸𝑠𝑚 = 0.5𝐼𝑠𝑚
𝐿𝑠𝑚

(7.11b)

A Gaussian-type is utilized to design inputs and output membership function (MF), this
type indicates good and fast response during a sharp variation in both inputs and output
variables. Figure 7.5 displays the complete process of the FLC technique. The inputs of
FLC are frequency deviation (∆f) and the derivative of frequency deviation (d/dt(∆f)). D
is considered the output variable of the FLC. In addition, the rules table which
implements the relation between inputs and output is presented in Figure 7.5. The initial
current value of the proposed SMES in the selected case study is 4 kA and SMES
inductance is 0.5 H.

7.3.2 Proposed Setting for the DFR
The implemented DFR consists of three main stages, namely the analog-to-digital
(ADC) conversion stage, detection stage, and reconfiguration stage. Figure 7.6 shows the
three stages and waveforms of each stage. In the ADC stage, the measured frequency
through the frequency measurement unit (FMU) is sampled and converted to digital
waveform suitable for digital manipulation.
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System
Frequency

S/H

Reset Logic

ADC

Comparison with K
Trip CB if
Integral > K

Counter

Hold

Trip Signal
To CB

f
1
0
time
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else 0

1

time

0

ADC stage

K
Integral

fn

time

Detection stage

CB status

Pass1

closed
open
time

time

Reconfiguration stage

Figure 7.6 The implementation stages of the DFR system.

The second stage of the implemented DFR is the frequency detection element (FDE),
which receives the digital frequency signal from the ADC stage. In this stage, the
received digital frequency signal is compared with the frequency limits of the DFR (fmax =
51 Hz < f < fmin = 49 Hz) as per the European grid code for the islanded mode [129]. The
counter begins to count the cycles when the measured frequency out of the DFR limits. A
threshold is set in order to distinguish the short duration under-frequency and overfrequency limits. When the counted error cycles reach the predefined threshold, a trip
signal is generated and sent to the third stage of the reconfiguration stage. Therefore, in
order to energize the relay and send a trip signal to the circuit breaker, there are two
conditions have to be met together. The first condition is that the system frequency
exceeds the permissible limits of the over and under frequency settings. Whereas the
second condition is that the counter output magnitude is larger than the threshold value (K
≥ threshold (1 sec)). The third stage is the reconfiguration stage, which receives the
detection enable signal and its type. Then, the reconfiguration stage determines the
appropriate control action, including the disconnection of power system elements, load
management and/or shedding, etc. The proposed construction of the DFR is suitable for
the implementation by intelligent electronic device (IED) using microprocessor-based
technology.

7.4 Proposed Control and Protection Coordination Method
Figure 7.7 shows the proposed coordination strategy between control functionalities
together and with the protection scheme. The protection strategy is activated when the
measured frequency exceeds the limits for the predefined time duration. Afterward, the
reconfiguration strategy is enabled, and suitable protection action is applied. From
another side, there are three control units for the control functionalities. These control
units are the virtual inertia control unit, the primary frequency control unit, and the
secondary control unit. They are applied in a coordinated manner in order to maintain
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start

Measurement of power system
frequency (f)

No

Counter
K>threshold

fmin< f <fmax

No

Yes

Yes

Virtual inertia controller

t = 1 sec. ~ 10 sec.

Energize DFR

Primary frequency
controller
Trip signal to C.B

Protection functions

Secondary frequency
controller

t = 10 sec. ~ 30 sec.

t = 10 min. ~ 30
min.

Control functions

Figure 7.7 Proposed coordination of control and protection functions in power system control
center.

stable system frequency during the power system transients.
In the proposed coordination strategy, the virtual inertia control unit takes the charge
and responsibility for mitigating sudden power mismatches at 1 to 10 seconds range.
Thence, it accounts for the first balancing strategy for achieving power balance between
generations and loads. Afterward, the primary frequency control unit is in charge for the
stabilization of the power system frequency to steady state in a time range of 10 to 30
seconds. The third stage is the secondary frequency control unit, which is accounting for
the recovery of the power system frequency to the nominal value within the time range
between 10 to 30 minutes.
The proposed control method and the SMES device participate in stabilizing the power
system against disturbances. Whereas, the renewable energy sources and load demands in
the selected case study do not participate in the frequency regulation. The added
functionality of inertia control in addition to the coordinated operation of control and
protection units helps to maintain stable and continuously available power systems. The
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absence of coordination in traditional control and protection systems may lead to more
shutdown of the power system in addition to unstable operation.

