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Abstract  

With advent of the modern Hybrid Renewable Energy System (HRES), the application of different energy storage 

systems has increasingly expanded. When the solar radiation or wind speed has low values, the energy storage 

system (ESS) injects the required energy to supply the load demand, continuously. Due to large numbers of 

equipment and different control loops in the HRES, effective contribution of ESS needs an efficient control 

approach to coordinate the ESS with other equipment within HRES. To fulfil this gap, a Proportional Integral (PI)-

based control synthesis approach is presented for the tuning of the PI controllers. In the proposed method, all PI 

controllers for different types of ESS are designed based on root-locus trajectory, damping coefficient of dominant 

poles, and coordination among different equipment. Finally, comparison among different types of ESS based on 

presented control approach is performed. Results show that the presented control technique has adequate capability 

to damp the frequency deviations against multiple disturbances and parameter variations. 
 

Keywords: Damping Coefficient of Dominant Poles, Energy Storage System (ESS), Hybrid Renewable Energy 

System (HRES), Wind Turbine (WT). 

 

 

1. Introduction  

     With a reduction in the wind speed or solar 

radiation, power production of PV and WT seriously 

reduces [1]. Therefore, the MG power balancing 

between production and consumption is disrupted 

and the MG frequency can change out of its nominal 

range [2]. To improve the MG stability, an ac MG 

consists of different levels of control loops such as 

local, secondary, and global controls [3]. The local 

control manages primary control such as current and 

voltage control loops in the MS [4]. The secondary 

control ensures that the frequency and voltage 

deviations of the MG are in the permitted range after 

every change in load or supply [5]. The global 

control, beside economic power management, can 

 

 

perform technical roles like; connect/disconnect of 

the MG, load-shedding in emergency mode, optimal 

power flow between different MGs and grid, 

monitoring and providing of the voltage and 

frequency setpoints for the MGs to synchronize with 

the main grid [5]. 

     Renewable resources are irregular energy 

providers that their power generation cannot be 

exactly predicted [6]. Therefore, for covering 

uncertainties of renewable resources, such resources 

can be integrated with conventional power providers 

like the DG and this combination create the HRES 

[7]. So, the HRES is one type of the MG that 
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renewable resources, and conventional power 

providers are used together [8].  

     To keep power balancing between production and 

consumption immediately, participation of ESS 

beside the DG is essential to control the frequency of 

the HRES under severe disturbances [9]. A method 

for energy storage is passing a direct current through 

the SC and storing it permanently in a magnetic field 

[10]. A cost-effective and economical model of the 

SC is the HTS that is usually cooled by liquid 

nitrogen or liquid helium and due to advanced 

manufacturing technology; the SMES can quickly 

empty its total energy. Also, its lifetime is not 

affected by the number of charges, discharges, and 

duration of the energy storage. Moreover, due to the 

absence of moving parts, the SMES is extremely 

high reliable [11]. 

     The FESS is a rotating mechanical device that is 

used for storing of rotational energy for a long time 

[12]. Due to the simple structure of the FESS which 

is based on high speed rotating mass, the FESS has 

many benefits such as safety, not being constrained 

by fixed temperature limit, no lifetime degradation 

of performance, environmental compatibility; low 

maintenance costs and has a high predictable 

lifetime than other energy storage devices [12]. 

       To keep fast power balancing against load 

variations, the contribution of fast energy storage 

systems like UC is crucial [13]. The UC supplies a 

huge amount of energy in a short time and controls 

the frequency of the islanded system under severe 

disturbances [8].  

       Recently, many investigations have been 

performed to improve the MG frequency stability. In 

[14], to enhance the stability and improve the 

flexibility of the MG frequency in islanded mode, a 

PSO-based fuzzy method is presented for the tuning 

of the PI controller and the results are compared 

with a conventional PI controller tuned by Ziegler-

Nichols method. In [15], a new fuzzy logic pitch 

controller is designed to reduce power fluctuations 

of the WT during the MG islanded mode, and results 

are compared with a PI controller. In [16], for 

extracting maximum power under unbalanced 

weather conditions a new method is presented for 

the design of Takagi–Sugeno fuzzy-based controller. 

