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 Due to the increased environmental and economic challenges, in recent 
years, renewable based distribution generation has been developed. More 
penetrations from the side of consumers caused a new concept called 
microgrids which are able to stand with or without connection to the bulk 
power system. Control of microgrids in islanded mode is very crucial for 
decreasing the amplitude of frequency deviations as well as damping 
speed. This chapter aims to propose an Optimal Combination of FOPD and 
Fuzzy Pre-compensated FOPI Approach for load-frequency control of 
microgrids in islanded mode. The optimization parameter of the control 
scheme is designed by the differential evolution (DE) algorithm which has 
been improved by a fuzzy approach. In the optimization, control effort is 
considered as a constraint. Due to the robustness and flexibility of the 
proposed method, the simulation results have been improved 
substantially. Robust performance of the proposed control method is 
examined through sensitivity analysis. 

 

 

1.  INTRODUCTION 

After the era of post-restructuring, bulk-power systems have been faced with different challenges such as, but not 

limited to the lack of available capacity due to transmission congestion, environmental concerns, as well as new 

problems related to energy market. Environmental concerns, high cost of installing new power plants and barriers 

in front of transmission expansion planning motivates proliferation of distributed generation units in power 

industry. Thanks to the development of new small-scale generation technologies, newborn stand-alone grid, called 

microgrid, have been developed. Microgrids are small power systems that work in low voltage and consist of 

conventional and renewable power generations, controllable and uncontrollable loads. Microgrids could be 

operated in two modes: on-grid and off-grid (with or without connection to the upper-level networks). One of the 

most advantages of a microgrid is the islanding capability and independent operation. The advantage of islanding 

of a microgrid is increasing the reliability of the consumers connected to the microgrid. In both operation mode 

reacting to the rapid changes in power consumption is very necessary. In the on-grid mode, frequency and power 
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of microgrid depend on the main grid. However, in the islanding mode, frequency and voltage of microgrid oscillate 

and independent control is required. By disconnecting from the main grid, operation and duties of the microgrid’s 

resources change. The new duties include voltage and frequency control, power- sharing between the resources 

and appropriate response to the variation of load and the other disturbances. The power system consists of 

different components which transmit electrical energy in large-scale. In the case of variation in loads or generated 

power of the resources, frequency variations. A lack of sufficient attention to this problem might cause frequency 

instability. If generated power is less than the consumed power, frequency decreases. The larger is the system, 

load variation affects less on the frequency of the systems. In this regard, effective control approaches play a very 

important role to maintain frequency within its acceptable range with less oscillation. The goal of designing load-

frequency controller is to decrease frequency oscillation and damping of the disturbance in frequency from the 

viewpoint of domain or time in the normal operation and the case of disturbance [1-5].  
Various literature addressed different load-frequency control in the microgrid. The most commonly used 

control approach for load-frequency control is the proportional-integral-derivative (PID) controller [6]. In [7-8], 
PI or PID controllers have been used. Optimal tuning of PID parameters is very important for getting the best 
dynamic performance. To this purpose, in the literature, different methods such as Harmonic Search (HS) [9]. 
Social-Spider Optimizer (SSO) [10], and Particle Swarm Optimization (PSO) [11] have been used in load-frequency 
control of microgrid. On the other hand, the performance of the classic PID controller is deteriorated while the 
operating conditions change. To tackle this challenge, the fuzzy approach is an effective solution to determine the 
PID parameters. The performance of the fuzzy approach depends on its membership. In [12], fuzzy control has 
been used and its coefficients have been optimized using PSO, simultaneously with load change. In [13], a fuzzy 
PSO-based controller has been adopted for the sake of frequency control. In the optimization approach frequency 
deviations, without paying attention to the control effort, is considered. In [14], an adaptive fuzzy P-PID controller 
is applied whose parameters have been optimized using an objective function including frequency deviations and 
eigenvalues. In addition to the PID controller, more advanced control schemes are used for the sake of load-
frequency control. In [15], model predictive control (MPC) has been used. In [16], multiple prediction control has 
been deployed for load frequency control in the microgrid. In [17], a model-predictive coordinated control of wind 
turbine blades and the hybrid electric vehicle has been used for reducing power and frequency oscillation. In [18], 
in the proposed load-frequency control approach, wind turbine blades and PHEVs are controlled using MPC. In the 
above-mentioned control approaches, a linear model of the microgrid has been used for load-frequency control. 
Although the small-signal model can be used to study the dynamic behavior of microgrids, there are several 
phenomena in microgrids whose nonlinear nature must be taken into account in load-frequency control. Nonlinear 
factors include non-linearity of the output power of some distributed generation sources (such as wind turbine 
and solar cell) in terms of inputs, limitations of power conversion rates in energy sources and storage, limitation 
of energy capacity in storage systems and saturation phenomena [19-21].In power system literature, numerous 
references can be found in which nonlinear phenomena (such as time delay of communication systems, limitations 
of power rate variations, and saturation phenomena) in load-frequency control have been considered [22-24]; A 
nonlinear model- based load-frequency control has been proposed in some researches. In [25], the robust (H∞) 
method has been used and the limitation of power reserve rate variations has been considered. In [26-29], PI or 
PID controllers- whose parameters are determined in different ways- are used to control the load-frequency in a 
nonlinear model-based microgrid. In [26] Fractional- Order PID (FOPID) controller, in [27], Fractional order fuzzy control based PID (FOFCPID), in [28-29], type II fuzzy system have been used. The nonlinear limitations of the 

