
JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 8, NO. 5, September 2020

Tie-line Power Flow Control Method for Grid-
connected Microgrids with SMES Based on
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Abstract——In an active distribution grid, renewable energy
sources (RESs) such as photovoltaic (PV) and energy storage sys‐
tems (e. g., superconducting magnetic energy storage (SMES))
can be combined with consumers to compose a microgrid
(MG). The high penetration of PV causes high fluctuations of
tie-line power flow and highly affects power system operations.
This can lead to several technical problems such as voltage fluc‐
tuations and excessive power losses. In this paper, a fuzzy logic
control based SMES method (FSM) and an optimized fuzzy log‐
ic control based SMES method (OFSM) are proposed for mini‐
mizing the tie-line power flow. Consequently, the fluctuations
and transmission power losses are decreased. In FSM, SMES is
used with a robust fuzzy logic controller (FLC) for controlling
the tie-line power flow. An optimization model is employed in
OFSM to simultaneously optimize the input parameters of the
FLC and the reactive power of the voltage source converter
(VSC) of SMES. The objective function of minimizing the tie-
line power flow is incorporated into the optimization model.
Particle swarm optimization (PSO) algorithm is utilized to solve
the optimization problem while the constraints of the utility
power grid, VSC, and SMES are considered. The simulation re‐
sults demonstrate the effectiveness and robustness of the pro‐
posed methods.

Index Terms——Utility power grid, microgrid, photovoltaic
(PV), superconducting magnetic energy storage (SMES), tie-line
power, fuzzy logic control (FLC).

I. INTRODUCTION

RECENTLY, renewable energy sources (RESs) are be‐
coming the most important generation power sources.

As RESs are environmentally friendly, they have continuous‐
ly grown worldwide [1], [2]. These sources are interconnect‐
ed to the distribution systems to supply electricity locally.
The electrical microgrid (MG) is the newest structure of the

network that would allow obtaining a better use of distribut‐
ed energy resources (DERs). This new structure tackles all
DERs (e.g., RESs) as a unique subsystem and offers signifi‐
cant control capacities on its operation. This MG can operate
as much interconnected to the main utility power grid as auton‐
omously isolated [3], [4]. Therefore, flexible MGs can not on‐
ly export and import energy to/from the main utility power
grid, but also can operate in grid-connected or islanded modes.

Photovoltaic (PV) system is one of the most important
types of RESs. Nowadays, grid integration of PV is becom‐
ing the most important and fastest-growing form of electrici‐
ty generation among renewable energies. However, The out‐
put power generation of PV has an intermittent nature due to
cloud transients [5], [6]. The high penetration of PV can
cause several problems such as the fluctuation in tie-line
power between the utility power grid and the MG, the volt‐
age rise/dip at point of common coupling (PCC), the viola‐
tion of power line capability, and the high line power loss.
To overcome such problems, energy storage technologies
(ESTs) can be utilized in combination with the PV power
generation [7], [8] as effective devices with the ability to rap‐
idly and flexibly exchange power with MG. Superconduct‐
ing magnetic energy storage (SMES) is considered one of
the most important EST types where it stores the energy in
magnetic form by flowing DC current in the superconduct‐
ing coil (SC) [9], [10]. The main advantages of SMES devic‐
es are the high energy and power density with high conver‐
sion efficiency and fast and independent power response in
four quadrants. Because of these advantages, SMES is a pre‐
ferred device in the case of grid-connected MG to overcome
the problems resulting from the changing of weather and
load power [11].

The combination of SMES and MG with RESs has been
pointed out in several research works. Reference [12] stud‐
ied the power quality improvement of a large-scale PV pow‐
er generation system and smoothed the power fluctuation un‐
der various weather conditions with SMES system. Stabiliza‐
tion of MG which includes PV and wind power generations
due to the fluctuation and the faulty condition was achieved
by SMES controller considering the state of charge (SOC)
and the optimal design of SC, as presented in [13]. In [14],
the application of small-scale SMES unit in improving the
fault ride-through capability and enhancing the transient be‐
havior of the grid-connected 100 kW PV generation system
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was investigated. A robust SMES controller to stabilize the
fluctuation of tie-line power flow for a six-area interconnect‐
ed power system in the presence of a wind farm was ana‐
lyzed in [15].

