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Abstract: In this paper, a coordinated control method for LFC and SMES systems based on 

a new robust controller is designed. The proposed controller is used to compensate for 

frequency deviations related to the power system, to prevent excessive power generation in 

conventional generators during load disturbances, and to reduce power fluctuations from 

wind power plants. The new robust controller does not require the measurement of all the 

power system states and it only uses the output feedback. It also has a higher degree of 

freedom than the conventional robust controllers (conventional output feedback) and thus it 

helps improve the system control. The proposed control method is highly robust against 

load and distributed generation resources (wind turbine) disturbances and it is also robust 

against the uncertainty of the power system parameters. The proposed method is compared 

under several scenarios with the coordinated control method for LFC and SMES systems 

based on Moth Swarm Algorithm-optimized PID controller, the LFC system based on Moth 

Swarm Algorithm-optimized PID controller with SMES, the coordinated control method 

for LFC and SMES systems based on Robust Model Predictive Control, and the LFC 

system based on optimized PID controller without SMES and it puts on satisfactory 

performance. The simulation was performed in MATLAB. 

 

 

Keywords: Robust Controller, Load-Frequency Control, Coordinated Control, Uncertainty 

of the Power System. 

 

 

1 Introduction1 

ITH the growth of urbanization and 

industrialization of cities, the need for electric 

power has increased. As a result, many alternative 

energy resources such as wind turbines and 

photovoltaic (PV) systems penetrated the power 

systems. Despite the availability of these resources, the 

complicated control and inaccuracy of systems have 

increased [1, 2]. The increase in the penetration of 

alternative energy resources has advantages such as 

increased electric power and supply of power to remote 

areas. However, these resources have created a new 

challenge, which raises this question: Can these 
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resources operate with stability next to the existing 

generation resources [3-5]? Moreover, frequency 

control is among the major challenges posed by the 

penetration of distributed generation resources in power 

systems [6]. If the disturbance is caused in a power 

system, which disturbs the balance between generation 

and consumption, there will be frequency oscillations. 

For instance, if the load suddenly increases, the 

frequency falls below the nominal value, which leads to 

frequency instability if it is not controlled. The primary 

control loop is the first control loop that limits the 

frequency decline after the occurrence of disturbance 

and prevents frequency instability [7]. This primary 

control loop is typically installed on a synchronous 

generator. The primary loop only limits the frequency 

deviations and the frequency deviations do not equal 

zero in the presence of disturbances. A secondary 

controller (LFC) is used to reduce the frequency error to 

zero in the presence of disturbance [8-10]. The 

penetration of distributed generation resources such as 

wind turbines in power systems reduces the power 

system’s total inertia, and if a disturbance occurs (load 

W 
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and distributed generation resources), the frequency 

deviations increase. The complexity of the load-

frequency control problem increases due to the increase 

in the frequency deviations in the power system with 

wind turbines. Various control methods have also been 

employed for load-frequency control (LFC) in power 

systems with wind turbines [12-28]. 

   In [12], a sliding mode controller is designed for the 

load frequency control system in power systems with 

the wind turbine. In [13], a neural network based on 

sliding mode control is designed for the load frequency 

control system in power systems with wind turbines. 

The control methods proposed in [12, 13] for load-

frequency control in power systems are partly robust 

against disturbance and the uncertainty of the power 

system parameters. However, if the uncertainty of the 

power system parameters increases, this controller does 

not stage a satisfactory performance. In [14-16], a 

model predictive controller is designed for the load 

frequency control system in power systems with wind 

turbines. The model predictive controller is robust 

against the load and distributed generation resources 

disturbance. However, this controller does not put on a 

satisfactory performance under the uncertainty of power 

system parameters. In [17], a Fractional order 

PID (FOPID) controller is designed for the load 

frequency control system in power systems with wind 

turbines. The FOPID controller shows less sensitivity to 

the variations of the power system parameters than the 

PID controller because it has two degrees of freedom. 