7.5 Results and Discussion
The studied EPS case study contains reheat, non-reheat, and hydro power plants with a
total generation capacity of 38,000 MW, base peak loads of 29,000 MW, and system
frequency is 50 Hz based on the annual report of the Egyptian Electricity Holding
Company (EEHC) [130]. This system is presented by the National Energy Control Centre
(NECC) in Egypt [131]. It has been rebuilt using MATLAB software with some
manipulation to include the new integration of RESs and the coordination of SMES and
DFR. Table 7.2 summarized the nominal system parameters [131]. This system is tested
in the presence of wind power of about 8750 MW and solar power of 5700 MW as shown
in Figure 7.8, in addition to load variations as shown in Figure 7.9 for a simulation time
of 20 minutes. To investigate the dynamic security of this system by using the proposed
Table 7.2 Detailed parameters of the EPS.
Parameter
Da
H
T1, T2
Tg1, Tg2 , Tg3
T3
Td
Th
Pn1
β
Ki

Value
0.028
5.7096
0.4
0.1
90
5
6
0.2529
1.0
5.895522

Parameter
TPV
TWT
m
R1, R2
R3
Kh
Pn2
Pn3
Kp
Kd

Figure 7.8 Power variations of wind and PV
generations.

Value
1.2
1.0
0.5
2.1
1
2.1
0.6107
0.1364
71.2532
6.1075833

Figure 7.9 Random load deviation in the
selected case study.
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coordination of FLC-SMES and DFR, four scenarios are applied. The generation rate
constrains (GRC) limit the generation rate of output power. The main objective of this
chapter is to investigate the studied system performance under the power variation of
renewable energy sources such as; the wind power variation, the PV solar power variation
and the load power variation (∆PL) as disturbance signals. Table 7.3 summarizes these
disturbance conditions during the simulation period. There are four scenarios that will be
tested as the following.

7.5.1 Scenario A
In this scenario, the performance of EPS is tested without changing the system inertia
level (i.e., 100% of default system inertia). Figure 7.10 shows the frequency response of
the EPS under the sequence of operating conditions as shown in Table 7.3. The EPS
could not withstand its stability the first step of a disturbance at 300 sec at the instant of
connecting the industrial load, where the frequency deviation exceeds the allowable
limits. Hence, the DFR is energized in that case then sent a trip signal to the circuit
Table 7.3 Disturbance operating conditions for the simulation study.
Source

Starting

Stopping

Size (pu)

Industrial load

300 sec

-

0.22

Residential load

initial

800 sec

0.12

Wind power

600 sec

-

0.23

PV

initial

-

0.15

Figure 7.10 The frequency response for scenario A (100% of default system inertia).
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breaker. While the simplified SMES model can damp the frequency oscillations under the
acceptable limits but the frequency oscillates at the instant of wind farm connection (at
600 sec), the maximum and minimum frequency deviations are 0.5 Hz and 0.39 Hz,
respectively. The frequency takes a long settling time before returning to its stable
operating point. On the contrary, with installing the proposed modified SMES basedFLC, the frequency changes within 0.1 Hz and 0.13 Hz during the undershoot and
overshoot variations, respectively. The frequency returns rapidly to steady-state value
without the necessity of DFR action. Therefore, the proposed coordination method plays
an efficient role in maintaining the EPS dynamic security compared to the other two
cases.

