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Abstract This paper presents the frequency regulation
analysis of a micro-grid connected hybrid power system
based on solar Photovoltaic (PV), Wind and Diesel-Engine
Generator (DEG) with Superconducting Magnetic Energy
Storage system (SMES) unit. Abrupt change in load demand
and power fluctuations from PV and wind power source
causes frequency variability in the system. In order to miti-
gate this issue, the hybrid power system incorporates along
with the energy storage devices. A case study of the impact
of SMES operations on the performance of frequency sta-
bility of hybrid system has been carried out. Simulation
of a Hybrid Power System (HPS) model has been carried
out in two different scenarios with the two phases. First
is the steady state investigation of HPS using PI controller
with step load change response. Second is the dynamic
performance study throughout a typical day with arbitrary
variation in load demands. Controller parameters are tuned
with Genetic Algorithm based optimization approach. The
limits on the inductor (coil) current due to the possibili-
ties of discontinuous conduction in the presence of large
disturbances and limited storage capacity have also been
incorporated. HPS has analyzed in the Matlab Simulink
environment. Simulation results indicate that SMES system
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can contribute towards the frequency stability in both cases
for variable power generations from renewable sources and
irregular demand loads.
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Introduction

The adverse effect of the greenhouse gases on atmosphere
and decreasing fossil fuel reserves drags attentions towards
clean and pollution free energy. In modern era, the leading
clean energy sources are hydro energy, solar energy, wind
energy and biogas mainly [1, 2]. Moreover, generations
from the wind and solar have enhanced their contribution in
most of the world’s electricity generation [3].The primary
application of solar power system is to provide power to the
off-grid area where the extension of the grid is not possible.
However, wind power is more commonly used for grid inte-
grations. Solar PV arrays have more installation flexibility
and can be easily mounted on domestic locations [4]. In the
current scenario, the wind, and solar PV power plants are
widely deployed for distributed generations and microgrids
(MGs). Generated power from PV and wind sources is vari-
able in nature; it can be used to compensate the load demand
locally and/or injected into local grids [5]. Renewable tech-
nology is also facing a lot of technical, economic and social
barriers because of their intermittency nature and uncer-
tainty issues [6]. Moreover, the interconnection of these
renewables into the grids/MGs creates some technical prob-
lems such as frequency and voltage regulations. Operational
issues in distributed system also raised due to high/low pen-
etrations of distributed renewable sources [7]. Therefore,
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these problems need the attention of researchers and reg-
ulatory authorities to provide the best feasible solution. In
this article, the frequency regulation issue raised during the
operation of MG connected HPS has been discussed. The
frequency stability of the system is mainly affected by mis-
matching of load generation balance and irregular loadings.
Therefore, energy storage technology has been introduced
to mitigate the frequency stability issue in micro-grid. Cur-
rently, storage technologies are capable of handling multi-
functional tasks as backup powers, active/reactive power
injection or absorption from/to the grid [8–10]. The conven-
tional energy storage such as Battery energy storage system,
Hydro pump storage, etc. is proposed by various researchers
in the literature [11–13]. However, these storages have sev-
eral problems such as high response time, limited Lifecycle,
storage capacity, large unit volume and hazardous environ-
mental impact, etc. Therefore, in this paper, SMES based
technology has been proposed for the stable operation of
hybrid power system. The potential capabilities such as fast
response, inherently huge storage efficiency and injecting/
absorbing real or reactive power ability endorse the SMES
as a viable solution [14, 15]. The effect of SMES during the
transient disturbance condition for a grid-connected power
system has been analyzed in [15]. Various authors [15–17]
have presented the application of SMES with the on grid
and off grid mode. Neural network based frequency control
of single and two area system is well documented in [18].
Authors in [19] have been presented the power flow con-
trol and management scheme with energy storage devices. A
knowledge domain based concept for power flow controller
has been discussed in [20]. Various efforts had been carried
out by the authors to minimize the frequency fluctuation in
hybrid power system with SMES in [4, 5, 21].