However, it does not put on satisfactory performance in 

the attenuation of the load and distributed generation 

resources disturbance. The load-frequency control 

system in a power system with a wind turbine requires 

controllers that are robust against the uncertainty of 

parameters and can considerably weaken the 

disturbance effect (load and distributed generation 

resources). In [18], a fuzzy PID controller is designed 

for the load frequency control system in power systems 

with wind turbines. In [19, 20], the optimized PID 

controller is designed for the load frequency control 

system in power systems with the wind turbine. The 

PID controllers are still used in industries and power 

systems due to their simple structure. These types of 

controllers do not perform properly under the effect of 

disturbance attenuation. Energy storage systems are not 

used in the control systems proposed for the power 

systems with wind turbines [12-20]. Energy storage 

systems such as Superconducting Magnetic Energy 

Storage (SMES) have advantages such as higher 

efficiency, increased lifetime, and faster response over 

the other energy storage systems [21-23]. The presence 

of these energy storage systems in power systems 

improves frequency stability. In [23-26], a coordinated 

control method for load-frequency and SMES is 

designed based on different controllers to reduce the 

frequency oscillations resulting from the load and 

distributed generation resources disturbance in power 

systems. In [24], a coordinated control method for the 

LFC and SMES systems based on the neural-fuzzy 

controller is designed for power systems. Besides, the 

coordinated control method for LFC and SMES systems 

based on the Particle swarm optimization (PSO)-

optimized PID is designed for power systems in [25]. 

In [26], the coordinated control method for LFC and 

SMES systems based on the Moth Swarm 

Algorithm (MSA)-optimized PID controller is designed 

for power systems. In [27, 28], the Robust Model 

Predictive Control (RMPC) controller is designed to 

control the voltage and frequency in the power system. 

   The controllers used in the power system for 

coordinated control method for LFC and SMES systems 

do not have a high attenuation capacity due to 

disturbances (caused by load and distributed generation 

sources) [23-26]. These control methods are also not 

robust to the uncertainty of system parameters [23-26], 

so it is necessary to have a proper control method in the 

power system that can greatly reduce the disturbances in 

the power system and also be robust to the uncertainty 

of parameters. The proposed method in this paper is a 

new method (new output feedback) in robust control 

that has more degrees of freedom, the choice of degrees 

of freedom of the proposed controller (ϕ1, ϕ2, and ϕ3) is 

the responsibility of the designer. The proposed method 

is used to coordinate the LFC and SMES system in the 

power system in order to maintain the frequency 

stability of the power system in the presence of 

distributed generation sources. The proposed controller 

parameters are obtained by solving linear matrix 

inequalities in MATLAB Yalmip. To show the effective 

performance of the proposed control method in 

improving the frequency stability of the power system 

has been compared with several control methods in this 

field. 

   This paper consists of several sections: in section two 

of this paper, the structure of the power system with a 

wind turbine is described. In section three, the proposed 

new controller is introduced and proven. Section four 

presents the simulation. Section five presents the 

conclusions. 

 

2 Structure of the Power System 

2.1 System Components 

   Fig. 1 shows the structure of the power system. The 

studied power system includes several hydropower 

plants, several non-reheat power plants, several reheat 

power plants, several wind turbines, several energy 

storage systems (ESS), and different loads. The total 

amount of power produced in the studied power system 

is 38000 MW, while the peak load is 29000 MW [24-

26]. Fig. 2 shows the dynamic model of the study power 

system in which different components are modeled 

using the reduced-order model, which suits the stability 

analysis of frequency [1, 2]. As seen in Fig. 2, a 

coordinated control method for LFC and SMES systems 
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based on a new robust controller to improve the 

frequency deviations caused by the load and distributed 

generation resources (wind turbines) disturbance. 

Generation rate limitations are defined for different 

power plants to increase the accuracy of the dynamic 

model of the power system. The SMES dynamic model 

is a first-order linear model, while the wind turbine 

dynamic model is a nonlinear model. The wind turbine 

nonlinear dynamic model is depicted in Fig. 3 

concerning the random wind speed. The study power 

system parameters are also listed in Appendix 1 [24-26]. 

2.2 Space State of the Studied Power System 

   To design the proposed controller for the coordinated 

control of the LFC and SMES systems in the studied 

power system, the system state space is shown 

according to (1) and (2) [22, 25]. In (1) and (2), Δf is the 

power system frequency deviation. ΔPNon_Reh is the 

generated power from the non-reheat power plant, ΔPReh 

is the generated power from the reheat power plant, 

ΔPg2 is the generated from the governor 2, ΔPg3 is the 

generated from the governor 3, ΔPHydro is the generated 

power from the hydropower plant, ΔPL is the load 

power, ΔPSMES is the generated power from the 

superconducting magnetic energy. 

