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ABSTRACT Increased renewable energy penetration into conventional power plants results in significant
frequency regulation (FR) problems, particularly at island power systems. To overcome FR problems,
an energy storage system plays an important role. Therefore, a battery energy storage system (BESS) is
proposed to provide primary frequency control (PFC) for San Cristobal Island hybrid wind diesel power
system (WDPS) in this paper. The aim of this paper is to highlight the improvements achieved using
BESS and estimate the optimal size of that BESS for San Cristobal WDPS. Therefore, a permanent
magnet synchronous generator (PMSG) based variable speed wind turbine (VSWT) with synthetic (droop)
control is used, which enables VSWT to release inertia during contingencies. A novel controller tuning
methodology, named student psychology-based algorithm (SPBA), is used to optimally tune the BESS
with hybrid WDPS and to estimate BESS size. In addition, several configurations set such as BESS with
VSWT and/or diesel power plant (DPP) or both, are presented in this paper to highlight the optimal tuning
effects. Moreover, the BESS based WDPS is tested under various real-world scenarios such as loss of wind
generator, steadily increase wind speed (AV,, =~ 0.81 ms_l), variable wind speed, variable load demand
(P1oad) and simultaneously change in Vy, and Pjy,q. Finally, hybrid BESS based WDPS is tested in a real
time environment (OPAL-RT) which validates its performance. Results show the significant reduction in
frequency deviation, optimal sizing of BESS and optimal tuning of the whole WDPS.

INDEX TERMS Battery energy storage system, hybrid isolated WDPS, primary frequency control, SPBA,
renewable energy, droop control, frequency deviation.

I. INTRODUCTION

Conventional power plants operation changes dramatically,
towards a new era of providing electricity and allowing
green energy sources to integrate into existing infrastruc-
ture, throughout the world [1]. Major reasons that encourage
this transformation are reducing dependency on fossil fuels,
reduction of greenhouse gas emissions, etc. cite bib:2.
Although this adoption (conventional resources-based gener-
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ation to hybrid renewable based generation) is beneficial in
terms of environmental concerns, it also brings some new crit-
ical issues to existing power systems, especially for isolated
island power systems. One of those critical issues is frequency
stability [3]. There are various factors that raise the frequency
stability issue. Among them, the major concern is that the
intermittent nature of renewable energies (RE), such as wind
energy, can result in the imbalance between generation and
load demand [4]. This becomes more severe when one of
the generating units in an island hybrid power system is
lost. Basically, only conventional generators are responsible
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for providing inertia (from stored kinetic energy) in hybrid
power systems [5]. Because variable speed wind turbines
provide negligible inertia due to fast acting power electronics
converters between rotor of WT and three phase networks [6].
More precisely, in a wind diesel power system (WDPS) due to
any reason or contingencies such as loss of wind generator or
increment in load demand, a mismatch between generation
and load demand occurred. Then the kinetic energy (K.E)
stored in the rotating masses of conventional generators is
inherently used to balance such mismatches. But such K.E
is not enough to correct it. For this reason, primary and
secondary frequency control is needed [7].

Generally, isolated power systems are more sensitive to
generation and load imbalances [8]. The reasons behind this
sensitive behavior of isolated island power systems are small
size and, consequently, low inertial support availability (or
K.E) as compared to large, interconnected power systems [9].
Therefore, large generation and load mismatches force the
generators to be tripped (if statutory and operational limits are
breached). This avoids any physical damage but increases fre-
quency deviations (FD). If frequency excursions (FE) are not
within the limits of +-2.5 Hz/s after contingency, then cas-
cade tripping of generators can happen [10]. Author in [11],
explain this frequency excursion in a way that: large contin-
gencies may cause unacceptable FE with high FD and rate
of change of frequency (RoCoF). This high RoCoF and FD,
may initiate an under-frequency load shedding, to arrest the
frequency decline. That’s why isolated islands, that face high
renewable energy penetration, can lose hydro, steam or wind
generators synchronism if RoCoF exceeds 2 Hz/s. Conse-
quently, if RoCoF exceeds 3 Hz/s, then under-frequency load
shedding relays may fail to respond quickly to shed necessary
amount of loads, which eventually results in power systems
blackouts [12]. All these reasons justify the significance of
primary frequency control (PFC) in power systems, espe-
cially in isolated ones. These are the few major reasons that
support the future power system concerns, as stated in [13]
and [14] “in the future power systems FE is expected to be
increased because RE generators replaced the conventional
generators (so less available inertia) and fluctuating, variable,
less predictable supply of RE”. Therefore, PFC is essential to
maintain power system stability and reliability [15].

In this paper, the hybrid wind diesel power system (WDPS)
of San Cristobal Island, facing critical blackouts due to
tripping of frequency relays [16], is considered to provide
PFC studies. As mentioned above, conventional generators
at isolated island power systems are solely, responsible for
providing inertial support. But such support is not always
enough to stabilize power systems. In addition, RE integra-
tion, especially wind energy, has dramatically impacted on
pre-existing conventional electrical networks [17] and this
integration impact mainly depends on available system inertia
and RE penetration rate [18]. Traditionally, wind turbines
(WT) do not provide inertial support [19]. However, it might
be possible for WT to contribute (releasing inertia) against
contingencies and play its role for PEC. With this aim, authors
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in their previous studies [20] proposed emulation and inertial
control loop for wind turbines which enables WT to pro-
vide virtual inertial support during NADIR or contingencies.
One of the major advantages of this control is that WT
can operate at its optimum operational point (OOP) [21].
Otherwise working at non-OOP has economic effects. These
wind turbines are variable speed wind turbines (VSWT)
because VSWT have the capability to operate in a wide range
of angular velocities against fluctuating wind. Therefore,
authors used the hybrid WDPS of San Cristobal Island, in this
research for PFC enhancing. The detailed parameters of San
Cristobal Island are given in Table 3 and Table 4 (Appendix).
However, a detailed information about various aspects of San
Cristobal Island electricity sector, total load demand and its
type, map etc. presented in literature [16], [22], [23], [24], are
out of scope of this study.