This paper presents the extension work performed pre-
vious research work in [16]. However, for the aspect of
novelty of the following additional work has been incorpo-
rated in this paper. (I) Small stability analysis of the solar
based hybrid system with step load response (II) System fre-
quency response has been controlled with PI controller. (III)
Controller parameters are tuned with Genetic Algorithm
based optimization approach. (IV) An additional hybrid
power system based on purely renewable power generation
is analyzed with SMES. The effect of SMES during the
steady and dynamic state operation has also been discussed
in this study.

Description and Modeling of HPS

In this section, description and modeling of hybrid power
system have been carried out. Figure 1 shows the schematic
diagrams of HPS connected to the microgrid. HPS is cate-
gories in three parts as follows:

Bidirec�onal
converter

Monitoring
System

Diesel Engine
Generator

SMES

~

LOAD

Solar PV Array

AC BUS

MICRO GRID

Wind power

Fig. 1 Schematic diagram of hybrid Power system with SMES

i Power Generation Sources (Solar PV, Wind, and DEG)
ii Storage System
iii Power Conditioning System (PCS) and load Demand.

Power generation sources and storage facility have con-
nected to the local grid. SMES has been consumed and
supplying power from the local grid. Modeling of different
power generating plants such as PV, wind, DEG, and storage
system has been carried out below in this section. Modeling
of PCS system has not been considered in this study. It is
assumed that all required PCS system is working properly in
the system. The system model is also useful for distributed
and isolated mode of operation.

Solar Photovoltaic Model

The Solar PV system is composed with PV arrays, connec-
tions and protective parts [13]. Arrays are the combination
of solar cells. The equivalent circuit of a PV cell is the com-
bination of a current source in parallel with a diode. The
current source output is directly proportional to the light
falling on the cell. The equation of ideal solar cell [1, 7] that
symbolizes the solar cell model is [13]:

I = IL − IR

[
exp

(
V

AVi

)
− 1

]
(1)

Fig. 2 Wind speed to power generation model [23]
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Fig. 3 Schematic diagram of
the SMES unit
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where: “IL” is photocurrent (A); “IR” is reverse saturation
current (A);“V” is diode voltage (V); “Vi” is thermal volt-
age, “A” is diode ideality factor. The composition of solar
cells in series and parallel combination with their protection
device is known as the solar module [13]. Current-voltage
characteristic equation of equivalent circuit for a PV mod-
ule arranged in series Ns and parallel Np can be defined as
[7, 22]:

IM = NpIL − NpIR

[
exp

(
VM/Ns + IM/Ns

AVi

)]

−
(
Np/Ns

)
VM + IMRSe

RSh
. (2)

“Np” is cells parallel number; “Ns” is cells series number.
Detailed modeling of PV system has discussed in [1, 13].

Wind Speed to Power Conversion Model

Wind velocity to power conversion model has been used
to represents the wind power model. The detailed model-
ing of wind power has been already discussed in previously
reported research work [16]. Wind velocity is the combi-
nation of following four components: average speed (vwa),

wind speed ramp (vwr), wind gust (vwg) and wind tur-
bulence (vwt) in general. Therefore, the resultant wind
velocity can be given in [12, 23]:

vw(t) = vwa(t) + vwr(t) + vwg(t) + vwt(t) (3)

To approximate the fluctuation effects low pass filter is
deployed in the wind power conversion model as shown in
Fig. 2. The following equation governs the power generated
by wind turbine:

Pw = cp (λ, β)
σ

2
π r2v3w (4)

where cp is the power coefficient of wind turbine and λ is
the tip speed ratio, which is defined by:

λ = ωTr

vw
(5)

Diesel Engine Generator Model

Diesel engine power generation is governed by following
equation generally.

�Pd = −
(
1

R
+ KI

s

) (
1

Tsgs + 1

)(
KDEG

TDEG s + 1

)
�fe

(6)

Fig. 4 SMES control unit block
diagram [16]
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Fig. 5 Mathematical model of Micro-grid connected HPS

where, R is the speed regulation. DEG automatically starts
up with proper control.

