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approach (FLA) tuned multistage PID controller for frequency control of an
Handling Editor: M. Hadi Amini islanded MG in the presence of high renewable penetration. The proposed con-
troller is intended for principal parameter tuning of multistage PID controller
under critical operating conditions as mentioned in the objective.

Results: The real-time MG test system is considered to present the simulation
results. The test system is modelled in Matlab/Simulink. The results are carried
out under different operating scenarios and the performances of the proposed
technique are compared with various existing techniques in the literature.
Conclusions: The simulation outcomes divulge that the proposed controller is
more superior in improving the frequency dynamics of the MG (in terms of
settling time, overshoot and error reduction) under various disturbance condi-
tions. Furthermore, the proposed controller is more robust to renewable and
energy storage system uncertainties in MG and less sensitive to MG parametric
variations as compared to other controllers in literature.

List of symbols and abbreviations: BESS, Battery Energy Storage System; DEG, Diesel Engine Generator; ESS, Energy Storage Systems; FC, Fuel
Cell; FESS, Flywheel Energy Storage System; FLA, Fuzzy Logic Approach; GOA, Grasshopper Optimization Algorithm; ITAE, Integral Time
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KgEsss Kress, Gains of BESS and FESS; Kgc, Gain of FC; Kpy, Kwrg, Gains of PV array, WTG; Tggss, Tress, Time constant of BESS,FESS; Tgc, Time
constant of FC; T;, Time constant of the governor; T,, Time constant of transport delay; T5, Time constant of diesel generator; Tpy, Twrg, Time
constant of PV and WTG models; APpgg, Change in DEG output power; APy, Change in load; APgggs, Change in BESS Power; APggss, Change in
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U.s, Uy, Fuzzy outputs; AKp, Change in a proportional gain in PD stage; AKpp, Change in a proportional gain in PI stage; AK;, Change in an Integral
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1 | INTRODUCTION

In the present power system scenario, microgrid (MG) helps in supplying electrical energy to remote places and island
locations where the electrical energy from the main grid is too costly, complicated, and environmentally hazardous. For
such conditions, an MG would be an efficient and reliable solution.! An MG can be operated in two modes, viz,
islanded mode and grid-connected mode. The intermittent nature of RES along with low system inertia of diesel engine
generators (DEGs) makes islanded mode of operation complicated than the grid-connected mode.> Whereas in grid-
connected mode, the initial frequency support is adjusted by the main power system network. Therefore, if any
generation-load imbalance creates large frequency deviations in an islanded MG, which leads to degradation power sys-
tem operation and reliability, sometimes may lead to MG blackout.? For such conditions, load-frequency control (LFC)
is of utmost importance. It operates constantly to maintain a balance between the load demand and the power genera-
tion and tries to restore the frequency to the rated value.*

1.1 | Motivation

In conventional power systems, the LFC task is quite simple because the disturbances are arising from the load side
only. Where, in MG, diversity in generation/load, functional complexity, change of structure (uncertainty), and variable
nature of RES are some key intrinsic characteristics, which make the frequency control quite complex.” The conven-
tional and optimal controllers fail to provide acceptable performance under these circumstances due to its fixed gains of
the system based on predetermined operating conditions.® Therefore, due to rapid change in operating conditions, these
controllers may not provide satisfactory performance in some critical operating scenarios. By accounting the above fac-
tors, frequency control of MG in an islanded operation requires an efficient and intelligent controller.” This paper aims
to provide an efficient frequency control strategy for an autonomous microgrid in secondary frequency control loops.

1.2 | Related works and key gaps

The MG has two structures in secondary frequency control, which are centralized structure and decentralized structure.
For grid-connected mode, the decentralized structure is preferred, whereas for an islanded microgrid, centralized struc-
ture is preferred.® With the centralized structure, several authors proposed various control strategies for LFC of MG.>*°
Serban and Marinescu® proposed Ziegler-Nicholas tuned PI controller for LFC of an autonomous MG, where the gains
of the PI controller are tuned by Ziegler-Nicholas approach. Yang et al'>'" proposed an optimal PI/PID controller for
MG frequency control. Khalghani et al'® proposed self-tuning PID controller, Grover et al*> proposed adaptive control
method, Jeya Veronica and Senthil Kumar'* proposed internal model control (IMC) method, Pahasa and Ngamroo'®
proposed model predictive control method, Shedom et al'® proposed H-co control based robust controller, Shashi and
Soumya'” proposed LMI based robust control approach, and Mi et al'® proposed sliding mode control (SMC) for fre-
quency control of an islanded MG.