To achieve goals of reducing FD and PFC, inclusion of
energy storage systems (ESS) is considered. Because ESS
has been receiving wide attention from researchers in recent
years [25], [26], [27]. Integration of ESS is an effective
solution for overcoming RE resources intermittency and fluc-
tuating effects. Furthermore, ESS can provide economic and
technical solutions or advantages [28] with increased prof-
itability to various challenges such as grid security, stability,
power quality, generators low utilization factors, congestion
management and fuel price volatility. Moreover, ESS also
provides benefits to the ancillary service market [29] for
remuneration in exchange for market benefits (loss preven-
tion, stability enhancement or hedging risk) [30]. Likewise,
advancement in technology and increased research and devel-
opment, the capital cost of battery energy storage systems
(BESS) is significantly reduced [31]. This opens new doors
to study its applications and economic benefits. That’s why
BESS is one of the suitable options to support PFC [32].
In case of frequency drop, energy from the battery discharges
and vice versa. To perform such regulation (charging and
discharging), BESS is well suited because it provides fast
response (because of small time constant). Although, the time
constant of BESS depends on power conditioning equipment
and control, typically, it can be between a few tens of millisec-
onds to seconds [33], [34]. Additionally, BESS is composed
of only static elements, that’s why BESS has a fast dynamic
response as compared to other storage devices [35]. Some
other merits of BESS include environmental compatibility,
modularity, high reliability and readily available technology.
That’s why BESS is adopted for hybrid VSWT based WDPS
of San Cristobal Island in this research work.

There are the following objectives of this paper:

1) Enhance the PFC of San Cristobal Island hybrid

WDPS with proportional control loop and BESS.
It means, whenever contingencies happen DPP, VSWT
and BESS (by charging/discharging), simultaneously
provide inertial support to restore the power system
to its initial state by reducing NADIR. A detailed dis-
cussion about the role of BESS is made in Section IV
and VI
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2) Provide optimized sizing of the BESS for San Cristobal
Island hybrid WDPS with exhaustive search. Addition-
ally, a detailed comparison of various situations such as
a) Case X: simultaneously optimized BESS and VWST
with fixed parameters of DPP b) Case Y: simultane-
ously optimized BESS and DPP without changes in
VWST c) Case Z: simultaneously optimized all three
systems (DPP + VSWT + BESS).

3) Provide global optimized parameters of hybrid BESS
based VSWT WDPS using Student Psychology Based
Algorithm. In addition, a comparison and effects of var-
ious tuning methodology such as Ziegler- Nicolos and
MATLAB auto tuning with SPBA. Such comparison
highlights the pros of SPBA.

4) Moreover, hybrid BESS based WDPS performance is
tested under various sets of real contingencies to justify
its behavior and efficacy. Real world contingencies
include a) sudden loss of wind generator/load demand
increment b) steadily increased in Vy, (AVy, = 0.81) ¢)
wind speed variations while load demand stable d) load
variations while V, varied e) simultaneously variation
in both Vy, while Pjgaq)

5) Finally, tested the WDPS performance under a real
time (OPAL-RT) environment irrespective of tradi-
tional testing. Therefore, developed an emulation of
voltage and current based model of San Cristobal Island
hybrid BESS based WDPS and tested it in real time.

This paper is organized as follows: diesel power plant and
wind turbine modeling are presented in Sections II and III.
Section IV presented the modeling of battery energy stor-
age systems. Section V shows the detailed methodology of
proposed control i.e., Student Psychology based Algorithm
(SPBA). Detailed simulations and results, including con-
tingency effects, is presented in Section VI. BESS sizing
is discussed in Section VII. The performance of proposed
controllers is analyzed in Section VIII. Real-time simulation
results are presented in section IX and, finally, conclusions
are outlined in Section X.

Il. DIESEL POWER PLANT (DPP) MODELING

Diesel Power Plant comprises conventional diesel generator
(DG) in which diesel engine is used as prime mover to
produce electrical energy using diesel as a fuel. Traditionally,
electricity on isolated islands is produced using DPPs [36].
In addition, a DPP can provide inertial support during con-
tingencies by releasing kinetic energy (KE) from its rotor
masses [37]. However, with the integration of RE with con-
ventional DPP, overall inertial support of the power system
is reduced [38]. Therefore, to highlight the effects of inertial
support, San Cristobal Island DPP is considered in this study.
Detailed modeling of DG has already been developed by
authors in their previous work [39]. However, the general
schematic of DG is shown in Figure 1. It is important to men-
tion that DG requires a proper control system for its operation
because it is an unstable electromechanical machine [40].
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Figure 1 shows that DG prime mover (PM) is composed of
four components i.e., actuator (control the fuel flow in PM),
speed governor (control the diesel engine actuating on incom-
ing fuel rate), crankshaft dynamics (convert the reciprocal
motion of the piston into rotatory motion) and diesel engine or
combustion system (convert fuel energy into shaft mechanical
energy). Here, tn, te, represent mechanical torque and torque
opposed by electrical generators respectively. Similarly, H;
represents inertia constant and ty, t; and t3 represent time con-
stants. The detailed parameters of DPP are given in Table 3.

Speed Governor

s ~N
Actuator
Wy W, | K; + sK I 1 |
Pl
_@ s(1 + sty) l 1+ st, l

+
Wref
e St "
— 2”,5 _

Crankshaft Dynamics Diesel Engine

FIGURE 1. Schematic block representation of DG (CAT-3512 DITA) PM.

Ill. VARIABLE SPEED WIND TURBINE (VSWT) MODELING
Like DG, WT is also an electro-mechanical device. However,
instead of using diesel, WT used wind energy to produce
electrical energy. This paper considers Type 4 PMSG based
VSWT as shown in Figure 2. It is worthwhile to mention that
authors developed a DFIG based VSWT model in a previ-
ous work [6], [20]. However, this model can be applied for
PMSG based VSWT via full converter due to the similarities
between their mechanical topologies and because, within the
time frame considered in the load frequency control studies,
the electromagnetic time constants are negligible compared
to the mechanical ones [16]. This simplified WT model
has four components i.e., aerodynamics model (harness the
wind energy), mechanical model (combination of mechanical
system and gear box), converter model (composed of two
back-to-back power electronics converters having a DC link)
and generator system (composed of PSMG). It is important to
mention that the converter model enables PSMG to operate
within a wide range of speed variations. In addition, this
model doesn’t allow WT to contribute inertial support or
release KE against contingencies because fast-acting power
electronics converters decouple electric machine from the
grid. Before discussing emulation inertial and proportional
control, authors briefly describe the mathematical represen-
tation of WT various components. Equation (1) represents the
WT power (Pyp.u1) extracted from the wind.

