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Abstract-This paper proposes a renewable energy hybrid power 

system that is based on photovoltaic (PV) and wind power 

generation and is equipped with Superconducting Magnetic 

Energy Storage (SMES). Wind and solar power generation are 

two of the most promising renewable power generation 

technologies. They are suitable for hybrid systems because they 

are environmentally friendly. However, like most renewable 

energy sources, they are characterized by high variability and 

discontinuity. They generate a fluctuating output voltage that 

damages the machines that operate on a stable supply. Therefore, 

the energy storage system SMES with the function to reduce 

output voltage fluctuation problems is introduced. SMES is found 

to be the most effective energy storage device as a result of its 

quick time response, high power density, and high energy 

conversion efficiency. In this paper, modeling of a hybrid system 

with SMES is built using MATLAB/Simulink. Blocks such as the 

wind model, PV model, and energy storage model are built 

separately before combining into a complete hybrid system with 

SMES. Varying wind speed and solar irradiance values are taken 

as the input parameters. The obtained results from the simulation 

reveal that a system with SMES is more reliable than a system 

without SMES. 

Keywords-hybrid energy storage system; renewable energy; 

photovoltaic (PV) system; wind; power quality; Superconducting 

Magnetic Energy Storage (SMES) 

I. INTRODUCTION  

During the last decades, the exploitation of renewable 
energy resources has attracted considerable attention due to the 
negative impact on the environment and the increased cost of 
fossil fuels used in conventional power plants. Many renewable 

energy sources, like solar, wind, hydro, and tidal can be 
exploited. Among them, solar and wind have the most rapid 
growth. Without any hazard emission of pollutants, energy 
conversion is made possible through wind and PV cells. 

A hybrid system is more advantageous as an individual 
power generation system, even though it is not completely 
reliable. In case of a power outage or complete shutdown in 
one of the systems, the remaining one can still supply power. 
Hence, in the present study, solar and wind power generations 
are combined to create a hybrid power system. This system, 
consisting of two unpredictable energy sources, will produce 
fluctuating output energy and thus cannot ensure the minimum 
level of power continuity required by the load [1-3]. 
Combining the renewable hybrid system with batteries as a 
storage system, in order to increase the duration of energy 
autonomy, will make optimal use of the utilized renewable 
energy resources and this, in turn, can guarantee high supply 
reliability. 

At present, multiple energy storage technologies are being 
developed and such examples include Flywheel Energy System 
(FES), Compressed Air Energy Storage (CAES), Battery 
Energy Storage System (BESS), Superconducting Magnetic 
Energy Storage (SMES) [4], and Phase-Change Materials 
(PCM). In this paper, a SMES is introduced into the hybrid 
wind and PV power generation system. The added energy 
storage will store energy during the low load demand period 
and help stabilize the system's generated output voltage. 
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II. MODELING OF THE HYBRID SYSTEM 

A. Modeling of the PV System 

In this project, we chose to use KC200GT PV module as a 
reference to develop the PV block model. The PV system was 
modeled and developed based on the equations from [5]. The 
parameters of the PV model are shown in Table I. 

TABLE I.  PV ARRAY PARAMETERS AT 250O
C, 1000W/m

2 

Parameter Value 

��� 7.61 A 

��� 26.3 V 

��� 8.21 A 

���	  200.143 W 

�
�  32.9 V 

� -0.1230 V/K 

�� 0.0032 A/K 

�� 54 

��  4 
 

The PV power system model is made up of 3 subsystem 
blocks (Figures 1-3), which are: 

 Photovoltaic Current (Ipv)  

 Saturation Current (Io) 

 Photovoltaic Current Output (Im) 
 

 

Fig. 1.  Photovoltaic current block model. 

 

Fig. 2.  Saturation current block model. 

 

 
Fig. 3.  Photovoltaic current output block model. 

The parameters that affect the PV power system output are 
solar irradiance (G) and temperature (T). Both PV current and 
saturation current block models are connected in the PV current 
output block model, as illustrated in Figure 3. 

B. Modeling of Wind Turbine Power System 

The wind turbine power system consists of a wind turbine 
model and a Permanent Magnet Synchronous Machine 
(PMSM) block that was already available on the Simulink 
library of MATLAB. These permanent magnet machines are 
characterized by having large air gaps, which reduce the flux 

linkage even in machines with multi-magnetic poles [6-8]. The 
static characteristics of wind turbines can be described by the 
relationship between the total power in the wind and the 
mechanical power of wind turbines [9-11].  