SMES Model

Schematic diagram of SMES model has been shown in
Fig. 3. The SMES model has been divided into three parts
mainly. First is as superconducting coil i.e. also known as
the heart of the system and second deals with power con-
ditioning system. The third is control unit which has been
shown in Fig. 4 separately. A detailed description of SMES
modeling is well explained in [16, 24]. From Fig. 3, DC
voltage is given by:

Ed = 2Vd cosα − 2Id RC (7)

Where Ed is the DC voltage applied to the inductor in KV,
α is the firing angle in degrees, Id is the current flowing
through the inductor in kA, RC is equivalent commutating
resistance in k	 and Vdo is the maximum circuit bridge
voltage in kV [16]. Controlling of charging and discharg-
ing of the superconducting coil is done with the altering
of commutation angle α. The converter operates in the
charging mode (converter mode), when α is less than 90◦
and in discharging mode (inverter mode) when α greater

Table 1 Parameters of GA

Parameter Value

Population size 30

Max no. of generation 50

Mutation probability 0.15

Crossover probability 0.8

Length of chromosomes 8 bits

No. of variables 4

Maximum iteration 30

Start

Generate initial population

Evalute each chromosme by

performance index

Selection, Crossover, Mutation

Evalute new formed

chromosome

If

G<Gmax

Stop

Increase

Generation

Yes

No

Fig. 6 Flowchart of Genetic Algorithm

than 90◦ [14, 21]. When there is a drop in frequency, power
is supplied back into the system. The direction of current
flowing through inductor and thyristor does not change
suddenly, so the control voltage is negative in nature. The

Start

Change in Load 
Demand

Power
system

If
∆F>0

If
∆F=0

Id > IdL Id < IdUStand by
mode

SMES

Wind 
Power /+ PV Power

D

I

S

C

H

A

R

G

E

C

H

A

R

G

E

YES

NO

YES

YES

NO

NO

NO

DEG
Power

∆F

Fig. 7 Flow chart of the operation strategy
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Table 2 Rating and parameters of hybrid model

Parameter Value (Rating)

System power rating 2 MW (Base)

Capacity of SMES 2 KA

Initial Inductor current(Ido) 100KW

Upper limit of Inductor 150% of Initial

current(IdU) inductor current

Lower limit of Inductor 30% of Initial

current (IdL) inductor current

M 0.12

D 0.1

KDEG 1

TDEG 0.5s

R 0. 5

DEG Power 250KW

Peak PV Power 200 KW

Wind power 160 KW

incremental change in the voltage applied to the inductor is
expressed as:

�Ed = [ KSMES

1 + sTdc
]�F (8)

Where, �Ed is the incremental change in converter voltage,
Tdc is the converter time delay, KSMES is the control loop
gain and �F is the actuating signal to the control unit of
SMES. The inductor current deviation (�Id) is calculated
by following Eq. 9:

�Id = �Ed

sL
(9)

The overall change in SMES power flow �PSMES due to
system frequency (�F) change is shown below Eq. 10:

�PSMES = �Ed.Id (10)

Id = Ido + �Id (11)

Where Id is net inductor current
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Fig. 8 Load demand Varations profile

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
26

28

30

32

34

36

38

40

Time (hour)

T
em

pe
ra

tu
re

 (
0 C

)

Fig. 9 Temperature Profile throughout a typical day

Mathematical Modelling of HPS

This subsection described the mathematical model of HPS.
The transfer function based model of HPS has been shown
in Fig. 5. Assumed that, PCS is properly working at their
defined positions. Table 1 shows the parameters of HPS
used in modeling. The load generation balance must be
maintained for the smooth operation of the grid-connected
system. The control strategy is determined by the control-
ling error which is the difference between the change in load
demand (�PD) and change in net power production (�PT).

�PT = �PPV + �Pw ± �PDEG±�PSMES (12)

�PS = �PT − �PD (13)

where �PS is net power controlling error.
Following equation finds the change in frequency varia-

tion (�F):

�F = KPS

1 + TPS
.�Ps (14)

Since an inherent time delay exists between system frequen-
cies. Transfer function for system frequency variation to per
unit power deviation is expressed in below equation:

�F = 1

D + sM
.�PS (15)

D = 1

KPS
,M = TPS

KPS
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Fig. 10 Solar Irradiation proflie throughout a day
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Fig. 11 PV Power profile for a typical day

Where M = The equivalent inertia constant (p.u) & D =
Damping constant (p.u).

Optimal Design of PI Controllers with Genetic
Algorithm (GA)

The actuating signal for PI controller is the summation of
proportional and integral of the error signal. Gain of PI
controller is shown as:

G(s) = KP + KI

s
(16)

Where KP and KI are the Proportional(P) and Integral(I)
gain constant respectively.