Here, Ppaserw], Vw, Cp, A, B and R represent the turbine
base power (W), wind speed (m/s), turbine power coeffi-
cient, relative turbine speed, blade angle (degrees), air density
(kg/m3) and turbine radius (m). Equation (1) clearly shows
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FIGURE 2. General schematic of VSWT.
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FIGURE 3. Synchronous generator and power electronic converters of
VSWT.
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that turbine power coefficient (ratio of extractable mechanical
power to the power in wind [41]), depends on A (ratio of WT
rotor blade tip speed and wind speed) and 8. Therefore,
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Here, w; pases wr,[p.y) and D are base turbine rotor speed
(rad/s), turbine rotor speed (per unit) and turbine diameter (m)
respectively.

Similarly, other components of wind turbine are (1) gen-
erator and power electronics converter (Figure 3), (2) blade
pitch angle control (BPAC), (3) maximum power point track-
ing (MPPT), given in Equation (6), (4) mechanical system
(Equation (5)). So, tc, tp, Tg, Ty, T, and H; represent the
time constant of 15 order actuator, servomotor time constant,
torque generated by speed controller, converter demanded
torque, turbine generated torque and inertial constant of tur-
bine, respectively.

As previously mentioned, WT itself does not contribute to
PFC because the non-optimal operation of WT [21] inevitably
leads to economic losses [42]. However, authors introduced
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new emulation and inertial loop (Kpn and Kgn) in their previ-
ous research to enable WT to release synthetic inertia [20].
Here, Kpn provides fast frequency response (FFR) while
Kan delivers support in RoCoF. However, in that previous
research [20] authors concluded that droop control is a bet-
ter alternative to emulation inertial and proportional control
as shown in Figure 4. It provides nearly the same support
compared to its combination with inertial control. Therefore,
authors prefer to use droop control, which further simplified
the model. Moreover, BPAC of VSWT are also modified by
introducing a PI control having gain parameters (Kpc and
Kjc) to provide pitch compensation [21], [43], as shown in
Figure 5.

d,  2H;
Wo — Wmj
(@ — @min)
—Kopta)O Wpmin =Wg < W0
(@0 —®min)
C()gKvopt W) =wg Zwi
3
Pr= Pinax _Koptwl
8 (U)g_wmax) ———————— +Pnax @01 <Wg <Wpax
(Wmax —w1)
Prax Wg = Wmax

Q)

IV. MODELING OF BATTERY ENERGY STORAGE SYSTEM

A battery energy storage system (BESS) is used in this study
to contribute to primary frequency regulation (PFR). The aim
of PFR is to maintain the power system frequency within
a pre-defined interval against contingencies or imbalances
between generation and load [44], [45]. The BESS model
used in this study is described in [46] and [47] as a first
order transfer function given by Equation (7). Here, Af is
the frequency deviation (p.u.), Kpegs is the droop control or
gain, Thegs is the BESS time constant (it ranges vary between
tens of seconds to seconds [46]) and Py is the output power
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FIGURE 5. BPAC with pitch compensation.

of BESS (p.u). The MATLAB schematic of BESS is shown
in Figure 6. It clearly shows that the input of BESS is the
difference of frequency (i.e., nominal frequency and actual
frequency of conventional generator). Therefore, BESS can
supply or absorb energy during contingencies. The impact
of the BESS on hybrid WDPS is explained in the following
sections. In addition, the BESS sizing for San Cristobal Island
power system is presented in Section VII.
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FIGURE 6. Proposed BESS for VSWT hybrid WDPS of San Cristobal Island.
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V. STUDENT PSYCHOLOGY BASED ALGORITHM

SPBA is used in this study for controller tuning which authors
developed in their previous work [39]. However, authors
briefly discussed it below, to justify its usefulness and impor-
tance for this research study. Basically, SPBA performs based
on controller quality index Z, given in Equation (8). Here,
ISE, TAE, NADIR and c represent integral square error,
integral absolute error, under frequency (p.u) and number of
sign changes in frequency derivatives during contingencies.
It is important to mention that finding a group of controller’s
gains parameters that jointly provide the best values of all
above-mentioned objective functions or indicators is very
difficult. Therefore, the authors proposed a coefficient, Z with
aim to achieve a compromising solution that improves all
the above-mentioned quality indicators or objective functions
at the same time. The general schematic of SPBA for a PI
controller (having gain parameters K, and Ky) is shown in
Figure 28 (Appendix). However, it is important to mention
that SPBA can be extended to more than one controller at
a time, to obtain optimal results. It is clearly shown that
variables in Figure 28 are two (K, and K4). Therefore, the
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FIGURE 7. Results of various parameters under base case of hybrid VSWT WDPS without BESS.

maximum possible combinations of K, and K4 trends are
eight, out of them only one is the best path for optimal solu-
tion. SPBA starts with the base gain parameters (Kp pase and
K4 base) of PI controller under study. Firstly, all the parame-
ters of controller quality index (Equation (8)) are calculated
according to the base gain parameters of PI controller and
stored in vector V,. After that, increments and decrements in
the values of K, and Ky are executed, according to eight dif-
ferent possibilities. SPBA calculates controller quality index
values against each possibility and compares it with Zpage.
If the new Z value is higher as compared to Zp,se then Z of
that combination will be replaced as Zpy otherwise return
zero. All results of controller-quality indexes are stored in
vector Y. Now, there are only two possibilities of Y whether
Y is non-zero vector or null vector. In case of non-zero,
then SPBA returns greater Z by comparing all elements of
Y. Reason for greater Z selection is that greater Z reflects
reduced FD or NADIR, lowest ISE and TAE and reduced
number of sign changes in frequency derivatives. Therefore,
all parameters in Y are compared with each other with the aim
to get highest Z. All parameters against this Ze become base
values and repeat this process again until Y returns to zero.
IfY is zero, then the first increment after decimal applied until
algorithm again returns zero in Y. It means that algorithm
generates optimal solution up to numerical values (without
decimal). However, to precise results till 2" decimal place,
an increment in the last selected gain parameters is applied
again. Obtaining precise results for up to two decimals is
enough because furthermore there is no significant improve-
ment shown in results. Finally, after the increment of up to
two decimal places, when Y = [0] and Zey < Zprev, then
SPBA stops. All parameters against Zpey contain optimal
results of that controller. Therefore,

o SPBA provides optimal gain parameters for the con-
troller under study.
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o SPBA provides minimum NADIR, ISE and IAE.

