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Abstract: The aim of this paper is to propose an enhancement to the primary frequency control
(PFC) of the San Cristobal Island hybrid wind-diesel power system (WDPS). Naturally, variable
speed wind turbines (VSWT) provide negligible inertia. Therefore, various control strategies, i.e.,
modified synthetic inertial control, droop control and traditional inertial control, if introduced into
VSWT, enable them to release hidden inertia. Based on these strategies, a WDPS has been simulated
under seven different control strategies, to evaluate the power system performance for frequency
regulation (FR). Furthermore, the student psychology-based algorithm (SBPA) methodology is used
to optimize the WDPS control. The results show that modified synthetic inertial control is the most
suitable approach to provide FR. However, further exhaustive research validates that droop control is
a better alternative than modified synthetic inertial control due to the negligible system performance
differences. In addition, droop control does not require a frequency derivative function in the control
system. Therefore, the hybrid system is more robust. Moreover, it reduces the steady state error,
which makes the power system more stable. In addition, a pitch compensation control is introduced
in blade pitch angle control (BPAC) to enhance the pitch angle smoothness and to help the power
system to return to normal after perturbations. Moreover, to justify the performance of hybrid WDPS,
it is tested under certain real-world contingency events, i.e., loss of a wind generator, increased wind
speed, fluctuating wind speed, and simultaneously fluctuating load demand and wind speed. The
simulation results validate the proposed WDPS control strategy performance.

Keywords: frequency deviation; hybrid WDPS; modified synthetic inertial control; primary frequency
control; SPBA

1. Introduction

Trends towards hybrid power plants or to enrich conventional power plants with
renewable energy sources (RES) have dramatically increased in recent decades. This leads
to several benefits like reductions in greenhouse gas emissions, in the dependency on and
depletion of fossil fuels, in economic and environmental costs (particularly on isolated
islands), etc., [1]. On the other hand, the penetration of RES can cause problems for
conventional power systems. Due to recent developments in technology, especially in
power electronics, wind energy is the most adaptable renewable energy resource merged in
isolated island power networks. Notwithstanding, these power systems require ancillary
services. In addition, as the penetration of wind energy into electrical power systems
increases, system operators must deal with several new challenges to ensure the reliability,
quality, and stability of these electrical power systems.

Wind energy is intermittent in nature, both spatially and temporally. This can result
in an imbalance between generation and demand [2]. One of the major concerns in the
operation of power systems as a result of such an imbalance is frequency deviations (FD) [3].
The most common practice for frequency control, specifically in Europe, has a hierarchical
structure usually organized into three categories, i.e., primary, secondary and tertiary
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control, divided into five layers of protection (from fast to slow timescales) [4,5]. For small
FD (<1% of nominal frequency), the primary control actuation time lies between 2 and
20 s. In certain rare events of mismatches between production and consumption, due to the
intermittent nature of RES, the control hierarchy has failed to provide protection to some
islanded power systems, so load shedding or blackouts have occurred [4]. A real event
that justifies the above situation happened in the San Cristobal Island hybrid wind-diesel
power system (WDPS). It is located at the Galapagos Islands, Ecuador, where the high
penetration of wind energy in the load sharing caused partial and total power outages
during the windiest season in 2015 [6]. Therefore, this paper uses the San Cristobal Island
hybrid WDPS as a case study for primary frequency control (PFC) protection.

In [7,8], the authors described that the impact of RES on electrical power systems
(EPS) majorly depends on the system inertia and penetration rate. Synchronous generators
in conventional power plants, while operating in hybrid mode, dramatically lose their
inertial response against FD due to high wind penetration. This situation may be worse
for island power systems. In the literature, various solutions to mitigate these negative
effects have been presented. Lazarewicz [9] discussed the positive effects of a fly wheel-
based energy storage system for frequency regulation (FR). Energy storage systems like
fly wheels, batteries or capacitors improve the FD problems by absorbing the fluctuating
power generated by wind turbines. However, these solutions have disadvantages in terms
of maintenance and installation costs. In [10], FR was provided for hybrid power systems
using a PID controller and genetic algorithm. Similarly, a squirrel search algorithms-based
cascade fractional order controller [11] minimized the FD in the wake of load variation.
A novel meta heuristic, derivative-free method named as a quasi-oppositional harmony
search algorithm was used to improve the frequency stability in hybrid power systems [11].
Furthermore, sliding mode control [12,13], the bacterial foraging algorithm [14], artificial
bee colony algorithm [15], etc., are used to overcome the FD problems in isolated hybrid
power systems.

