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ABSTRACT One of the challenging issues in a hybrid power system (HPS) is to provide a stable power
supply with minimum frequency deviation, which can be accomplished by ensuring a coordinated operation
among intermittent type distributed generators (DGs). In this study, the coordinated operation of a tidal
turbine generator (TTG) (an emerging and less explored DG), diesel engine generator (DEG) and plug-in
hybrid electric vehicles (PHEVs) based an autonomous HPS (a less explored HPS of this kind) for load
frequency control (LFC) is investigated. The coordinated operation of different control loops such as the
blade pitch control loop of TTG, supplementary control loop of DEG, and power control loop of PHEVs
are realized through the maiden application of the proposed quasi-oppositional harmony search algorithm
(QOHSA) based model predictive control (MPC) strategy. To establish the superiority of the proposed
QOHSA tuned MPC method in mitigating frequency deviation following disturbance, its performance is
compared with that of the coordinated performance obtained using QOHSA tuned conventional controllers
and other existing optimization algorithms. The results conclude that the suggested method can significantly
reduce frequency fluctuation under different load disturbances. The proposed method can handle different
variances of the disturbance signals or noise entering the system as well as the model mismatch.

INDEX TERMS Hybrid power system, load frequency control, model predictive control, quasi-oppositional
harmony search algorithm, tidal turbine generator.

I. INTRODUCTION

In a hybrid power system (HPS), load demand, as well as
the power generated from distributed generators (DGs), are
dynamic, and thus, the control of DGs is required for relia-
bility enhancement and to reduce the operational cost of the
power system [1]. A HPS either operates in an isolated or
interconnected mode with the power grid. The benefits of
DGs (which is a small and modular type power generation
systems located near the consumer site) include reduction of
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standby generating units in the system, improved flexibility
in locating new power plants, and high-quality service to
the consumers. The penetration of renewable source-based
DGs into existing power systems has been increasing, espe-
cially, because of the ample availability of renewable energy
sources and their low impact on the environment. However,
the presence of uncontrolled/intermittent type DGs such as
wind turbine generator (WTG) or tidal turbine generator
(TTG) in an HPS may cause a significant frequency fluctu-
ation issues [2], [3]. In addition, system parameters such as
inertia constant and damping ratio are also affected, which
further deteriorates the overall system stability [4]. To resolve
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the frequency and stability issues, efficient control strategies
need to be formulated for HPS model [5], [6].

Intermittent units like WTGs and TTGs usually operate
at the maximum power point (MPP), hence, they cannot
contribute to alleviating generation-load imbalance. Thus,
intermittent units are exclusive to the load frequency control
(LFC) services provided by the utilities following any system
events. As per the recent grid code requirements, participation
of these units in the frequency regulation process has now
become imperative and inevitable to ensure stability. This
mandates the formulation of distinct control strategies for
intermittent units and in this regard, some attempts have been
made by researchers around the globe. In [7], particle swarm
optimization (PSO) algorithm-based tuned blade pitch angle
control has been implemented on deloaded WTG (which
refers to shifting of the operating point of WTG from MPP
to a reduced power level) to control power output at steady-
state. Authors in [8] have investigated generalized predictive
control oriented blade pitch angle control of WTG to achieve
stable operation under a rapid change in wind speed. How-
ever, regulating the blade pitch angle alone is not always
sufficient to deliver constant power output to the consumers.
Moreover, frequent adjustment of the blade pitch angle of
WTG through the pitch angle control may increase wear and
tear [9]. As a solution to the above conundrum, researchers
emphasized a hybrid combination of WTG and conventional
power generator such as diesel engine generator (DEG) to
supply steady power output to the consumers. Coordinated
control of WTG and DEG may efficiently reduce frequency
deviation and bolster WTG to create a power reserve margin
to respond to any load disturbance [9]. Vidyanandan and Sen-
roy [10] have examined the response of WTG in the presence
of DEG to curb the frequency deviation in an HPS. In [11],
a quasi-oppositional harmony search algorithm (QOHSA)
based the optimal LFC of an isolated HPS comprising WTG
and DEG is discussed.

Compared to WTG and DEG in HPS, plug-in hybrid elec-
tric vehicles (PHEVs) provide a swift response to minimize
the frequency deviation following any disturbance in the
system. The high-performance attributes and bi-directional
charging and discharging capability make it popular in HPS
to curb undesirable frequency deviation [12], [13]. PHEVs
may be used on the consumer side due to low-cost charging
and contribution to reducing greenhouse gas emissions. In the
past, to get an optimum frequency regulation, studies on
the effect of the presence of PHEVs equipped with various
control topologies realized using robust proportional-integral
(PI)s controller have been carried out [4]. Further, research
concludes that the coordinated control of PHEVs with other
generating units may efficiently improve the frequency reg-
ulation task. In [4], the coordinated control of PHEVs, DGs
and conventional power generator is used to check frequency
deviation in the HPS.