In [17], different types of the ESS in the MG are 

examined considering arrangement, topology, power 

electronic interfaces, control schemes, control 

strategy, potential trends, and challenges of the ESS. 

In [18], the hierarchical control and islanded 

operating of the MG are investigated and a summary 

of the control strategy is discussed considering 

reserve conditions of the   ِ DGs, loads, and ESS. In 

[19], the fuzzy control and PSO algorithm are used 

to reach the charge/discharge mode and the amount 

of energy in the ESS in each hour of a day. 

       Although the use of complex methods for the 

load frequency control of the HRES is developed 

and such methods usually evaluate their results with 

the conventional PI controllers, but such 

conventional PI controllers normally are not 

efficiently tuned. Because the use of complex 

controllers often cannot be implemented due to 

heavy performance costs and design complexity, this 

paper addresses the tuning of the secondary 

controllers of the HRES considering root-locus 

trajectory and coordination among local and 

secondary controllers. For this purpose, different 

scenarios for an isolated ac HRES are considered. 

For enhancing the frequency stability, a PI controller 

in the secondary control level provides a control 

signal for the ESS considering coordination among 

different equipment to cover lack of the energy in a 

short time. Then, the HRES frequency deviations are 

simulated considering multiple random disturbances 

and parameter variations. According to the obtained 

results, the design of the local and secondary 

controllers based on the presented method has 

sufficient potential to overcome the HRES control 

challenges like; load fluctuations, and parameter 

variations.  

     This paper is organized as follows: Section 2 

illustrates a mathematical method for providing of 

proper damping coefficient based on the root locus 

approach. In Section 3, dynamic models of the WT, 

DG, and ESS are presented. The proposed control 

strategy and obtained results are discussed in Section 

4. Finally, the conclusions are presented in Section 

5. 

 

2. Root locus-based control synthesis 

     Using the root locus method, it could be possible 

to obtain the trajectory of the closed-loop system 

roots as a function of the feedback gain. This 

method is used to investigate the gain changes on the 

location of the closed-loop poles [20]. To design a 

controller based on the root locus method, it is 

necessary to obtain transfer functions between 

considered input and output, and feedback of the 

system [21]. 

     The root locus of the closed-loop characteristic 

can be obtained for changes of the feedback gain 

+ k0 . So, the closed-loop transfer function is: 

 



 

Journal of  Solar Energy Research  Volume  7  Number 1 Winter  (2022) 963-970 

 

 

965 

 

)s(F)s(kG1

)s(G

)s(u

)s(y

+
=  

(1) 

 

where, G(s) is the transfer function between desired 

input and output, F(s) is the feedback transfer 

function and k is the controller gain. Therefore, the 

closed-loop poles for given k is determined by: 
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      According to (3), the root locus trajectory of 

each case study presents all real values of the 

feedback gain [21]. With obtaining the G(s) and F(s) 

in a practical model, one can select the feedback 

gain, k, so that dominant poles of the closed-loop 

system lie in the proper region. 

According to Fig. 1, if the dominant poles of the 

closed-loop system lie in the region of 

8.04.0  and 
n

s
4

t


  of the complex plane, the 

designed controller quarantines a good performance 

for the closed-loop system. To have low frequency 

deviations with fast response, the PI parameters like 

KP and KI are obtained based on the damping 

coefficient of dominant poles, ξ, and system natural 

frequency, ωn. 
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Figure 1. Proposed control strategy for tuning of 

secondary controllers  

 

In this case, the control target is to choose the 

controller parameters so that the HMG has the 

desired damping coefficient. This method is used to 

place the closed-loop dominant poles on a suitable 

location, and improve the damping of the system, 

efficiently. Interested readers can find more details 

about root-locus details in [21]. 

 

3. HRES dynamic modelling 

 The HRES usually consists of the WT, and DG. 

The DG works as the main part of the HRES for 

frequency control. The input of the DG is the load 

variations and the output is the load frequency 

changes [22]. As shown in Fig.2. A, the valve 

actuator and diesel engine are modelled with the 

first-order transfer functions and time constants smT  

and dT . Inertia is shown by dH  and the governor 

includes droop constant (R), and integral controller 

[22]. For a suitable response, the droop value of DG 

is selected between 3% to 7% to avoid undesirable 

frequency error in steady-state conditions [22]. The 

integral controller eliminates this steady-state error. 