Currently, there is a global consensus in terms of topology about installed wind tur-
bines in various power systems. Based on these topologies, wind turbines are divided into
four types depending on the type of electrical generator (induction and synchronous) used
and its configuration within the EPS [16-18]. However, wind turbines based on doubly-
fed induction generators (DFIG) are the ones that lead the selection and implementation
preferences because they have attained most of the market share in the last decade in most
EPS [19-24]. Such wind turbines have the capabilities to perform their function within a
wide range of angular velocities in response to fluctuating wind. Therefore, these wind
turbines are termed as variable speed wind turbines (VSWT). Currently, VSWT account for
more than 650 GW of the installed capacity around the world [25]. VSWT can mitigate large
FD, thus providing FR in EPS. Traditionally, VSWT do not contribute to the system inertia
because they lack a natural inertial response or cannot naturally provide the kinetic energy
stored in their rotor and generator. However, with the modification of VSWT control loops,
it is possible to achieve an inertial response. With this aim, different frequency control
approaches can be found in the specific literature [26,27], shown in Figure 1. However,
even though de-loading control strategies can enhance the long-term FR, they are not eco-
nomically viable solutions for wind power plants’ operators, due to the loss of profits [28].
Therefore, inertial response control strategies are preferred in this row. Gonzalez et al. [29]
evaluated two inertial response strategies, i.e., fast power reserve (FPR) and hidden inertia
emulation (synthetic inertia). It is concluded that for high-inertia systems the most suitable
control strategy is FPR, while for low inertia systems, the virtual inertia emulated technique
is the best. With such objective, Renuka [30] used an inertial emulation control strategy for
enhancing FR by reducing the minimum FD (NADIR).
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Figure 1. Flow chart of VSWT’s frequency control strategies.

Furthermore, DFIG-based VSWT also provide PFC regulation. Different studies have
been carried out to evaluate the impact of DFIG-based wind turbines, particularly VSWT
on power systems. The main objective of PFC regulation is to stabilize the frequency
to a new value by modifying the power generation proportional to FD [8]. Therefore,
PFC regulation can be combined with an inertial emulation control strategy [31,32]. With
this aim, the inertial response of power system was enhanced by adding a control loop
with inertial emulation control in [33] that reduced the FD. Based on this strategy, several
models can be found in the literature [34-36]. In these models, only one loop of inertial
emulation is implemented, meaning that the power exchange (Ap) is proportional to the
rate of change of frequency (RoCoF). However, Morren et al. [37] and Mauricio et al. [38]
presented a modified, two-loop inertial control strategy by adding a proportional control
that weights the FD (Ap o< Af). Further studies based on this two-loop strategy were carried
out in [8,39,40]. Therefore, DFIG-based VSWT with this two-loop inertial emulation control
are used in this research paper. One of the major advantages of this control is to operate the
DFIG-based VSWT at their optimum operational point (OOP). Otherwise, non-OPP leads
to inevitable economic losses in VSWT [41]. Furthermore, this control allows better usage
of wind resources because it does not need any regulation reserve.

The main contributions of this paper are as follows:

(1) New controls were introduced (modified synthetic inertial control, droop control,
traditional inertial control) into VSWT that enable them to contribute, by releasing
synthetic inertia, during contingencies;

(2) Pitch compensation control was introduced in BPAC that returned the system to
normal after perturbations. In addition, it enhanced the BPAC smoothness;

(3) The SPBA optimization algorithm is used to optimally tune the hybrid power system.
Major benefits are achieved by using SPBA, as discussed in Section 5;

(4) The hybrid WDPS control strategies” performance was evaluated and compared
against seven different scenarios to highlight their pros and cons. Moreover, it is
concluded that droop control is the best alternative to modified synthetic inertial
control in terms of robustness because it reduced noise by eliminating the derivative
function from the control loop. Moreover, it reduced the steady-state error which
made the power system more stable;

(5) The controller performance was tested under various real-world scenarios to highlight
its reliability.

