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 Load frequency control (LFC) is a crucial feature of electric 

power systems to maintain a balance between power supply and 

load demand, thus avoiding a deviation of the grid frequency. The 

present work aims to implement an effective LFC scheme for a 

microgrid system consisting of a diesel generator (DEG), a wind 

turbine generator (WTG) and a battery storage system. 

Proportional-integral-double-derivative (PIDD) controllers are 

used to implement the proposed LFC scheme.  The controller 

parameters are computed using an innovative hybrid teaching-

learning-optimization differential-evaluation (hTLO-DE) 

algorithm. The main scope of the work lies in application of 

hTLO-DE optimized PIDD controllers in DEG-WTG-battery 

storage based MG system.  The results obtained with PIDD 

controllers are compared with those obtained with the traditional 

PI and PID controllers. A critical analysis shows that the PIDD 

controller can provide better dynamic responses in terms of 

settling time and magnitude of oscillations compared to PI and 

PID controllers. The frequency responses of the system are 

studied under different scenarios of generation and load 

variations, which establishes the robustness of the proposed 

PIDD-based LFC scheme. 
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1      Introduction 

     Microgrid is defined as the arrangement of a local electric power network using regulated loads and 

distributed energy resources (DERs) like wind turbine generators (WTG), diesel generators (DEG), battery 

storage, and so on [1]. Considering the current fossil fuel crisis and environmental problems, renewable energy 

sources (RESs) are gaining importance. Conversely, the conventional fossil fuel based generation is always 

reliable as does not depend on weather conditions. The idea of mixing renewable and conventional energy 

generations relies on the equilibrium among the reliability in generation, cost of generation, and environmental 

issues [2].  But in connection with the renewable energy-based distributed generations (DGs), there are many 

challenges like controllability, islanding operation, stability of the system, etc. [3]. The grid controls the 

voltage and frequency at the DG interconnection points in grid-connected mode. Nonetheless, the fundamental 

problem in operating a renewable energy-based DG in islanded mode is its stability. In non-islanded mode, the 

power storage system in a microgrid can support the power balance [4], but a competent LFC method is needed 

to maintain the system frequency [5].  

The goal of LFC is to minimize the frequency deviation by regulating the power flow of DERs in the 

system. Therefore, system frequency and tie-line power flows are monitored and generation within the region 

is adjusted to keep the time average of the area control error (ACE) constant. In LFC, ACE is commonly used 

as a measure of regulation. To achieve a lower ACE, both the tie-line power and frequency errors should be 
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close to zero. Due to the high percentage of irregular renewable energy, fluctuations in power generation cause 

frequent imbalance between supply and demand [6], which leads to frequency deviations in the microgrid. 

Frequency stability is very critical for AC systems. Researchers have proposed a number of solutions to achieve 

LFC in power systems in recent decades, namely adaptive control [7], intelligent control [8], robust control 

[9], model predictive control (MPC) [10], etc. Although conventional PI or PID controllers have been used in 

LFC applications, they show their limitations in RES based systems [11]. The distributed control technique 

was first introduced in [12]. Lately, a number of methods were proposed in this field [20]. In these works, 

agents are adjusted using local controllers by sensing local signals. Thus, in distributed control has the highest 

degree of freedom [13]. Moreover, it is seen that distributed strategies are more suitable for handling a multiple 

number of low-capacity DGs [14]. However, these approaches still have some drawback due to non-optimum 

responses and a high probability for instability [15]. 

In recent decades, researchers have been using several optimization procedures to deal with the 

computation of control parameters. The main difficulty in LFC is the designing controllers with optimal gain 

parameters. Researchers have suggested a variety of optimization strategies, including the firefly algorithm 

(FA) [16], bacterial foraging (BFO) optimization [17], fruit fly algorithm (FFA) [18], cuckoo search algorithm 

(CSA) [19], and artificial bees' colony (ABC) algorithm [20], to find-out the optimal parameters for load 

frequency controllers. Recently, hybrid optimization algorithms have attracted the research communities due 

to usefulness in finding global optimal values under multi-uncertainties [21]. Panwar et al. [22] have applied 

hybrid improved BFO-PSO technique in tuning controllers for LFC applications. 