A flat tie-line power of a small wind turbine and a PV ar‐
ray of a grid-connected MG supported by a battery energy
storage was proposed in [16]. However, the optimal charging/
discharging power of the battery energy storage and the min‐
imization of line power losses were not considered in this
work. A linear quadratic-based output regulation approach
was suggested in [17] to smooth tie-line power fluctuations
with a demand-side control method. This approach was test‐
ed and validated by using the modulator aluminum electroly‐
sis load without considering energy storage systems. In [18],
an improved droop control strategy was introduced to main‐
tain a constant tie-line power that is suitable for the DC MG
by coordinating the designs of droop control characteristics
of generators, energy storage units, grid-connected inverter,
and a dead band. The SOC and the optimal charging/dis‐
charging power of the energy storage units were not includ‐
ed in this study. In [19], a distributed optimal tie-line power

flow control approach was proposed for a multiple-MG sys‐
tem to implement the optimal energy scheduling of each
time slot in real time while maintaining the system stability
in both grid-connected and islanded modes. In this work, nei‐
ther the minimization of tie-line power flow nor the reduc‐
tion of line power losses was considered. The SMES device
and its controllability to mitigate the stability of the utility
power grid integrated with wind power generation were in‐
troduced in [20]. The connection of SMES at different loca‐
tions was studied to suppress the power fluctuations and to
improve the low voltage ride through. In [21], a developed
control method was proposed for PV-SMES system based
fuzzy control to improve the reliability of MG, eliminate the
fluctuating nature of PV generation through local load man‐
agement, and life extension of DC-link capacitor of voltage
source converter (VSC) of SMES due to deep discharging
and overcharging operations. The line power losses and the
optimally charging/discharging of SMES unit were not con‐
sidered in this work. A comprehensive comparison of the
proposed methods with existing methods in the literature is
presented in Table I.

In this paper, two methods are proposed for minimizing
the tie-line power flow between the MG with PV and the
utility power grid in the presence of SMES. The first meth‐
od is fuzzy logic control based SMES method (FSM) and
the second method is optimized fuzzy logic control based
SMES method (OFSM). The idea of these methods is to si‐
multaneously control/optimize the input parameters of the
fuzzy logic controller (FLC) and reactive power of the VSC
of SMES 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 mitigat‐
ing impacts of high power flow between the MG and the
utility power grid. The optimal charging/discharging power
of the SMES is determined based on the optimal change in
the SMES current. A metaheuristic method, i. e., particle
swarm optimization (PSO) is used to solve the optimization

model considering the constraints of the utility power grid,
VSC, and SMES. In summary, the contributions of this pa‐
per are as follows:

1) Proposing two methods for minimizing the tie-line pow‐
er of the MG.

2) Defining three indices to study the performance of the
proposed methods.

3) Considering the reactive power capability of the VSC.
4) Considering the power losses in the tie-line.
5) Comprehensive simulations are carried out without

SMES and with SMES using the proposed methods, respec‐
tively.

The remainder of this paper is organized as follows. Sec‐
tion II describes the problems associated with the fluctuation
of the tie-line power. The formulation of the proposed FSM
and OFSM are given in Section III. Section IV gives a re‐

TABLE I
COMPARISON OF PROPOSED METHODS WITH EXISTING METHODS

Method

[16]

[17]

[18]

[19]

[20]

[21]