 

 
Fig. 1 Structure of the power system. 

 

 
Fig. 2 The dynamic model of the study power system [24-26]. 
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3 Designing a New Robust Controller for 

Coordinated Control of LFC and SMES Systems 

3.1 The Proposed Controller Structure 

   In this section, the new robust control method has 

been designed for the studied power system. The 

controller structure is designed in such a way that there 

is uncertainty of parameters and disturbance in the 

studied power system. Also, we cannot measure all 

states and modes, and even if can, it will cost more due 

to the need for more sensors. The control system is 

designed in such a way that the power system would be 

free of external disturbances and under the uncertainty

 

  

Fig. 3 The wind turbine nonlinear dynamic model [26]. Fig. 4 The power system structure with the proposed controller. 
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of parameters with an asymptote stable output feedback 

and can meet the 2

2


L

L

z
γ

w
 criterion in the presence of 

disturbances in the power system. The structure of the 

power system (with parameter uncertainty and under 

disturbance) with the proposed dynamic controller is 

shown in Fig. 4. In Fig. 4, y is the Frequency deviation 

of the power system. D1 is disturbance entering the 

power system and u is the control signal. The dynamics 

of the power system are modeled by considering the 

regulated output (Z) as (3) [29]. 
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   In (3), n is the number of state variables, m indicates 

the control inputs, d is the number of disturbances, z is 

the regulated output, D21(t) = D22(t) = 0. y is the linear 

system measurement output, and q is the number of 

regulated outputs [29-32]. Since in the power system, 

C2 ≠ I, the robust output feedback control has been used. 

The variable z can be selected concerning the control 

design criterion. In the proposed method, all the 

parameters of the linear system can be assumed 

uncertain, so it has been modeled as (4) [29, 30]. In (4), 

the choice of M and N parameters is the responsibility of 

the designer. The uncertainty given in (4) has been re-

considered as in (5), wherein F(t) has been taken as 1×1. 

The structure of the dynamic controller proposed for 

coordinated control of LFC and SMES in the power 

system has uncertainty and disturbance, which is 

represented as (6). 
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   By combining (3) and (6), the closed-loop system 

structure (power system and controller) can be 

represented as in (7) [29-32]. 
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   In (7), if x and x̂  incline toward zero, then the entire 

closed-loop system will be stable. Considering 
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3.2 Objectives of the Control System 

   For the closed-loop system (the power system with 

disturbance and parameter uncertainty and the proposed 

controller), there are 2 main objectives: 

1. being asymptotically stable without disturbance of the 

closed-loop system and under parameter uncertainty. 

2. Achieving the performance of 2

2


L

L

z
γ

w
 in the 
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presence of disturbance and uncertainty of the closed-

loop system with the primary zero conditions. 

   In the present work, the Lyapunov stability criterion 

has been used for proving the stability of the proposed 

method. For this purpose, the Lyapunov stability 

criterion was applied to the power system with 

disturbance. The Lyapunov criterion and the closed-

loop system structure are defined as (9). The two 

conditions (9.1) and (9.2) are essential for stability 

based on the Lyapunov criterion. 
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   To prove (9a), meaning that v>0, the matrix P, P-1 is 

defined as (10) [29-32]. Meanwhile, PP-1 must become 

an identity matrix following (11). The linearization 

matrix has been considered as (12). According to (12), 

pβ1 = β2. Also, from (13), the linear matrix inequality 

has been obtained for the first Lyapunov criterion (9a), 

meaning that if the linear matrix inequality (13) is 

bigger than zero, then the first criterion is met (v > 0). 
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   To calculate the second Lyapunov criterion (9c) and 

converting it into a linear matrix inequality, Eqs. (14)-

(29) has been proved. 

