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A B S T R A C T   

Energy storage systems (ESS) have played a vital role in modern power systems to improve system stability and 
reliability in recent years. This paper describes the role of SMES in improving the power system stability of a 
multimachine interconnected with hybrid renewable energy systems (RES) such as wind and solar PV. It studies 
the transient stability of the system by creating a symmetrical fault in a multimachine system at various loca
tions. The hybrid RES simulates an equivalent aggregated 75 MW photovoltaic array and a wind turbine with a 
capacity of 300 MW PMSG (permanent magnet synchronous generator). It couples a common DC link via a 
voltage source and dc/dc boost converters. A voltage source inverter connected with a step-up transformer and 
transmission line coupled to a multimachine system. The voltage source converter and inverter use a model 
predictive controller (MPC) for a better output voltage profile and to improve the system stability. A SMES is 
connected through a dc/dc converter with PID-SDC (Proportional Integrating Derivative Supplementary 
Damping Controller). It effectively suppresses power oscillations and smoothening during generation fluctua
tions. It reduces the low-frequency oscillations at the multimachine side during three-phase fault conditions at 
various locations in the system. The system’s stability is improved by 3.36 s after clearing the fault. The effec
tiveness of the entire system is studied in the time domain simulations using MATLAB/SIMULINK software.   

1. Introduction 

In modern power system networks, hybrid RES’s role has rapidly 
increased in the recent decade. Most of the research studies focused on 
hybrid RES integration into the grid. The RES has more fluctuations & 
unreliable based on climatic conditions, and to avoid these fluctuations 
& for smooth operations in modern power systems. It uses energy stor
age devices such as SMES (superconducting magnetic energy storage), 
SC (supercapacitor), BESS (Battery energy storage systems), Fuel cells 
etc. Wind and solar PV are the most commonly used combinations in 
hybrid RES [1–3]. 

Recently published papers explain hybrid wind-solar PV system 
generation technologies, control schemes, power management strate
gies, and stability analysis [1–5]. In [4], proposed standalone applica
tions of hybrid power generation consist of wind, solar PV, battery, and 
fuel cell. In that scheme, primary sources are wind and solar PV. The 
other secondary sources are batteries and fuel cell used as long-term 
storage and backup. 

In [5], it proposes the design and sizing of hybrid wind-solar PV 

methodologies and control schemes. In [6] it suggests a current injecting 
method for grid synchronization of wind forms during severe grid faults. 
In [7] it proposes a BESS (battery energy storage system) to enhance the 
multimachine power system’s transient stability and frequency stability 
for better transient performance during temporary and permanent 
faults. It proposes PI lead and PI lead-lag control schemes. In hybrid 
wind-PV power generation systems with grid connection, it uses a ge
netic multi-objective algorithm and appropriate sizing in order to opti
mize autonomous wind-PV eco-design and a hybrid wind-PV-battery 
power-generation system with grid integration, even though the strategy 
is on distinct optimization methods with multi-criteria decision analysis 
is presented in [8]. In [9] to improve the dynamic and transient stability 
of the connected SG, In the controlling block of DFIG, it suggests a novel 
control scheme “transient controller (TC),” “electromagnetic torque 
band damping controller (ETBDC),” and “reactive power band damping 
controller (RPBDC),” to adjust the controller parameters it uses genetic 
algorithms. It presents a wide area of control to improve the transient 
stability of wind farms and synchronous generators [10]. Neural Net
works (NNs) and Reinforcement Learning (RL) methods proposed a new 
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algorithm of nonlinear optimal control. Several grid-integrated hybrid 
PV-wind power management strategies were presented in [11–13]. In 
[11] It discusses a hybrid power-generation system grid-connected with 
a Wind turbine, PV array, and flywheel energy-storage technology. The 
proposed technique provides a cost-effective hybrid power supply to 
choose the most suitable control method for grid-connected home ap
plications. In [12] developed and validated a novel energy-management 
system based on an adaptive neuro-fuzzy system inference for a grid- 
integrated hybrid power system including a Wind turbine, solar PV, 
hydrogen, and battery-based energy storage system. In [13] a new 
power-management method was proposed for a dc microgrid integrating 
hybrid RES consisting of solar PV, wind with batteries, and SC. 