However, in practical industrial applications, the PID controller is used mostly due to its reliability, good perfor-
mance, and simple structure with acceptable cost. To meet the operational challenges in MG frequency control, several
authors proposed various intelligent techniques to optimize the PID controller parameters according to MG operating
conditions. In,’*® the authors proposed various swarm-intelligence methods for LFC of MG. Das et al'® proposed
genetic algorithm (GA) based PID controller, Srinivasarathnam et al*® proposed grey wolf optimization (GWO) based
PID controller, El-Fergany and El-Hameed*' proposed social spider optimization (SSO) based PID controller, Shankar
and Mukherjee** proposed harmony search algorithm based PID controller, Ray and Mohanty*® proposed firefly algo-
rithm based PID controller, and Shankar et al** proposed fruit fly algorithm-based PID controller for LFC of
MG. However, most of the performance of the swarm-intelligence techniques relies on their algorithm-specific parame-
ters, and improper selection of these parameters may lead the solution toward the local minima.*® For further
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improvements in frequency control, several authors proposed neural network-based schemes in MG frequency con-
trol.>>*” Bevrani et al*® proposed a generalized artificial neural network (ANN) based model for LEC of an MG. Safari
et al.>’ proposed PSO optimized ANN controller for LFC of an MG. However, a general limitation with these techniques
is that it operates the system as a black box and analyzes it functionally. Moreover, for each problem, it has to be
trained separately, and a large number of tests are performed to define the adequate algorithm architecture. To over-
come these problems, several authors proposed fuzzy logic approach (FLA) based schemes for optimizing PI/PID con-
trollers for frequency control of MG.?*2° Khezri et al*® proposed a robust fuzzy PI controller, where the parameters of
PI controller are optimized with the FLA to obtain robust performance in frequency control. Bevrani et al,*® proposed
an FLC for MG frequency control under diverse operating conditions. From the literature survey, the FLA is proven as
an efficient solution for various problems encountered in MG. Moreover, the FLA approach can handle system nonline-
arities and uncertainties in a better manner even though for continuous change in the system structure. On the other
hand, the limitation of using a classical PID controller is that it is ambitious to find its optimal state. This is only due to
the trade-off between the derivative and integral part. The steady-state error is minimized by the use of the PI control-
ler. The increase in an integral part solves the above limitation but an undesired behavior is observed during the tran-
sient state due to extra integral term in the controller. In the transient state, the presence of an integral term increases
the feedback error by increasing the corrective response, which essentially reduces the stability and speed of the system.
Furthermore, to realize the best performance of PID controller design, trade-off between derivative and integral gain
has become a challenge. To minimize steady-state error, the integral part should increase, thus there is an inclusion of
integral term during the transient state, but the integral term should be present only during steady-state. This limitation
can be eliminated by the use of a multistage PID controller.*

1.3 | Contributions

In this work, the combination of FLA and multistage PID controller is used to design a novel robust controller for LFC
of an islanded MG. Till now, no one has addressed the tuning of multistage PID controller with FLA. To obtain the
inherent merits of both the controllers, in this work, the FLA is utilized to tune the parameters of the multistage PID
controller. In the proposed work, instead of gain scheduling, the gains of controllers are tuned according to operating
conditions. From the literature, to design an efficient LFC controller for modern power systems, the following specifica-
tions have to be met:

S : Efficient against load disturbances

S, : Robust against RES uncertainties

S5 : Less sensitive to MG uncertainties

S, : Constructive and effective in handling ESS uncertainties

Ss : Adaptable and flexible in tuning according to system operating conditions.

To meet all these specifications, the MG is subjected to various operating scenarios, and performance of the MG is
analyzed with the proposed controller. Moreover, the performance of the proposed controller is evaluated by comparing
with various powerful techniques published in the literature.

The key contributions of this paper are:

1. A novel fuzzy tuned multistage PID controller is proposed for LFC analysis of an islanded MG, and its performance
is compared with other popular techniques in the literature like GOA PID, Fuzzy PID, and multistage PID
controllers.