Proposed FSM

Proposed OFSM

Methodology

Battery with a combination of PV and wind
generation

Wind generation units with demand side con‐
trol method

Droop control strategy for DC microgrid in‐
cluding energy storage

Distributed optimal tie-line power flow con‐
trol for a multiple MG system

SMES with wind power generation to im‐
prove system stability

FLC-based SMES integrated with PV to re‐
duce power fluctuations at PCC

PV and FLC-based SMES to minimize tie-
line power and line losses

PV and optimized FLC-based SMES to mini‐
mize tie-line power and line losses

Active and reactive
power of storage system

Not optimized

Not optimized

Not optimized

Without energy storage

Not optimized

Not optimized

Simultaneously optimized

Simultaneously optimized

Energy storage
reliability

Not considered

Not considered

Not considered

Not considered

Considered

Considered

Considered

Considered

SOC
consideration

Not considered

Not considered

Not considered

Not considered

Considered

Considered

Considered

Considered

Minimizing of
line power loss

Not considered

Not considered

Not considered

Not considered

Not considered

Not considered

Considered

Considered
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view of the PSO algorithm. The complete solution process is
described in Section V. The simulation results are given in
Sections VI. Section VII illustrates a comprehensive compari‐
son of the proposed methods and Section VIII draws the con‐
clusions.

II. PROBLEM DESCRIPTION

Due to the intermittent nature of PV power generation and
unexpected load variations, the line power at PCC is dramati‐
cally changing accordingly [22], [23]. This power transfers
between the utility power grid and the PV solar station and
it can be negative (i.e., the power goes to the grid) or posi‐
tive (i.e., the power outgoes from the grid). This power trans‐
fer, in turn, dramatically affects the voltage profile of PCC
which leads to the release of large reactive power from the
grid to regulate the voltage profile at the desired value.
Hence, the total losses of the utility power grid will in‐
crease, which significantly affects the loadability of transmis‐
sion lines. The impact of the solar radiation variation and
load variation on the tie-line power at PCC is presented in
Fig. 1. Therefore, to make the voltage at PCC within limits
and reduce the total losses of the transmission lines, the pow‐
er transfer between the utility power grid and the MG
should be minimized as much as possible.

III. PROPOSED METHODS

A. Description

Two methods are proposed to minimize the power transfer
between the utility power grid and the MG. These methods
are based on SMES unit, in the presence of PV source, to
compensate the required demand load power during the
night period in which there is no power generation from PV.
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 2 shows the schematic diagram
of the proposed methods.

As shown in the Fig. 2, 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 the initial current
of the SMES Ismo. The output signals from the optimization
solver are the variation of transferred power ΔPtie - line (i.e.,
the difference between generation power of PV PPV and de‐
mand load power Pl) and the variation of SMES current
ΔIsm (i. e., the difference between the reference and actual
SMES currents). The two output signals are applied to the
FLC for generating the optimal duty cycle value D which is
compared with the sawtooth signal and produces the gating
signal to the DC-DC chopper circuit. The chopper circuit is
responsible for the active power flow of SMES Psm between
the SC and the AC grid. Qsm is the reactive power folw of
SMES. On the other hand, the reactive power at PCC should
be injected/absorbed in a cooperative manner between the
VSC of SMES and the utility power grid to regulate the volt‐
age at PCC around a specified standard value.

B. FSM

To operate the chopper circuit with a fast response, FLC
is employed to set the active power transfer between the SC
and the VSC. FLC is considered one of the robust and ad‐
vanced control techniques which are widely used in power
system applications. FLC has several advantages such as: ①
simple implementation and use; ② fast response during lin‐
ear and nonlinear system applications; ③ easy to learn and
modify its rules; ④ cheaper in developing compared to oth‐
er controllers in the same application model [24].