From the literatures it can be observed that several classical controllers were used [23]. Ali and Abd Elazim 

[17] used the BFOA technique to improve the parameters of the PID controller for the LFC problem and 

compared it to Ziegler Nichols (ZN) and GA optimization strategies. In the AGC problem, Sahu et al. [24] 

used a hybrid firefly method with a pattern search technique to create a PID controller. Parmar et al. [25] 

proposed a multi-source realistic model with an optimal output feedback controller based on output state 

variables. In a multi-area system, Sahu et al. [26] used TLBO with a Fuzzy PID controller. Sahu et al. [27] 

employed TLBO to tune IDD and PIDD controllers for a 2-area thermal system and extended to a varied source 

system. For enhancing responses in a multi-area system, Dash et al. [28],[29] presented a cascaded PD-PID 

controller adjusted by the BAT algorithm The use of a Kalman filter to construct a self-tuning optimizer for 

voltage flicker and harmonic estimates has been proposed by Panigrahi et al. [30]. For a multi-area system 

with automatic generation control, Barisal et al. [31] demonstrated hybrid PSO-LEVY flight algorithm tuned 

fuzzy-PID controllers. From the literature review, it is clear that, the use of tuning technique in finding optimal 

controller constraints, has a significant impact on the system functioning. 

         This paper presents application of a hybrid teaching-learning-optimization differential-evaluation 

(hTLO-DE) algorithm for computing design parameters of load frequency controllers in a DEG-wind-battery 

based microgrid system. Methodology wise, firstly, a system model with multiple DGs (DEG, WTG, battery 

storage) is developed; secondly, PIDD controllers are adopted for implementation of a LFC scheme; and 

thirdly, hTLO-DE computational technique is applied to optimize the design parameters. The main 

contributions of this work can be summarized as follows: 

(a) A DEG-WTG-battery based microgrid system is modeled. 

(b) PIDD controllers are adopted for LFC in the DEG-WTG-battery based microgrid system  

(c) A hybrid hTLO-DE computational technique is applied to tune controlled parameters effectively.  

(d) The PIDD controller responses are compared to those of the PI and PID controllers. 

(e) The suggested controller and optimization approach is tested with load variation ranging from ±20% 

in the DEG area. 

2      System Description and Modelling 

     The investigated microgrid system consists of DEG, WTG and battery system, as shown in Figure 1. 

Combined with the weather-dependent WTG and energy storage system, DEG is considered as a reliable 

source of active power. In the system modelling, PIDD controller and system parameters such as frequency 

bias parameter (Bi), governor speed regulation (Ri), and ACEi are represented. The governor output signal, 

governor time constant, the time constant of the turbine, the change of the output power of the turbine, the gain 
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of the power system, the time constant of the system, the load changes, the synchronisation coefficient, 

incremental tie line power changes, and the frequency deviation are the other system considerations.  

 

2.1. Diesel Generator (DEG) 

     The DEG is commonly employed as a stable source of electricity in microgrid schemes. It is necessary to 

alter the output of the DEG as the load demand varies. Figure 2 depicts the DEG transfer fiction (TF) model. 

In a first-order system, this model usually consists of a generator and a governor. Accordingly, tg1 refers to 

time constant (TC) for inertia delay, tt1 is TC for governor unit, t1 is the TC for diesel generator, tp1 indicates 

TC of power system, and R1 is the coefficient of speed regulation of DEG. 
 

 
 

Figure 1. Investigated microgrid model. 

 

 

Figure 2. TF based representation of DEG system. 

The TF representation of different components of the DEG system as represented in Figure 2 are as follow: 
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1

𝑡𝑔1.𝑠+1
 = inertia delay unit,     (1) 

 

1

𝑡𝑡1.𝑠+1
 = speed governing unit,    (2) 

 

1

𝑡1.𝑠+1
 = generator unit,     (3) 

 

𝑘𝑝1

𝑡𝑝1.𝑠+1
 = power system unit.    (4) 

 

2.1.1. Wind Turbine Generator (WTG) 

      WTG power output can be determined by wind speed (Vw), blade radius (r), pitch angle (β), air density 

(ρ), and power coefficient (CP). The power output of a wind turbine can be expressed as follows: 
 

𝑃𝑚 =
1

2
𝜋𝜌𝐶𝑝(𝜆, 𝛽)𝑅2𝑉𝑤

3,      (5) 

 

𝜆 =
𝜔𝑅

𝑉𝑤
,       (6) 

 

where λ = speed ratio and ω = speed of wind.  