The wind turbine model block is connected to a PMSM and 
a rectifier as shown in Figure 4. Varying wind speed is given as 
the input to the wind turbine and the output mechanical torque 
from the turbine is directed to the PMSM that converts 
mechanical energy into electrical energy. The three phase AC 
output from the PMSM is then sent to the rectifier where it is 
converted into the DC output. 
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Fig. 4.  Wind power system. 

TABLE II.  PARAMETERS OF THE PERMANENT MAGNET 

SYNCHRONOUS MACHINE BLOCK 

Parameters Value 

Nominal mechanical output power (W) 8.5e3 

Base power of the electrical generator (VA) 8.5e3/0.9 

Base wind speed (m/s) 12 

Maximum power at base wind speed (pu of nominal mechanical 

power) 
0.8 

Base rotational speed (kpu of base generator speed) 1 

TABLE III.  PARAMETERS OF THE WIND TURBINE BLOCK 

Parameter Value 

Stator phase resistance Rs (ohm) 0.425 

Inductance Ld (H) 0.000395 

Flux linkage established by magnets (V.s) 0.433 

Torque constant 5 

Inertia J (kg.m2) 0.1197 

Friction factor F (N.m.s) 0.001189 

 

The simulation of the wind power system is shown in 
Figure 4 and the parameters of the PMSM block and wind 
turbine model block are presented in Tables II and III 
respectively. 

C. Modeling of the SMES System 

A SMES device is a DC current device that stores energy in 
the magnetic field. The DC current flowing through a 
superconducting wire in a large magnet creates the magnetic 
field [12]. The basic operation of the SMES coil can be 
explained by the simplified electrical model in Figure 5.  

In this model, the SMES coil is connected to the source and 
is loaded by three switches: S1, S2, and S3. Here, the coil is a 
dynamic storage system. Charging and discharging of the coil 
is maintained by a Power Conditioning System (PCS) which 
controls the switches independently by generating suitable 
control of a signal. The operation of the switches is described 
by the flowchart in Figure 6. 

 
Fig. 5.  Simplified equivalent circuit of the SMES coil. 

 

Fig. 6.  Flowchart of charging-discharging involved in the SMES system. 

1) First case 

As seen in the circuit diagram, the superconducting coil is 
directly connected to the input voltage, whereas the load is 
through the aid of power electronics switches. The supply is 
denoted by "S" and the demand by "D". If D< S, S1 and S2 
must be closed and switch S3 is open. This combination is used 
to charge the coil. 
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Fig. 7.  Circuit of charging SMES coil. 

2) Second Case 

When switches S3 and S2 are closed and switch S1 is open, 
the coil will be in the steady storage condition. 

 

 
Fig. 8.  Circuit of the steady storage case. 

3) Third case  

In this case, switches S1 and S2 are open and switch S3 is 
closed and the coil will be discharging. 

 

 

Fig. 9.  Circuit of the case of discharging of the SMES coil. 

D. Controller Circuit 

An appropriate control system was required to control the 
charging and discharging sequence of the SMES. This was 
accomplished by using a PI controller-based DC-DC chopper 
as shown in Figure10. It operates by constantly comparing the 
reference voltage with the feedback value of the controller. The 
error difference between these two will be added to the voltage 
output from the hybrid system [13]. This total output voltage 
will then be compared with the expected hybrid output voltage 
using a comparator. If the output of the hybrid system is less 
than the reference value, then the DC-DC chopper sends signal 
zero (0) to the switch, otherwise, a signal one (1) will be sent. 
Signal zero (0) indicates a switch open and SMES discharging, 
whereas signal one (1) indicates that the IGBT switch is closed 
and SMES is charging. 

 

 

Fig. 10.  DC-DC chopper controller block model. 

III. SIMULATION CASE STUDIES 

In this section, various case studies are been considered. In 
each case, the input solar irradiance and the wind speed were 
considered different. Hybrid system power characteristics, i.e. 
input solar irradiance and input wind speed, with and without 
SMES and SMES power characteristics are plotted for each 
case. 

A. Simulation Results of the SMES System 

Modeling of the charge-discharge circuit for the SMES is 
executed using MATLAB/Simulink. The circuit (Figure 14) is 
implemented for a purely resistive load. The parameters of the 
SMES model are shown in Table IV. 

TABLE IV.  SMES PARAMETERS 

Parameter Value 

System frequency 50 Hz 

Line reactor resistance 0.0015 Ω 

DC-Link capacitance 1 F 

Load resistance 1 Ω 

Superconducting coil 0.008H 

PID Controller Gain KP =0.5, KI = 0.00001, KD= 1 
 

 

Fig. 11.  Energy waveform during coil charging and discharging. 