There are four stages to complete the FLC process [25],
as shown in Fig. 3. The first stage is the fuzzification stage.
In this stage, the numerical input variables are read, mea‐
sured, and transformed into the appropriate linguistic vari‐
ables according to corresponding membership function (MF)
values. Knowledge base stage introduces the descriptions of
the fuzzy MFs represented for each control variable and the
necessary rules that define the control objects using linguis‐
tic variables. The third stage is interface engine stage which
provides the ability to simulate human decision performing
and determining the control procedures based on fuzzy logic.
Finally, the linguistic variables convert again back to the nu‐
merical values in the defuzzification stage. In FSM, two in‐
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Fig. 1. Detailed problem description due to solar radiation and load power
variations.
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puts DPtie - line , DIsm and one output D are applied to FLC for
producing the pulsating signals to the two switches of DC-
DC chopper after comparing with the 1 kHz sawtooth refer‐
ence signal.

Gaussian type is used to construct MFs of input and out‐
put variables. The rationale behind choosing this type is that
it gives better performance for linear and nonlinear applica‐
tions. The schematic diagram of main rules of FLC and the
chopper circuit with FLC are discussed in Fig. 4(a) and (b),
respectively, where Vsm is the voltage across SC; and Vdc is
the voltage of DC-link capacitor.
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Fig. 4. Schematic diagram of main rules of FLC and chopper circuit with
FLC. (a) Main rules of FLC. (b) Chopper circuit with FLC.

Graphical user interface (GUI) of MATLAB is used to im‐
plement the FLC model. The input 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 for the two input variables, respec‐
tively. FastD, Dis., Not, Charg., FastC are denoted to fast-
discharge, discharge, no-action, charge, and fast-charge for
the output variable, respectively. The equation of Gaussian
MF type can be calculated as follows [26]:

f (xγε)= e
-
( )x - ε 2

2γ2 (1)

where x is the input variable; γ is the width of the Gaussian
curve; and ε is the center of the peak value.

Defuzzification process can be achieved by IF-AND-
THEN routines and the center of gravity method is used to
calculate the expected defuzzification process output zo in
the function of membership degree µc and the input variable
of defuzzification process z as follows [27]:

zo =
∫zμcdz

∫μcdz
(2)

C. OFSM

This method is like the FSM, but the FLC inputs and the
injected/absorbed reactive power of the VSC are optimally
calculated to minimize the power transfer between the utility
power grid and the MG. The main objective function includ‐
ed in the optimization problem is given as follows:

min∑
j=1

NPV

P 2
tie-linejt (3)

s.t.
Pgjt +PPVjt -PLjt ±Psmjt -Vjt·

∑
n= 1

NB

Vnt (Gjn cos (δ jnt)+Bjn sin (δ jnt))= 0 "jt (4)

Qgjt -QLjt ±Qsmjt -Vjt·

∑
n= 1

NB

Vnt (Gjn sin (δ jnt)-Bjn cos (δ jnt))= 0 "jt (5)

P min
smj £Psmjt £P max

smj (6)

DI min
smj £DIsmjt £DI max

smj (7)

Qmin
smj £Qsmjt £Qmax

smj (8)

V min
j £Vjt £V max

j (9)

{Ssmjt = P 2
smjt +Q2

smjt

S min
smj £ Ssmjt £ S max

smj

(10)

where Ptie-linej,t is the active power at a common point at bus
j; Pgj,t is the active power generation at bus j; PPVj,t is the ac‐
tive power of PV at bus j; NPV is the number of PV units;
PLj,t is the active power demand at bus j; Qgj,t is the reactive
power generation at bus j; Qsmj,t is the reactive power of
SMES inverter at bus j; Psmj,t is the active power of SMES at
bus j; QLj,t is the demand reactive power at bus j; Gjn is the
conductance between bus j and bus n; Bjn is the susceptance

Interface
engine 

Process or object
under control 

Knowledge base

DefuzzificationFuzzification

Fuzzy
output

Fuzzy
input

Crisp input Crisp output

Rule table

Output MFInput MF

Fig. 3. Main processes of FLC technique.
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between bus j and bus n; δ jn, t is the difference voltage angles
at bus j and bus n; Vn,t and Vj,t are the voltages at bus n and
bus j, respectively; the subscripts min and max represent the
minimum and maximum values of corresponding variables,
respectively; Ism is the current of SMES; and NB is the num‐
ber of buses.