   The equation 2

2


L

L

z
γ

w
, which is the criterion for 

reduction of disturbances compared to the power 

system's states under uncertainty, has been written in 

accordance with (14). The objective function has been 

represented as the function j, and the negativity of the 

function j meets the second Lyapunov criterion, i.e. 

v̇ < 0. The upper bound for the objective function (j) has 

been obtained according to (15). If (16) exists, then the 

function j will be negative and the second Lyapunov 

criterion will be met. Therefore, Eq. (16) must be 

converted into a linear matrix inequality. Equation (16) 

has been converted, through substitution and Schur 

complement, into (17). Since P is symmetric, so PT = P 

and p = β2β1
-1 and, accordingly, Eq. (17) has converted 

into (18). Equations (19) and (20) have been defined in 

order for linearizing (18). The linearization of (18) has 

been demonstrated following (21). By substituting (8) 

and (12) in (21), Eq. (22) has been obtained. 
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(18) 

 

   Subsequently, Eq. (22), after substituting (23), has 

been converted into (24). The definitions of the 

parameters Â, B̂, and Ĉ in (23) have been adopted 

from [29-32], and in (24), the constant parameters have 

been separated from the uncertain parameters by 

different matrices. Equation (25) has been used to 

calculate the upper bound for O1 to O13. The upper 

bounds of O1 to O13 have been obtained from (26) 

and (27). According to (27), if δ4 < 0, then δ3 < 0 and 

the second Lyapunov criterion will be met. In (27), 

initially, the Schur complement has been used for ō1, 

and thus it has been represented as (28). Also, for ō2 to 

ō13, as in (28), the Schur complement has been used so 

that it has been ultimately rewritten as (29). 

 

3.3 The New Proposed Controller Design Steps 

1) State-space related to the power system; 

2) Determining the initial value (ϕ1, ϕ2, and ϕ3); 

3) Solving the linear matrix inequality (Eqs. (13) and 

(29)) and Γ1, Γ2, Γ3, Γ4, Γ5, Γ6, Γ7, Γ8, Γ9, Γ10 > 0 using 

YALMIP; 

4) Are all linear matrix inequalities correct? (If they are 

correct go to step 5, if not go to step 2); 
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5) Obtaining Ln×p, Km×n, En×n, Sn×n, Rn×n through Steps 

(2) and (3); 

5) Determining N and M as N = I and M = I–RS; 

6) Obtaining the controller parameters via (23). 

The proposed controller flowchart is shown in Fig. 5. 
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(29) 

 

4 Simulation 

   The dynamic controller values for the coordinated 

control of the LFC and SMES systems in the power 

system are presented in Appendix 2. Simulations were 

conducted under five scenarios to compare the 

performances of the proposed controller in the 

coordinated control of the LFC and SMES systems. In 

scenarios (1) and (2), the load and distributed generation 

resource disturbances act on the power system. In 
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Fig. 5 The proposed controller flowchart. 

 

 
Fig. 6 The load and distributed generation resources (wind 
 

turbine) disturbances. 

 

scenarios (3) and (4), the load and distributed generation 

resource disturbances are applied to the power system 

considering the uncertainty of various parameters. In 

scenario (5), stronger disturbances are applied to the 

power system. 

Scenario (1): In this scenario, the load and distributed 

generation resources (wind turbine) disturbances are 

applied to the power system as depicted in Fig. 6. 

Fig. 7(a) shows the frequency response of the power 

system using the coordinated control method for LFC 

and SMES systems based on the new robust controller 

(Controller 1). The maximum frequency deviation 

resulting from the proposed method (Controller 1) is 

0.0018Hz. Fig. 7(b) shows the frequency response of  
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 6 a) The frequency response using the proposed controller 

for scenario (1), b) The frequency response using the 

coordinated control method for LFC and SMES systems based 

on the MSA-optimized PID controller for scenario (1), c) The 

frequency response using the LFC system control method 

based on MSA-optimized PID controller with SMES for 

scenario (1), d) The frequency response using the LFC system 

control method based on the optimized PID without SMES for 

scenario (1), and e) The frequency response using the 

coordinated control method for LFC and SMES systems based 
 

on RMPC controller for scenario (1). 
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the power system using the coordinated control method 

for LFC and SMES systems based on the MSA-

optimized PID controller (Controller 2). The maximum 

frequency deviation in this method (Controller 2) is 

0.0173Hz. Fig. 7(c) shows the frequency response of the 

power system using the LFC system control method 

based on MSA-optimized PID controller with SMES 

(Controller 3). The maximum frequency deviation in 

this method (Controller 3) is 0.021Hz. Fig. 7(d) shows 

the frequency response of the power system using the 

LFC system control method based on the optimized PID 

without SMES (Controller 4). The maximum frequency 

deviation using this method (Controller 4) is 0.0476Hz. 