In recent years the SMES technologies are widely used in various 
power system applications to enhance the system performance. In [14], 
mentioned various energy storage systems employed in power system 
applications. In that, SMES suits for high power grid support systems, 
among other energy storage devices. In [15] SMES is highly efficient at 
transferring electrical power with the grid in response to small and large 
disturbances due to its dynamic characteristics. SMES plays a vital role 
in integrating renewable energy sources into the grid, improving system 
stability, and controlling the wind turbine’s output power. In [16] bat
tery & SMES-based DVR (“dynamic voltage restorer”) is used to 
compensate for the voltage sag condition in hybrid RES consisting of 
wind and solar PV. An MW range, SMES-based DVR, and SFCL 
(“superconducting fault current limiter”) are proposed to compensate 
for the voltage sag [17], 0.3H/1.76kA SMES is designed for MW range 
power operations. 

In [18] SMES and battery-based hybrid energy storage system is 
designed to reduce grid voltage fluctuations. To control the SMES, “DC 
bus voltage signalling” and “voltage droop control” methods are used. In 
[19] a STATCOM (a synchronous compensator) with BESS is proposed to 
reduce the SSR (sub-synchronous resonance) in a wind farm tied with a 
weak grid. A STATCOM/BESS is connected in parallel with the grid to 
reduce the SSR, and a grid stiffness control strategy is used to control 
STATCOM/BESS. A UPFC (“unified power-flow controller”) is proposed 
to reduce the SSR in hybrid power generation coupled with an infinite 

bus via a compensated line consisting of a series capacitor [20]. That 
hybrid generation is consisting a steam turbine generator and an 
offshore wind farm. A damping controller has been proposed for UPFC, 
and it reduces low-frequency oscillations. 

A SMES with a fuzzy controller is proposed to enhance the perfor
mance and analyse the fault ride through of DFIG fed to a weak grid. A 
hysteresis current controller is designed to perform the VSC switching 
operations for SMES. A fuzzy controller is proposed for the DC-DC 
chopper to exchange the energy between the integrated system and 
SMES [21]. In [22] a new eve-triggered control method is proposed for 
SMES to improve the microgrid’s voltage stability and frequency sta
bility. The microgrid stability is analysed by considering two cases. In 
the first case, unplanned disconnection of supply units in the microgrid 
and studied the system stability during this period, SMES gives backup 
immediately, and the system gets stable in 4 s. In the second case, high 
power load switching at t = 3.5 to t = 4.5 s. During this, SMES suc
cessfully handle to improve the system stability. In [23] SMES and TCSC 
(“Thyristor controlled series capacitor”) applications are analysed for 
improving the load frequency control in the HVDC tie link. In the HVDC 
system, two areas of AGC(“Automatic Generation Control”) dynamic 
performance of thermal-thermal and hydro-thermal power systems with 
and without SMES TCSC analysed, with SMES and TCSC improves the 
settling time of the system. A new optimized reactive power dispatch 
method is proposed for the hybrid RES PV with SMES connected to the 
grid. It improves the converter efficiency in both PV and SMES sections. 
Two algorithms were proposed for active and reactive power control in 
both PV and SMES converters. They analysed the system performance 
during fixed and variable load conditions [24]. 

In grid-connected PV systems with SMES, the SMES converter’s 
digital control delay is proposed to enhance the system’s stability. SMES 
digital control delay Tdm varies from 0 to 300 μs based on this operating 
frequency, and the SMES converter is chosen for switching [25]. To find 
the online power system stability with the eigenvalues method, a 1 MJ 
mobile SMES is used. The SMES is designed with MgB2 Rutherford ca
bles with cryocoolers. The eigenvalue analysis method uses to identify 
the optimal location for SMES in the system and moved to that location 

Fig. 1. Configuration of the large-scale hybrid RES connected with the studied multimachine system through a proposed SMES-based ESS.  
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to improve the stability [26]. In a DC microgrid, SMES is utilized for 
power regulation with a voltage-based segmented control technique 
during the transient period to improve the system performance [27]. 
The voltage-based segmented control is designed based on DBS (“DC bus 
signaling”). It allows the SMES to perform stable operations without any 
communications in the DC Microgrid. The voltage-based segmented 
control facilitates the SMES. During DC voltage variations, it regulates 
the spontaneous power of the DC Microgrid. 