PSO is used in this paper to solve this optimization prob‐
lem in which the control variables are the reactive power of
VSC Qsm of the SMES and the change of current of
SMES ΔIsm .

D. PV Model

The complete PV generation system consists of three
parts. The first part is an array which forms with modules
connected in series and parallel of Sunpower SPR-305-WHT-
U (305 W) panel to determine the appropriate output DC
voltage and current. In this study, the PV system comprises
of 5 series modules and 330 parallels to generate 500 kW
DC power. 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 maxi‐
mum power point tracking (MPPT) of incremental conduc‐
tance. In the third stage, the voltage source inverter (VSI) is
utilized to convert DC voltage to AC voltage before the in‐
terconnection with the utility power grid. Also, it keeps the
DC voltage across the linked capacitor at a constant setpoint
voltage. Proportional-integral (PI) technique is used in VSI
control for AC and DC voltages after transformation from
the three-phase system to dq reference frame. The synchroni‐
zation between the grid and the output voltage of VSI is
achieved by phase-locked loop (PLL) [28]. Incremental con‐
ductance control for boost converter [29] and complete VSI
control technique are discussed in Fig. 5, where PWM stands
for pulse width modulation. The parameters of the complete
PV system and its controller are given in Appendix A Table AI.

E. SMES Model

Among all of ESTs, SMES has played an important role
in power system applications. SMES stores its energy in
magnetic form by flowing a DC through SC which forms
from superconductive material with no resistance at its super‐
conducting state [30]. It is cooled with liquid helium or ni‐
trogen (liquid helium for low temperature and liquid nitro‐

gen for high temperature), to maintain the temperature of SC
lower than or equal to the specific critical temperature Tc of
the superconducting material [31], [32].

Figure 6 shows the construction of SMES unit. It consists
of a SC with a cooling and protection system, a DC-DC
chopper circuit, a bidirectional VSC, a LC filter for AC side,
and a three-phase coupling transformer. The chopper circuit
is controlled with the proposed FLC which can successfully
and fastly set the real power of SMES in the charging, dis‐
charging, and standby operation modes. The complete details
of the bi-directional VSC are given in [33]. The parameters
of the SMES system are listed in Appendix A Table AII.

The initial energy and operation energy of SMES (Esmo

and Esm) can be calculated as functions of current of SMES
Ism, inductance of SC Lsm, Psm, Ismo, Vsm, as presented in the
following equations [34].

Esmo =
1
2

Lsm I 2
smo (11)

Esm = ∫Psm dt +Esmo (12)

Psm =Vsm Ism (13)

The voltage across SC is given in (14) in terms of D of
the chopper circuit and Vdc, as follows:

Vsm =Vdc ( )2D- 1 (14)

The SOC of the SMES can be updated as follows:

SOCt = SOCt - 1 + α tηch PsmchtDt -
σ t PsmdisctDt

ηdisc

(15)

where ηch and ηdisc are the charging and discharging efficien‐
cies, respectively; Psm,ch,t and Psm,disc,t are the charging and dis‐
charging power of SMES at time t, respectively; and α t and
σ t are the binary variables (α t,σ t ∈{0,1}), and α tσ t = 0 because
the charging and discharging of SMES cannot be simultane‐
ously performed.