generators in [26-27] are considered. Different control strategies have been proposed to improve system 
performance despite uncertainties. These include optimal control in [30], sliding mode control in [31], intelligent 
control in [32] and robust control in [25]. PID control is the most commonly used commercial controller with three 
design parameters: proportional, integral, and derivative coefficients. On the other hand, fractional calculus has 
received more attention in recent years. In recent years, fractional calculus has been used for system modeling and 
controller design. Fractional order PID (FOPID) is the most famous fractional order controller. Some efforts have 
been made to apply FOPID for load-frequency control purposes. As an instant, in [33], a combination of FOPID and 
ICA optimization approach is used. Frequency deviations is considered in the objective function. The approach is 
very prospective for load-frequency control. However, control effort is not considered in the proposed 
unconstraint objective function. Hence, the application of an improved FOPID control approach seems very 
necessary.  

For the above-mentioned purpose, in this chapter, the optimal combination of FOPD and fuzzy pre-
compensated FOPI Approach is proposed and applied for load-frequency control. Here, nonlinear phenomena have 
been added to the linear model of microprocessor components in dynamic network modeling, including saturation 
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and rate limiting. The flexible and robust proposed control scheme is able to improve frequency deviations. Note 
that optimizing the parameters of this control approach is more complicated in comparison with the conventional 
fuzzy PID controller. For this purpose, a meta-heuristic approach, differential evolution (DE) algorithm which has 
been improved by the fuzzy approach, is applied. The purpose of control is to minimize frequency deviations with 
limited control effort. Microgrid simulation is done in MATLAB environment. The dynamic model of various 
disturbances, including load changes, changes in wind speed and changes in sunlight, are considered. Results with 
PID controller whose coefficients are optimized by fuzzy differential evolution algorithm, fractional order PID 
controller whose coefficients are optimized by fuzzy differential evolution algorithm and FOPD + FFOPI controller 
whose coefficients are compared. The proposed controller is observed to perform better in damping of oscillations. 
Also, with the same number of iterations and with the same initial population, better results have been obtained 
by fuzzy differential evolution algorithm. The simulations have been carried out considering and without 
considering the uncertainty of the parameters of the dynamic grid model. Considering the considerable variations 
of the model parameters, the robustness of the proposed control scheme is confirmed. 

The chapter is organized as follows: after providing an introduction in section 1, the dynamic model of the 
microgrid is provided in section 2. The proposed control method is presented in section 3. Simulation results are 
presented in section 4. Finally, section 5 concludes the chapter.  