Fig. 7(e) shows the frequency response of the power 

system using the coordinated control method for LFC 

and SMES systems based on the Robust Model 

Predictive control (RMPC) (Controller 5). The 

maximum frequency deviation in this method 

(Controller 5) is 0.0022Hz. According to the results of 

the first scenario, the proposed controller (Controller 1) 

has maximum frequency deviations less than other 

control methods (Controller 2, Controller 3, Controller 

4, Controller 5). The settling time in the frequency 

response of the power system using controller 1 is 5 

seconds. The settling time in the frequency response of 

the power system using controller 2 is 19 seconds. The 

settling time in the frequency response of the power 

system using controller 3 is 38 seconds. The settling 

time in the frequency response of the power system 

using controller 4 is 90 seconds. The settling time in the 

frequency response of the power system using controller 

5 is 5.73 seconds. According to the results of scenario 1, 

controller 1 dampens the frequency deviations related to 

the power system in less time than other mentioned 

controllers (Controller 2, Controller 3, Controller 4, 

Controller 5). 

Scenario (2): In this scenario, the load and distributed 

generation resources (wind turbine) disturbances are 

applied to the power system as depicted in Fig. 8. 

Fig. 9(a) shows the frequency response of the power 

system using the coordinated control method for LFC 

and SMES systems based on the new robust controller 

(Controller 1). The maximum frequency deviation 

resulting from the proposed method (Controller 1) is 

0.0015 Hz. Fig. 9(b) shows the frequency response of 

the power system using the coordinated control method 

for LFC and SMES systems based on the MSA-

optimized PID controller (Controller 2). The maximum  

 

 
Fig. 8 The load and distributed generation resources (wind 
 

turbine) disturbances. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 9 a) The Frequency response using the proposed 

controller for scenario (2), b) The frequency response using 

the coordinated control method for LFC and SMES systems 

based on the MSA-optimized PID controller for scenario (2), 

c) The frequency response using the LFC system control 

method based on MSA-optimized PID controller with SMES 

for scenario (2), d) The frequency response using the LFC 

system control method based on the optimized PID without 

SMES for scenario (2), and e) The frequency response using 

the coordinated control method for LFC and SMES systems 
 

based on the RMPC controller for scenario (2). 
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frequency deviation in this method (Controller 2) is 

0.0081 Hz. Fig. 9(c) shows the frequency response of 

the power system using the LFC system control method 

based on MSA-optimized PID controller with SMES 

(Controller 3). The maximum frequency deviation in 

this method (Controller 3) is 0.0129 Hz. Fig. 9(d) shows 

the frequency response of the power system using the 

LFC system control method based on the optimized PID 

without SMES (Controller 4). The maximum frequency 

deviation using this method (Controller 4) is 0.0256 Hz. 

Fig. 9(e) shows the frequency response of the power 

system using the coordinated control method for LFC 

and SMES systems based on the RMPC controller 

(Controller 5). The maximum frequency deviation in 

this method (Controller 5) is 0.0017 Hz. In this scenario, 

the settling time in the frequency response of the power 

system using controller 1 is 4.46 seconds. The settling 

time in the frequency response of the power system 

using controller 2 is 21 seconds. The settling time in the 

frequency response of the power system using controller 

3 is 37 seconds. The settling time in the frequency 

response of the power system using controller 4 is 45 

seconds. The settling time in the frequency response of 

the power system using controller 5 is 5.44 seconds. 

The simulation results in scenario (2) suggest that the 

proposed controller reduced the frequency deviations 

more than the other aforementioned control methods, 

and the frequency oscillations were dampened within a 

shorter period of time. 