IV. PSO ALGORITHM

PSO is one of the smart optimization techniques that has
been used in many applications. It was first introduced in
[35]. PSO is a population-based technique in which these
populations are called swarms. Each possible solution of 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 evaluat‐
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ing 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. For each iteration, each particle is acceler‐
ated toward its previous best position Pi ( )t and toward the
global best position which is found by particle neighborhood
gi ( )t . During each iteration, the new velocity will be used to
update the particle position. The next position is calculated
in the search space. This process will be repeated for a num‐
ber of iterations until a minimum error is achieved [36]. The
position and velocity of the particle at each iteration are
computed by [37]:

vi ( )t + 1 = k [ ]ωvi ( )t +C1r1 ( )Pi ( )t - xi ( )t +C2r2 ( )gi ( )t - xi ( )t
(16)

xi ( )t + 1 = xi ( )t + vi ( )t + 1 (17)

ì

í

î

ïï
ïï

k = 2 || 2- ϕ- ϕ2 - 4ϕ

ϕ=C1 +C2

ϕ> 4

(18)

where k is the constriction factor; ω is the inertia weight pa‐
rameter; and r1 and r2 are random number between 0 and 1.

To improve the performance of PSO, there is a common
approach which promotes a balance between local and glob‐
al searches. In this approach, ω starts with a high value and
during the execution of PSO, it should decrease as follows:

ω=
ωmax -ωmin

itermax

(itermax - iter)+ωmin (19)

where ωmax and ωmin are the maximum and minimum inertia
weights, respectively; iter is the current iteration; and itermax

is the maximum number of iterations. Normally, ω can be
changed between 0.4 and 0.9 [37]. C1 and C2 can be comput‐
ed as follows:

C1 =
C1f -C1i

itermax

itermax +C1i (20)

C2 =
C2f -C2i

itermax

itermax +C2i (21)

where C1i and C2i are the initial cognitive and social coeffi‐
cients, respectively; and C1f and C2f are the final cognitive
and social coefficients, respectively.

V. SOLUTION PROCESS

The flowchart of FSM and OFSM is shown in Fig. 7. As
shown in the figure, at each time instant t, the demand load,
PV power, and the status of SMES (e.g., capacity, SOC) are
read. Based on the chosen method (FSM or OFSM), the re‐
quired active power and reactive power from the SMES are
calculated to minimize the tie-line power between the PV so‐
lar station and the utility power grid (Psm and Qsm) as follows:

1) If the chosen method is FSM, the active and reactive
power will be calculated without considering the optimiza‐

tion option.
2) If the chosen method is OFSM, the active and reactive

power will be calculated considering the optimization op‐
tion, i. e., the reactive power and FLC inputs are optimally
calculated using (3)-(10).

3) Based on the calculated active power (charging/dis‐
charging), the SOC of the SMES is updated using (15). The
commands generated at time instant t are saved and transmit‐
ted over the distribution network. This process is repeated
for all time instants.

Start

End

Monitor demand load, PV power,
status of SMES at time instant t

Next time
instant

Calculate charging�discharging power of SMES
using FLC-SMES method (Fig. 4)

Solve optimization
problem (3)-(10)

Choose method (FSM or OFSM)

N

Y

Read data of utility power grid,
PV generators, and SMES

Update SOC of SMES using (15)

Save and transmit the commands of time instant t

Is FSM chosen?

Fig. 7. Flowchart of proposed methods.

VI. SIMULATION RESULTS AND ANALYSIS

The grid-connected PV-SMES MG shown in Fig. 8 has
been used as a case study to test the proposed methods.

The complete data of the utility power grid is shown in
Appendix A Table AIII. In this work, three cases are studied
to demonstrate the effectiveness of the proposed methods as
follows:

1) Case 1: the performance of the selected grid is evaluat‐
ed without using SMES and this is the default base case.

2) Case 2: the impact of the FSM on the grid is verified.

0.5 MW 
PV farm

Grid

PCC

0.26 kV/25 kV

25 kV/120 kV

25 kV/120 kV 625 kJ/500 A

0.2 MW
0.85 lagging power

factor load

Transmission
line

SMES

Heavy load

Ptie-line
Qtie-line

Fig. 8. Grid-connected PV-SMES MG.
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3) Case 3: OFSM is used to minimize the tie-line power
transfer between the utility power grid and the MG during
the whole day.