In the papers, as mentioned earlier [4–8,13] despite having relatively 
small capacities, it proposes hybrid power generation systems with 
wind-PV for standalone operation or integration into distribution sys
tems. In contrast, Research on large-scale power generation of hybrid 
RES integrated into the grid is lagging. Still, multiple demonstration 
projects have been initiated on less MW-range hybrid power generation 
of wind-PV systems over the last several years. However, there are still 
significant obstacles to overcome. Such large-scale power generation 
systems of hybrid wind-PV for grid integration have received little 
attention. Only a few researchers are focused on large-scale hybrid 
power generation. In [28] paper, the authors described the stability 
improvement with the help of a supercapacitor in a large-scale wind PV 
hybrid system interconnected to a multimachine. The transient stability 
was determined during a three-phase fault at one particular location. 

This paper presents the multimachine system stability analysis of 
interconnected 375 MW hybrid wind and solar PV systems with SMES 
energy storage unit. A model predictive controller (MPC) is replaced 
instead of the traditional PI controller in VSC and VSI to improve the 
system stability and voltage profile. Here the stability was analysed 
during faults at various locations in the multimachine system and 
compared with previous results. SMES energy storage unit smoothes 
power fluctuations during wind speeds and solar irradiation variations. 
PID-SDC (Proportional Integrating Derivative Supplementary Damping 
Controller) was designed to reduce low-frequency oscillations to 
improve stability. 

In the above literature, many researchers have studied the power 
system stability improvement with different energy storage systems in 
recent years. Among all the energy storage devices, SMES has more 
advantages in handling the high-power rating applications in modern 
power systems. There is still a research gap in investigating new 
methods to improve power system stability in hybrid RES. The primary 
motivation of this work is to present the challenges in the study and 
improve the stability issues in grid-integrated large-scale hybrid 
renewable energy systems with an energy storage device and robust 
controllers. 

This paper organizes as follows. Section 2 presents the configuration 
and mathematical models used for the analysed system. Section 3 de
scribes the system’s control schemes, Section 4 represents the simulation 
analysis, and Section 5 concludes the paper. 

2. Configuration of the system 

Fig. 1 represents the complete structure of the multimachine system 
interconnected with a 375 MW hybrid with the proposed SMES energy 
storage device. Here the 375-MW hybrid wind-solar PV farm consists of 

150 units, each of 2 MW wind and 0.5 MW of PV, a 300-MW PMSG- 
based wind, and a 75-MW solar PV array. The wind-solar PV system 
couples to a common DC link along a voltage source converter (VSC) and 
dc/dc boost converter with MPPT. The multimachine system is con
nected by a common DC link at any of the buses through a voltage source 
inverter. That converts DC to AC, step-up transformers, and a trans
mission line length of 30 Km. The PV array is a dc/dc boost converter 
along with the MPPT function for getting better efficiency. The dc link 
power gets fluctuations because their input power sources of wind and 
solar PV get variations due to changes in wind speeds and solar irradi
ations. An energy storage system based on SMES is placed for smooth
ening the power fluctuations. The multimachine consists of four 
synchronous generators interconnected with each other with different 
types of loads. The detailed description is mentioned in [29,30]. 

2.1. Mathematical modelling of wind turbine 

The wind turbine’s mechanical power output can be written by 

Pm =
1
2
ρwAtCpwi(λt, βt)V3

wi (1) 

Here ρw is the air density in Kg/m3, At is the swept area of turbine 
blades (πRt

2), Cpwi is the wind turbine’s power coefficient, which is the 
product of tip speed ratio λtand pitch angle βt, [31,32]. The tip speed 
ratio is represented as 

Tip speed ratio λt =
ωsRt

Vw
(2) 

Here ωs is the rotational speed of the turbine rotor in rad/s, Rt which 
is the radius of the turbine. In the modelling of the wind turbine’s power 
coefficient can be expressed as follows 

Cpwi = c1

[
c2/ψ − c3βt − c4βc5

t − c6

]
e
− c7
ψ (3) 

Here 

1
ψ =

[
1

λt + c8βt
−

c9

1 + β3
t

]

(4) 

Here c1− c9 are the coefficient constants λtis the tip speed ratio and βt 
is the pitch angle. 