Figure 3. represents the TF model of WTG area. 

 

 

Figure 3.  TF based representation of WTG system. 

The power coefficient of wind turbine unit can be represented as: 

𝐶𝑃(𝛽) = (0.44 − 0.0167𝛽) 𝑠𝑖𝑛
(𝜋(𝜆−2))

15−0.3𝛽
− 0.00184(𝜆 − 3)𝛽.            (7) 

 

At zero blade angle the optimal value of the tip speed ratio (λopt) for wind turbine blade is obtained and the 

wind power extracted from wind turbine can be written as: 

𝑃𝑤 = 𝐾𝑜𝑝𝑡𝑉𝑤
3,       (8) 

where Kopt is a constant defined as:  
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𝐾𝑜𝑝𝑡 = 0.44 𝑠𝑖𝑛 (
𝜋(𝜆𝑜𝑝𝑡−3)

15
).     (9) 

The different components of the wind energy system are represented with transfer function in Figure 3 as [32]:  

1

1+𝑠𝑡𝑡2
 = wind turbine.     (10) 

Hydraulic pitch actuator controls the pitch angle of the turbine. The pitch angle is very finely selected to 

maximise the output power of WTG. The transfer function block for hydraulic pitch actuator may be given by 

(11): 

1

1+𝑠𝑡𝑔2
 = pitch actuator system.     (11) 

The ‘data fit pitch response’ block of Figure 3 acts as a simple lag compensator which is required to match the 

phase/gain characteristic of the model: 

𝑐2 𝑡𝑟2 𝑠+1

𝑡𝑟2 𝑠+1
 = data fit system,      (12) 

where tt2 is the TC for wind turbine, tg2 is the TC for pitch actuator system, tr2 is the TC for data fit system. 

Step load is applied to the system to find out the deviation of frequency of the system. The variation of wind 

speed is considered and controller takes care of the effect of that. The avoided division by zero block is applied 

so that infinite speed of the wind cannot be reached. 
 

2.1.2 Battery System 
 

Figure 4 depicts an aggregate model of a battery system. The battery charger's job is to regulate the power 

flow in between the grid and energy storage. RAG, the coefficient of droop characteristics is considered as 2.4 

Hz/pu. The TF representation of battery system and DC/AC converter units are as [24]: 

1

𝑇𝐸𝑉𝑠+1
 = battery system,     (13) 

1

𝑇𝐶𝑂𝑁𝑠+1
 = DC/AC converter unit,     (14) 

where TEV is the TC of the battery system.  KEV is reliant on the state-of-charge (SOC) of the battery. The 

advantage of PEV is that it can be considered as a source of generating power during peak load hour and can 

also be considered as load during lightly loaded time and can become a contributor in LFC scheme. The PEV 

can also be considered as ballistic load for power generation from renewable energy souses. TCON is the TC for 

DC/AC converter circuit. 
 

 
 

Figure 4.  TF based model of battery system. 

The choice of the objective function is critical for the controllers’ optimal operation. Various objective 

functions have been employed by different researchers, including integral of time multiplied by absolute error 

(ITAE), integral of absolute error (IAE), integral of time multiplied by square error (ITSE), and integral of 
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square error (ISE). As a more sensitive criterion than IAE or ISE, the ITAE criterion efficiently regulates the 

settling time. An ITSE tuned controller, on the other hand, can provide a huge control signal, which can be 

problematic in the event of a sudden imbalance. The ITAE as represented in (15), is the cost function (J), 

which must be minimised for optimization. As a result, each area control error, Aerror, is used to frame the goal 

function. 