2. A first attempt has been made to optimize the parameters of the multistage PID controller with FLA.

3. The robustness of the proposed controller is tested against RES uncertainties, MG uncertainties, and energy storage
system uncertainties with diverse operating scenarios in a single controller framework.

4. An attempt has been made to meet all the possible specifications of a good LFC as stated in the literature
simultaneously.

1.4 | Organization of the paper

Figure 1 depicts the schematic overview of this research work. The rest of the paper is organized as follows: Section 2
depicts the mathematical modeling of MG test system, Section 3 illustrates the proposed fuzzy tuned multistage PID
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controller, Section 4 demonstrates the frequency response of MG with various controllers subjected to different operat-
ing scenarios, Section 5 deomonstrates the observations from simulation results and finally Section 6 concludes the
overall outcomes in the proposed work.
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2 | MATHEMATICAL MODELING OF THE INVESTIGATED HYBRID
MICROGRID

Figure 2 depicts the schematic model of MG test system with various energy sources.’’ The simplified mathematical
model of the test system under investigation is shown in Figure 3. This system consists of a DEG and fuel cell (FC) with
a control mechanism, load model, the real-time WTG and PV models, and various primary ESSs like FESS and BESS
(In Fig.2 BESS and FESS together shown as Battery).

A comprehensive explanation with regards to each MG component is discussed in the subsequent sections. The sim-
ulation parameters of MG are listed in Table 1.**

From Figure 3, the MG output power balance equation can be expressed as follows:

APwrg + APpy &= APgpss + APppg + APrc & APrpss = AProap. (1)

In MG, the change in frequency deviation due to load and RES output power changes can be expressed as follows:

1

Af = m(APDEG + APwrg + APpy +APFC—APBESS—APFEgs—ﬁAf—APL). (2)

The objective of the controller is to minimize the frequency deviations to a minimum value (ideally zero) by meet-
ing the specifications (S;-Ss) as mentioned in the literature. In the proposed work, DEG and FC will take care of
generation-load balance with the help of the proposed controller.

2.1 | DEGs

Due to the inherent features of DEG, including high efficiency, low maintenance, and fast starting speed, it is a very
good backup option in autonomous MGs. The properly controlled DEG can quickly track the load changes through its

7 AP
- 4 7 = i
Secondary a i Dl.+ STI § e af
Frequency Speed Governing P(I)evj:r
Control Mechanism
AP
KFC FC
I+STFC
KBESS PBESS
1+sT BESS
KFESS APFESS
1+ STFESS
Wind power Kyre APyrg
Pwp_output MEREE Twre
Solar Kpy APpy
FIGURE 3 Mathematical Model of investigated MG faciation il 4
TA B LE .1 Simulation parameters T Value Parameter Value
of microgrid (MG)
M(s) 0.1667 T(s) 2
D(puMW) 0.015 Ts(s) 3
KpEess 15 Tsgss , Tress(s) 0.1
KWTG 1 TFC (S) 4
Kpy 1 Tpy (s) 1.5
T;(s) 0.025 Twrg (S) 2
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power control mechanism. Moreover, the fluctuation of uncontrollable RES and loads can be effectively compensated
by the DEGs.

DEG can be represented by a combination of speed governor and diesel engine, as shown in Figure 4. In Figure 4,
Urand Af represent the LFC control signal for DEG and frequency deviation of MG, respectively. Based on this signal,
the governor adjusts the valve position (4X) to accommodate the load changes (APy).

2.2 | Wind turbine generator (WTG)

Due to the volatile nature of wind speed, the WTG output power changes nonlinearly according to wind speed and the
wind directions. In connection to MPPT limitation and intermittency in RES output power, these RES are not consid-
ered in LFC. In this work, only DEG and FCs can take care of LFC duties. Therefore, the WTG can be modeled as a dis-
turbance and an uncontrolled power source in LFC analysis. Figure 5 shows the mathematical model for the random
wind velocity generation pattern.

In general, the windmill output power can be expressed as follows:

Py =0.5pAV3 C (1) (3)

@ 9

where “V,,” is the wind velocity, “p” is the air density, “A” is the swept area, and C,, is power coefficient, which is a
function of tip speed ratio (1), pitch angle (B), and it can be expressed as follows>>:

25.52 _
Cp(ﬂa}\) = (y -1.1 —0088ﬂ) *xexp 125/}’, (4)

1= et

X+0088 " 1+4p3

R
;\:_(‘),
Vw

where “R” is the radius of the blade and “w” is the angular velocity of the induction generator. In the present work,
GAMESA Company manufactured WTG data are utilized for LFC analysis, and the details and ratings of WTG are
given in Table A2. Based on windmill output power (P,,,) at different wind speeds (Vy), an equation for P,,, is devel-
oped in terms of Vy,.>!