2.2. Modelling of PMSG 

Fig. 2 represents the equivalent circuit to design a mathematical 
model of the PMSG in the dq axis frame. 

The stator equations of the voltage at the d-axis are Vstd, and at the q- 
axis Vstq can be expressed as 

Vstd = Rstistd +Lst
distd
dt

− ωeLstistq (5)  

Vstq = Rstistq +Lst
distq
dt

+ωeLstistd +ωeψm (6) 

Here Rst is stator resistance, Lst is the stator inductance, istd,istq are the 

Fig. 2. PMSG equivalent circuit (a) d-axis (b) q-axis.  
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stator currents in dq-axes, ωe the PMSG angular frequency, and ψm is the 
PMSG rotor flux linkage [33]. 

2.3. Modelling of PV array with dc-dc boost converter 

Fig. 3 represents the equivalent circuit of the single diode model of 
PV cell. From [34–36] PV array is designed by using methods proposed 
in [35,36] PV array output current (Ipv) can be expressed as   

Here Np, Ns are the number of connected PV modules in parallel and 
series in an array. ISph is the PV cell current, I0 is reverse saturation 
current, Nse is the number of cells connected in a PV module, Vpv is the 
PV array output voltage in volts, RAse, RAp are the PV array series, and 

parallel equivalent resistance in Ohms, q is an electron charge respec
tively, k, A are the constants. The expressions of ISphand I0 mentioned in 
[34–37]. 

Fig. 4 represents the dc/dc boost converter simplified representation 
connected from the PV array to the common DC link. The mathematical 
equations of the dc/dc boost converter are represented in [37]. 

2.4. Modelling of SMES and DC-DC converter 

The superconducting materials are the essential aspect of the SMES 
system. These materials do not experience any dissipation in the system 
because there is no resistance to these materials. These materials are 
used to make the coil to reduce the amount of energy lost due to con
ductivity. The magnetic field is capable of storing a significant amount 
of energy. The coil is in a superconducting state, in which the cryogenic 
system can respond effectively and in which there is a protective 
mechanism to secure the SMES under rare conditions, which is the most 
challenging problem that the SMES unit faces. Controlling the electronic 
converter circuits allows for the impedances between the SMES coil and 

the grid. Eq. (8) represents the power and energy of the SMES. 

Esm =
1
2
Lsmi2sm (8) 

Here Esm represents the energy of the SMES, Lsm which is the 
inductance of the coil, ism is current, and Vsmrepresents the voltage of the 

Fig. 3. Single diode model of PV cell equivalent circuit.  

Fig. 4. Simplified representation of the dc-dc boost converter.  

Fig. 5. The bidirectional dc-dc converter fed to SMES.  

Ipv = NpISph − NpI0

{

exp
(

q
(
Vpv + RAseIpv

/
kATNseNs

)

− 1
}

−
(
Vpv +RAseIpv

)
/

RAp (7)   
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SMES. 

Psm =
dEsm

dt
= Lsmism

dism
dt

(9)  

Psm = Vsm.ism (10) 

The bidirectional dc-dc converter, fed to SMES and the common dc 
link, has two switches, S1 and S2, and diodes D1 and D2, as shown in 
Fig. 5. 

The bidirectional dc-dc converter interconnects in this simulation 
between SMES and the common dc link. The switching of S1 and S2 does 
appropriately neglected, simulating the dynamic average value method 
mentioned in [38]. The parameters for SMES are stored energy is 1MJ, 
the critical current is 565A, inductance is 6.28H, and DC link 

capacitance is 0.12F. 

2.5. The model of VSI with LC filter 

The voltage source inverter (VSI) is connected between common dc 
ink and the point of common coupling (PCC). The VSI connects to a0.69/ 
33 kV step-up transformer and then to a 33/230 KV transformer through 
a transmission line. The 33/230 KV transformer is connected to the 
multimachine system through a transmission line of length is 30 km. The 
LC filter is designed to reduce the output voltage ripples in the VSI. The 
LC filter differential equations of in dq-axes frame represented in p.u are 
referred to in [28]. The multimachine design and mathematical models 
are referred from [29,30,39]. 

Fig. 6. Schematic control diagram of VSC for PMSG.  