 

 

Thus, optimization function for the minimization of J is given as [33]: 

𝐽 = 𝐼𝑇𝐴𝐸 = ∫ 𝑡𝑠𝑖𝑚[∑ |𝐴𝑒𝑟𝑟𝑜𝑟|𝑑𝑡
𝑁𝑎𝑟𝑒𝑎
𝑖=1 ]

𝑡𝑠𝑖𝑚

0
,    (15) 

where 𝐴𝑒𝑟𝑟𝑜𝑟 = ∆𝐹𝑖 + ∆𝑃𝑡𝑖𝑒,𝑖, 

tsim = simulation time, 

Narea = number of interconnected areas, 

∆Fi = frequency deviation (FD) of ith area, 

∆Ptie,i = deviation of tie line power ith tie line power.  
 

3    PIDD controller 

    Fast dynamic response and stability are the major advantages of PIDD controllers as compared to PI or 

PID controller [29]. Here, an effort has made to implement PIDD controller with a filter to diminish the 

detrimental outcomes of the high-frequency noises. Several integral controllers are already in use, including 

proportional-integral (PI), integral (I), integral-double derivative (IDD), and proportional-integral-derivative 

(PID) [34]. However, in microgrid systems, the PIDD controller is rarely used. An extra derivative controller 

is included with the derivative gain to configure the PIDD controller. The derivative unit improves the system 

steadiness by sinking the transient time and overshoot. Figure 5 shows the structure of a PIDD controller with 

block diagrams. PIDD controller in s-domain can be expressed as [35]: 

𝑃𝐼𝐷𝐷𝑇𝐹 = 𝐾𝑃 +
𝐾𝐼

𝑠
+ 𝐾𝐷𝐷𝑠2.    (16) 

 

𝐾𝑃 , 𝐾𝐼 and 𝐾𝐷𝐷 are the gain parameters of the PIDD controller.  
 

 
 

Figure 5. Structure of PIDD controller. 

 

In an optimization problem, the parameters can be bounded as:  

𝐾𝑃𝑖
𝑚𝑖𝑛 ≤ 𝐾𝑃𝑖 ≤ 𝐾𝑃𝑖

𝑚𝑎𝑥,       (17) 

𝐾𝐼𝑖
𝑚𝑖𝑛 ≤ 𝐾𝐼𝑖 ≤ 𝐾𝐼𝑖

𝑚𝑎𝑥,        (18) 

𝐾𝐷𝐷𝑖
𝑚𝑖𝑛 ≤ 𝐾𝐷𝐷𝑖 ≤ 𝐾𝐷𝐷𝑖

𝑚𝑎𝑥,       (19) 
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where {𝐾𝑃𝑖
𝑚𝑖𝑛, 𝐾𝐼𝑖

𝑚𝑖𝑛, 𝐾𝐷𝐷𝑖
𝑚𝑖𝑛} and {𝐾𝑃𝑖

𝑚𝑎𝑥 , 𝐾𝐼𝑖
𝑚𝑎𝑥 , 𝐾𝐷𝐷𝑖

𝑚𝑎𝑥} are the minimum and maximum allowable limits of 

the gains of PIDD controllers.  
 

 

 

4     hTLO-DE Technique 

    Teaching and learning-based optimization (TLO) [36] and differential evaluation (DE) [37] have been 

used in control applications to fine-tune controllers. Chen et al [38] also proposed a modified form of TLO. 

Local and self-learning approaches were used to improve the exploration capabilities. Together, the features 

of TLO and DE can provide an effective method for computing the global optimal values of the controller 

parameters. By integrating TLO with DE, a better exploration space can be created since TLO already has a 

learning approach. Consequently, a hTLO- DE is a useful tool for determining the global optimal values of 

controllers. The flowchart for the hTLO- DE approach [21] is shown in Figure 6. 

A

Is the updated solution better than the 

previous best?
Accept the new 

modified best

Retain with the 

previous

Randomly Select 3 student vector and find out 

group learning value 

Is the modified solution better than the 

previous best onet?
Accept the 

new modified 

best

Retain with 

the previous

Update the solution

Go to the Verification process of  the 

termination criteria

End

Start

Declaration of maximum  

iteration, population and 

design variables

Generate random 

population of result 

Mean result of all the 

students is calculated

Identify 3 best solutions

Evaluate Xteacher and 

update at modified value

A

Yes No

Yes
No

Yes

No

 
 

Figure 6. Flow-chart of hTLO-DE algorithm. 