Figure 9(a) and (b) presents the response of active power
at PCC during the day and the total power loss in the trans‐
mission line, respectively. It is clear from Fig. 9(a) that by
applying the proposed methods, the active power transfer be‐
tween the utility power grid and the MG due to weather con‐
dition and random load demand variation is minimized. It is
clear from Fig. 9(b) that the power loss of the transmission
line is significantly reduced in cases 2 and 3 compared with
case 1. It is worth to mention that the power loss in case 1
is smaller than that in case 2 during the period of 10:00 to
17: 00 because of the PV generation during this period is
higher than the local load. This means that surplus power
will be injected to the heavy load and subsequently the pow‐
er flow of tie-line from the grid to feed the heavy load will
decrease. The best reduction of power loss is achieved by
OFSM where the input parameters of FLC and reactive pow‐
er of VSC are optimally computed to minimize the power
flow of tie-line. Therefore, this method is highly recommend‐
ed to be used for minimizing the power flow of tie-line.

The voltage profile at PCC and the response of output
power of SMES are discussed in Figs. 10 and 11, respective‐
ly. The voltage at PCC drops to 0.955 p.u. in case 1 while it
is improved in cases 2 and 3. In case 2, the voltage is ap‐
proximately constant at 1.0 p.u. by absorbing fixed reactive
power that is shared between VSC and the power grid with‐
out coordination. On the contrary, in case 3, the reactive
power of VSC 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 out‐
put power of VSC. Additionally, it is also clear from Fig. 11
that the output power of VSC is calculated optimally to re‐
duce the injected reactive power from power grid at PCC,

which in turn, minimizes the line power loss and regulates
the voltage at PCC within the acceptable limit.

Figure 12(a) - (c) presents the response of duty cycle of
chopper circuit, active power of SMES, and current of SC,
respectively, in both two proposed methods.

Duty cycle changes between charging and discharging
modes when its value is less than 0.5 and larger than 0.5, re‐
spectively, within 0 to 1 scale, and it changes optimally in
the case of OFSM. The active power of SMES is negative
when the power transfers from SMES to PCC, while it is
positive in charging mode as the extra active power is stored
in SC. In both two proposed methods, the current of SC in‐
creases and decreases during charging and discharging
events to face the system requirements from load demand
and PV power generation, respectively.

Figure 13 shows the voltage of the DC-link capacitor. The
voltage is approximately fixed at 2400 V, which in turn vali‐
dates the effectiveness and robustness of the controller in
both two proposed methods.

VII. DISCUSSIONS

The enhancements of the proposed methods for minimiz‐
ing tie-line power, reducing line energy loss, and regulating
voltage at PCC are compared in Tables II and III.

The criteria used to calculate improvement percentage
(IP) in overshoot/undershoot can be described as follows:

IP = | Shbase - Shpro

Shbase
|´ 100% (22)

where Shbase is the maximum overshoot/minimum undershoot
for the base case; and Shpro is the maximum overshoot/mini‐
mum undershoot in the proposed methods.

Tables IV and V illustrate the validation and robustness of
the proposed methods in terms of the deviation of the duty
cycle and the deviation of the voltage of DC-link capacitor.
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Fig. 9. Response of active power and power loss of transmission line for
three cases. (a) Active power of transmission line at PCC bus. (b) Power
loss of transmission line.
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The deviation of the duty cycle of chopper circuit DDC
can be calculated according to (23), and the deviation of the
voltage of DC-link capacitor VD can be calculated according
to (24).

DDC =
0.5-DMOS/MUS

0.5
´ 100% (23)

VD=
2400-VMOS/MUS

2400
´ 100% (24)

where DMOS/MUS is the maximum overshoot/minimum under‐
shoot value of D; and VMOS/MUS is the maximum overshoot/
minimum undershoot value of the voltage of capacitor.