« SPBA reduces the number of sign changes in frequency
derivatives.

o If the values of gain parameters are increased or
decreased from optimal solution, then results become
worse in terms of increased oscillations, FD and settling
time.

NADIR

= — 8
ISE % IAE x n ®

VI. SIMULATIONS AND RESULTS
This section presents various scenarios of BESS with VSWT
and DPP to highlight the pros and cons.

A. BASE CASE: VSWT HYBRID WDPS WITHOUT BESS

This case VSWT based hybrid WDPS without BESS is con-
sidered as the base case to highlight the significance and
improvement in results (discussed below). It is important to
mention that the WDPS used in this study as base case is opti-
mally tuned (authors developed it in a previous work [20]).
As discussed above, naturally VSWT itself cannot provide
any support against FD. Therefore, to make it possible,
a droop or proportional control is introduced in VSWT which
enables it to release synthetic inertia during contingencies.
It concludes that both DPP and VSWT contribute to providing
inertial support. However, DPP is the major contributor to
restore system NADIR. To find the base parameters of this
study, a perturbation of 0.5 p.u as a step response with con-
stant wind speed of 9.2966 ms~! is considered, which reflects
the sudden increase in load demand due to the loss of one
of the wind generators. Figure 7 clearly shows the behavior
of hybrid WDPS. Against 0.5 pu increased in step response,
NADIR is 0.9818 p.u (49.09 Hz), IAE is 0.0169 and ISE is
2.0568 x 107, Table 1 shows the base parameters of hybrid
WDPS without energy storage. In addition, the contribution
of VSWT to provide synthetic inertia is clearly observed in
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FIGURE 8. (a): Simulations of hybrid BESS based VSWT WDPS with fixed DG parameters (b): Simulations of hybrid WDPS using Ziegler Nicolos with

fixed wind speed.

Figure 7. Furthermore, to highlight the significance of BESS
and its impact with DPP and/or VSWT, following cases are
discussed. Table 2 shows the detailed gain parameters of
controllers under study.

Before discussing the following cases (Case X, Case Y
and Case Z) it is important to mention the relationship
between DPP, VSWT and BESS. In hybrid WDPS both power
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plants are operational according to the relationship given
by Equation 9. It means DPP is responsible for providing
the difference of power i.e., load demand (Pjpq) and power
provided by VSWT (Py). In hybrid WDPS, wind power plants
are integrated into the power system with the aim of provid-
ing maximum green generation up to 1 p.u. while DPP is
responsible for fulfilling the load demand. However, during
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FIGURE 9. Simulations of hybrid BESS based VSWT WDPS without changes in synthetic control of VSWT.

TABLE 1. Hybrid BESS based WDPS tuned parameters.

TABLE 2. Detailed experimental measurements of Cases base, X, Y and Z.

. Diesel governor VSWT
BESS gain . .
Case controller gains synthetic
parameter
parameters (droop) control
# Kbess Kpid Kiid Kpn
Base 0 24.65 29.55 2343
X 0.1 24.65 29.55 18.15
Y 0.12 38.05 43.56 23.43
Z 0.6 46.92 60.31 35.28

contingencies both power plants are responsible for provid-
ing PFC (latter discussed in the following cases). Moreover,
BESS is included in hybrid WDPS solely for PFC. Whenever,
any contingencies occur (Af) BESS will supply or absorb
power (by charging or discharging) to minimize NADIR. It is
concluded that in hybrid WDPS of San Cristobal Island DPP
is responsible to fulfilled variation in load demand while all
power systems (DPP4- VSWTHBESS) actively play its role
for PFC. It is noted that DPP and VSWT both fulfilled the
load demand, but DPP is also responsible to fulfill the varia-
tion in load demand when VSWT generates constant power
at constant wind speed (Figure 16). The following cases (X,
Y and Z) and Section VIII validate the above-mentioned
statements in a more detailed manner.

Pioadipu) = Pripu) + Pdppu) &)

B. CASE X: VSWT HYBRID BESS BASED WDPS WITHOUT
CHANGES IN DPP

In this case, a BESS (Section IV) is introduced to improve
the PFC in hybrid WDPS. In this case, both synthetic control
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Case NADIR (p.u) ISE IAE Z (p.u)

Base 0.9818 2.0568 x 10 0.0169 2.82451 x 10°
X 0.9805 1.798x 1073 0.0169 3.2267 x 10*
Y 0.9849 9.4127 x 10° 0.0115 9.09871 x 10°
Z 0.9878 5.6173x 107 0.0083 2.11866 x 10°

(droop control) in VSWT and BESS control are simultane-
ously tuned using SPBA (discussed in Section V) with the
aim to provide PFC during contingencies. It is important to
mention that diesel governor parameters (K;,_g and Kj_g) are
unchanged because this case features the impact of BESS
with VSWT. However, all three systems, i.e., DPP, VSWT
and BESS, contribute to providing support for FD. Figure 8
(a) clearly shows that BESS will provide support during
NADIR, against step response of 0.5 p.u. Therefore, NADIR,
IAE and ISE are 0.9805 p.u (49.025 Hz), 0.0169 and 2.1037
x 10~*. While comparing it with base case, results are not
effective in terms of improvement i.e., NADIR (—0.065 Hz).
The reason is that DPP and VSWT were optimally tuned
using SPBA. As mentioned before, DPP is the major contrib-
utor to reduce NADIR. Therefore, individual tuning of BESS
without any changes in DPP is not worthwhile. Table 2 shows
the detailed gain parameters of controllers under study.