7.5.2 Scenario B
In this scenario, the EPS system is subjected to the same operating conditions of Table
7.3, besides, reducing the system inertia to 55% of the default system inertia level. The
EPS failed to restore its frequency stability only in the case of the conventional controller
(without using SMES), where the frequency deviation increases over the allowable limits.
This, in turn, leads to the DFR is energized and sent a trip signal to the circuit breaker
because the integrator value (K) exceeds its threshold value at the industrial load
connection (at 300 sec), as shown in Figure 7.11. Whilst, the impact of the simplified
SMES model on the system performance under the same conditions can restore the
system frequency at different disturbance instants, such as at 300 sec, 600 sec, and 800
sec. In this case, the maximum and minimum frequency deviations are 0.85 Hz and 0.64
Hz, respectively. However, the utilization of modified SMES-based FLC with EPS can

Figure 7.11 The frequency response for scenario B (55% of default system inertia).
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Figure 7.12 The frequency response for scenario C (35% of default system inertia).

significantly reduce the maximum and minimum frequency deviations to 0.14 Hz and
0.11 Hz, respectively, and restore the frequency to its normal state rapidly.

7.5.3 Scenario C
The effectiveness of the proposed coordination strategy is approved in this scenario.
Whereas, the EPS is estimated under the situation of low system inertia (35% of default
system inertia), with the default parameters and multiple operation conditions of wind
power, PV solar power variations, and load disturbance profile as summarized in Table
7.3. Figure 7.12 shows that the EPS can operate within a stable region at 300 sec in both
cases of simplified SMES model and FLC-SMES model. However, during the wind
power insertion period (i.e., at 600 sec), EPS could not stay in stable operation in case of
a simplified SMES model then the DFR operates and sends a trip signal to the circuit
breaker. On the other hand, the proposed FLC-SMES has the ability to readjust the
frequency variation (0.15 Hz in overshoot and 0.11 Hz in undershoot variations), to its
normal value during the events of insertion/rejection for both loads and wind power
generation. Hence, the proposed coordination can effectively solve the mal-operation
problem of the DFR in the other two cases without the necessity of readjusting the
integrator setting of the digital frequency relay.

7.5.4 Scenario D
In this scenario, the reliability of EPS is studied under the situation of very low system
inertia (25% of default system inertia), with the same operation condition listed in Table
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7.3. Due to the extreme reduction of system inertia, the EPS could not withstand in stable
operation in the case without using SMES and with utilizing a simplified SMES mode. In
this critical scenario, in both the above-mentioned two cases, the system frequency
becomes out of the adjustable limits and exceeds the threshold value of the integrator gain
K, as presented in Figure 7.13. Therefore, the DFR sends a trip signal with a quick
response at the first disturbance event (at 300 sec) to protect the equipment from failure.
On the contrary, with utilizing the proposed FLC-SMES model, the system frequency can
significantly damp during all disturbance events after extreme over/undershoot variations
(i.e., 0.15 Hz overshoot and 0.11 Hz undershoot).
Table 7.4 summarizes the improvement in frequency deviation after using the proposed

Figure 7.13 The frequency response for scenario D (25% of default system inertia).
Table 7.4 Proposed method improvement in frequency deviation comparing with a simplified
SMES model.
Max. Overshoot
(Hz)

Min. Undershoot
(Hz)

Simplified SMES model

0.5

0.39

Proposed FLC-SMES

0.1

0.13

Simplified SMES model

0.85

0.64

Proposed FLC-SMES

0.14

0.11

Simplified SMES model

1.3

Dropped to zero

Proposed FLC-SMES

0.15

0.11

-

Dropped to zero

0.15

0.11

Variations
Scenarios
Scenario A

Scenario B

Scenario C

Scenario D

Simplified SMES model
Proposed FLC-SMES
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Improvement (%)
Overshoot Undershoot

80

66.7

83.5

82.8

88.5

99.8

-

99.8
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FLC-SMES in comparison with a simplified SMES model. It is clear that a good
enhancement of the EPS frequency response is achieved in all scenarios with installing
the proposed FLC-SMES model. Moreover, the stability of EPS can be quickly returned
due to the operation of very low system inertia. The improvement index (IP) can be
calculated as follows:
𝑑𝑓𝑠𝑖𝑚. − 𝑑𝑓𝑝𝑟𝑜𝑝.
𝐼𝑃 = |
|%
𝑑𝑓𝑠𝑖𝑚.