To demonstrate the robustness of the proposed methods, a
step-change in load power and solar irradiance is applied as
shown in Fig. 14(a)-(c). The step-changes are applied as fol‐
low: ① in the period from 1 to 1.5 s, a step-change in load
power is applied; ② in the period from 2 to 2.5 s, a step-
change in the solar irradiance is applied; ③ in the period
from 3 to 3.5 s, a step-change is applied for both load power
and solar irradiance, as shown in Fig. 14(a). The responses
of voltage at PCC and voltage of DC-link capacitor during
these step-changes by applying FSM and OFSM are given in
Fig. 14(b) and (c), respectively. It is clear that a smooth op‐
eration of voltage at PCC is achieved in both two proposed
methods and it is almost constant regardless of the step-
change in load power and solar irradiance. Additionally, the
fluctuation in voltage of DC-link capacitor is avoided in the
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Fig. 12. Response of SMES system. (a) Duty cycle of chopper circuit. (b)
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TABLE II
RESULTS OF TIE-LINE POWER, VOLTAGE AT PCC, AND LINE ENERGY LOSS

OF HYBRID POWER GENERATION SYSTEM WITH PROPOSED METHODS

Method

Without
SMES

FSM

OFSM

Tie-line power (kW)

Maximum
overshoot

157.20

52.35

30.64

Minimum
undershoot

-377.60

-115.80

-12.51

Line energy
loss (MWh)

7.50

7.26

5.36

Average value
of voltage at

PCC (p.u.)

0.955

1.000

0.998

TABLE III
IMPROVEMENTS OF TIE-LINE POWER, VOLTAGE AT PCC, AND LINE ENERGY

LOSS OF HYBRID POWER GENERATION SYSTEM WITH PROPOSED METHODS

Case

Tie-line power

Line energy loss

Voltage at PCC

Method

FSM with maximum overshoot

FSM with minimum undershoot

FSM with maximum overshoot

FSM with minimum undershoot

FSM

OFSM

FSM

OFSM

IP (%)

66.70

69.30

80.50

96.70

3.20

28.53

4.50

4.30

TABLE V
PERFORMANCE AND VALIDATION OF CONTROLLER IN BOTH TWO PROPOSED

METHODS

Method

FSM with maximum overshoot

FSM with minimum undershoot

FSM with maximum overshoot

FSM with minimum undershoot

DDC (%)

26.20

34.00

24.32

20.00

VD (%)

0.125

0.125

0

0

TABLE IV
RESULTS OF DUTY CYCLE AND VOLTAGE OF DC-LINK CAPACITOR WITH

PROPOSED METHODS

Method

FSM with maximum overshoot

FSM with minimum undershoot

FSM with maximum overshoot

FSM with minimum undershoot

Duty cycle

0.6330

0.3300

0.6216

0.4000

Voltage of DC-link
capacitor (V)

2403

2397

2400

400

2395

2400

2405

2410

V
ol

ta
ge

 (V
)

FSM
OFSM

0 4 8 12 16 20 24
Time (hour)

Fig. 13. Response of voltage of DC-link capacitor.
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both two proposed methods, which in turn provides a longer
lifetime of the DC-link capacitor and preserves the power
electronic components from the thermal stress.

VIII. CONCLUSION

This paper presentes two methods, called FSM and OF‐
SM, for minimizing the tie-line power of the MG and regu‐
lating the voltage at PCC. The FLC technique is employed
in the proposed methods to control the duty cycle of the
chopper circuit in SMES. The PSO algorithm is employed to
solve the optimization problem considering the constraints of
the utility power grid, VSC, and SMES. 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
is effectively minimized, and the voltage at PCC is regulat‐
ed. Furthermore, the fluctuations of tie-line power flow and
the transmission power losses significantly decrease. The per‐
formance of the proposed methods is compared with the
base case without considering SMES. The results demon‐
strate the effectiveness of the proposed methods for reducing
the negative impacts of high tie-line power flow. It is also
shown that the optimal coordination between the reactive

power of VSC and the reactive power of utility power grid
can perform better in terms of voltage regulation and power
loss minimization.
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