TTG is emerging as a new form of DG and has a huge
potential like WTG in bridging the gap between electri-
cal energy demand and generation without harming the
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environment. The operation of TTG is similar to that of
WTG [14]. However, its operational aspect and participation
in various ancillary services provided by the utilities need to
be further explored. Particularly, the literature survey reveals
that only meager studies focus on the LFC performance of
TTG-assisted HPS. The impact of TTG on power system
operation is discussed [15]. Authors in [14] investigated the
dynamic behavior of a pitch-regulated TTG. QOHSA-based
LFC of HPS (in which the power output of deloaded TTG is
controlled by blade pitch angle) is presented [16]. In [16],
the authors have also showcased that the QOHSA tuned
conventional controllers yields encouraging results in com-
parison to other algorithms such as PSO, genetic algorithm
(GA) and teaching learning-based optimization (TLBO) tech-
nique. In most cases, LFC is achieved based on conventional
controllers (like PI, proportional integral derivative (PID)
controller, etc.) and tuning of these controller’s parameters
is carried out using a heuristic approach [17]. Even in the
presence of a tuned PID controller, degraded performance of
LFC may be observed due to the poor handling of system con-
straints and uncertainties introduced by these controllers [18].
To overcome the aforementioned challenges of conventional
controllers, researchers are attracted towards non-traditional
types of control methods such as model predictive control
(MPC) due to its fast response, robustness, stability against
parameter variations, and ease of handling uncertainties and
constraints. The main advantages of MPC over conventional
controllers are its ability to handle multi-variable systems
accurately and to yield controlled frequency variation [19].
In [20], the fundamentals of the MPC method are detailed.
In [21], blade pitch angle control of WTG using MPC for LFC
is discussed. To enhance the damping of systems, optimal
design of LFC using bat optimization algorithm tuned MPC
is studied [22].

The literature survey reveals that the performance anal-
ysis of LFC of different TTG-assisted HPS models (com-
prising other types of DGs and conventional units) is less
explored, which is one of the scopes of the present study.
Owing to the limitations of conventional controllers, MPC
is used for stabilizing frequency following a perturbation in
the studied system. Nevertheless, proper tuning of MPC is
of the utmost to exploit its potential. Therefore, a powerful,
simple, and competitive QOHSA (a less explored algorithm
in terms of solving power systems’ issues) is employed
to tune MPC. It has been observed from the past studies,
many researchers attempted to give the improved version of
the various existing algorithms employing opposition-based
learning in population initialization [23], [24], [25], which
has offered better results than their basic version. Further to
the above, quasi-opposition-based learning has offered even
further improved results over the opposition-based learn-
ing [26]. Thus, QOHSA is an improved version to both
opposition-based learning and its first version [27]. It avoids
trapping into local minima and offers quick convergence to
near-optimal solutions [23]. The contributions of the present
work are given below:
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FIGURE 1. Single-area HPS model.

(a) Time-domain performance investigation of LFC of
studied single-and two-area HPS models comprising of
less explored combination formed using TTG, DEG,
PHEVs, and conventional units are carried out.

The optimal LFC performance is achieved using MPC,
whose best design is accomplished utilizing QOHSA.
The efficacy of QOHSA in tuning MPC is compared
with other existing optimization algorithms.

A comparative study on the performance of QOHSA
tuned MPC and conventional controllers in regulating
frequency is presented. The effect of model mismatch
and noise on LFC performance is also investigated.
The investigation is further extended to a two-area
multi-machine HPS model.

(b)

()

(d)

This research study is organized into five sections.
In Section 2, system modeling detail is presented. The pro-
posed control method and mathematical problem formulation
are briefed in Section 3. In Section 4, time domain-based
simulation results are presented, and the study is summarized
and concluded in Section 5.

Il. STUDY SYSTEM MODELING

This section presents descriptions of TTG, DEG, and PHEVs
as well as studied HPS models (see Fig. 1). Transfer function
models of different DGs and HPS models are presented in the
following subsections.

A. HPS MODELS
In the present work, a single-area HPS model comprising
of five TTGs, one DEG, and PHEVs is considered and its
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linearized model is shown in Fig. 1 [16], [29]. In the studied
HPS, each TTG of 1 MW capacity [15] and DEG of 5 MW
capacity [10] are considered. PHEVs of 5 MW capacity (the
total number of PHEVs are taken as 1000 with each having
a capacity of 5 kW) are adopted for the simulation work [4].
In this system, the MPC approach is used for blade pitch angle
control of TTGs, supplementary controller of DEG and power
controller of PHEVs. Based on single-area HPS, a two-area
HPS model is developed.