(7.12)

where dfsim. and dfprop. represent the value of maximum overshoot/minimum undershoot
frequency

variations

at

using

a

simplified

SMES

model

and

maximum

overshoot/minimum undershoot after installing the proposed FLC-SMES, respectively.

7.6 Conclusions
This chapter has presented a new coordination strategy among the control
functionalities and the control functionalities for low inertia power systems. The
coordination strategy includes the LFC, SMES as virtual inertia emulator, and the digital
frequency protection. Moreover, more practical modeling and a new FLC method have
been developed for the SMES to emulate the virtual inertia characteristics. The Egyptian
power system has been selected as a case study for investigating the proposed system.
The results proved the superior performance of the proposed system for enhancing the
security and stability for the studied power system, considering high penetration of RESs
and insertion/rejection of loads. The results have demonstrated that the proposed FLCSMES has achieved frequency stability robustly in the presence of high wind/PV power
penetration, different load power fluctuations, and different levels of system inertia in all
cases of the studied scenarios. The system stability is preserved in the obtained results
with the reduction of the system inertia until 25% of its nominal value. Moreover, the
employed practical model and FLC method have helped at smooth and fast regulation of
the system frequency compared to the simplified first-order model in the literature. The
new proposed coordination strategy has achieved proper cooperative operation of the
control and protection functionalities of the control center. The proposed coordination
strategy with the FLC-SMES model can significantly reduce the spikes in the frequency
during the overshoot and undershoot peaks as well as return to the steady-state value with
short settling time. In the selected case study, the improvement of the frequency spikes
reduction exceeds 65% over the simplified method for all tested scenarios. This chapter
has been covered in [J2], [J4], and [C3].
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Chapter 8: Conclusions and Future Works
8.1 Novelty of the Dissertation
The most significant new scientific results of this thesis can be summarized in four
theses as follows:
Thesis 1, A novel control strategy of SMES has been proposed to mitigate the power and
voltage fluctuations due to WPG transients and random load variations. The proposed
FLC method of SMES is robust, as it has successfully controlled the voltage at PCC,
active and reactive powers during normal wind speeds and for different scenarios of wind
gusts. Furthermore, the impact of the proposed control in enhancing the voltage profile
for three-phase balanced/unbalanced radial distribution systems has been tested.
Moreover, load variations in the presence of intermittent WPG are taken into
consideration in the design process of the SMES controller. The obtained results proved
the best performance of SMES in the combination with WPG to mitigate the voltage and
power fluctuations due to wind speed variations in addition to the load demand variations.
Therefore, the superiority of the FLC method that enables SMES to operate with fast
response in all modes of operation has been demonstrated.
Thesis 2, An efficient control method for SMES has been proposed for improving the
reliability of MGs in presence of RESs in both grid-connected and islanded modes of
operation. In the MG islanded mode, the proposed method takes into consideration the
sudden insertion of the WPG/PV unit as well as the sudden rejection of loads. For the
grid-connected MG mode, two scenarios are studied to validate the proposed methods;
PV-SMES grid-connected MG as a first scenario and the hybrid WPG/PV/SMES gridconnected MG as the second scenario. In both of the above mentioned scenarios, the
proposed methods can significantly improve the MG reliability by mitigating power and
voltage fluctuations, limiting the frequency variation in the islanded MG mode,
minimizing the MG power losses, reducing the grid active/reactive power, and optimizing
the SMES active and reactive powers to minimize the tie-line power flow between MG
and main grid.
Thesis 3, A developed coordination control between EVs and SMES systems is proposed
to control the charging power required by electric vehicles and improve the power system
performance. Four integration approaches of EVs with the grid are studied to exhibit their
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influence on the electrical network and to reduce power loss and voltage fluctuation.
Furthermore, the growing load demand, management and support of active and reactive
powers, and load balancing are discussed. Electricity price is a common coordination
signal for both EVs and SMES control proposed method, which is based on the FLC
technique. The simulation results show the effectiveness of the coordination control
technique in minimizing power loss and voltage fluctuation. Furthermore, it helps to
alleviate and reduce the active and reactive powers generated by the main grid.
Thesis 4, An improved coordination control strategy between the robust SMES based on
FLC and the load frequency control (LFC) is proposed to emulate virtual inertia in the
control loop of a realistic power system. The high penetration scenarios of RESs and the
reduction in system inertia due to the increasing amount of RESs cause undesirable
impact to power system dynamic stability, threaten the system security, and could lead to
complete blackouts as well as damages to the system equipment. The proposed FLC
strategy of SMES is coordinated with DFR for enhancement of the frequency stability
and preservation of the system dynamic security due to the high penetration level of
RESs. Moreover, the real system has been tested with considering different load and
RESs disturbances with varying inertia level. The obtained results demonstrate that the
proposed coordination strategy can effectively regulate the system frequency and
maintain dynamic stability and security in admissible limits during contingencies cases.