But, this issue reduces the stability margin and 

makes more oscillations in the load frequency [22].  

The power production of WT depends on wind 

speed V (m/s), and it changes as a cubic function. 

The mechanical power of the WT can be obtained 

by: 

 

 VCA
2

1
P 3

prWT =  
      (4) 

 

where, ρ is the air density (kg/m3), rA  is the swept 

area of blade ( )2m , pC is a coefficient that changes as 

a function of tip speed ratio (λ) and blade pitch angle 

(β). The WT dynamic model includes the low-speed 

shaft, high-speed shaft, hydraulic pitch control, and 

fluid coupling transfer functions as shown in Fig. 2. 

B [23, 24]. The WT kinetic energy can be used for 

the HRES frequency control. For this purpose, the 

load frequency deviations are directly applied to the 

DG control loop and WT pitch loop [25].  
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Figure 2. The HRES dynamic model 

 

      In case of any change in the load demand or 

weather condition, the power balancing can be 

simply disrupted. In this case, the DG unit uses the 

valve actuator and diesel engine for injection of 

energy and damping of the frequency deviations 

[22]. For severe disturbances occurred in a short 

time, the DG cannot inject a lot of energy because of 

the mechanical process and heat rate of the diesel 

engine. Because the HRES components like DG, and 

WT have a slow nature, it is interesting to use high-

speed ESS like UC, SMES, and FESS in the hybrid 

system as shown in Fig. 2. C. To efficiently track the 

frequency deviations occurred in the HRES, 

contribution of the ESS for the load frequency 

control is essential. Because of the quick injection of 

internal energy, the ESS like the SMES, UC, and 

FESS are modelled with the first-order transfer 

functions with the time constant 

FESSUCsmes T and ,T ,T  respectively [14, 26]. In this 

case, the SMES, UC, and FESS transfer functions 

are formulated in (5, 6, and 7). The HRES and ESS 

parameter values are given in the appendix [14, 22-

26]. 
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     4. Results & Discussion 

Low power generation of the renewable resources or 

load demand rising can easily disrupt the power 

balancing of the HRES [27]. Therefore, to support 

the load demand and make power balancing in a 

short time, real-time frequency control of the HRES 

equipped by the ESS is necessary. For this purpose, 

as shown in Fig.2.C, the PI controller, and the ESS 

cover the lack of energy, immediately. In this case, 

for obtaining the locus of the HRES poles 

calculation of the G(s) and F(s) is necessary. To 

make the typical type of the closed-loop system 

shown in Fig. 2, it is necessary to find the 

feedforward and feedback transfer functions of the 

HMG. The feedback transfer function of HMG is the 

ESS control loop, and the remaining of HMG model 

is a feedforward transfer function. According to Fig. 

2. A, and B, the G(s) is the transfer function between 

loadP  and f
 
can be obtained as: 
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2345678

234567

++++++++

−−−−−−−
=

 

     Transfer function of the feedback loop, F(s), is 

the ESS transfer function which is given in (5, 6, and 

7). Considering obtained G(s) and F(s), the root 

locus of the HRES equipped by SMES, UC, and 

FESS are shown in Figs. 3, 4, and 5.  
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Fig. 3 Root-locus trajectory of the HRES equipped 

by FESS 
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Fig. 4 Root-locus trajectory of the HRES equipped 

by SMES 
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Fig. 5 Root-locus trajectory of the HRES equipped 

by UC 

 

     In this case, the selection of the gain value for the 

proportional controller is based on proper control 

condition as shown in Fig. 1. For FESS, the gain 

value is equal to 1.77. So, the settling-time of the 

HRES dominant poles 

is 55.0
3.11644.0

44
t

n
s =


=


 (s). For SMES, the 

gain value and settling-time are equal to 4.7 and 0.48 

(s). For UC, the gain value and settling-time are 

equal to 5.71 and 0.445 (s). To enhance the system 

response and remove the steady error, the integral 

controller coefficients for FESS, SMES, and UC are 

selected 8, 9, and 11, respectively. Although bigger 

or lower values can be selected for proportional 

gains, but lower value results a slower response and 

a bigger value gives a faster response with higher 

oscillations. So, these selected values for 

proportional gains are trade-off between fast 

responses and output oscillations. As well, the 

integral coefficients are selected via try and error.   