1/R
AX APoag
AU 1 1 T ]AF
Controller—(") ST To+S(T+To)+ O Ws+D
Sciiczp;i”?g?' Speed Governing Diesel FIGURE 4 Mathematical model of diesel engine
Mechanism Power generator (DEG)

Band-Limited 3092

and-Limite: >
White Noise 300s+1

sqrt

| 0.5 I
FIGURE 5 Block diagram model for wind velocity pattern

| WP_base I .
generation
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0.0013VE —0.046V; +0.33V3 +3.68V2 —51V2 +2.33V,, + 366, V esin < Viw < Viared
Pwm = Prated, Vrated < Vw < chlout . (5)

0, > chtout

LFC analysis is related to the small-signal stability analysis, hence change in “P,,,” is needed. It can be obtained by
differentiating Equation (5), which is expressed as follows:

(0.0078V5, —0.23V, + 1.32V3 + 11.04VZ =102V, + 2.33) % AV, Vewsin < Viw < VraredO,
APWP = Vrated < Vw < chtout . (6)

0, >V curour

The transfer function model of the WTG system can be expressed as follows:

APwrc Kwre
TF = = . 7
YTC T APy, 1+ 5Twre @

23 | PVarray

The PV array is the combination of modules in parallel and series, and this combination relies on the desired current
and voltage ratings of the MG. The output power of the PV array is volatile by nature and it depends on solar irradiation
and temperature. The output power of the PV array (Ppy,) can be expressed as follows™*:

Ppy = Pyojar #——# (1 + K, # [T +0.0256 % ¢ + Agp— Tsrc]) (8)
Pstc

APpy, based on the change in irradiation can be computed using Equation (9):

P
APpy = 2T (Ap+KiAp+Tg+ @*ATq +0.0512% @« Ap— Tsrc *Ag)). ©)
Psrc

The first-order model of the PV system can be expressed as follows>*:

TFo = APpy  Kpy
PV A(p 1+ sTpy

(10)
Kpy denotes the gain of the PV array and Tpy indicates the time constant of PV array, including converter time delay
also. The ratings of PV array is available in Table A3.

2.4 | Fuel cells

Conventional LFC regulating units like DEGs are quite sluggish for short-term frequency deviations due to lethargic
time constants involved in DEGs. The unanticipated changes in PV and wind output powers cause short-term transients
in frequency deviations of MG. To conquer these problems, the ESSs have turned a vital part in LFC of MG and one of
the most promising ESS to meet the LFC requirements are FCs. The FCs offer several attracting features, such as full
discharging capabilities, low cost, high energy efficiencies, and relatively easy to maintain compared to other ESSs.>
The transfer function model of FCs for LFC studies can be expressed as follows:
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APpc Krc

TFpe=—-=—"-+.
re Uf 1+STFC

(11)

3 | PROPOSED FUZZY TUNED MULTISTAGE PID CONTROLLER DESIGN

The proposed controller comprises of two stages. One is multistage PID controller and the second one is FLA. A
detailed explanation of each stage is explained in the subsequent sections.

3.1 | Multistage PID controller

Multistage PID (Proportional Integral and Derivative) controller is the series combination of PD and PI controllers. This
controller comprises of PD controller in its first stage and PI controller in the second stage. Error (4f) is the input to the
first stage, which is PD controller. The output of the PD part is considered as the input to the PI part. The final control-
ler output is “Ug” which is the output of the PI controller. To change the controllable sources (DEGs and FCs), refer-
ence power setting is used as the controller output (Uy). The process can be controlled and better performance can be
achieved by the use of three parameters.

The mathematical equation for the classical PID controller can be expressed as follows’:

K
Uf:<KP+KD*S+SI) * Af . (12)

In multistage PID controller, the best features of both controllers—PD and PI controllers—can be used. In the PI con-
troller, the integral term should be present during steady-state and the output is constant to the PD controller. It means that
integral output will be zero during transient, which avoids the limitation of classical PID. This controller has been success-
fully applied to various engineering problems. The multistage PID controller can be executed as shown in Figure 6.