B. TTG SYSTEM

Block diagram of deloaded TTG with inertia, damping and
supplementary controls are presented in Fig. 1. Mechanical
power output (P;) of TTG is calculated by (1)

P = 0.50,A,V;} Cpy (1)

where, p; refers to the density of water (in kg/m3), A; indi-
cates swept-area by the turbine blades (in m?), V; is the tidal
speed (in m/sec) and Cpy is the coefficient of performance. y
is the tip speed ratio and j is the blade pitch angle. Cp,, and y
are expressed by (2) and (3), respectively [15]

c < cie ciey 5 )
= — —cic3B —cyc
pt Y Tcf B+l 1€3 1C4
—c5 csc7
X ex + 2
p<y+c6ﬁ ﬁ3+1> @
Y = wR/V; 3)
where, R; and w are the radius (in m) and the rotational
speed (in rad/sec) of the blades, respectively. c; — c7 are
109313
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the constant parameters taken from the work of [15], [16],
[29], whose details are mentioned in the Appendix Section.
Characteristics curves of Cp, versus y at different values of
and Cp, versus w at varying values of V; are portrayed in
Fig. 2(a) and Fig. 2(b), respectively. The tidal power variation
(AP;) of TTG can be expressed by (4)

AP; = AV,g—]‘Z+Aw%+Aﬂaa—II;’ 4
where power output deviations dP;/dV;, 0P;/dw, and
dP; /9B with respect to variation in tidal speed, turbine rotor
speed, and blade pitch angle, respectively. The expression of
oP,/dV,, 0P;/dw and 0P, /0B may be expressed by (5)-(9)

oP;

2
8_‘/t = ].S,OZA[Vt Cp[ (5)
JdP, 0C, 0
& 05pA, V3LV (6)
w dy dw
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The parameters of TTG like turbine constant (77) and iner-
tia (Mys) are calculated based on [15], [29] (see Appendix
C), while blade-pitch time constant (7) is taken from [15].
Frequency-dependent power output (APjps) of TTG (see
Fig. 1) depends on inertia, damping and supplementary con-
trols (here referred to as IDS control) having gain represen-
tation as M, D, and K, respectively. IDS control is realized
using a PID controller. In this paper, the value of M, D, and
K, are taken as constant [16]. The power output variation of
TTG (APr76) is regulated by pitch angle control and it may
cause power output to vary between the operating point at
deloading to MPP. Pitch angle control is realized using the
proposed method.

C. DEG SYSTEM

DEG contains two controllers (i.e., droop controller and
supplementary controller) as shown in Fig. 1 [10]. Droop
controller is also known as the primary control (i.e., used
for quick action to a sudden change of load demand but fails
to make frequency deviation to zero) and may be expressed
as a proportional controller with a gain of 1/Rp. The sup-
plementary controller offset the steady-state error to zero.
It acts more slowly than the primary control. In this work,
the supplementary controller of DEG is realized using the
proposed MPC.

D. PHEVs SYSTEM

The first-order transfer function of the PHEV model with the
time delay (7)) is showcased in Fig. 1 [4]. The PHEV power
output is the bi-directional charging and discharging from
grid to vehicle and vehicle to grid (V2G), respectively. The
change in PHEV power output (APpygy ) of V2G is regulated
based on the control signal (i) of the controller. The power
output deviation of PHEV is expressed by (10) (see Fig. 2(c))

Auyp, IAuph| < APpax
APpypy = APyax, AMph > APy (10)
—APygx, Auph > — APy

where P,y 1s the maximum power output of PHEV.
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lll. MPC DESIGN

In this section, details on the studied MPC and its application
for blade pitch angle control of TTG, supplementary control
of DEG and power output control of PHEV are presented.

A. MPC METHOD

MPC employs a receding horizon concept in establishing a
control sequence in order to assure closed-loop stability. MPC
has two basic units, one is the prediction unit and the other one
is the controller unit as shown in Fig. 3 [22]. MPC is based
on explicit use of a prediction model of the system response
to obtain the control actions by minimizing the objective
function. Optimization objectives include minimization of the
difference between the predicted and reference responses,
and the control effort subjected to prescribed constraints (i.e.
the optimization is subject to constraints on both manipulated
and controlled variables and it is used to calculate the best set
of future control action). In MPC, the control signal moves
in such a way that the predicted output changes as per the
reference point in an optimal manner. The MPC has the
blend of both feed-forward and the feedback control fea-
tures. The first one rejects most of the measured/unmeasured
disturbances before affecting the system, while the second
rejects the remainder disturbances. In this study, based on
Fig. 3, three model predictive controllers are designed (see
Fig. 1) indicated as MPC-1, MPC-2, and MPC-3 for DEG
unit, PHEV unit and blade pitch control, respectively. Inputs
to these MPCs are either the change in system frequency or
speed of TTG turbine, which after being processed initiate
the control actions to the respective blocks through controls
referred as Aupgg, Aupggy, and Aug.

A tractable MPC strategy must satisfy the constraints on
the state of the system in the presence of uncertainty and
control the plant optimally with respect to the performance
index. The state of the system must be kept within the feasible
set as much as possible. In this proposed work, tractable MPC
strategy is implemented using the receding horizon principle.