The TLO operation is conducted in two steps (i.e., teacher and student phases). During the teacher phase, 

the teacher is regarded the best answer, and each pupil (i.e., every other solution) attempts to improve in 

comparison to the teacher solution. However, this could cause the solution to become stuck by local minima. 

As a result, the DE mutation step is used to reach the instructor solution.  

In TLO's instructor phase, the DE mutation procedure is carried out. Without seeing the best solution, a 

teacher solution Xteacher is assessed by taking three best solutions (i.e.,  Xi, Xm, Xn ) and using the mutation factor 

M as per (20). This aids to circumvent local minima and escort students out of local minima. The situation of 

each student ( 𝑋𝑚𝑜𝑑
𝑖 ) is obtained by association with Xteacher as per (21), where 𝑋𝑚𝑒𝑎𝑛  is the mean of all 

resolutions and 𝑇𝑓
𝑖 is the teacher factor of 𝑖𝑡ℎ iteration. 
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𝑋𝑡𝑒𝑎𝑐ℎ𝑒𝑟 = 𝑋𝑖 + 𝑀(𝑋𝑚 − 𝑋𝑛)     (20) 

𝑋𝑚𝑜𝑑
𝑖 = 𝑋𝑖 + 𝑟𝑎𝑛𝑑(0,1)[𝑋𝑡𝑒𝑎𝑐ℎ𝑒𝑟 − (𝑇𝑓

𝑖 ∗ 𝑋𝑚𝑒𝑎𝑛)]         (21) 

 

In the student/learner phase, students work together to expand their knowledge. Here, each student has the 

opportunity to interact with another student (one-on-one learning) and expand their knowledge. Group learning 

can help improve the effectiveness of the process (i.e., many-to-one learning). In this case, using DE to apply 

mutation would ensure that each student learns from a group of students.  

The mutation process is considered during the learning phase via the mutation factor M according to (22) 

and (23). The use of mutation during the learning phase improves and accelerates the improvement of student 

solutions, leading to faster convergence of the optimization problem. Compared to one-to-one learning, many-

to-one learning (i.e., group learning) is more successful. 

 

𝑋𝐺𝑟𝑜𝑢𝑝 = 𝑋𝑗 + 𝑀(𝑋𝑘 − 𝑋𝑙)     (22) 

𝑋𝑚𝑜𝑑,𝑠𝑡𝑢𝑑𝑒𝑛𝑡
𝑖 = 𝑋𝑖 + 𝑟𝑎𝑛𝑑(0,1)[𝑋𝑖 − 𝑋𝐺𝑟𝑜𝑢𝑝]    (23) 

Here, three students 𝑋𝑘 , 𝑋𝑗  , 𝑋𝑙 are selected such as 𝑋𝑖 not equals to 𝑋𝑘, 𝑋𝑗 or 𝑋𝑙  and, the group learning 

value 𝑋𝐺𝑟𝑜𝑢𝑝 is assessed as (22). Thereafter, the process of group learning is completed by each student 𝑋𝑖 as 

per (23) to generate the value of new position 𝑋𝑚𝑜𝑑.𝑠𝑡𝑢𝑑𝑒𝑛𝑡
𝑖  . Thus, the optimal result is attained with lesser 

number of iterations and execution time. The population size (K) and maximum iteration (Imax) are retained at 

50 and 100, respectively.  A few unconstrained and constrained benchmark functions are used to validate the 

suggested optimization strategy. In addition, the suggested controller and optimization approach is applied to 

a multi-area-multi-source system with step and dynamic load variation ranging from ±20% in the DEG area. 

5      Results and Analysis 

     The DEG-WTG-battery based microgrid model is simulated in Matlab/SIMULINK with step load 

perturbations (SLPs) in all generating units, as illustrated in Figure 1. Responses of different controllers such 

as PI, PID, and PIDD, are evaluated individually while frequency bias (Bi) is held constant at area frequency 

response characteristics. The hTLO-DE approach is used to optimise the controller parameters.  