Objective Function

The tuning of PI controller depends upon two parameters
(Kp & KI) to regulate the change in frequency error (�f).
The values of PI parameters are calculated through genetic
algorithm optimization technique. In order to achieve, opti-
mum system response and to minimize the frequency error
integral time square error method is used here as shown
below:

F (X) = IT ES =
∫ ∞

O

t ∗ (�f )2 dt (17)

X is the variable in terms of the values of Kp and Ki. The
optimal values of PI parameter are determined with the
genetic algorithm optimization technique.

Genetic Algorithms

Genetic algorithms (GA) are a biologically inspired algo-
rithm. GA search algorithm is based on the mechanics of
natural selection that copycats biological evolution. GA
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Fig. 12 Wind Power profile through a day

combines the survival of the fittest among string struc-
tures with a structured randomized information exchange
to develop a search algorithm with the innovative flairs of
human search. Generally, GA used to find out high-quality
optimization and solution in search problems. In each iter-
ation, a new set of artificial string is formed using bits and
pieces of the fittest of the previous [25, 26]. A simple GA
that produces good results in many real-world problems is
composed of three operations as 1) Selection or Reproduc-
tion. 2) Crossover. 3) Mutation. Reproduction or selection is
a process in which individual strings are copied according to
their objective function values. After reproduction, simple
crossover carried out in two steps. First, a member of newly
reproduced strings in the mating pool is mated at random.
Second, each pair of strings undergoes crossing over as an
integer position. Mutation operator shields beside irrecoverable
loss [25]. Figure 6 shows the flowchart of Genetic Algorithm.

Step Procedures

Step procedure used for tuning of PI controllers with GA is
shown below

i. Initialize the population for variables(x) with 8 bits
length of chromosomes for each one. Size of the
population is in between 15-30 and set iteration (r)
=1

ii. Calculate the fitness function based on Eq. 9 for all
candidate solutions.

iii. Sort all the fitness functions in ascending order.
[Fr1(x), F

r
2(x),]. . . . Fpr(x),], Best cost = Fr

1(x), best
candidate solution =x, where r is no of iterations.

iv. Set the probability of chromosomes and mutation
v. Select all the parent chromosomes and apply

crossover on each candidate solution
vi. Apply mutation to the all chromosome
vii. Again calculate fitness function for all candidate

solution and sort them in ascending order [Fr+1
1 (x),

Fr+1
2 (x),]. . . .Fr+1

p (x),],



Technol Econ Smart Grids Sustain Energy (2017) 2: 13 Page 7 of 13 13

Fig. 13 Frequency Response
with increased step load (peak
load.)
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Fig. 14 SMES power injection
response during the peak load
(0.25p.u.)
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Fig. 15 Frequency Response
with decreased step load (Off
peak load.)
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Fig. 16 SMES power consumption response during the off peak load

viii. If, Fr+1
1 (x) < Best Cost, Update Best cost = Fr+1

1 (x)
& best candidate solution = x, Else, best cost = best
cost

ix. Put r = r + 1, if no of iteration(r) < max iter, go to
step 2

Else, stop and store best cost and best candidate solution.
Parameters of GA used to tune the PI controllers are

given in Table 1.

Operating Strategy

In this section, operation strategy for considered HPS is
discussed and flow chart has been shown in Fig. 7. The sys-
tem/grid frequency is very sensitive to load demand change.
Therefore, whenever variations in load demand occur, sys-
tem frequency changes according to it. Grid frequency
must lie within the acceptable range for stable and smooth
operation of HPS. In order to neutralize, the frequency fluc-
tuations, the power supply should be controlled according to
load variations. When the frequency of the grid is reported
below 50 Hz or change in frequency is negative, SMES
starts injecting the power into the grid. However, SMES
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Fig. 17 Variation of SMES Power in both charging & discharging
mode
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Fig. 18 Change in DEG. Power output

unit must check the status of superconducting coil current
(Id) and verify its capacity to lower limit of the inductor
current (IdL). If Id >IdL, SMES will turn on and start dis-
charging; otherwise, it will remain in off mode. In another
case, when the frequency of the grid is reported above 50
Hz or change in frequency is positive, SMES starts absorb-
ing (charging the SMES coil) some excess power from the
grid. Before consuming the power, Id has to check and com-
pared to its upper limit of the inductor current (IdU). If
Id<IdU then SMES control unit allows to charge the coil
otherwise SMES remains in off mode. During constant fre-
quency operation (change in frequency zero), SMES neither
in charge mode nor in discharging mode. It stays remains in
standby mode conditions.