MPC is designed as a discrete state-space model and,
hence, the sampling period (7) is considered. At instant k,
manipulated inputs may calculate a set of M (i.e., control
horizon) values of input as u(k+j—1)(where,j =1,2,...,M).
Manipulated inputs are held constant between M and P (i.e.,
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prediction horizon) values so that the predicted output reaches
the reference point. MPC solves an optimization problem for
finite future time steps at the current time. The finite impulse
response of the system may be expressed by (11) [20]

ym+1) =y(M)+AZ§/u(m—j) Y
j=0

where y(m) is the manipulated output vector at time instance
m, n is the number of impulse response coefficients, A is the
interaction matrix, and §; is the coefficient number. §; may be
expressed by (12)

8; = hjs1 — hj (12)

where h; is the scalar value such that 7;A is the jth impulse
response coefficient matrix. To compute, the generalized
MPC is defined by (13) [21]

M
min > 200n+ i) = rn -+ ) RO+ = ron + 1)
i=1

+ (w(m) — u(m — 1)" Qu(m) — u(m — 1))~ (13)

where r(m + i) is the reference trajectory, R and Q are the
weighting factors. The state variable at the sampling instant
m +1 for the state-space model with 75 may be expressed as

x(m + 1) = Ax(m) + Bu(m) + Byd(m)
y(m) = Cx(m) (14)

with the constraints given in (15)

Umin(M) < u(m) < wpax(m)
Ymin(m) < y(m) < Yiax(m) (15)

where B, By, and C are the coefficient matrices of appropriate
dimensions. The values of set points, measured disturbances,
and constraints are stated over a finite horizon of future
sampling instants i.e. m + 1, m 4+ 2, ..., m + P along with
controller computes M movesi.e.m,m+1,...,m+ M-1.

The proposed design is carried out employing the MPC
toolbox of MATLAB software. It is to be noted that the
choice of the sampling period (7), prediction horizon (P)
and control horizon (M) are crucial to obtain a better perfor-
mance of the MPC, hence, these parameters are optimized by
employing the studied QOHSA.

B. BLADE PITCH ANGLE CONTROL OF TTG USING MPC
The MPC-based blade pitch angle control of TTG is realized
(see Fig. 1) for smooth tidal power output. The inputs used
for the suggested MPC are change in rotor speed (Aw) and
change in reference point (Aw,s) for generating manipulated
control signal. The power output of TTG using MPC is
expressed by (16)

n
APrrg(m + 1) = APr7(m) + Arrg Y 8jAug(m —j) (16)
j=0
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where APrrg(m) and Aug(m) are the deviations in power
output of TTG and the manipulated input vector of blade pitch
angle at instant m, respectively. Arrg is the interaction matrix
of TTG. The constraints of TTG are given in (17).

OO
dug
dt

Since TTG system is represented by a linear mathematical
model, the value of A7rg is considered as 1.

IA

ug = 90°

IA

8°/ sec (17)

C. SUPPLEMENTARY CONTROL OF DEG USING MPC
Supplementary controller of DEG realized using MPC is

displayed in Fig. 1. The state-space model of the DEG can
be expressed by (18)-(19)

5 | APg -1/T, 0  —1/(T\Rp)
o APpp | = | /T —1/T» 0
Af 0 1/M, —D,/M,
APg) 1/T
x | APpgg | + 0 Aupgg
Af 0
(18)
APy
Ay=1[001]| APpgc | + [0] Aupeg
Af
(19)

where APpgg is the change in controlled power output,
Aupgg is the output signal deviation of MPC, T and T, are
the time constants of governor and turbine, respectively, Af is
the frequency deviation, M, and D, are the equivalent inertia
and damping coefficients of the studied system, respectively.
The MPC used for DEG power output regulation is stated as

n
APprG(m + 1) = APppc(m) + Apec Y 0jAupec(m — j)

j=0
(20)
where Apgg = [-1/Tv 0 — 1/(TiRp); 1/T» —
1/T, 0;0 1/M, —D.,/M,]and APpgg(m) are the inter-

action matrix and the deviation in power output of DEG at
instant m, respectively.

D. ACTIVE POWER OUTPUT CONTROL OF PHEV USING
MPC

Power output control of PHEV using MPC is shown in Fig. 1.
Referring closed loop structure of PHEV in Fig. 1, the transfer
function of different blocks and related differential equations
can be written as per (21)-(24)

AP 1
PHEV _ 21
Aupygy 1+ 5Ty,
il Aupgpy  APppgpy
—(APpygy) = - (22)
at Tyn Ton
A —1
f = (23)
APprgpy  Mes + De

109316

0 APpupy DeAf

—(Af) = — — 24
o (Af) M, M, (24)
From (22) and (24), the state-space model of PHEV is defined
by (25) and (26) [4], [21].

K3 [APPHEV:| _ [_I/Tph 0 :| |:APPHEv:|
Af N _I/Me _De/Me Af

ot
1/T,
+ [ /Op h} Aupgey (25)

Ay=[01] [APK?EV] +[0] Aupyry
(26)

This state-space model of the PHEV is used for MPC
calculations and it may be calculated as

n
APppgy(m+ 1) = APppgy(m) + Apn Y tjAuprgy (m — j)
Jj=0
27

where APpygpy(m) and Ap, = [—-1/Tpp 0; —1/M. —
D./M,] are the power output deviation and the interaction
matrix of PHEV at instant m, respectively.

E. TUNNING THE PARAMETERS OF MPCs

The values of the T, P, and M of MPCs associated with TTG,
DEG and PHEVs are simultaneously tuned by QOHSA. The
pseudo-code of the QOHSA is mentioned in [29]. In the
present work, integral square error (ISE) is chosen as the
objective function (referred to as the figure of demerit (FOD))
and is mathematically expressed by (28)

FOD = }(Af)zdt (28)
0

where ¢ is the simulation time (in sec). Performance indices
like integral absolute error (IAE), integral time absolute error
(ITAE) and integral time square error (ITSE) are also eval-
uated to verify the effectiveness of the proposed method
further. In [16], more details of TAE, ITAE and ITSE are
presented.