C. CASE Y: SIMULTANEOUSLY TUNED DPP AND BESS

In this case, authors, simultaneously, optimally tuned con-
sidered the DPP and BESS while considering VSWT droop
control parameters unchanged. In this case, again considering
SPBA and a step response of 0.5 p.u. Figure 9 clearly shows
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FIGURE 11. Simulation results of hybrid BESS based VSWT WDPS against 0.7 p.u, sudden increase in load demand.

that NADIR significantly improved by 0.315% (0.155 Hz)
and 0.447% (0.22 Hz) as compared to base case and case
X. In addition, ISE and IAE also improved. Furthermore,
VSWT and BESS contribution highlights the effectiveness of
inertial support. Table 2 shows the detailed gain parameters
of controllers under study.

D. CASE Z: SIMULTANEOUSLY TUNED DPP, VSWT AND
BESS

In this case, authors considered the hybrid system as a whole
and optimally tuned it to get more effective results. All gain
parameters of DPP, proposed synthetic control and BESS
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are tuned simultaneously, to get global optimal parameters.
Figure 10 shows the various effective results of hybrid BESS
based WDPS. NADIR, IAE and ISE improved by 0.607%
(0.3 Hz), 103 % (0.0086) and 266.07% (1.49 x 10™%) as
compared to base cases. While comparing Case Z with Case
Y and Case X, then NADIR is reduced by 0.365 Hz and
0.145 Hz, respectively.

In general, it is concluded that Case Z > Case Y> Base
Case > Case X, in terms of providing PFC by reducing FD
during contingencies.

Furthermore, Case Z is the best case that represents the
global optimal behavior of all three power plants. Therefore,
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against Case Z several performance parameters of SPBA such
as the population size, number of iterations and computa-
tional time are 10'°, 1279 and 40 minutes approximately,
respectively. However, the computational time depends on
the speed of CPU of operating system used. In this study
the specifications of operating systems used are 1) Proces-
sor: AMD Ryzen 9 5950X 16-Core Processor, 3.40GHz 2)
Installed RAM: 128 GB.

E. COMPARISON OF SPBA WITH TRADITIONAL TUNING
METHODS

In this section, authors compare their proposed tuning
methodology with existing traditional tuning methods such
as Ziegler-Nichols (ZN), to further validate the results. Before
implementing the Ziegler-Nichols, let us briefly describe the
basic principle and define the PI formulation according to
ZN. According to ZN for tuning a PI controller having gain
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parameters K, ;n and K;_zy, firstly the integral controller gain
is set to zero. Then the value of proportional gain is increased
until a stable and continued oscillation response is observed.
The gain against which this particular response is observed
is referred as ultimate gain, K. Similarly, the time-period of
such oscillation is termed as ultimate period, P,. To get the
gain parameters, Equations 10 and 11 provide a relationship
between K;, 71, Ki_zn, Ky and Ty.

Ky 0 = 045K, (10)

(11)

It is important to mention that in all cases X, Y and Z, at least
two power frequency controllers are tuned simultaneously
while a third one remains unchanged. However, ZN tuning
methodology is applicable only to a single PI controller at
a time. Therefore, ZN cannot provide a global optimized
solution while SPBA does. For this reason, to highlight the
different performance between these two tuning methodolo-
gies, let’s start tuning the DPP gain parameters while VSWT
will operate at constant Vy,. So, to find the ultimate gain
parameter and ultimate period of stable oscillation response
for DPP, a fixed 0.6 pu load demand is considered. It is
observed that Ky, = 110 and T, = 367.346 ms. Therefore,
Ky zn =49.5 and K;_;, = 161.50 are calculated according to
Equations 10 and 11. To evaluate the power system behavior
against contingencies, a perturbation of 0.5 step response
is considered as increased in Pjo;q. The DPP and VSWT
response are shown in Figure 8 (b). It clearly shows that the
NADIR in this case is 0.9822 p.u. but oscillations or the num-
ber of sign changes in frequency derivatives is significantly
larger. Moreover, the settling time is significantly larger than
the optimal results shown by SPBA.

Tuning of VSWT proposed droop control keeping DPP
controller gains unchanged is not possible because the DPP

Ky
Kion = 054"

u
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does not allow getting a stable and continuous frequency
response changing only the VSWT droop control. The same
behavior is observed while tuning BESS gain parameters.
Therefore, in comparison with SPBA the following salient
features are observed.

1) ZN is not suitable for global optimization while SPBA
is.

2) Significant oscillations or number of sign changes in
the frequency derivative is observed.

3) ISE and IAE are greater in ZN than SPBA.

4) 7N is not suitable for non-linear and complex systems.

In the above-mentioned discussions, it is mentioned that ZN
only tuned DPP in WDPS. Therefore, another option which
is offered by MATLAB is the autotuning of PI controllers.
So, VSWT proposed proportional controller can be tuned
with MALTAB autotuned. However, MATLAB autotuning
is unable to tune this control which might happen due to
complexity of hybrid power system. Because MATLAB auto
tuning first, linearized the system under study, however, in a
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complex system with multiple objective functions it might
not be possible to get results. Another important observa-
tion is that MATLAB autotuning doesn’t provide global
optimum. In other words, no more than one controller of
various systems can be tuned simultaneously using MATLAB
autotuning. Moreover, the results obtained using MATLAB
autotuning might be sub optimal and gain parameters can
be adjusted by varying the transient behavior in MATLAB.
Therefore, optimized tuning of multi-controllers in a sys-
tem or multi-system needs new optimization methodology.
However, SPBA provide unique global optimized parameters
according to Equation 8 because this factor is a compro-
mised solution among several objective functions. Solution at
optimum gain parameters reflects reduced NADIR, minimum
IAE, minimum ISE and oscillations in frequency derivatives.