 

Nomenclature 

BESS gain BESSK  
BESS Linear Transfer Function  BESSG s  

BESS time constant BESST  
Control effort  
DEG Linear Transfer Function  DEGG s  

DEG time constant TT  
Derivative gain of FOPD DK  

Electrical power of DEG  

FC Linear Transfer Function  FCG s  

FC time constant INT  

FC time constant ICT  

FC time constant GT  

FC time constant FCT  
FESS gain FESSK  
FESS Linear Transfer Function  FESSG s  

FESS time constant FESST  
FOPI proportional gain 2pK  

Fractional order of Integral   

u

DEGP
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Fractional order of the derivative   

Integral gain of FOPI IK  

Load power  

Microgrid frequency deviations  

Output electrical power of BESS  

Output electrical power of FC  

Output electrical power of FESS  

Output electrical power of PV  

Proportional gain of FOPD 1pK  

PV Linear Transfer Function  PVG s  

The solar heat power (light intensity)  

Transfer  function of the model of load disturbance  loadG s  

Transfer function of solar power generation model  solG s  

Transfer function of wind power generation model  windG s  

Wind mechanical power  

WTG electrical power  

WTG Gain WK  
WTG Linear Transfer Function  WTGG s  
WTG time constant WT  

2.  DYNAMIC MODEL OF MICROGRID 

A microgrid consists of DGs which electrifies local loads in two operational modes, connected to the network 
and islanded. Because of the intermittent nature of small-scale renewable resources that are connected to the 
microgrids, energy storage is required to help the system to stand in a stable way. In this chapter, information 
related to the examined microgrid is obtained from [12]. This microgrid includes diesel engine generators (DEG), 
Photovoltaic (PV), wind turbine generator (WTG), fuel cells (FC), battery energy storage system (BESS), and 
flywheel energy storage system (FESS). Table 1 shows the transfer functions of the mentioned components. 

It is mentioned that, in Table 1, K and T represent gain and time constant, respectively. Figure 1 shows the 
nonlinear model of the test microgrid which is to be controlled. In the practical applications, the generated power 
of FESS, BESS, DEG, and FC and their derivatives are limited. In this regard, power generation constraint (GC) and 
power generation rate constraint (GRC) blocks are considered in the nonlinear model of the test microgrid. For 
input P , their output, q , is as follows: 

 

LP
f
BESSP
FCP
FESSP
PVP

solP

WP
WTGP
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TABLE 1. MODEL OF THE MICROGRID’S COMPONENT  
Model System 
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Figure 1:  Nonlinear Model of the Test Microgrid 
 

(1) 

min min
min max

max max




  
 

P P P
q P P P P

P P P
 

The input of the GRC is a derivative of generated power, and the input of the GC is generated power. 
 

3.  THE PROPOSED INTELLIGENT CONTROL METHOD 

Figure 2 shows the proposed control approach used in this chapter. It is noticed that this control structure has 
been used in [37]. The input and output membership functions of the fuzzy system and its fuzzy rules are obtained 
from [37] and are shown in Figure 3 and Table 2, respectively.  
In the industrial implementation and simulation, fractional order of s is approximated with a transfer function of 
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integer order. The most popular approximation for s , in the frequency bound  ,L H  , is a filter of the order of 

2 1N  [38]: 
 

(2) ,0 1N kH kk N
s zs s p  




  

 

where    
2 2 1

2 2 1
k N

Nk L H Lz 

  
  

  , and    
2 2 1

2 2 1
k N

Nk L H Lp 

  
  

   . 
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System

sα
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+

e(t) u(t)U

E
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E
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s -β

KP2

KI

FOPD FOPI

 
 

Figure 2:  Combination of FOPD and Fuzzy Pre-compensated FOPI 

 

 
 

Figure 3:  Membership Functions of Controller’s Fuzzy System [37] 
 

TABLE 2. RULES OF CONTROLLER’S FUZZY SYSTEM [37] 

PL PM PS ZR NS NM NL E2  
E1  

PL PL PL PL PM PS ZR PL 
PL PL PL PM PS ZR NS PM 
PL PL PM PS ZR NS NM PS 
PL PM PS ZR NS NM NL ZR 
PM PS ZR NS NM NL NL NS 
PS ZR NS NM NL NL NL NM 
ZR NS NM NL NL NL NL NL 

 

Design parameters of this controller are proportional gain ( 1PK ), integral gain ( IK ), derivative gain ( DK ), 

integral order (  ), and derivative order ( ). The value of these parameters affects substantially the quality of 

the system response. In order to achieve the desired performance, fuzzy DE is used. Figure 4 shows the flowchart 
of fuzzy DE.  