IV. SIMULATION RESULTS AND DISCUSSIONS

The optimal performance of the LFC of the studied single-
and two-area HPS models (see Fig. 1 and Fig. 4) are examined
using the proposed QOHSA tuned MPC through the time
domain simulations in MATLABR. The studied models are
developed using the SIMULINK toolbox, while the codes
for QOHSA and other algorithms such as PSO, TLBO and
GA are written in m file. Performance analysis of QOHSA
tuned MPC-based LFC of the studied models are highlighted
as different scenarios. Values of associated parameters of the
investigated system are given in Appendix.

A. SCENARIO 1: QOHSA TUNED MPC-BASED LFC
PERFORMANCE IN SINGLE-AREA HPS

In this scenario, a single-area HPS model comprising TTG,
DEG, and PHEYV is considered for the performance analysis

VOLUME 10, 2022
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TABLE 1. Best chosen parameters of QOHSA and MPC (Scenario 1).

Technique  Value

QOHSA HMS = 60, HMCR = 0.4, J= 0.4, PAR™" = 0.45, PAR"™ =
0.98, BW"™" = 0.00005, BW"* = 50

GA crossover probability (p.) = 0.75, mutation probability (py)
=0.01

PSO Inertial weight (Wpso) = 0.6298, acceleration constants ¢; =
1 and ¢, = 1.3962

TLBO teaching factor (#f) =2

MPC weights on manipulated variables (Q) = 1/, weights on

manipulated variables rates
variables (R) = 1/

0.1, weights on output

of MPC-based LFC. In this model, TTGs are operated at a
tidal speed of 2.4 m/sec with an initial blade pitch angle of 3°
representing 15 % deloaded operation (represented by x
0.15 (see Fig. 1)). The system under consideration is in p.u.
with base power considered as 5 MW. Four different analyses
are carried out in this scenario including (a) to prove the
tuning efficiency of adopted QOHSA, (b) to prove superior
performance of QOHSA tuned MPC, (c) to analyze the LFC
performance employing QOHSA tuned MPC with increased
load demands, and (d) to examine impact of model mismatch
and noise on LFC performance.

1) PERFORMANCE ANALYSIS OF QOHSA TUNED MPC

The studied model is subjected to 1% step load perturbation
(SLP) (APp) i.e., 0.05 MW at + = 2 sec. The best values
of the parameters associated with QOHSA, PSO, TLBO, and
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|
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load |
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|

area-2

TABLE 2. Optimized parameters of the QOHSA, PSO, GA and TLBO tuned
MPC with its constraint limit (Scenario 1).

Parameter ~ gomin ke Algorithms used for MPC Tuning
mi
QOHSA GA PSO TLBO
M 1 5 2 2 2 3
P 5 15 14 10 9 10
T, 0.01 1 0.0296 0.0411 0.0418 0.0321

GA are presented in Table 1. QOHSA, PSO, TLBO, and GA
are used one by one to tune the parameters associated with
MPC (i.e., M, P and T;) for getting the optimal performance
of the LFC loop which are presented in Table 2. In Table 2,
Kn’ff” and K" are the minimum and the maximum range of
the parameters associated with MPC. The comparative tran-
sient response of frequency deviation (Af) and convergence
profiles obtained under QOHSA, PSO, TLBO, and GA tuned
MPC is presented in Fig. 5. It can be inferred from Fig. 5 that
the QOHSA tuned MPC gives better frequency regulation and
the minimum FOD values than the other counterparts. Hence,
for the rest of the study, QOHSA will be adopted.

2) COMPARATIVE PERFORMANCE ANALYSIS OF QOHSA
TUNED MPC AND PID CONTROLLER

In this section, the superiority of the proposed QOHSA tuned
MPC is established. The results obtained utilizing QOHSA
tuned MPC is compared with that of QOHSA tuned PID
controller. The optimally designed controller parameters of
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TABLE 3. Optimized parameters of QOHSA tuned PID controller
(Scenariol).
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Controller’s Controller application

parameters Blade pitch DEG PHEV
Kp 2.79 16.20 5.93
K, 0.01 5.20 10.39
K 15.74 5.80 5.51

the QOHSA tuned PID controller are taken from Table 3.
The comparative response profiles of frequency deviation
and convergence curve of FOD are plotted in Fig. 6(a) and
Fig. 6(b), respectively. From the simulated results (refer to
Fig. 6), it can be inferred that the maximum frequency devi-
ation and value of convergence curve obtained are the lowest
for the proposed method in comparison to QOHSA tuned PID
controllers. Frequency deviation with the proposed method
is better in terms of peak overshoot, undershoot and settling
time as shown in Fig 6(a). The value of FOD and other
performance indices (considered as ITSE, IAE and ITAE)
are presented in Table 4 and it is observed that the obtained
value of FOD and performance indices are the minimum with
the proposed method. From Fig. 6 and Table 4, it may be
concluded that the performance of the proposed method is the
best. Based on the above results, for further studies, QOHSA
tuned MPC will be utilized.