Simulation Results and Analysis

In this section, simulation results of considered HPS have
been analyzed. Parameters and system ratings has been
shown in Table 2. Simulations of HPS are carried out in two
different scenarios as follows:

A. Scenario 1- HPS with Solar PV+DEG+SMES
B. Scenario 2- HPS with Solar PV+Wind+SMES

Each scenario is simulated in two phases of studies. The first
phase is the steady-state stability analysis using step load
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Fig. 19 The frequency response of the system throughout the day
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Fig. 20 Frequency Response
with increased step load (peak
load.)
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response of systemmodel. The second is the dynamic stabil-
ity analysis with 24 hours simulations with random variation
in load demand. Phase I is further divided into two cases as
step load analysis during the peak load and off-peak load
time. Variations of a typical day load demand have been
shown in Fig. 8. The temperature and solar irradiations vari-
ations for a typical day have been shown in Figs. 9 and 10
respectively. The power produced with PV and wind plant
has been shown in Figs. 11 and 12 respectively.

Scenario 1- HPS with Solar PV+DEG+SMES

Scenario 1, consists the study of HPS containing the solar
PV, DEG, and SMES storage facilities. The penetration of

solar power is hundred percentage of generated PV power.
The study of this scenario is carried out in two phases with
two cases as discussed below:

Phase I: Steady state Stability Analysis
Considered HPS is analyzed through step load change

response during peak and off-peak load demand with the
presence or absence of SMES. The system is simulated
for the duration of has carried 30 seconds.

(i) Case I: During peak load
Step load change of 0.25 p.u is considered for

the analysis of this cases. Due to a sudden rise in
load demand, the frequency will go down to below
a defined limit. Therefore, to maintain the system

Fig. 21 SMES power injection
response during the peak load
(0.25p.u.)
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Fig. 22 Frequency Response
with decreased step load (Off
peak load.)
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frequency, SMES will start supplying the power into
the microgrid. Because of this act, SMES is oper-
ating in the discharging mode. Frequency response
with the sudden increase in step load demand has
been shown in Fig. 13. The effect in frequency
response with, without SMES and with GA-PI con-
troller is shown the Fig. 13. From Fig. 13 it is
observed that frequency deviation is minimized max-
imum during the operation of HPS with the com-
bination of optimized controller and SMES. Power
injected by the SMES has also shown in Fig. 14.

(ii) Case II: During off peak load
Step load change of 0.045 p.u. has been consid-

ered for the analysis of this cases. Due to a sudden
decrease in load demand, there is a rise in system
frequency is reported. However, to compensate this
frequency fluctuations, power generation should be
minimized or/and store the energy in SMES. In order

to maintain the system frequency, SMES will start
consuming the power from the microgrid. This state
of SMES is known as the charging mode. The effect
in frequency response with, without SMES and with
GA-PI controller is shown the Fig. 15. From Fig. 15
it is observed that frequency deviation is minimized
maximum in the operation of HPS the combination
of optimized controller and SMES. Power absorbed
by the SMES with negative sign has also shown in
Fig. 16.

Phase II: Dynamic Simulations for 24 Hours
The considered HPS model has simulated for 24 hours

in this phase of the study. The dynamic stability study is
carried out with varying load demand and power genera-
tions throughout a day. The study is further divided into
two cases, i.e. during the increase in load and decrease in
load demand.

Fig. 23 SMES power
consumption response during
the off peak load

0 5 10 15 20 25 30
-0.05

-0.04

-0.03

-0.02

-0.01

0

Time(second)

C
ha

ge
 in

 S
M

ES
 p

ow
er

 (p
.u

.)