The mathematical model for multistage PID controller can be expressed as follows®’:

K
Uf:(KP+KD*S)(1+KPP+?I) *Af (13)

3.2 | Fuzzy tuned multistage PID controller

Figure 7 shows the structure of the proposed fuzzy tuned multistage PID controller. In the proposed controller, the
parameters of the multistage PID controller are tuned with FLA. The detailed information of FLA is available in the lit-
erature.’®*” The FLA mainly consists of three blocks, viz, fuzzification, inference engine, and defuzzification. Here,
Mamdani type FLA is employed. In the fuzzification process, the inputs (Af, Af ) and outputs of FLA (4Kp, AKp, AKpp,
AK;) are converted into fuzzified variables using five normalized membership functions (MFs), namely LN, MN, Z, MP,
and LP. The MFs for inputs and outputs are shown in Figure 8. Here, triangular MFs are used due to their adaptability
and simplicity in the inference process.

FIGURE 6 Structure of multistage PID controller
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The second part of FLA is the inference engine, which consists of a fuzzy rule base and information about the lin-
guistic variables for required control action. A lookup table is set up to determine the appropriate control action based
on all possible combinations of input variables. The rule base, which maps the inputs and outputs of FLA, is given in
Tables 2-4. There are a total of five membership functions in inputs and outputs of FLA. Therefore, a total of 25 rules
were framed to implement the proposed multistage PID controller for perturbing MG. For example, the 15th rule in
rule base of FLA (from Tables 2-4) can be expressed as follows:

Rule 15: If frequency deviation (Af) is Z and the change in frequency deviation (Af*) is LP then change in
(AKp & AKpp) is LN and change in (AKj) is LP and (AKp) is Z.

Likewise, in the given simulation time, based on Af and Af* conditions with the inference of 25 rules and deciding
factor of each fired rule, overall AKp, AKpp, AK}, and AKj, values are estimated by fuzzy defuzzification. Based on that,
the values of Kp, Kpp, K, and Kp values are adjusted according to Equation (19).

The last and final stage in FLA is defuzzification. In this stage, the aggregated fuzzy singleton outputs are converted
to an equivalent crisp value, which is the required output of FLA. The centroid method of defuzzification is used in this
work. The output of FLA can be expressed as follows>®:
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Af TABLE 2 Fuzzy logic approach
(FLA) rule base for AKp and AKpp
Af LN MN Z MP LP
LN LP LP LP MP Z
ML LP LP MP Z MN
Z LP MP Z MN LN
MP MP Z MN LN LN
LP Z MN LN LN LN
Af TABLE 3 FLA rule base for AK;
Af LN MN Z MP LP
LN LN LN LN NM Z
ML LN LN MN Z MP
Z LN MN Z MP LP
MP MN Z MP LP LP
LP Z PM LP LP LP
Af TABLE 4 FLA rule base for AKp
Af LN MN Z MP LP
LN MP MN LN LN MP
ML MP MN MN MN
Z MN MN MN
MP Z MP MP MP LP
LP LP LP MP MP LP
f
> AQ
j=1
U, U2, Uez, Uy = f—’ (14)
> Q
j=1

where A; represents the total firing area of j rules, ‘f ‘represents the total number of partitions of the fired area, and Q,
represents the center of an area.
From the fuzzy outputs, the change in gains of the multistage PID controller can be written as follows:

AKp =K, Ug (15)
AKp =K,Ug (16)
AK; =K 35U (17)
AKpp =K 4 Ues, (18)
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where K1, K5, Ky;3, and K4 are the scaling factors of FLA output variables. Where K, and K., denotes the scaling fac-
tors of input variables. From Equations (15)-(17), the expression for control action by fuzzy tuned multistage PID con-
troller can be expressed as follows:

K;+AK
Uf:([KP+AKP]+[KD+AKD]*S)* 1+(KPP+AKPP)+¥ , (19)

where “Uy” is the control action fed to DEG and FC for frequency control according to power changes.