3) PERFORMANCE ANALYSIS OF LFC EMPLOYING QOHSA
TUNED MPC WITH INCREASED LOAD DEMANDS

In this scenario, different steps of load demand are applied
att = 2 sec and the optimally designed proposed controller
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Number of iterations
(b) Convergence profiles of FOD values

FIGURE 6. Scenario 1: Comparative profiles obtained under the action of
QOHSA-PID and QOHSA-MPC.

TABLE 4. FOD values and performance indices obtained for the studied
single-area HPS with 1% SLP (Scenario 1).

Studied FOD Performance indices

topology (x10%) ITSE (x10®) _ TAE (x10%) ITAE
QOHSA-PID 2.4520  7.2761 3.0277 0.0014
QOHSA-MPC  1.5037  2.6027 1.4788 0.0005

parameters are taken from Table 2. The two different cases of
simulation are carried out in this analysis which corresponds
to 1% and 2% increase in load demand, respectively. The
comparative response profiles of frequency deviations, the
generated power output of TTGs, blade pitch angle variation,
power output generated from DEG, power output generated
from PHEVs, and output control signals of MPC-1, MPC-2,
and MPC-3 (used for TTG, DEG, and PHEVs, respectively)
obtained under the two cases of load scenarios are pre-
sented in Figs. 7 and 8. These response profiles are obtained
under the proposed control method. It can be observed from
Fig. 7(a) that following SLP, the maximum deviation of
response profiles and settling time are observed in the case of
a 2% increase in load demand. In other words, if load demand
is increased then the maximum deviation in response profiles
of the system is also increased. However, it is shown that
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in the presence of proposed method, frequency deviation is
settled down very quickly and oscillation of signals is damped
out very fast under different load disturbance. This is due
to the permanent participation of TTGs (see Fig. 7(b)) by
changing blade pitch angle (see Fig. 7(c)), supplementary
controller of DEG (see Fig. 7(d)) and power controller of
PHEVs (see Fig. 7(e)). The power output of TTGs varies
smoothly and rises continuously up to steady-state value.
The smooth variation in power output from TTGs is noticed
due to the available reserved power margin of the TTGs.
While, at the time, when load demand increases, power output
variation from DEG reaches its peak value very quickly to
compensate for the load demand (see Fig. 7(d)). Similarly,
PHEVs (see Fig. 7(e)) respond swiftly to compensate for
load demand and aid in frequency regulation, effectively.
It is observed that using the proposed QOHSA tuned MPC
for blade pitch control along with the associated inertia,
damping and supplementary controls (i.e., IDS Control), the
participation of TTGs decreases the burden on DEG and
PHEVs to enhance the system performance under different
load disturbances.

Figs. 8(a)-(c) portray the output control signals Aug,
Aupgg and Aupgry of the MPCs associated with TTGs
(i.e., MPC-1), DEG (i.e., MPC-2) and PHEVs (i.e., MPC-3),
respectively.

4) EFFECT OF MODEL MISMATCH AND NOISE ON LFC
PERFORMANCE

The accuracy of the power system model plays a vital role
in assessing the performance of MPC. The model-plant mis-
match may have a substantial effect on the process. In [28],
effect of four types of mismatch (such as gain, reverse gain,
time constant, and time delay mismatches) on MPC perfor-
mance in a process industry has been investigated. In this
work, we consider only time constant mismatch as a kind of
model mismatch in the studied power system. For this, only
the time constant of DEG (i.e., T1) is chosen and it is varied
by £25% and +50% from their nominal values, taking one
at a time. Fig. 9 gives the frequency deviation response of
the QOHSA-based MPC for a 1% SLP. Table 5 presents the
value of the maximum frequency deviation obtained under
different values of the time constant of DEG. The response
obtained reveals that time constant mismatch has a negligible
impact on the performance of QOHSA tuned MPC used for
the LFC task.

Further, the dynamic performance of the studied power
system has been simulated under load disturbance with white
noise. Typically, white noise exists in the load disturbances
owing to continuous switching operations of the consumer’s
equipment. The considered load disturbances with white
noise have been displayed in Fig. 10(a). SLP of 1% occurs
at t = 2 sec. The response profiles of frequency deviations,
power output generated from TTGs, power output generated
from DEG, power output generated from PHEVs, and control
signals are presented in Figs. 10 and 11. It can be observed
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109319



IEEE Access

A. Kumar et al

.: Load Frequency Control of Distributed Generators Assisted Hybrid Power System

-- _.APL:I%
_APL:Z%

0 2 4 6 8 10 12 14 16 18 20
Time (sec)
(a) MPC-1

x10%

---.AP =1%
—— AP =2%

Aupre (p.u.)
[ )

N

0 2 4 6 8 10 12 14 16 18 20

Time (sec)
(b) MPC-2
x107
2F
-~
2 15}
& ---.AP =1%
S
! — AP =2%
<

Py

0S|
0 2 -n~-‘.-—n 2 r " A J
0 2 4 6 8 10 12 14 16 18 20
Time (sec)
(c) MPC-3

FIGURE 8. Profiles of control signal obtained under load deviation
pertaining to Scenario 1.

that the QOHSA-based MPC may handle noise very effec-
tively with some minor oscillations in the various profiles
shown in Figs. 10 and 11.