VII. SIZING THE BESS

BESS has become more widespread and adopted due to
its vast variety of applications, particularly its role in PFC.
Nowadays, hybrid RE-based power systems are consider-
ably attracted by BESS due to its ancillary services support,
fast response, controllability and geographical independence.
However, sizing the battery is a critical task due to environ-
mental challenges (such as dispose of) and economic aspects.
In addition, it is a trade-off between technical implications
brought by BESS and cost in a particular power system.
Moreover, other factors like battery type, degradation factor,
cost per kilo watt-hour, energy density, discharge time and
optimization etc., make complex selection and sizing of the
BESS. However, in this case study, authors focus only on the
sizing of the battery in terms of capacity using optimization
methodology named SPBA and explore its benefits for San
Cristobal Island hybrid WDPS. State of charge (SoC), degra-
dation, life cycle, charging and discharging limits are out of
scope of this case study.

VOLUME 13, 2025



M. Asad et al.: BESS Contribution to Primary Frequency Control in Isolated Power Systems

IEEE Access

is o078 08
1.45 0.73 0.06
1.4
3 = 0.72 T 0.04
3 ]
5 135 B a
H = =
s 13 o 071 = 0.02
o <
1.25
07 L e} 0
12
1.15 0.69 -0.02
[] 500 1000 1500 2000 2500 3000 3500 0 500 1000 2000 2500 3000 3500 L] 500 1000 1500 2000 2500 3000 3500
time (seconds) time (seconds) time (seconds)
4
x10 1.001
’
08
1 1.0005
L 0.75
1 T | e Lisaanal, At
Wl 'S T 07
T - -
= 3 09995 3 065
e 0 2 2
g 3 0.9 o° 06
o
0.9985 0.55
0.5
1 0.998
0.45
0.9975
500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500

time (seconds)

time (seconds)

time (seconds)

FIGURE 16. Hybrid BESS based WDPS of San Cristobal Island response against random load demand.

1
o 1
0.95 0.05
- _ 09 -
VN - z
1= = o085 =< 0 st
2 o £
> 1 \ 0.8 <
0.75
10 -0.05
07
0 500 1000 1500 2000 [ 500 1000 1500 2000 0 500 1000 1500 2000
time (seconds) time (seconds) time (seconds)
15 1.002

Iuad demand

w, ]

0.998

- - L,WMW g 0s
] ﬁ”w”‘ il

diesel governor speed 0.7

DPP generated power

1000 1500 2000 0 500
time (seconds)

1000 1500 2000
time (seconds)

0 1000 2000
time (seconds)

FIGURE 17. Hybrid BESS based WDPS of San Cristobal Island response against simultaneously variation in Vy, and load demand.

Using SPBA methodology a step response of 0.5 p.u is
considered to optimally tune the gain parameter (Kpess) of
BESS (Equation (8)) including both DPP and VSWT parame-
ters, simultaneously (discussed in Case Z). Exhaustive search
found a unique optimal gain parameter for BESS is 0.6.
Against this optimal value, hybrid WDPS have minimum
NADIR, lowest IAE, ISE and Z (given in Table 2). Further-
more, this study extends to find the WDPS stability limits.
It means that against how much power variation or contin-
gencies, this hybrid WDPS in the presence of BESS, can be
operationally stable without operating frequency relay. How-
ever, with the integration of BESS hybrid WDPS performed
up to APjpag = 1 p.u in total of contingencies. Nonetheless,
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the maximum limits of energy released by BESS depend on
proposed power system model and its operation. For example,
in Figure 10, the VSWT operates at a constant wind speed
of 9.2966 ms~! to generate power of 0.7 p.u and initial
Pload is 1 p.u. It means DPP is responsible to provide the
power difference (Pjpaq-P¢) i.e., 0.3 p.u. So, the maximum
perturbation of 0.7 p.u can be applied to this system at t
= 10 sec. In this way the DPP operates at its maximum
capacity of 1p.u. Similarly, if the VSWT operates at 0.7 p.u
and Pjpyq is 0.9 p.u a maximum step of 0.8 p.u as a load
increment can be applied to the hybrid system. So, it means
initially DPP operates at 0.2 p.u but to fulfill load demand
it is responsible to provide 1 p.u (0.2 p.u initial power +
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0.8 p.u. load increment). It is concluded that DPP is always
responsible to provide the power imbalance between supply
and demand.

Furthermore, it clearly shows that BESS sizing solely
depends on the nature of the power system in which it is
installed. In addition, the DPP initial stage is also one of the
factors in the sizing of BESS. In a real-world scenario, DPP is
not shut down, DPP must be operated at least at some minimal
level to provide energy. In addition, other constraints, such e = -~
as torque or rotor speed limits, VSWT limits, BPAC limits, 7‘ : : o f.,‘;
and BESS storage charging or discharging limits or BESS Aduptorbosrd 1L V2 5

time constant etc., play a vital role in the sizing of BESS.
It is important to mention that the BESS role in this research
is only to facilitate PFC purposes. Therefore, in this case
study, authors choose BESS sizing according to following

criteria. First the VSWT operates at its full load, i.e., 1 p.u, .

X FIGURE 19. OPAL-RT setup at Department of Electrical, Computer and
to get more advantage of available clean energy. Second DPP Biomedical Engineering, University of Pavia, Italy.
operates at least 30% of full load (low load condition) to
allow maximum penetration of renewable energy in diesel
fuel. It means that the BESS must be designed with 0.7 p.u
(450kW) of perturbation (0.7 p.u = 2 p.u (max. power) —
1 pu (max. Py) — 0.3 p.u (min. Py)). It is clear in Figure 11,
with perturbation of 0.7 p.u. step response, the BESS will
release 9.119 x 10_3p.u power (Ppess) 1.€., 5.92735 kW and
4.5435 KJ. So, the Ppegs defines the BESS sizing to assist PEC
in hybrid WDPS of San Cristobal Island.

is considered for further study due to its better performance
against FD. So, for step response (sudden Pjoag increased or
loss of wind generator), Case Z itself is an example. However,
Figure 12 shows the behavior of WDPS against a steady
increase in wind speed (AVy, ~ 0.81 ms~2). However, Pjoaq
is fixed at 1.1 p.u and DPP only provides the difference in the
power demand. Slight variation (0.001 p.u) in diesel governor
rotor speed is due to the variation in the MPPT of VSWT.