Scenario (3): In this scenario, the load and distributed 

generation resources (wind turbine) disturbances are 

applied to the power system as depicted in Fig. 8, and 

uncertainty is considered in system parameters (-25% 

inertia). Fig. 10(a) shows the frequency response of the 

power system using the coordinated control method for 

LFC and SMES systems based on the new robust 

controller (Controller 1). The maximum frequency 

deviation resulting from the proposed method 

(Controller 1) is 0.00163 Hz. Fig. 10(b) shows the 

frequency response of the power system using the 

coordinated control method for LFC and SMES systems 

based on the MSA-optimized PID controller (Controller 

2). The maximum frequency deviation in this method 

(Controller 2) is 0.0106 Hz. Fig. 10(c) shows the 

frequency response of the power system using the LFC 

system control method based on MSA-optimized PID 

controller with SMES (Controller 3). The maximum 

frequency deviation in this method (Controller 3) is 

0.0170 Hz. Fig. 10(d) shows the frequency response of 

the power system using the LFC system control method 

based on the optimized PID without SMES (Controller 

4). The maximum frequency deviation using this 

method (Controller 4) is 0.0336 Hz. Fig. 10€ shows the 

frequency response of the power system using the 

coordinated control method for LFC and SMES systems 

based on the RMPC controller (Controller 5). The 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 10 a) The Frequency response using the proposed 

controller for scenario (3), b) The frequency response using 

the coordinated control method for LFC and SMES systems 

based on the MSA-optimized PID controller for scenario (3), 

c) The frequency response using the LFC system control 

method based on MSA-optimized PID controller with SMES 

for scenario (3), d) The frequency response using the LFC 

system control method based on the optimized PID without 

SMES for scenario (3), and e) The frequency response using 

the coordinated control method for LFC and SMES systems 
 

based on the RMPC controller for scenario (3). 
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maximum frequency deviation in this method 

(Controller 5) is 0.0019Hz. In this scenario, the settling 

time in the frequency response of the power system 

using controller 1 is 4.49 seconds. The settling time in 

the frequency response of the power system using 

controller 2 is 24 seconds. The settling time in the 

frequency response of the power system using controller 

3 is 42 seconds. The settling time in the frequency 

response of the power system using controller 4 is 48 

seconds. The settling time in the frequency response of 

the power system using controller 5 is 5.56 seconds. 

According to the simulation results in scenario (3), the 

proposed controller is very robust to disturbances and 

uncertainty parameters compared to the other control 

methods mentioned (LFC and SMES systems based on 

Moth Swarm Algorithm-optimized PID controller 

(Controller 2), the LFC system based on Moth Swarm 

Algorithm-optimized PID controller with SMES 

(Controller 3), LFC system based on optimized PID 

controller without SMES (Controller 4) and LFC and 

SMES systems based on the RMPC controller 

(Controller 5). 

Scenario (4): In this scenario, the load and distributed 

generation resources (wind turbine) disturbances are 

applied to the power system as depicted in Fig. 8, and 

uncertainty is considered in system parameters (–50% 

inertia). Fig. 11(a) shows the frequency response of the 

power system using the coordinated control method for 

LFC and SMES systems based on the new robust 

controller (Controller 1). The maximum frequency 

deviation resulting from the proposed method 

(Controller 1) is 0.00172 Hz. Fig. 11(b) shows the 

frequency response of the power system using the 

coordinated control method for LFC and SMES systems 

based on the MSA-optimized PID 

controller (Controller 2). The maximum frequency 

deviation in this method (Controller 2) is 0.0157 Hz. 

Fig. 11(c) shows the frequency response of the power 

system using the LFC system control method based on 

MSA-optimized PID controller with 

SMES (Controller 3). The maximum frequency 

deviation in this method (Controller 3) is 0.0197 Hz. 

Fig. 11(d) shows the frequency response of the power 

system using the LFC system control method based on 

the optimized PID without SMES (Controller 4). The 

frequency changes have become unstable using this 

method (Controller 4). Fig. 11(e) shows the frequency 

response of the power system using the coordinated 

control method for LFC and SMES systems based on 

the RMPC controller (Controller 5). The maximum 

frequency deviation in this method (Controller 5) is 

0.00205 Hz. In this scenario, the settling time in the 

frequency response of the power system using controller 

1 is 4.49 seconds. The settling time in the frequency 

response of the power system using controller 2 is 25 

seconds. The settling time in the frequency response of 

the power system using controller 3 is 46 seconds. The 

settling time in the frequency response of 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 11 a) The Frequency response using the proposed 

controller for scenario (4), b) The frequency response using 

the coordinated control method for LFC and SMES systems 

based on the MSA-optimized PID controller for scenario (4), 

c) The frequency response using the LFC system control 

method based on MSA-optimized PID controller with SMES 

for scenario (4), d) The frequency response using the LFC 

system control method based on the optimized PID without 

SMES for scenario (4), and e) The frequency response using 

the coordinated control method for LFC and SMES systems 
 

based on the RMPC controller for scenario (4). 
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the power system using controller 1 is not damped. The 

fourth control method is not robust to drastic changes in 

uncertainty related to the parameters of the power 

system. The settling time in the frequency response of 

the power system using controller 5 is 5.56 seconds. 