8.2 Significance and Practical Applicability of the Results
Here, we explain the importance and practical applicability of this research work. The
control center of the transmission system operator (TSO) is supposed to incorporate the
proposed real-time control strategy since it has the capability to receive and analyze the
signals, generate proper commands, and transmit them over the power system. The recent
developments in communication technologies can be incorporated in the proposed
method to achieve two-way communication among the operator and the consumer and
between the different DG systems. Thanks to the continuously decreasing cost of
communication devices, and the spread of smart metering infrastructure, advanced and
intelligent control systems can be developed for enhancing performance of the power
system [132,133]. The parameters monitored by the communication infrastructures
include the power system parameters (e.g. demand power, frequency, voltages, currents,
DGs power production, and switches status) and the environmental and other parameters
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(e.g. ambient temperatures, solar irradiance, wind speed, security or safety warning
signals, etc.). Thence, in the proposed system, the digital control systems of the power
electronic inverters that integrates the SMES, and RESs with the power systems, have the
ability to send and/or receive the communication signals from power system control
centers. Based on these signals, the digital controllers allow certain operating mode of the
SMES and control the value of SMES current which flows to/from the grid to cover the
optimal charging/discharging active power required according to the level of disturbance,
the capacity and SoC of the SMES, and enhancing the system efficiency, reliability, and
stability. Furthermore, the employed inverters perform additional functionalities for the
power system, such as injecting/absorbing the optimal amount of reactive power
according to the inverter capability. This, in turn, gives rise to the concepts of the smart
inverter systems and advanced FLC that support the utility grid during subjected normal
and abnormal conditions. Moreover, the optimal active and reactive power are
simultaneously optimized to enhance the performance of the power systems (e.g. voltage
fluctuations, frequency regulation, voltage rise, power loss, dynamic security, etc.).
The continual increase of the load demands and the run-out of fossil fuel, more
integration, and installations of RESs has begun worldwide that have led to high
penetration levels of RESs in power systems. However, RESs generated power depends
on the environmental conditions that make them intermittent RESs units with the
stochastic, uncertainty, and low inertia features into existing systems. This, in turn, leads
to imposing several technical, financial, and regulatory obstacles [12]. These obstacles
should be considered during the process of deciding the ESS size, developing control
methods, and determining the highest permissible penetration level of RESs. Therefore,
as a part of this work, we focused on the optimal integration and control methods of
various RESs types and SMES for enhancing the inertia response and hence preserving
the dynamic security of power systems for future high penetration levels of RESs. By
using the available measured profiles of RESs, EVs, ESS, and loads for a practical power
system, the proposed approach can determine the optimal integration levels and control
system parameters of the power conversion structures of the power system. As a result,
the benefits of RESs, SMES, EVs, etc., can be maximized while avoiding their
operational obstacles.
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8.3 Directions of Further Research
There are numerous research points associated with the topic of improvement of
stability and reliability of the power systems by cooperation of ESSs with RESs need
more investigations. These points can be summarized as the following:
− Further research is necessary to consider the islanded operation of the hybrid MG
distribution systems.
− Various energy storages and digital protection devices are necessary to consider
by future research.
− More investigation is needed for frequency stability in the presence of EVs with
various energy storage types.
− Extension of the work is required to consider the optimally dispatchable reactive
power strategy between ESSs and RESs.
− The coordination between RESs, ESSs, EVs, and digital protection devices needs
to be smarter and fastly response to improve the reliability of electrical power
networks in normal and contingencies cases.
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Appendix A: Description of Test Systems
In this Appendix, complete description of the test systems used in the dissertation is
presented. The test systems are the grid-connected distribution system, the 33-bus radial
medium voltage distribution system, and the state-space model of real Egyptian power
system. Additionally, the detailed description of the diesel generator employed in the
islanded MG system is illustrated.