Technol Econ Smart Grids Sustain Energy (2017) 2: 13 Page 11 of 13 13

Fig. 24 Frequency response of the system throughout the day

(i) Case I: Increase in load demand
Due to increase in load demand, system frequency

decreases. Therefore, power generation should be
increased to maintain the frequency. PV power is
regularly supplying the power to the system. Due to
dip in system frequency, DEG power can be enlarged
to supply the power to the system, up to its rated
capacity. To compensate the load demand, SMES
supplying power to the system as shown in Fig. 17.

(ii) Case II: Decrease in load Demand
Change in frequency increases, as a change in

load demand, decreases. So, in order to maintain
frequency, the total power generation should be
decrease and/or increase the load consumptions.
Due to variation in frequency, the net change in
DEG power shown in Fig. 18. Power supplied by
SMES should be decreasing response reached zero
as shown in Fig. 17. However, the surplus power is
still more than load demand so for balancing power
SMES starts consuming power from the system.
Now SMES is in charging mode.
Figure 19 shows the frequency response of

the considered HPS including both increase and
decrease of the load demand with and without SMES
throughout a day. From Fig. 19, it can be observed
that frequency fluctuations can be mitigated with the
addition of SMES into the system.

Scenario 2- HPS with Solar PV+Wind+SMES

Scenario 2 consists the study of HPS containing the solar
PV, Wind and SMES storage facilities. HPS system is also
known as 100% power generations from renewable. The
penetration of solar power is fifty percentage of generated
PV power. The study of this scenario is carried out in two
phases with two cases as discussed below:

Phase I: Steady state Stability Analysis
Considered HPS is analyzed through step load change

response during peak and off-peak load demand with the

Fig. 25 SMES Power variation in both charging & discharging mode

presence or absence of SMES. The system is simulated
for the duration of has carried 30 seconds.

(i) CASE I: During peak load
Step load change of 0.25 p.u is considered for the

analysis of this cases. The operation of the system is
same as discussed in Case I of Phase I of Scenario
1(HPS with Solar PV+DEG+SMES). The effect in
frequency response with, without SMES and with
GA-PI controller is shown the Fig. 20. From Fig. 20
it is observed that frequency deviation is minimized
maximum during the operation of HPS with the com-
bination of optimized controller and SMES. Power
injected by the SMES has also shown in Fig. 21.

(ii) CASE II: During off peak load
Step load change of 0.045 p.u. has been consid-

ered for the analysis of this subcase. The operation of
the system is same as discussed in Case II, Phase I of
Scenario 1(HPS with Solar PV+DEG+SMES). The
effect in frequency response with, without SMES
and with GA-PI controllers are shown in the Fig. 22.
From Fig. 22, it is observed that frequency deviation
is minimized maximum, in the operation of HPS with
the combination of optimized controller and SMES.
Power absorbed by the SMES has also shown in Fig.
23.

Phase II: Dynamic Simulations for 24 Hours
The considered HPS model has simulated for 24 hours

in this phase of the study. The dynamic stability study
is carried out with varying load demand and power gen-
erations throughout a day. The operating scheme in this
phase is similar to previous section phase II of Scenario
1- (HPS with Solar PV+DEG+SMES). However, in
this study, DEG is not incorporated. Frequency response
throughout the day has shown in Fig. 24. SMES power
profile during both the charging and discharging mode
has shown in Fig. 25. From the above figures, it is
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demonstrated that fluctuations in system frequency can
be smoothened or mitigate perfectly with the integration
of SMES units.

Conclusion

The mitigation of frequency fluctuations in micro grid con-
nected PV, wind based hybrid power systems has been
analyzed with SMES technology. The performance of the
considered system has been assessed with the variable load
demand and renewable power sources. The small signal sta-
bility analysis is carried out with and without PI controllers.
The parameters of PI controllers is optimized with genetic
algorithm. Simulation results demostrates that SMES based
system gives better frequency response in comparison to
the only diesel generator and without SMES. However, it
seems that SMES technologies are not so much economi-
cally. However, this issue may compensate with its fruitful
applications such as fast response, high efficiency, capa-
bility of control of real power and reactive power flows.
With the emergence of smart grids, this technology is
receiving more attention in the field of power and energy
systems. Therefore, it is hoped that its potential advantages
and environmental benefits will make SMES units a viable
alternative for energy storage source.
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