B. SCENARIO 2: QOHSA TUNED MPC-BASED LFC
PERFORMANCE IN TWO-AREA HPS

To confirm the given investigation and to corroborate the effi-
cacy of the proposed MPC method, two-area multi-machine
HPS is considered (see Fig. 4). The data of conventional
generators are shown in Table 6, and the values of other
parameters of two-area HPS are presented in Appendix.The
values of the parameters of the MPCs are mentioned in
Table 2. In the two-area HPS model, a tidal farm of 200 MW
capacity is considered and is achieved by aggregating 200
TTG units of 1 MW capacity each. A DEG farm of 200 MW
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TABLE 5. Effect of the maximum frequency deviation under mismatch
variation of time constant values of DEG (Scenario 1).

Mismatch
variation (in %)

Maximum frequency

New time constant 7 ximum
deviation (in p.u.)

(in sec)
0 0.1 (Nominal value) -1.6272x10*
-25 0.075 -1.6262x10*
+25 0.125 -1.6393x10*
-50 0.05 -1.6122x10*
+50 0.15 -1.6443x10*
5
15 _xlU
0
-~
= - =T, =-25%
T 1
;? T, =+25%
< e T = 50 %
-10 F -1.6243 !
16543 S
g 21492 22202 T,=0%
ast A7 '
= " M M 3
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Time (sec)

FIGURE 9. Frequency deviation obtained under different time constant
values of DEG pertaining to Scenario 1.

TABLE 6. Parameters of generators of two-area HPS model (Scenario 2).

Generator

Rating(MW) R, (Hz/p.u. MW) T (sec) Ty (sec)
G 800 2.4 0.36 0.06
e 1000 2.4 0.4 0.08
Gs 1000 2.4 0.4 0.08

capacity is considered and is accomplished by aggregating
40 numbers (each of 5 MW capacity) of DEGs. PHEVs of
1000 MW capacity are considered and this is realized by
aggregating 200000 PHEVs (each PHEV of 5 kW capacity).

Two areas (denoted as area-1 and area-2) are of 2000 MW
and 1000 MW capacities, respectively. The area-1 consists
of a tidal farm, a DEG farm, PHEVs and two conventional
generating units(referred to as G1 and G2). The area-2 con-
sists of conventional generating unit(i.e., G3) and PHEVs.
In this scenario, the system under consideration is in p.u.
with a base power of 2000 MW. Similar to Scenario 1, a step
increase in load demand of 1% i.e., 20 MW is applied in this
scenario in area-1 at t+ = 2 sec. Three different cases have
been considered for this scenario and these are represented as
follows:

Case(a): Area-1 is comprised of G1, G2, a tidal farm and
PHEVs. In this case, frequency support from a tidal farm is
considered zero (i.e., tidal farm operates at MPP).

Case(b): Area-1 is comprised of G1, G2, a DEG farm and
PHEVs.

Case(c): Area-1 is comprised of G1, G2, a tidal farm and
PHEVs. In this case, a tidal farm permanently participates in
frequency regulation.
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FIGURE 10. Response profiles obtained under load deviation pertaining
to Scenario 1.
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FIGURE 11. Response profiles of control signal obtained under load
deviation pertaining to Scenario 1.

In Fig. 12, the profiles of frequency deviation in area-1
(Af1), area-2 (Af>) and tie-line power deviation (APryg) are
presented. In Case(a), it is found that deviation in response
profiles is the maximum due to zero power shared from
the tidal farm, and so all the power-sharing burden goes to
G1, G2, and PHEVs to compensate for the increase in load
demand. In Case(b), it is shown that the maximum response
profile deviations are decreased in comparison to Case(a).
However, the response profile deviations are very high and
have a large settling time. By using the proposed MPC
method in Case(c), the tidal farm power output is changed
at a fast pace for a particular variation in load demand.
This quick action provides the minimum frequency deviation.
Permanent participation with a steady-state value of power
output from a deloaded tidal farm is due to its available active
power reserve generated by cutting the blade pitch angle.
Furthermore, it has also helped to decrease the burden on
conventional generating units and PHEVs. It is shown in
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Fig. 12 that the response profile deviations are better in terms
of peak overshoot, undershoot, and settling time compared
to Case(a) and Case(b). It is concluded from Case(c) that
replacing the DEG farm with the tidal farm is a viable solution
to improve the performance of LFC.

To study the robustness of the proposed method in a two-
area power system, random variations in load demand (shown
in Fig. 13(a)) are applied to area-1. The above-mentioned
three different cases are implemented again. The compar-
ative response profiles of Af), Afo and APy are pre-
sented in Figs. 13(b)-(d), respectively. It can be inferred from
Figs. 13(b)-(d) that the proposed scheme with Case(c) per-
forms better in comparison to the other cases (i.e., Case(a) and
Case(b)). Moreover, the proposed method in Case(c) renders
permanent participation of TTG and, thereby, diminishes the
burden on conventional generators and PHEVSs.
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FIGURE 13. Profiles of random load variation and response profiles
obtained under load deviation pertaining to Scenario 2.