According to the simulation results in scenario (4), the 

proposed controller is very robust to disturbances and 

uncertainty parameters compared to the other control 

methods mentioned. Table 1 shows the results of 

different controllers in the power system. 

Scenario 5: In this scenario, the load disturbances are 

pulsed into the power system as shown in Fig. 12. 

Fig. 13 shows the frequency response of the power 

system using different controllers. According to Fig. 13, 

using the proposed method, the frequency deviations 

related to the power system have been reduced and 

these fluctuations have accelerated over time. The 

proposed controller performs very well in reducing 

turbulence. The proposed controller performs well in 

weakening the disturbance. 

 

 

 
Fig. 12 The load disturbance. 

 

 
Fig. 13 The frequency response of the power system using different controllers. 

 
Table 1 Results of different controllers in the power system. 

Scenario 4 Scenario 3 Scenario 2 Scenario 1 Controller 

0.00039 0.00037 0.00037 0.0004 Maximum overshoot [pu] Coordinated control method for LFC and 

SMES systems based on new robust 

controller 
0.00172 0.00163 0.0015 0.0018 Maximum undershoot [pu] 

4.49 4.49 4.46 5 Settling time [sec] 

0.0032 0.0021 0.002 0.0042 Maximum overshoot [pu] Coordinated control method for LFC and 

SMES systems based on optimized PID 

controller [26] 
0.0157 0.0106 0.0081 0.0173 Maximum undershoot [pu] 

25 24 21 19 Settling time [sec] 

0.0068 0.0056 0.005 0.0044 Maximum overshoot [pu] LFC system control method based on 

optimized PID controller with SMES 0.0197 0.0170 0.0129 0.021 Maximum undershoot [pu] 

46 42 37 38 Settling time [sec] 

– 0.0254 0.0100 0.0476 Maximum overshoot [pu] LFC system control method based on 

optimized PID controller without SMES – 0.0336 0.0256 0.0466 Maximum undershoot [pu] 

– 48 45 90 Settling time [sec] 

0.00052 0.00047 0.00042 0.00046 Maximum overshoot [pu] Coordinated control method for LFC and 

SMES systems based on RMPC controller  0.00205 0.0019 0.0017 0.0022 Maximum undershoot [pu] 

5.56 5.56 5.44 5.73 Settling time [sec] 
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5 Conclusion 

   Today, the considerable penetration of the distributed 

generation resources in conventional power systems is 

undeniable. The presence of distributed generation 

resources has numerous advantages yet it increases the 

complexity of the control component of the power 

systems. Wind turbines are among the distributed 

generation resources that have penetrated power 

systems. The presence of wind turbines impairs the 

performance of the load-frequency system as these 

turbines rely on random wind speed. Hence, a robust 

control method is needed. In this paper, a coordinated 

control method for the LFC and SMES systems based 

on a new robust controller is designed. The new robust 

controller is based on the output feedback. The 

proposed method is converted into linear matrix 

inequalities using the Lyapunov criterion. A dynamic 

controller is designed for the power system by solving 

these inequalities in Yalmip. The results of the proposed 

controller are compared with the other controllers under 

different scenarios, revealing that this controller offers 

smaller maximum frequency overshoot and undershoot 

values and the frequency oscillations are dampened 

faster. Furthermore, the proposed controller shows a 

highly satisfactory performance in disturbance 

attenuation and it is robust under the uncertainty of the 

power system parameters. 

 

 

Appendix 1 

Table A1 Power system parameters [23-25]. 

Value Parameter Value Parameter 

0.5 m 2.5 R1 

5 Td 2.5 R2 

0.4 T1 1 R3 

0.4 T2 1 β 

90 T3 1 Tw 

5.7096 H 6 Th 

0.1364 Pn3 0.2529 Pn1 

750 kW Pw,1 0.6107 Pn2 

0.028 D 3000 kW Pw,2 
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      605.62      2.5882    0.084482     0.067504       7.096
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