A.1 33-Bus Radial Distribution System
The single line diagram of the 33-bus radial distribution system is shown in Figure
A.1. This system contains a solely 12.66 kV supply point, 33 buses, 32 branches, and 3
separate laterals. The total active and reactive loads are 3.715 MW and 2.3 MVar,
respectively, the complete system data are given in [134].

Figure A.1 Single line diagram of 33-bus radial distribution system.

A.2 Grid Connected Distribution System
Figure A.2 shows the grid-connected MG distribution system. The MG contains RESs
(i.e., PV and WPG), ESSs, and interconnected loads. All of them are connected at a
common point (i.e., PCC), which connected through a transmission line and 25/120 kV
utilization transformer to the utility grid. The complete data of the utility power grid is
shown in Table A.0.1.
Table A.0.1 Data of the utility power grid
Component

Value

Transformer rating
Transformer resistance and inductance
Transmission line length
Line resistance R1, R0 (Ω/km)
Line reactance L1, L0 (H/km)
Line capacitance C1, C0 (F/km)

47 MVA, 120 kV/25kV
0.003pu and 0.08 pu
30 km
0.1153, 0.413
1.05 x 10-3, 3.32 x 10-3
11.33 x 10-9, 5.01 x 10-9
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Figure A.2 Schematic diagram of the grid-connected MG distribution system.

A.3 EPS State-Space Model
The state space description of the studied EPS system is as the following:
𝑋̇ = 𝐴𝑥 + 𝐵1 𝑤 + 𝐵2 𝑢

(A.1)

𝑦 = 𝐶𝑥

(A.2)

where x, y, w, and u are vectors representing the system states, output states, disturbances,
and control variables in the frequency model of the selected case study. The control
variables in the proposed method include ∆Pc, and ∆PSMES, which is obtained by the
proposed FLC method as described in subsection 7.3.1. Whereas A, B1, B2, and C
represent the corresponding matrices of the linearized modelled system. The elements of
the state space can be modeled as the following:
𝑥 = [𝛥𝑓 ∆𝑃𝑚1 𝛥𝑃𝑔1 ∆𝑃𝑚2 𝛥𝑃𝑔2 𝛥𝑃𝑥2 ∆𝑃𝑚3 𝛥𝑃𝑔3 𝛥𝑃𝑥3 ]𝑇

(A.3)

𝑤 = [𝛥𝑃𝑤 𝛥𝑃𝑃𝑉 ∆𝑃𝐿 ]𝑇

(A.4)

𝑢 = [∆𝑃𝑐 ∆𝑃𝑆𝑀𝐸𝑆 ]𝑇

(A.5)

The regulating system frequency (∆Pc) is function of PID secondary controller and
the area control error (ACE), (where ACE = β.∆f ) as follows:
∆𝑃𝑐 = −𝐾𝑝 − 𝐾𝑖 ∫ 𝐴𝐶𝐸 − 𝐾𝑑

𝑑
𝐴𝐶𝐸
𝑑𝑡

(A.6)

The conventional generation includes non-reheat thermal power plant (ΔPm1), reheat
thermal power plant (ΔPm2), and hydropower plant (ΔPm3). The total power of the
conventional generation (ΔPm) can be modeled as following:
∆𝑃𝑚1 = ∆𝑃𝑔1 ∗
∆𝑃𝑔1