 

Fig. 12.  Power waveform during coil charging and discharging. 
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Fig. 13.  Current waveform during coil charging and discharging. 

From the results, it is evident that the SMES can store very 
high energy, around 1000MJ, whereas the power level is close 
to 12MW and the current increases until it reaches around 
100kA. During the discharge of the coil, the power injection 
time is also very low (2s). 

B. Simulation Results of the Hybrid System without SMES 

The two renewable generator types are connected in series. 
Each generator produces a voltage output of 200V, so 
practically the output voltage was 400V. We simulated the 
hybrid system for 3 cases to see the influence of the 
intermittency of the wind and irradiation on the charging 
voltage. The system supplies an electrical load (R, L) with  
R= 30Ω and L= 2H. 

 

 
Fig. 14.  SMES system block model. 

 Case 1: Irradiation and wind speed are constant, G= 
1000w/m

2
, V= 12m/s. Figures 15, 16 show the Voltage rate 

and the power characteristic. 

 

 

Fig. 15.  Voltage rate. 

 

Fig. 16.  Power characteristic. 

 Case 2: The irradiation is of Step form and the wind speed 
remains constant. Figures 17, 18 show the Voltage rate and 
the power characteristic. 
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Fig. 17.  Voltage rate. 

 

Fig. 18.  Power characteristic. 

 Case 3: Constant irradiation and step form wind speed. 
Figures 19, 20 show the Voltage rate and the power 
characteristic. 

 

 

Fig. 19.  Voltage rate. 

 

Fig. 20.  Power characteristic. 

From Figures 15-20, it is clear that when the wind or 
irradiation or both decrease, the load voltage decreases along 
with power. 

C. Simulation of the Hybrid Wind-PV System with SMES 

This study seeks to stabilize the voltage in the event of loss 
of one or both renewable generators. So, we integrated an 
energy storage system using a superconducting SMES coil, 
whose role is to intervene in the event of a voltage drop [14]. 
The simulation time of Figure 24 is 10s. We simulated the 
system for the case where the loss of the two generators from 
which the irradiation and wind speed have a step form. Figures 
21-25 show the simulation results.  

 

 

Fig. 21.  Charge voltage curve with SMES. 

 

Fig. 22.  Hybrid system power curve with SMES. 

 

Fig. 23.  Hybrid system charging current curve with SMES. 

 

Fig. 24.  Curve of Power with and without SMES. 
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According to Figure 21, during the period from 0s to 4s the 
voltage reached 400V. From 4s to 7s the two generators were 
lost and the voltage was restored thanks to the intervention of 
the SMES, which was able to keep it stable. Therefore, we can 
see the great contribution of SMES to the stability of the hybrid 
system. Figure 24 represents the comparison of the power with 

and without SMES for the case of the loss of the two generators 
from 4s to 7s. We noticed that the power without SMES 
decreases when the wind and the irradiation decreased and on 
the other hand, with SMES, the power remains stable and is 
fixed at a value of 5200W. 

 

 

Fig. 25.  Block diagram of the hybrid wind-PV system with SMES (the inside of sub-models is shown in Figues 1-4, 14. 

D. Discussion 

When both PV and wind generators are connected to the 
system, the load demand is met. If only one of the PV or the 
wind generators generates power, then the power demand of 
the system cannot be fulfilled since the two generators are 
connected in series to give an added output voltage. From the 
hybrid system power graph, it is seen that voltage drops when 
one generator is lost or disturbed making the system unstable. 
When the SMES is added to the system, it provides power with 
very fast response time, which ensures the constant output 
power of the hybrid system. This is clearly shown in the graph 
of the hybrid system power with and without SMES (Figure 
24). Based on the simulation results, SMES technology can 
also be used on conventional generating systems for load 
leveling and spinning reverse. 

IV. CONCLUSIONS 

In this paper, a hybrid system that combines the wind and 
PV models has been developed, and the application of the 
energy storage system SMES is presented in the developed 
model. The overall hybrid system with and without SMES was 
tested with varying irradiation levels and wind speed for the PV 
model and the wind model to determine the function of SMES 
inside the hybrid system. Through the charging and discharging 
process of SMES during the simulation, the output voltage 
fluctuations caused by the intermittent energy sources in the 
power generation system were reduced. It has be seen from the 
simulation results that SMES can improve the quality of the 

output fluctuations, and thus increase the reliability of the 
hybrid power system. 
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