4 | RESULTS AND DISCUSSION

In this section, to examine the proposed controller, LFC analysis on Practical MG test system has been performed under
different operating scenarios.*® The test system shown in Figure 3 is simulated in MATLAB 2015 software. Simulation
parameters of the test system are given in Table 1. In this work, to show the effectiveness of the multistage PID control-
ler over normal PID controller, both controller parameters are optimized by using a recently developed grasshopper
optimization algorithm (GOA). The detailed information about GOA to LFC problem is available in.>*® Thereafter, the
performance of the proposed fuzzy tuned multistage PID controller is compared with that of GOA tuned multistage
PID controller, GOA tuned PID controller, and Fuzzy tuned PID controller. To assess the performance of the proposed
controller, the test system is subjected to various disturbances like load, RES output power variations, and various
uncertainties in MG and ESSs. To exhibit the superiority of the proposed controller, time-domain simulations of the
proposed controller and other controllers are compared case by case in each scenario.

4.1 | Scenario 1: performance evaluation of various controllers against step load
disturbances

In this scenario, the load in MG is increased suddenly by 10% and the respective frequency response of MG with various
controllers is depicted in Figure 9. It has been observed that the increase in load demand causes a decrease in frequency
deviation; due to controller action, the frequency deviations attained steady-state value after some time. The quantita-
tive analysis of Figure 9 in terms of overshoots/undershoots and settling times are given in Table 5. The heuristic gains
of the PID controller with various swarm-intelligence methods are given in Table 6.

The objective of the GOA optimized PID and multistage PID controller is to minimize the frequency deviations in MG. To
achieve this, integral time multiplied absolute error (ITAE) criteria is selected as the fitness function. There are a variety of error
functions available in the control system like integral absolute error (IAE) and integral square error (ISE). Among them, an
ITAE criterion is most popular and suitable for frequency control studies.” The ITAE criteria can be expressed as follows:

tsim

ITAE = minimization of J tx|Af]|dt. (20)

Subjected to the optimization of 0< Kp Kpp, K;, Kp<5. Where “t,,” denotes the total simulation time and “t” denotes
the sample at which frequency error is considered.

—Multistage-PID
—Proposed controller]

— 0 N

N

=

> —GOA-PID

$-0.02F Fuzzy-PID -
=

o

[

0.04 " N L " L ) L
0

FIGURE 9 Frequency response of microgrid (MG) against step 5 10 15 20 25 30 35 40

load disturbance Time (seconds)
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TABLE 5 Dynamic response
analysis of various controllers for

Performance indices

Methods PUS (Hz) POS (Hz) T (s) ITAE scenario-1 conditions
GOA-PID —0.038 0.025 17 0.000023

Fuzzy-PID —0.035 0.006 11 0.000017

GOA-multistage PID -0.018 0.0028 7 0.0000048

Proposed controller —0.005 0 4 0.0000016

TABLE 6 Optimized gains of

Optimized gains ]
various controllers

Methods KP KI Kpp KD
GOA-PID 245 1.36 - 2.36
Fuzzy-PID 4.4152 0.4545 = 2.5862
GOA-multistage PID 2.49 1.36 2.2 2.36
Proposed controller 4.4152 0.4542 1.1 1.138
«10™ FIGURE 10 ITAE performance of GOA-PID and GOA-
2 [ N—— - . . . - - . - i multistage PID controllers
x10°
—GOA-PID
w1sfF S —GOA-Multistage PID
£ 49 L\
11438 \ Zoomed view from b
20 40 1 to 50 iterations
0.5k= I I I I I I I I

5 10 15 20 25 30 35 40 45 50
No of iterations

The objective of the fitness function is to minimize the magnitude of frequency deviations in iteration to iteration.
From Figure 10, it is clear that, compared to GOA-PID controller, GOA multistage PID controller obtained a low
ITAE value from the initial iteration itself. This is due to the effective utilization of PID controller in multistage
where an optimal tradeoff between I and D controllers has been obtained. Thus, GOA-multistage PID controller
obtains a better frequency response over GOA-PID controller. Furthermore, with the proposed fuzzy tuned multi-
stage PID controller, the frequency response of MG has been improved significantly over GOA-multistage PID
controller.

4.2 | Scenario 2: performance evaluation of various controllers against multi-step load
disturbances

In this scenario, the load in MG is increased and decreased randomly at different time intervals as shown in
Figure 11A. The MG frequency responses with various controllers at different time intervals are depicted in
Figure 11B. The quantitative analysis of Figure 11B in terms of overshoots/undershoots and settling times are given
in Table 7.