1
𝑇1 𝑠 + 1

𝑃𝑛1
−1
=
∗(
∗ ∆𝑓 − ∆𝑃𝑐 )
𝑇𝑔1 𝑠 + 1
𝑅1
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(A.7)
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1
𝑇2 𝑠 + 1
)(A.8

)(A.9

∗ ∆𝑃𝑚2 = ∆𝑃𝑔2

𝐾ℎ 𝑠 + 1
𝑃𝑛2
−1
= ) 𝑎𝑛𝑑 ∆𝑃𝑥2
(∗
) 𝑐𝑃∆ ∗ ∆𝑓 −
𝑇ℎ 𝑠 + 1
𝑇𝑔2 𝑠 + 1
𝑅2
−𝑇𝑤 𝑠 + 1
)
0.5 ∗ 𝑇𝑤 𝑠 + 1

( ∗ ∆𝑃𝑔2 = ∆𝑃𝑥2

( ∗ ∆𝑃𝑚3 = ∆𝑃𝑔3

𝑇𝑑 𝑠 + 1
𝑃𝑛3
−1
∗ = ∆𝑃𝑥3
= 𝑎𝑛𝑑 ∆𝑃𝑥3
(∗
) 𝑐𝑃∆ ∗ ∆𝑓 −
𝑇3 𝑠 + 1
𝑇𝑔3 𝑠 + 1
𝑅3

∆𝑃𝑔3

The linearized state-space matrices A, B1, B2, and C for the selected case study shown
in Figure 7.2 can be described as the following:
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A.4 Description of Diesel Generator
The diesel generator used in this thesis is a salient-pole synchronous generator (SG),
the complete control of governor and excitation system are presented in Figure A.3. All
parameters of SG and governor model are listed in Table A.0.2 and A.0.3, respectively.

Figure A.3 Governor and excitation circuit of the diesel generator model.
Table A.0.2 Data of salient-pole SG.
Component

Value

Rating
d-axis transient short-circuit time constant (T′d)
d-axis subtransient short-circuit time constant (T″d)

3.125 MVA/25 kV/50 Hz
3.7 s
0.05 s

q-axis subtransient open-circuit time constant (T″qo)

0.05 s

Stator resistance (Rs)
Inertia coefficient (H)
Pole pairs (P)

0.0036 pu
1.07 s
2

d-axis synchronous reactance (Xd)

1.56 pu

d-axis transient reactance (X′d)

0.296 pu

d-axis subtransient reactance (X″d)

0.177 pu

q-axis synchronous reactance (Xq)

1.06 pu

q-axis subtransient reactance (X″q)

0.177 pu

Leakage reactance (Xl)

0.052 pu
Table A.0.3 Parameter of the SG governor.

Symbol
Value

T1

T2

T3

T4

T5

T6

K

Tmin

Tmax

Td

0.01 s

0.02 s

0.2 s

0.25 s

0.009 s

0.0384 s

40

0

1.1

0.024 s
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Appendix B: Detailed Data of WPG, PV, and SMES
Table B.0.1 Constants values of mechanical part for fixed speed wind turbine.
C1

C2

C3

C4

C5

C6

0.5176

116

0.4

5

21

0.0068

Table B.0.2 Parameters of SCIG based on WPG.
Element

Value

Voltage
Magnetizing reactance
Stator resistance
Stator reactance
Rotor resistance
Rotor reactance

480 (V)
1.354 (pu)
0.01965 (pu)
0.0397 (pu)
0.01909 (pu)
0.0397 (pu)

Table B.0.3 PV system parameters and its controller.
Component
Number of cells per module
Open circuit voltage Voc
Short-circuit current Isc
Operating temperature Ta
C1
C2
Total transformer leakage
impedance [Rxfo Lxfo]

Value
96
64.2 V
5.96 A
25 οC
400 µF
70 mF
[0.002 0.06]
(p.u./Pnom)

Component
Choke impedance [Rchock Lchock]
Nominal DC bus voltage
VSI switching frequency
MPPT switching frequency
VSI rated
VDC controller PI-1 [Kp Ki]
Current controllers PI-2, PI-3
[Kp Ki]

Value
[2e-3 Ω 250e-6 H]
1000 V
1980 Hz
5 kHz
500 kVA
[7 800]
[0.3 20]

Table B.0.4 PI controllers’ parameters for SMES VSC.