V. CONCLUSION

In this paper, QOHSA tuned MPC is proposed and its per-
formance on LFC of TTG, DEG, PHEVs, and conventional
units assisted single- and two-area HPS models are analysed.
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Firstly, QOHSA performance over other algorithms in tuning
MPC is carried out, followed by a superiority test of QOHSA
tuned MPC over QOHSA tuned conventional PID controllers.
The performance of QOHSA tuned MPCs (associated with
different DGs and other conventional units of the studied
HPS models) in frequency regulation following different
load perturbations is deeply analysed. Results reveal that
TTG successfully participates in frequency regulations task
through inertia, damping, and supplementary controls to alle-
viate generation-load mismatch along with other units in both
the studied HPS models. The simulation results demonstrate
that the proposed method yields a desirable performance
and the power output from the TTG(s) positively impacts
system stability. Further, the effect of model-mismatch and
noise on MPC-based LFC performance is also investigated.
In addition to the above-presented analysis (a) the perfor-
mance of the proposed technique in TTG-assisted real power
system model like 10-machine 39-bus New England power
system may be explored, (b) new state-of-the-art optimiza-
tion algorithms or the concept of hybrid optimization algo-
rithms with MPC may be employed for the optimal design,
and (c) hybrid approach comprising features of traditional
solvers, metaheuristics/evolutionary algorithms, and MPC
may be explored.

APPENDIX A

ABBREVIATIONS

DEG: Diesel Engine Generator; DGs: Distributed Gener-
ators; FOD: Figure of Demerit; GA: Genetic Algorithm;
HPS: Hybrid Power System; IAE: Integral Absolute Error;
ISE: Integral Square Error; ITAE: Integral Time Absolute
Error; LFC: Load Frequency Control; MPC: Model Predic-
tive Control; TLBO: Teaching Learning Based Optimization;
MPP: Maximum Power Point; PHEV: Plug-in Hybrid Elec-
tric Vehicles; PID: Proportional Integral Derivative; PSO:
Particle Swarm Optimization; QOHSA: Quasi-Oppositional
Harmony Search Algorithm; TTG: Tidal Turbine Generator;
V2G: Vehicle to Grid; WTG: Wind Turbine Generator.

APPENDIX B

VARIOUS HPS PARAMETERS

The various parameters of TTG, DEG, PHEVs, inertia and
load used in the studied HPS models are as follows [10], [4],
[15], [16], [29]

TTG:
G Rated rotor speed (@) = 13 rpm, V;. =2.4 m/sec, R, =

11.5 m, rotor blades = 3, M, = 0.3878 sec, Ip = 0.01
sec, Iy =0.08 sec, T = 6 sec, ¢ =0.18, ¢ = 85,
¢ =038, ¢4 =102, ¢s =62, ¢ = 0.025, ¢7 = -
0.043, k5 =0.005, ki =0.006, M, = 148.16, D, =
149.87, K, = 70.1, p; = 1027 kg/m> | 4, =7R?,

Awref =0, tidal speed variation (AV, ) =0
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DEG: Single-area: 7; = 0.1 sec, 7, = 0.25 sec, R, = 0.04
p-u. Hz/p.u. MW

PHEVs: Single-area: 7,, = 1 sec, APpygy; limits: £ 5 MW,
Two-area: 71, = Tppp = 1 sec, APpygy; limits: +
1000 MW

Inertia and  Single-area: f = 50 Hz, M, = 10 sec, D, = 0.6 p.u.

load: MW/p.u. Hz,
Two-area: M; = M, = 0.1667 p.u. sec, D; = Dy =
0.0084 p.u. MW/Hz, B = B, =0.425 p.u. MW/Hz, dp
=-2, Tj; =0.545 pu. MW, Bigppe =200 MW, 6 -6,
=30°

APPENDIX C

CALCULATION TTG PARAMETERS
Considering the design parameters of 1 MW TTG given
below:

Rotor radius (R;) = 11.5 m, Number of rotor blades = 3,
Blade length = 10.6 m, Rotor position = upstream, Rotor
inertia (J,) = 110688 kgmz, Rotor blade inertia (Jp ) =
11986 kng, Generator rotor inertia (J¢) = 86700 kgmz, 0=
1027 kgm?®, A, = 7R?=415m?, S = | MW, Rated torque
(T,) = 734753 Nm, following calculations are made:

Calculation of My; = 2H7rg: The values of Hrrg (in sec)
is calculated as 0.5Jw?/S. The value of J is calculated as
Jr + Jg + Jp and the value of w, (in rad/sec) is calculated
as 2w w, /60 = 1.361. The value of Hrrg is calculated (using
the formula 0.5(J, +J, —l—Jb)a)f/S) as 0.1939 sec. Finally, the
value of My is 0.3878 sec.

Calculation of T77: The value of T77 (in sec) is calculated

Joy __
as 3T: = 0.08 sec.
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