Fig. 7. Schematic control diagram of VSI.  
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3. Control schemes of the system 

3.1. Control of PV array’s dc/dc boost converter 

In a PV array, maximum power point tracking (MPPT) is essential to 
get maximum efficiency. An MPPT control scheme proposes to control 
the dc-dc boost converter using the traditional perturbation and obser
vation (P&O) algorithm. The detailed principle of perturbation and 
observation (P&O) MPPT algorithm can be obtained from [39,40]. 

3.2. Control of wind PMSG’s voltage source converter 

The schematic control block diagram of VSC for PMSG is shown in 
Fig. 6. The main aim of this converter is to get the maximum power of 
the wind PMSG. In order to meet this, the optimal control torque method 
is applied [31]. In this method, by measuring the wind PMSG rotor 
speed, the optimal torque is obtained by using Eq. (11). 

Tot = kotω2
pmsg (11) 

Here kot is a constant which is determined from wind turbine char
acteristics. A model predictive controller (MPC) is used in this torque 
control method of PMSG. The control method is straightforward, and it 
consists of reference currents, a predictive model, and the cost function 
minimization method mentioned in [41]. Torque is controlled by the 
current of the d-axis in PMSG to minimize power loss. The d-axis current 
is taken as a reference and is equal to zero. 

3.3. Control method of voltage source inverter 

Fig. 7 shows the control scheme of the voltage source inverter. The 
VSI controller aims for the dc-link voltage VDC to be kept at a reference 
value of VDC_R and to regulate the VSI’s reactive power transfer to the ac 
grid. The control scheme of the VSI is done in the dq-axis reference frame 
with a model predictive controller [41] with the voltage vector of the 
PCC aligned with the d-axis, to achieve decoupled control of the active 
and reactive components. Thus, the VSI’s d- and q-axis currents control 
the dc-link voltage and reactive power exchanged with the ac grid. The 
detailed designed parameters are referred to from [42]. 

The predictive controller calculates the PMSG current error in (k + 1) 
sampling instant, and the reference currents are summarized to (k + 1). 
The estimate equation is represented as 

i*dq(k+ 1) = 2idq
*(k) − idq

*(k − 1) (12) 

The predictive controller cost function minimization with current 
control, capacitor voltages, and frequency minimization is represented 
as 

gin(k) = λindgind(k)+ λinqginq(k) + λdcgdc(k)+ λinsgins(k) (13) 

Here λind, λinq, λdc and λins are the weighting factors of the cost 
functions gind and ginq calculated the error in dq frame. 

3.4. Control of SMES-based bidirectional dc/dc converter 

The bidirectional dc/dc converter uses two feedback control loops in 
a cascade to operate. The SMES eighter injecting or absorbing the active 
power regulates the outer loop from the common dc link. The inner 
control loop adjusts the SMES’s current to match the reference value 
generated by the external control loop. The PID-SDC (Proportional 
Integrating Derivative Supplementary Damping Controller) proposes the 
bidirectional dc/dc converter for the power control loop. The main 
objective of this controller is to improve the multimachine power system 
synchronous generator’s (PG1 - PG4) low-frequency oscillations damping 
characteristics. The PID-SDC (Proportional Integrating Derivative Sup
plementary Damping Controller) is designed based on the pole assign
ment method. PID-SDC uses the rotor speed difference between 

generator 2 (G2) and generator (G4), which generates an additional 
control signal applied toward the power control loop of the bidirectional 
dc/dc converter to enhance damping characteristics. The detailed design 
of the PID-SDC (Proportional Integrating Derivative Supplementary 
Damping Controller) is mentioned in [42]. 

In this work, in order to fine tune the PID design parameters we have 
used PSO (“Particle Swarm Optimization”) algorithm to find the optimal 
values. The value of KP, KI, and KD is almost nearer to the one which was 
found earlier using pole assignment method [42]. 

The value of PID design parameter with tuning of PSO algorithm is as 
follows 

KP = 57.15,KI = 35.28,KD = 92.85 

The following Table 1 represents the PSO parameters. 