4.3 | Scenario 3: performance evaluation of various controllers against solar power
disturbances (4 Ppy)

In this scenario, only APpy is considered in MG as shown in Figure 12A. The frequency response of MG is depicted in
Figure 12B,C. For a better view of results, in Figure 12B, three controllers are compared and the best controller among
the three (ie, GOA-multistage PID controller) is compared with the proposed controller shown in Figure 12C.

85U8017 SUOWILIOD BAeaID 3|qedjdde aup Aq peuenob afe sejone YO ‘8sN Jo Se|ni Joj Afeiq)T8UlUO A8]1/M UO (SUOIPUOD-PUE-SWLBI WO A8 | 1M AlRIq 1 BU1 UO//SANY) SUORIPUOD PUe S | 841 885 *[6Z02/TT/82] Uo ARiqiTaulluO AB|1M *JO @Imiisu| euolieN Ad 2921 '880.-0502/200T 0T/I0P/W00 A8 | 1M Aeiq |l uoy/:Sdny wouy pepeojumod ‘ZT ‘0202 ‘8E020S02



ANNAMRAJU ano NANDIRAJU WI L EY 13 of 19

FIGURE 11 A, Multi-step load disturbances. B, Frequency
response of MG against multi-step load disturbance
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TABLE 7 Dynamic response analysis of various controllers for scenario-1 conditions

Disturbance at various GOA-PID Fuzzy-PID GOA multistage Proposed controller
instances PUS POS T, PUS POS T, PUS POS T, PUS POS T,
Att=20s ~0.0035 0.0009 18 —0.0023 00003 12 —0.0014 00001 7  —0.0003 0.00005 4
Att=60s -0.0038 0001 20 -0.0031 00003 10 -0.0015 0.00015 8  —0.0004 0.00006 5
Att=380s ~0.0005 00018 17 —0.0017 00002 9 —0.0007 O 7 —0.0002 0 4
Att=150s -0.0005 0.0019 12 -0.0002 00016 10 -0.0001 00007 7 0 0.0002 5
Att=200s ~0.0028 0.001 16 —0.0003 00025 11 —0.0002 00009 6 0 0.0001 4
Att=300s -0.0006 0.0022 18 -0.0002 0002 9 -0.0001 00008 6 O 0.0002 4
Att=330s —0.0003 00001 11 -0.0001 0001 8 O 0.0004 6 0 0.0011 4
Att=360s -0.0003 0.0001 13 -00001 0001 8 O 00094 6 0 0.001 4
ITAE 0.0029049 0.0097365 0.00168 0.000596

44 | Scenario 4: performance evaluation of various controllers against wind power

disturbances

In this scenario, only wind power disturbances (APyr¢) are considered in MG as shown in Figure 13A. The MG fre-
quency response is depicted in Figure 13B,C.

4.5 | Scenario 5: performance evaluation of various controllers against multiple
disturbances

In this scenario, all the possible disturbances in MG (ie, APy, APwrg, and APpy) are considered simultaneously as
shown in Figure 14A. The MG frequency response is depicted in Figure 14B,C.

From Figure 14B,C, it can be noticed that the MG experiences better frequency response with proposed control-
ler as compared to other controllers in the literature. The performance evaluation of various controllers in terms of
various specifications like PUS/POS and ITAE is depicted in Table 8. From quantitative analysis, the proposed
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(A) FIGURE 12 A, PV power variations. B, Frequency response of
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controller reduces the PUS, POS, and ITAE value by 30%, 40%, and 37.26%, respectively, compared to the next best
controller.

4.6 | Scenario 6: sensitivity analysis of various controllers against variation in MG
internal parameters

In this scenario, besides scenario 5 conditions, the following uncertainties as depicted in Table 9 are considered in the
MG LFC performance evaluation. From Figure 15, it can be concluded that the proposed controller exhibits more or
less the same performance as scenario 5 conditions.

From Table 10, the proposed controller is less sensitive to multiple disturbances and parametric uncertainties com-
pared to other three controllers. However, GOA-optimized multistage PID controller provides better dynamic response
and less sensitive while compared to GOA-PID controller and Fuzzy PID controller.