Fuzzy DE algorithm has been introduced in [34]. In fuzzy DE algorithm, the initial population consists of n 

random vectors which include d  decision variables. The ith member of the population set in the Gth generation, 
GiP , is considered as: 

(3) ,1 ,2 , , 1,2, ,G G G Gi i i i dP p p p i n  
 

 

In each generation, the population of the next generation is produced using three operators of fuzzy mutation, 

crossover, and selection. In mutation for each GiP , three random vectors 1
GrP , 2

GrP , and 3
GrP , are chosen and 
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Crossover

SelectionStop ConditionEnd
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Figure 4:  Fuzzy DE Flowchart 

mutation vector, GiM , is produced as follows: 

(4)  1 2 3 1 2 3,G G G Gi r r rM P F P P r r r i       

where F  is the mutation factor.  
Crossover operation combines mutation vector, GiM , and parent vector, 

GiP , in order to constitute the polar 

vector, GiZ , as follows: 

(5) 
,, ,

 , 1,2,.     ..,  Gj iGj i Gj i
i r rmz j dp otherwise

if r C or j J
 


 



 

where  ir  is a random variable between 0 and 1 and rJ  ensures 
G Gi iM P . The section operator chooses the best 

vector between the parent vector and test vector as: 

(6) 
   1  G Gi iGiGi Gi

ZP P otherw
if

is
f U

e
f X










 

Two points should be considered for choosing F . First, at the primary iterations of the DE algorithm, a big value 

should be assigned to F  to speed up the exploration. By increasing the iterations, the smaller values should be 

assigned to  for speeding up the exploitation. Second, the less is the relative distance of the population members, 

the less is the effective  and vice versa. Population diversity is defined as: 

(7) 
 

 

1
1 1

2 1

G Gn n a ba b a
P P

U Ldiversity G d n n



  








 
 

where, L  and U  are the vectors containing the lower and upper bound of the population members. The above 

equation evaluates the average normal distance between the population members. In this regards, this criterion is 
effective for representing population diversity. For improving DE performance, fuzzy logic is used to determine F 
based on the number of generation and population diversity. The related membership function and fuzzy rules are 
shown in Figure 6 and Table 3, respectively. The Block diagram of the controlled microgrid with FOPD+FFOPI 
controller based on fuzzy DE algorithm is shown in figure 5. 

 u  Microgrid

 PL
 

 Δf FOPD+FFOPI

Fuzzy System

Fuzzy System

Differential EvolutionAlgorithm

 
Figure 5:  Block diagram of the microgrid by the proposed control approach 
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4.  SIMULATION AND RESULTS 

In the load-frequency control problem, minimization of the frequency deviations is desired. On the other hand, 
control efforts are limited. The objective function of the optimization is the mean absolute of frequency deviations 
defined as follows: 

(8) 1

1







T

T f dtJ T T  

The closed form of the optimization problem is as follows: 

(9) 

 

max
. .

Min J X
L X Us t u u
 




 

Vector X  consists of the following decision variables:  

(10) 1 2p p I DX K K K K       

The uncontrolled inputs, wind power, solar thermal power, and variable load, are generated using the models 
of [36]. The Parameters of the system are similar to that of [35] and [36] and are shown in Table 4. 

In this chapter, the parameters of equation (2) are chosen as 100H  , 3N  , and 0.01L  . 
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Figure 6:  The Membership Functions of Fuzzy DE [34] 

 
TABLE 3. THE FUZZY RULES OF FUZZY DE [34] 
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TABLE 4. THE PARAMETER VALUES OF THE TEST MICROGRID  

Value Parameter Value Parameter 
3 R 1 Kw 

1.5s Tw 1 KFESS=KBESS 
0.04s TIN 0.1s TFESS=TBESS 

0.004s TIC 0.11 Max(PFESS)=Max(PBESS) 

1 KFC 0.48 Max(PFC) 

0.26 TFC 0.45 Max(PDEG) 
0.08 TG 0.05 Max(P´FESS)=Max(P´BESS) 
0.4 TT 1 Max(P´FC) 

0.015 D 0.5 Max(P´DEG) 
1/12 H 

0.9u(t)+ 0.03u(t-110)+ 0.03u(t-
130)+ 0.03u(t-150)+ 0.15u(t-

170)+ 0.1u(t-190) 
ΓLOAD 

0.9 ηload 0.02u(t) Γload 

10 Βload 1-300/(300s+1)- 1/(1800s+1) Gload(s) 