KP
Ki

PI_1

PI_2

PI_3

PI_4

0.001
0.15

0.8
200

0.55
2500

0.8
200

Table B.0.5 Parameters of the proposed SMES system.
Component

Value

Component

DC-linked capacitor

10 mF

Transformer rating

AC filter inductance
(Lf)/capacitance (Cf)

800 µH/100 µF

Transformer resistance and
inductance
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Value
3 MVA,
1250V/25kV
0.001pu and 0.03 pu
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Appendix C: Comparison of Energy Storage Types
Table C.0.1 Comprehensive comparison of storage technologies in various aspects [65].
Storage
Technology

PSH

CAES

Energy
Capacity
(MWh)

500–
8000

580 and
2860

100–
5000

110 and
290

5–100

2–120

Power
Capacity
Cost ($/kW)

2000–
4000

Discharge
Time
Response
Time

Power
Capacity
(MW)
Energy
Capacity
Cost
($/kWh)

Storage
Degradation
Rate
(%/Day)
Energy
Density
(kWh/m3)
Power
Density
(kW/m3)
Specific
Energy
(Wh/kg)
Specific
Power
(W/kg)
Round-Trip
Efficiency
Cycle
Life
(Cycles)
Technology
Lifetime
(Years)
O&M Costs
($/kW/Year)
O&M Costs
($/kWh)
Technology
Readiness
Level

Super-cap.

SMES

Lithium-ion

NaS

Lead-Acid

NiCd

0.0005

0.001–0.015

0.25–25

~300

0.001–40

~6.75

0–0.3

0.1–10

0.005–50

~50

~0–20

~0–40

10005000

10,000

1000–
10,000

600–2500

300 – 500

200 – 400

800 – 1500

500–
1500

250–350

130–515

200–300

1200 – 4000

1000 – 3000

300 – 600

500 – 1500

6–10
hours

8–20
hours

0–0.25
hour

Millisecond
s to 1 hour

Milliseconds
to seconds

Minutes to
hours

Seconds to
hours

Seconds to
hours

Seconds to
hours

Minutes

Seconds
to
minutes

Seconds

Millisecond
s, <1/4
cycle

Milliseconds,
<1/4 cycle

Milliseconds
, <1/4 cycle

Milliseconds
, <1/4 cycle

Milliseconds
, <1/4 cycle

Milliseconds
, <1/4 cycle

Very
small

Small

20% per
hour

20%–40%

10%–15%

0.1%–0.3%

Almost zero

0.1%–0.3%

0.2%–0.6%

0.5–1.5

2–6

20–80

0.01–1

0.2–2.5

200 – 500

150 – 240

50 - 80

60 – 150

0.5–1.5

0.5–2

1000–
2000

200–10,000

1000–4000

30 – 300

140 – 180

10 – 400

80 – 600

0.5–1.5

30–60

10–30

2.5–15

0.5–5

75 – 200

150 – 240

30 – 50

50 – 75

-

-

400–1500

500–5000

500–2000

750 – 1250

150 – 230

75 – 300

150 – 300

76%–
85%

~70%

90%–95%

90%–95%

95%–98%

75% – 90%

75% – 90%

70% – 80%

60% – 70%

10,000–
30,000

8000–
12,000

20,000–
100,000

100,000+

100,000+

~3000 at
80% DOD

2500 – 4500

500 – 1000

2000 – 2500

50–60

20–40

15–20

10–30

20–30

5 – 15

10 – 15

5 – 15

10 – 20

~3

19–25

~20

~6

18.5

10

80

50

20

0.004

0.003

0.004

0.005

0.001

-

-

-

-

9

9

7

5

5

9

8

9

7

Flywheels
0.0005–
0.025 per
unit, five
total
0.1–1.65
per unit,
20 total

Positive aspects

Neutral aspects

Negative aspects

where: Super-cap. = Supercapacitor and DOD = Depth of discharge
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