4. Simulation analysis 

The effectiveness of the proposed Model predictive controller and 
SMES PID supplementary damping controller during a 3-ɸ short circuit 
fault at two different locations in the system and observed performance. 
The entire system is analysed in the time domain simulation analysis and 
simulated in MATLAB/SIMULINK software. This analysis considers 
three cases. In case-I, at the bus no 4 of 230 kV, a 3-ɸ short circuit fault is 
created, and the transient stability of the system is studied. In case- II, a 
3-ɸ short circuit fault is created at the bus no 7 of voltage level 400 kV. 
During this condition, transient stability of the multimachine system is 
observed. This analysis assumes that the solar irradiance and wind speed 
are constant in case-I and case-II. In case- III, we studied how SMES 
reduces the power generation fluctuations in the hybrid RES connected 
with the multimachine system during variations in the solar irradiation 
and wind speed. 

Case-I: Effectiveness of the proposed MPC, SMES &SDC to improve 
the transient stability during 3-ɸ short circuit fault at bus no 4 of 230 
kV: 

In this case, at 230 kV bus no 4, a 3-ɸ short circuit fault is created at t 
= 1.0 s, cleared at t = 1.1 s, and observed system stability. Fig. 8 rep
resents the comparative plots of the system without SDC, with SC& SDC, 
with MPC, SMES &SDC. The existing system using the SC&SDC system is 
stable at 6 s after clearing the fault. With the proposed MPC, SMES 
&SDC, the system gets back into the stable after 3.36 s after clearing the 
fault. On the other hand, the low-frequency damping oscillations are 
quickly eliminated and improve the system’s transient response. In 
Fig. 8(a)-(c), the plot clearly shows that the proposed controller im
proves the transient performance after clearing the fault the system gets 
back to stable very quickly. Fig. 8 (d)-(g) plots show the generator’s 
(1–4) power variations after clearing the fault. In this condition, the 
wind speed and solar irradiation is assumed as constant. 

Case-II: Effectiveness of the proposed MPC controller SMES &SDC to 
improve the transient stability during 3-ɸ short circuit fault at bus no 
7 of 400 kV: 

In this case, at bus no 4 of 400 kV, a 3-ɸ short circuit fault is applied 
at t = 1.0 s and cleared at t = 1.5 s. During this condition, the proposed 
MPC, SMES &SDC perform efficiently, and the system is stable at 3.45 s 

Table 1 
PSO parameters.  

No. of particles 20 

No. of swarms 3 (Kp, Ki, Kd) 
No. iteration 1000 
Search Intervals 0–500 
c1, c2 2,2  
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Fig. 8. Comparative plots of the system without SDC, with SC& SDC, with MPC controller SMES &SDC during 3-ɸ short circuit fault at bus 4. (a)δ21, (b) δ31, (c) δ41, 
(d) PG1, (e) PG2, (f) PG3, (g) PG4. 
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Fig. 9. Comparative plots of the system without SDC, with SC& SDC, with MPC, SMES &SDC during 3-ɸ short circuit fault at bus 4. (a)δ21, (b) δ31, (c) δ41, (d) PG1, (e) 
PG2, (f) PG3, (g) PG4. 
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Fig. 10. Dynamic response during various variations of wind speed and solar irradiation of the studied system. (a) Wind speed Vw (m/s), (b) solar irradiation G(W/ 
m2), (c) Ppmsg, (d) Ppv, (e) PB13, (f)PG1, (g) PG2, (h) PG3. (i) PG4, (j) Comparison of SC & SMES power. 
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after the clearance of the fault, the plots are shown in Fig. 9. During this 
fault, the generator1 is outage from the system, then the system stability 
is not affected, and the hybrid RES and other generators in the grid have 
compensated the load. In this case, variations in wind speed and solar 
irradiation is assumed as constant. Fig. 9. (a)–(c) represents the multi
machine system transient response after clearing the fault condition. 
Fig. 9 (d)-(g) plots show the generator’s (1–4) power variation curves 
after removing the fault. Observing the power variation, it settles down 
very quickly with SMES and MPC SDC compared to without SDC and SC. 
The main advantage in both cases, I &II, is the quick response of the 
controller with SMES during the fault condition and getting back to a 
stable condition in less time than other methods. 

Case III: Effectiveness of the proposed SMES in decreasing the power 
generation fluctuations of hybrid RES-connected multimachine 
system. 