Vill. HYBRID WDPS AND PROPOSED CONTROL When VSWT speed moves from one MPPT region to another
PERFORMANCE UNDER REAL WORLD SCENARIOS then this behavior is observed but it lasts just a few seconds.
In this section, authors further consider various sets of per- It is important to mention that this hybrid BESS model can
turbations such as step, ramp and random as realistic events perform stable beyond this steady increase in wind speed until
in this study, to justify the performance of a hybrid WDPS, the BPAC allowable limit (2°/sec) supersede and cut-in wind
the proposed control and its tuning. Because in literature [48], speed i.e., 25 ms~! [49] in this case. So, Figure 13 shows
these perturbations are considered as sufficient parameters to the BPAC response against this ramp response, which clearly
justify the performance of a controller. Therefore, step, ramp shows its smooth rotation.

and random perturbations represent the sudden increase in Finally, WDPS and controller performance are tested
load demand or loss of wind generator, wind speed steadily against random response. The authors classified random
increases and load demand and /or Vy, respectively. There- response into three different scenarios: (1) random varia-
fore, after exhaustive research shown in Section VI, Case Z tion in wind speed while load demand is constant (2) wind
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speed is constant while load demand randomly increases or
decreases and (3) both wind speed and load demand vary
simultaneously. In this way, almost all major possibilities
of real-world scenarios for hybrid WDPS can be studied.
However, although many other events can happen, the above
scenarios can be considered enough to show the behavior of
BESS, VSWT and DPP during contingencies. So, Figure 14
shows the hybrid WDPS response against variable wind
speed while Pjy,q is constant (1.3 p.u). It clearly shows that
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BPAC adjusts the blade rotation (Figure 15) to avoid any
damage, particularly when VSWT exceeds 1 p.u. DPP pro-
duced only the difference between Pjy,q and Py, that’s why
it maintains the value of 0.3 p.u. In addition, the diesel rotor
speed is almost 1 p.u which shows its governor effectiveness.
BESS and synthetic control effectiveness clearly reflect in
Figure 14. Similarly, Figure 16 shows the behavior of hybrid
WDPS in case of variable load demand while wind speed is
constant (9.2966 ms~!). Moreover, Figures 17 and 18 show
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FIGURE 24. SC_GUI scope current and voltage measurements of various
power systems during load variation.

the power system’s effectiveness during simultaneous change
in load demand and wind speed. All the above-mentioned
difference scenarios represent real-world contingencies.

IX. HYBRID BESS BASED WDPS EMULATION ON
OPAL-RT

OPAL-RT is a Linux based real-time high-speed simu-
lator that allows MATLAB Simulink models to interact
with real world in real time [50]. Therefore, the hybrid
BESS discussed above is emulated in an OPAL-RT envi-
ronment. For this purpose, RT-LAB, a real-time software,
is used to configure the MATLAB Simulink model accord-
ing to the OPAL-RT criteria i.e., differentiate computational
subsystems (SM_computation, SS_computation: subsystems

110044

used for all type of calculations etc.) and GUI subsystems
(SC_GUI (graphic user interface): subsystems have only
constants, inputs, outputs etc.) and assign these subsystems
to various cores of OPAL-RT [51], [52]. Finally, maximiz-
ing parallel execution and running offline ensures model
performance under study. It is important to mention that
the data between various computational subsystems are syn-
chronously transferred while it is asynchronously transferred
between computational and GUI subsystems [51]. Moreover,
the offline model undergoes three further processes (i.e.,
build, load and execute) to be run in real time.

In this paper, hardware in the loop (HIL) is developed to
test the hybrid BESS based WDPS in real time, shown in
Figure 19 and 20. It clearly shows in Figure 21 that SS_model
have all three power systems (wind, diesel and battery) but
SM_control represents the three parallel connected current
source with resistive load. In this way, hybrid BESS based
WDPS is emulated as a current and voltage balanced model
for LFC studies. However, the schematic of diesel governor is
shown in Figure 22. It is important to mention that the inertial
constant is reflected as an equivalent capacitance in parallel
with the load. In this topology, the voltage remains constant,
but the current varies with load variation. It means that torque
and frequency in section VI and VIII are emulated as current
and voltage, respectively. Therefore, the torque produced by
various subsystems (Figure 21) is used as a current input (I)
for controlling current sources. And voltage variation across
the loads is used as input to diesel governor, droop control
in wind turbine and BESS control. During normal operations
the voltage remains constant, and all three subsystems operate
smoothly. However, during contingencies such as wind or
load fluctuation the voltage varied for its nominal value and
all three subsystems provide PFC. WDPS and BESS provide
inertial support by varying the current (i.e., torque) while
DPP is responsible to match load demand, in addition to
inertial support. It is important to mention that the power
provided by DPP is in terms of current increase or decrease
because voltage remains constant. Similarly, the wind power
plant provides current either constant or variable according
to wind speed. However, it provides inertial support during
transients (i.e., loss of generator etc.). Consequently, BESS
release or absorb current whenever needed and restore the
voltage to its nominal value. Below mentioned are several
tests in a real-time environment that show the effectiveness
of this study.

A. HYBRID BESS RESPONSE AGAINST LOAD VARIATION

In this case, hybrid BESS based WDPS undergoes load vari-
ation at various time intervals while wind speed (Vy) is
constant i.e., 9.2866 ms~!. Figure 23 shows the real time
measurements in OPAL-RT environment on oscilloscope
while Figure 24 shows the hybrid power system performance
at SC_GUI (or desktop scope display). In Figure 23, one box
along x-axis on oscilloscope is equal to 10sec, while one
box along y-axis is equal to 0.5 mA (milliampere) or 0.5mV
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FIGURE 25. Real time current and voltage measurements of various power systems during simultaneously changed in load and wind speed.
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FIGURE 26. SC_GUI scope current and voltage measurements of various
power systems during simultaneously changed in load and wind speed.