Any change in load demand can easily disrupt the 

power balancing of the HRES. Therefore, according 

to the obtained values, the step response of the 

HRES for 0.1 (p.u) load increase is as shown in Fig 

6. To show the effectiveness of the proposed 

approach, the step response of the system against 0.1 

(p.u) load increase for ±50% parameter changes in 

all parameters, given in Appendix, is also shown in 

Figs. 7 and 8. 

 

 
Fig.6 Step response of the HRES for 0.1 load 

increase under nominal parameters 

 

 
Fig.7 Step response of the HRES for 0.1 load 

increase for +50% changes in all HRES parameters 
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Fig.8 Step response of the HRES for 0.1 load 

increase for -50% changes in all HRES parameters 

 

As shown in Figs. 6, 7, and 8, the HRE equipped by 

fast ESS can create load balancing in a short time 

and damp frequency oscillations in nominal and 

changed parameters, effectively. To show the 

effectiveness of the secondary control loop 

performance in frequency stability, the step 

responses of the HRES without ESS control loop are 

obtained as shown in Fig 9, and 10. 
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Fig.9 Step response of the HRES for 0.1 load 

increase under nominal parameters without ESS 

control loop 

 

 
Fig.10 Step response of the HRES for 0.1 load 

increase for +50% parameter changes in all HRES 

parameters without ESS control loop 

 
As shown in Figs. 9, and 10, the islanded system has 

high frequency oscillations and DG/WT system 

cannot effectively provide the power balancing. 

Since the system components like DG, and WT have 

a slow nature, the islanded system cannot damp the 

frequency oscillations, effectively. 

The load demand has an irregular behaviour and can 

change randomly. In this case, under random load 

variations shown in Fig. 11, the load frequency 

variations are obtained as presented in Figs. 12 and 

13.      

 

 
Fig. 11 Random load variations  

 
Fig.12 Frequency variations of the HRES under 

random load changes for nominal parameters 

 

 
Fig.13 Frequency variations of the HRES with 

random load changes for +50% parameter changes 

in all HRES parameters 

 

     According to Figs. 12 and 13, presented control 

strategy with the participation of the UC, SMES, and 

FESS in the secondary loop considerably improves 

the frequency stability of the HRES against random 

load disturbances and parameter variations. 
 

     5. Conclusions 

     The PI parameters can be achieved based on the 

appropriate value of the damping coefficient of the 

HRES dominant poles. It can be used as a suitable 

technique for coordination of the HRES components 

and tuning of the controllers. This control strategy 

has sufficient potential to efficiently damp the HRES 

frequency oscillations. According to the obtained 

results, presented control method with contribution 

of rapid ESS in the secondary control level can 

considerably improve frequency stability; provide 

coordination among the HRES components and 

robustness of the HRES against parameter 

variations. 
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Nomenclature 

DG Diesel Generator 

DGs  position of 

ESS Energy Storage Systems 

FESS  Flywheel Energy Storage Systems 

HRES Hybrid Renewable Energy Systems 

HTS  High-Temperature Superconductor 

IC Interconnection Device 

Ki  Integral Coefficient 

MGs Microgrids 

MS  Microsources 

PV Photovoltaic Panels 

PI Proportional – Integral 

PSO Particle Swarm Optimization 

SMES  Superconducting Magnetic Energy Storage 

SC Superconducting Coil 

UC  Ultracapacitor 

WT Wind Turbine 

 
 

APPENDIX 

All parameter values are expressed in p.u on a base 

power of 500 (kW).  

 

DG: 

Rated power= 500 (kW), 
,5.1Hd = (Sec), 5.0Td = (HZ) 60f   (Sec), 05.0Tsm ==

 
 

WT: 

Rated power= 500 (kW-AC), 

),Sec(4Tw = ,08.0Kpc = ,.K
p1

251= ,1Kp2 =
    

,4.1Kp3 =
    

,494.1Kig = (sec),6.0Tp1 = (sec),041.0Tp2 =
 

(sec),1Tp3 = ,004.0Ktp =
 

 

SMES, UC, and FESS: 
(sec),03.0TSMES = (sec),01.0TUC = (sec),1.0T FESS =  
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