4.7 | Scenario 7: robustness of the various controllers against ESS uncertainties

In this scenario, the level of robustness of the various controllers are examined through disconnection of various
ESSs, viz, FC and BESS from MG at t = 100 seconds. The operating conditions are similar to scenario 5 conditions.
Figure 16 depicts the frequency response of MG with various controllers corresponding to ESSs disconnection. As
can be seen from Figure 16, the frequency responses of MG, exhibited by the proposed controller, corresponding
to ESSs disconnection, are within the range and almost similar to disconnected and normal operation modes. This
scenario justifies the robustness of the proposed controller against multi-disturbances and ESS uncer-
tainties of MG.
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FIGURE 13 A, Wind power variations. B, Frequency response
of MG (with GOA-PID, Fuzzy-PID, and GOA-multistage PID
controllers)

FIGURE 14 A, Multipower disturbances. B, Frequency
response of MG (with GOA-PID, Fuzzy-PID, and GOA-multistage
PID controllers). C, Frequency response of MG (with GOA-
multistage PID and proposed controllers)
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5 |

OBSERVATIONS FROM RESULTS

ITAE
0.001127
0.00913
0.0003091
0.0001152

Percentage variation
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TABLE 8 Dynamic response
analysis of MG with scenario 5
conditions

TABLE 9 Parametric uncertainties
in MG

FIGURE 15 A, MG frequency response (with GOA-PID,
Fuzzy-PID, and GOA-multistage PID controllers). B, Frequency

response of MG (with GOA-multistage PID and proposed

controllers)

ITAE
0.0015778
0.0010823
0.0004216
0.000135492

TABLE 10 Dynamic response
analysis of MG with scenario 5
conditions

Diversity in generation/load, functional complexity, change of structure (uncertainty), and variable nature of
RES are some key intrinsic characteristics of islanded MG. These characteristics along with ESS uncertainties
and load changes introduce large frequency excursions in MG. The GOA and Fuzzy PID controllers are
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underperformed in certain operating scenarios. The GOA optimized multistage PID controller experiences bet-
ter frequency response against these operating scenarios over the aforementioned controllers. However, the
limitations encountered by the GOA multistage PID controller is overcome by the proposed fuzzy tuned multi-
stage PID controller and met the all possible specifications of LFC simultaneously. Moreover, the proposed
controller exhibits a better dynamic performance in terms of PUS/POS, settling times, and ITAE value. Fur-
thermore, the proposed controller is robust against RES, MG, and ESS uncertainties. The above characteristics
demonstrate that the proposed controller is a suitable option for LFC problems in MG and modern power
grids.

6 | CONCLUSION

Fine-tuning of the multistage PID controller to improve the frequency dynamics of an autonomous microgrid has been
proposed. The FLA has been applied to generate optimal settings of multistage PID controller. Load perturbations, daily
sun irradiations and nature of wind speed variability, ESS, and parametric uncertainties have been considered to show
their impact on frequency control. The simulation results and quantitative analysis proved that the proposed controller
is promising in dynamic response improvement in terms of fast settling times, less over/undershoots, and low ITAE
value. Besides that, the proposed controller is more stubborn to internal MG and ESS uncertainties in addition to RES
intermittencies compared to well-established Fuzzy PID, GOA PID, and multistage PID controller, which signify the
value of the proposed controller. This study can be further extended by considering communication delays in the LFC
analysis, PV, and wind power participation in secondary frequency control by limiting the role of energy storage sys-
tems with the aid of the proposed controller.
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A. APPENDIX

A.l1. GOA data
Population size = 100; attractive length scale (I) = 1.5; adaptation factor (c) = [0.0001-4]; attraction factor (f) = 0.5; no
of iterations = 50.

A.2. WTG data

TABLE A2 Gamesa Company WTG data

Various specifications of WTG

Power specifications Rotor specifications Generator specifications

Rated output power: 850 kW Rated diameter: 22 m Type: Squirrel cage induction generator

Cut-in wind speed: 4.0 m/s Swept area: 2124.0 m* Voltage: 690 V

Cut-out wind speed: 25.0 m/s Number of blades: 2 Frequency: 50/60 Hz

Rated wind speed: 16.0 m/s Tip speed: 90 m/s Maximum generator output speed: 1900 RPM
A.3. PV data

TABLE A3 Kyocera Company PV
module data (KC200GT Model)

Electrical performance at STC:1000 w/m? and temperature 25°C

Rated output power: 200kw Open circuit voltage (V,.): 38.6 V
Maximum power voltage: 26.3 V Short circuit current (I.) = 8.21 A
Maximum power current: 7.61 A Number of cells per module: 54

Maximum system voltage:600 V
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