0.8 ηwind 0.24u(t)-0.04u(t-140) Γwind 

10 βwind 104s/(104s+1) Gwind(s) 

0.1 ηsol 0.05u(t)-0.02u(t-180) Γsol 

10 Βsol 104s/(104s+1) Gsol(s) 

 
 

For the microgrid of Figure 1, PID controller (
 

 
IP D
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), FOPID controller (
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), and a combination of FOPD and Fuzzy Pre-compensated FOPI controller of Figure 2 are 

designed and the related parameters of them are optimized using fuzzy DE. In this regards, these controllers are 
named FDE-PID, FDE-FOPID, and FDE-FOPD+FFOPI, respectively. Also, FOPD+FFOPI controller is designed, and 
its parameters are optimized using DE. This controller is named DE-FOPD+FFOPI. In Figure 7, the frequency 
deviations of the microgrid after implementation of the designed controllers are shown and compared.  
In all optimization algorithms, the same number of iterations is considered as the terminal condition. The 
controllers are sorted based on the value of the oscillation frequency of the frequency deviations as follows: FDE-
PID, DE-FOPD-FFOPI, FDE-FOPD-FFOPI, and FDE-FOPID controller. In this list, FDE-PID has the highest and FDE-
FOPID has the least oscillation frequency. Negative frequency variations indicate a decrease in frequency and 
positive indicate an increase in frequency. The maximum values of increase and decrease of frequency variations 
are observed with FDE-FOPID, DE-FOPD-FFOPI, FDE-FOPD-FFOPI, and FDE-PID controllers, respectively. The 
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FDE-FOPID controller has the lowest oscillation frequency and the highest frequency reduction, while the FDE-
PID controller has the highest oscillation frequency and the lowest frequency reduction. In other words, the 
improvement of the oscillation frequency of frequency deviations is inconsistent with its improvement of the 
maximum increase and decrease. It can be concluded that the proposed controller has created a favorable trade-
off between the oscillation frequency and the maximum value of increasing and decreasing of the frequency 
variations. 

In Figure 8, log 10 of the values of the objective function in the sequential iterations is compared for DE-
FOPD+FFOPI and FDE-FOPD+FFOPI. In order to compare DE and fuzzy DE in determining the parameters of FOPD-
FFOPI controller rationality and fairly, the random initial population of them are selected identical and their 
terminal condition is chosen the same number of iterations. As it is expected by applying the fuzzy system, at the 
primary iterations of the DE algorithm, the exploration speeds up and at the last iterations, the exploitation speeds 
up. In other words, the fuzzy system improves the performance of the DE algorithm from the viewpoint of 
convergence rate and more precise searching, considerably. 

In Table 5, the performance of the controllers are more precisely compared with quantitative indices J , 
 max u

, and 
 max f

. It is observed that the mean absolute of frequency deviations of the FDE-FOPID controller is less 
than that of FDE-PID and the performance of DE-FOPD+FFOPI in decreasing the mean absolute of frequency 
deviations is better than that of FDE-PID controller. The results show that by using the FDE-FOPID controller there 
is a good trade-off between these three quantitative and conflict indices. This demonstrates the capability of the 

fractional calculus. There is no logical relationship between 
 max u

 and the other two indices but the constraint 
of limited amplitude of the control effort is satisfied. The least mean absolute of frequency deviations is pertaining 
to the FDE-FOPD+FFOPI controller. These results confirm the superiority of the proposed control method with the 
fuzzy DE optimization method.  
 