In this case, the proposed SMES smoothening the power fluctuations 
of the multimachine power system fed to hybrid RES under various solar 
irradiance and wind speed is studied and compared with the existing 
system. Fig. 10 (a) and (b) show the variations in solar irradiance and 
wind speed, the real-time data of wind speed, and solar irradiations 
referred to [42]. A comparison of the system’s dynamic behaviour under 
various wind and solar irradiance disturbances with and without the SC 
& SMES is plotted in Fig. 10 (c)-(i). 

Fig. 10 (c) and (d) represent the wind PMSG and solar PV array’s 
output power dynamic response. We can observe that as wind speed 
changes, the output power of wind turbines and solar arrays changes. 
For the examined system, with SC and with SMES, we find that wind 
PMSG output power dynamic responses are identical. Due to the VSC’s 
control on the WTG, it follows its MPPT characteristic regardless of the 
SC & SMES that is presented. Without ESS, with SC, and with SMES, the 

dynamic responses of the PV array’s output power are identical, as is the 
PV array’s output power dynamic response for both scenarios. 

It is shown in Fig. 10 (e)-(i) that the dynamic responses of other 
essential system parameters, like Bus 13 (PB13) active power and the 
active powers of generators 1–4 (PG1–PG4), are comparable when the 
SC & SMES is present or absent. When the SMES is not in use, the 
examined system’s dynamic responses may be seen to fluctuate signifi
cantly due to changes in wind speed and solar irradiation. The proposed 
SMES, on the other hand, can successfully dampen these fluctuations in 
the tested system. 

As demonstrated in Fig. 10 (j), the comparison of SC & SMES can 
either inject or absorb power to adjust for these changes. As a result, it 
can say that the suggested SMES can reduce power fluctuations better 
than the SC and enhance the study system’s performance when wind 
speed and solar irradiation vary simultaneously. 

4.1. Control input for MPC 

In this section, the control input plots of the model predictive 
controller for VSC (voltage source converter), and VSI (Voltage Source 
Inverter) is represented in Fig. 11 (a), (b), and Fig. 12 (a)&(b). In Fig. 11 
(a) illustrates the stator currents in the dq-axes frame represented as id_pg 
and iq_pg. Fig. 11 (b) is the reference current of the stator in q axes is 
represented as iq_pg ref. the reference current of d axes is assumed as 
zero. In Fig. 12 shows the input signals for the model predictive 
controller for VSI. The input dc voltage at the common dc link Vdc and 
the reference voltage of Vdc is represented in Fig. 12 (a). The inverter dq- 
axes currents are shown in Fig. 12 (b) 

5. Conclusion 

This paper presents the transient stability analysis results of a 

Fig. 11. Input signals for MPC for VSC (a) id_pg and iq_pg. (b) iq_pg ref.  

Fig. 12. Input signals for MPC for VSI (a) Vdc & Vdc_ref (b) id & iq of the inverter.  
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multimachine power system interconnected with a large-scale hybrid 
RES consisting of wind-solar PV with an energy storage device. The 
stability of the multimachine system is analysed by considering three 
cases. In the first case, the 3-ɸ short circuit fault is created at the bus no 4 
at t = 1 s and cleared at t = 1.1 s. During this, the system gets stable after 
3.36 s. In the second case, the 3-ɸ short circuit fault is created at the bus 
no 7 at t = 1 s and cleared at t = 1.5 s. After clearing the fault, the system 
gets stable in 3.46 s. A SMES energy storage device is used and compared 
with the existing system results in case III. It performs more accurately 
than previous systems in smoothening the power fluctuations due to 
various solar irradiation and wind speeds. A SMES’s bidirectional dc/dc 
converter is consisting PID-SDC. It improves the synchronous genera
tor’s low-frequency oscillations damping characteristics of the multi
machine system during the 3-ɸ short circuit fault at various locations. A 
model predictive controller is proposed for VSC and VSI for a better 
voltage profile. Also, it improves stability by lowering oscillations along 
with the PID-SDC controller. Time domain simulation results show the 
analysed system’s dynamic and transient performances under distur
bance conditions. All the simulations are evaluated in MATLAB/SIMU
LINK. The future scope of this work will extend to study the system’s 
dynamic stability by considering various faults simultaneously in both 
RES and multimachine systems. We can also include the controllers like 
artificial intelligence, robust controllers etc. to analyse the effectiveness 
of various types of stability. 
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