The optimization process is conducted by minimising the performance index according to (1). The optimum 

limits of different controllers under nominal loading condition are listed in Table 1 where KP, KI, KD and KDD 

are called the of the proportional, integral, derivative and double derivative controller gains.  

The dynamic responses of the system are investigated using the optimum controller parameter values. The 

settling times of DEG frequency deviation (∆F1), WTG frequency deviation (∆F2), energy storage frequency 

deviation (∆F3), DEG-WTG tie line power deviation (∆Ptie1), WTG-battery tie line power deviation (∆Ptie2), 

and DEG-battery tie line power deviation (∆Ptie3), are shown in Figure 7(a)–(f), respectively. When compared 

with PI/PID controller, PIDD controllers show significantly shorter settling period. Furthermore, it is obvious 

that PIDD controllers produce fewer oscillations in frequencies and tie-line powers. Figure 8 displays the 

convergence characteristics of the hTLO-DE approach. It can clearly be seen that the proposed hTLO-DE 

algorithm gives the optimal results with fewer iterations. 
 

Table 1. Gains of controllers for optimal values at nominal loading. 
 

Controller Gains Optimum values 

DEG WTG Battery 

 

 

PIDD 

KP 1 1.3 8.4 

KI 0.1 0.8 0.01 

KDD 0.01 0.05 0.009 

 

PI 

KP 1.2 1.5 6.7 

KI 0.6 0.5 0.013 
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PID 

KP 0.9 1.2 6.3 

KI 0.5 0.05 0.02 

KD 0.02 0.01 0.009 
 

 
(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 
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(f) 

Figure 7. Time responses of (a) ΔF1,  (b) ΔF2, (c) ΔF3 and tie-line power deviations (d)ΔPtie1, (e) ΔPtie2, (f) 

ΔPtie3 for nominal loading condition. 
 

 
 

Figure 8. Convergence characteristics of hybrid hTLO-DE algorithm. 
 

If a control scheme is not robust enough, the controller may not be able to cope with changes in system values.  

 

 

(a) 
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(b) 

Figure 9. Sensitivity analysis with: (a) -20% nominal loading, and (b) +20% nominal loading in the DEG  

area. 

Sensitivity analysis is performed to determine the robustness of the PIDD controller based LFC scheme. 

The computed controller parameters (i.e., KP, KI, KDD) under nominal loading are considered constant for a 

large changes in system loading, i.e., ±20% nominal loading in the DEG area. In Figure 9 ((a)-(b)), the dynamic 

responses of area 1 frequency with normal loading and with ±20% nominal loading in the DEG area are shown. 

It is obvious from a critical examination of the dynamic responses in Figure 9 that, the parameters determined 

at nominal condition do not need to be reset to a wide range of system loading variations.  

6    Conclusion 

    In this paper, a DEG-WTG-battery based microgrid system is modelled in terms of transfer functions to 

study LFC. In order to implement the LFC, PIDD controllers are adopted and an hTLO-DE technique is used 

to compute the controller gain parameters. System responses are investigated. The comparative analysis in 

terms of dynamic responses are performed against the commonly used PI/PID controllers. Furthermore, the 

robustness of the PIDD controller-based LFC scheme is tested with variable loadings. The results reveal that 

the suggested hTLO-DE tuned PIDD controllers are adequately reliable with faster dynamic responses for 

LFC in the renewable energy based microgrid application. 

Appendix: 
 

A. 1. The nominal parameters for the proposed system 

f = 50 Hz, T12 = T13 = T21 = T23= T31 = T32=0.07 s, B1 = B2 = 0.425, R1 = R2 = 2.4, tg1 = tg2 = 0.2 s, tt1 = tt2 = 

0.3 s, c2= 0.12, t1 = tr2 = 20 s, kp1= kp2 =120, tp1 = tp2 = 20 s, TCON = 0.0110 s, KEV = 0.0012, TEV = 0.09 s, 

NEV = 0.1. 
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