(millivolts). It means the total time-period along x-axis is
150sec while total mA or mV along y-axis equal to total SmA
or SmV, respectively. It clearly shows that the wind power
plant (CH1 — oscilloscope channel 1) generates constant cur-
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FIGURE 27. Variable wind speed.

rent while contributing to providing inertial support, against
load variation (or voltage fluctuations). Similarly, the diesel
power plant (CH2) fulfilled the load demand. However, BESS
(CH3) also provides inertial support by absorbing or supply-
ing current against such load variation. However, the voltage
behavior (CH4) seems to be constant against load variation.
Distribution of load at various time intervals are t = 0 to 20 sec
load demand is constant at 480 ohms, between time intervals
20 sec to 40 sec load demand is 387.10 ohms (decreased by
98.9 ohms), between time intervals t = 40 sec to 70 sec load
demand is 400 ohms (increased by 12.90 ohms). Finally, load
demand is maintained at 387.10 ohms between time intervals
70 sec to onwards (decreased by 12.90 ohms).
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FIGURE 28. Student psychology based algorithm methodology flow chart for a Pl controller.

B. BESS WDPS RESPONSE AGAINST SIMULTANEOUS
CHANGES IN WIND SPEED AND LOAD DEMAND

In this case, hybrid BESS based WDPS undergoes simul-
taneously wind fluctuations and variable load. Figures 25
and 26 clearly show the behavior of the hybrid power system.
It shows that the current produced by wind turbine is vari-
able, according to the available Vy, (Figure 27), while diesel
power plant managed its production according to required
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load demand. It is important to mention that the distribution
of load is the same as mentioned in the previous section IX-
A. At t = 0 to 20 sec load demand is constant at 480 ohms,
but wind speed varied. Therefore, the diesel power plant
fulfilled the required load demand while the wind turbine
produced current according to available wind speed. Between
time intervals 20 sec to 40 sec load demand is decreased
by 98.9 ohms and wind also varied. So, wind turbines and
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TABLE 3. Dataset of DPS installed at San-Cristobal Island [39].

Symbol Parameters Values
Model of diesel engine CAT-3512 DITA
f Frequency 60 Hz
S Capacity 813 KVA
t/ o/ t Time constants 0.024s/0.1s/0.01s
Tmad Tinin Torque max/ min 1.1 puw/0pu
Vout Output voltage 480 V £5%
Prated Rated power 650 kW
Hy Constant of inertia 0.4208 s
Ny Synchronous speed 1200 RPM

TABLE 4. San-Cristobal Island WT parameters [20].

Symbols Parameters Values
P Base power 800kW
P, Generator power min/ max 0.04p.u/ 1 p.u
Jriom Nominal frequency of generator ~ S0Hz
Kopi Optimization constant 0.6728
Kope/Kipe Blade pitch controller gains 1300/ 150
parameters
D Diameter of VSWT rotor 59m
Koo/ Kic Pitch compensation controller 0/ 150
parameters
AB/t, min/ max Rate of pitch angle min/ max 2% /+2%s
Vi, nom Nominal wind speed 10ms™
H, Constant of inertia 4.18
Kope /Kipe Gains of PI pitch controller 150/ 25
Tom, min/ max Electromagnetic torque min/ 0.08p.u/ 0.91 p.u
max
ny, Ny, N3, Ny, Constants of MPPT curve 0.5176, 116, 0.4,
ns, ng 5,21, 0.0068
W min, 0, Speed limits of MPPT 0.5p.u, 0.51p.u,
W1, Omax 1.09p.u, 1.1p.u.
z Time constant of generator and 20ms
electronics convertor
P Air density 1.225kgm’
7, Servo-motor time constant 0.3s
Koo/ Kise Gain parameters of speed 0.3/8
controller min/max
W, base Turbine base speed 2.3 rad/s
Wq, base Base speed of generator 157.08 rad/s

diesel power plants contribute to providing inertial support at
20 sec but diesel power plant is also responsible to provide
the difference of current demand. Similarly, between time
intervals t = 40 sec to 70 sec load demand is increased by
12.90 ohms and finally, load is decreased by 12.90 ohms att =
70 sec to maintain its constant value 387.10 ohms. However,
wind turbine production is limited due to the wind speed.
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Real time simulation in OPAL-RT environment justifies
the performance of hybrid BESS based WDPS of San Cristo-
bal Island.

X. CONCLUSION

Frequency excursions is one of the major problems of isolated
hybrid RE power system during contingencies. One of the
reasons is the intermittent nature of RE resource availability.
In this paper, a BESS is proposed for San Cristobal Island
hybrid WDPS to provide PFC. Naturally, VSWT provide
negligible inertial support due to fast acting power converters,
during contingencies. Therefore, a synthetic (droop) control
in VSWT is introduced in VSWT which helps the VSWT to
release inertia. Proposed controllers in hybrid BESS based
WDPS are tuned with SPBA because it provides unique
optimal solution with reduced NADIR, TAE, ISE and number
of sign changes in frequency derivatives. If gain parameters
increased or decreased from optimal gain values then results
will be worse in terms of enhanced NADIR, settling time
and oscillations. Furthermore, hybrid BESS based WDPS
are tuned and compared by considering various scenarios
such as: VSWT and BESS while DPP parameters remain
unchanged (Case X), DPP and BESS while VSWT param-
eters unchanged (Case Y), and last, DPP, VSWT and BESS
tuned as a whole (Z). Results show that Case Z is more
effective than the rest of the scenarios. FD is improved by
0.3 Hz as compared to base case against a contingency of
0.5 p.u step (increase in load demand). In addition, a BESS
size of 5.92735 kW (i.e., 0.9119 % of DPP rated power)
and 4.5435 kJ is proposed in this research. Moreover, the
hybrid BESS based WDPS is tested under various set of
perturbations i.e., loss of wind generator, steady increase
in wind speed (AV,, = 0.81 ms’z), variable wind speed,
variable load demand and simultaneous change in Vy, and
Pjoad- Finally, the emulation of hybrid BESS based WDPS
is tested in real time to validate its performance. Simulation
results against all these perturbations show the effectiveness
and impact of BESS on hybrid WDPS of San Cristobal
Island.

APPENDIX
See Tables 3 and 4, and Figure 28.
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