TABLE 5. QUANTITATIVE COMPARISON OF THE PERFORMANCE WITH DESIGNED CONTROLLERS 

 
2

max
10

f





  max u  310

J


 Index → 
Controller ↓ 

3.7857 30.218 4.8414 FDE-PID 

7.395 7.5941 2.489 FDE-FOPID 
7.324 70.797 1.9617 DE-FOPD+FFOPI 

4.7752 38.665 1.6097 FDE-FOPD+FFOPI 

 
It is noteworthy that considering the variations of the system parameters is essential when evaluating the 
performance of a load-frequency control system. Ignoring the parameter uncertainties can, in practice, lead to 
undesirable system behavior and the failure in achieving the desired control objectives. In this regard, the 
uncertainty of the parameters D, H, R, TFC, TG, and TT are considered and the frequency deviations of the 
microgrid are assessed under the variation of them for evaluating the robustness of the proposed approach. The 
related results are shown in Figures 9 and 10 and Table 6. The results confirm the robustness of the proposed 
approach. 
As shown in Figures 9 and 10, in spite of the substantial change in the parameters of the system, frequency 
deviations are retained in an acceptable range and the control performance is still acceptable. The quantitative 
results in Table 6 demonstrate that variation of the parameters affects the maximum of the frequency variation 
(max(|∆𝑓|)) more than J. By increasing the parameters, J does not change dramatically and the maximum of the 
frequency variation changes more. However, by decreasing the parameters both indices, J and max(|∆𝑓|), change. 
It is also observed that by decreasing H and increasing TG, max(|∆𝑓|) is maximized.  
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Figure 7  Comparison of Frequency Deviations with Designed Controllers 
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Figure 8  Comparison of the Objective Function of Fuzzy DE and DE 

 
FIGURE 9  ROBUST PERFORMANCE UNDER INCREASING THE PARAMETERS WITH FDE-FOPD+FFOPI. 

 
FIGURE 10  ROBUSTNESS PERFORMANCE UNDER DECREASING THE PARAMETERS WITH FDE-FOPD+FFOPI CONTROLLER.  
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TABLE 6. ROBUST PERFORMANCE UNDER VARIATION THE PARAMETERS WITH FDE-FOPD+FFOPI. 
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Increase Decrease 

70%D 1.5808 4.7672 1.7043 6.2765 
30%H 1.2551 3.6343 2.3250 7.6134 
70%R 1.6785 4.7939 1.6312 4.8079 

20%TFC 1.6333 5.0586 1.6194 4.7472 
70%TG 1.6867 8.2170 2.5443 6.1443 
70%TT 1.6060 6.1088 2.3178 5.7546 

 

5.  CONCLUSION 

In this chapter, an optimal combination of FOPD and fuzzy pre-compensated FOPI approach was designed for 
reducing the frequency deviations of an islanded microgrid. Nonlinear phenomena such as saturation and rate-
limiting power have been added to the linear model of the microgrid components. The dynamic model of various 
perturbations, including load changes, changes in wind speed and changes in sunlight, were considered. The 
fractional order structure was proposed because of increasing the controller degrees of freedom and its robust 
performance. The parameters of the controller were determined via differential evolution (DE) algorithm which 
was improved by the fuzzy system. In the proposed optimization approach, the objective function was to optimize 
the average magnitude of the frequency variations while the control effort amplitude does not exceed the 
predetermined value. Control effort has been limited by including a relevant constraint in the optimization model. 
Simulations were performed using MATLAB, and the performance of the proposed control approach was 
compared with the performance of Fractional order PID and PID controllers whose parameters were determined 
by fuzzy differential evolution algorithm. Frequency deviations had the smallest magnitude with PID controller 
and it had the least frequency of variations with FOPID controller. Using FDE-FPD-FFOPI controller, a good trade- 
off was made between the two conflict criteria: variation’s frequency and magnitude of frequency deviations. The 
same number of iterations was chosen as the Terminal condition  of the fuzzy differential evolution algorithm to 
determine the parameters of all three controllers. The simulation results showed improvement of frequency 
deviations via implementing the proposed control schema. To illustrate the superior performance of the fuzzy 
differential evolution algorithm compared to the differential evolution algorithm, the FPD-FFOPI controller 
parameters were determined using both algorithms. To fair and rational comparison, the initial population was 
selected random and identical and the same number of iterations was chosen as the Terminal condition , In both 
optimization. Applying the fuzzy system, at the primary iterations of the DE algorithm, the exploration and at the 
last ones, the exploitation speeded up. In another word, the fuzzy system improves the performance of the DE 
algorithm from the viewpoint of convergence rate and more precise searching, considerably. 

For quantitative analysis of simulation results, the maximum amplitude of the control effort and frequency 
variations were calculated. Since it is important to evaluate the performance of the load frequency control system 
under the parameter uncertainties, The performance of the proposed controller is investigated by considering 
significant changes in the parameters T, D, H, R, TFC, TG, and TT. The quantitative and qualitative results of this 
investigation showed that despite considerable variations in system parameters, the frequency variations 
remained within the acceptable range. A performed sensitivity analysis confirmed the robustness of the proposed 
approach.  
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