This paper is organized as follows: Sections 2 and 3 briefly describe the modeling
of wind turbines and diesel power plants, respectively. In Section 4, proposed control
strategies for WT are explained in detail. Similarly, the student psychology-based algorithm
(SPBA) optimization methodology is discussed in Section 5. Section 6 covers a detailed
discussion of various scenarios of WDPS with or without the proposed control strategies.
Moreover, controller performance under real-world scenarios (load fluctuation, wind
fluctuation, simultaneous wind and load fluctuation, etc.) is explained in Section 7. Finally,
conclusions are provided in Section 8.
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2. Wind Turbine Modeling

Wind turbines (WT) are electromechanical devices that extract kinetic energy (K.E)
from wind termed as wind energy, transmit it into their rotational shafts as mechanical
energy (M.E) and then transform it into electrical energy (E.E). As mentioned above, this
paper focuses on Type 3 wind turbines, due to their variable speed operation (£33% around
synchronous speed), high efficiency, low mechanical stress, four quadrant power capability,
low converter rating, etc., [42]. A general schematic of DFIG-based VSWT is shown in
Figure 2. It clearly shows that this model has four subsystems, i.e., an aerodynamic system
(ADS), mechanical system (MS), converter system (CS) and generating system (GS). The
ADS is composed of a three-blade wind turbine rotor. ADS harness the wind energy. The
MS represents a two-mass model or gear box (GB) that shows both high and low speed
sides of the GB. The shaft of a wind turbine rotor is coupled to the shaft of an electric
generator through a GB. Furthermore, the GS represents the DFIG, also termed as doubly
fed asynchronous generator, which provides the current (both active and reactive) injected
into the electric grid. Therefore, the rotor side terminals of DFIG are connected to the
electric grid through power electronics converters to extract maximum wind power but
the stator side terminals are directly connected to the electric grid. The CS is composed
of two back-to-back converters named the generator side converter (GSC) and line side
converter (LSC) connected through a direct current (DC) link. The DC link is responsible
for the exchange of active power. The GSC is responsible for reactive power (Q) in the
asynchronous stator, while the LSC is responsible for regulating the voltage of the DC link.
In addition, GSC also controlled the active power (P) with the help of a maximum power
point tracking MPPT system. Moreover, the CS enables the generator to operate within a
wide range of speed variations. Now, we start modeling each system of a wind turbine one
by one in detail below.

v :
Aerodynamic Model
Gear Box P‘g I
= Generator Model
Generator {
- J
& =
o Electronics Converters
Mechanical Model J_
~ =
= T ~
-«
= — MPPT =G50 LSC

Figure 2. General schematic diagram of VSWT.

The mathematical representation of the power extracted from the wind is given in (1).
Here, Kpow represents a power constant, Vyy is the wind speed and C,, is the power coefficient.
Similarly, p, R, D, A and (3 denote the air density (kg/ m?), turbine radius (m), turbine diameter
(m), relative turbine speed and blade pitch angle in degrees, respectively.

Prur [pu] = I<powvwacp A\ B) 1)

where
1 pmR2

K == — (2)
w2 p base,[W]
The relative turbine speed, A, is the ratio of the rotor blade tip speed and wind speed, V.

Kth[p.u‘]
A= —fpul 3)
Vw[msfl}
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where
Wt base[rad /s| D (m)
: @

Similarly, other subsystems of WT are (1) the mechanical system (5) where AT = T; — Tg.
Thus T, Tg and Hj represent the turbine generated torque, converter-demanded torque, and
inertia constant, respectively, (2) generator and electronic converters (Figure 3) where Tg* shows
the torque generated by the speed controller and t. represents the time constant of the first-order
actuator, (3) the blade pitch angle control (BPAC) (Figure 4) where, t,, represents a delay constant
or servomotor time constant. Similarly, kppc and kic are PI controller gains used to perform
regulatory actions in BPAC (4) maximum power point tracking (MPPT) (6).

KU:

di  2H;
(wg—Wmin)
mKoptwO Whin < wg < Wy
wE,KOPt wo < wg < wy
P* = P, —K tw 6
8 (wg wmax) %4‘1)1%1136 ( )
when w1 < wg < Wiy
Prax Wg 2 Wmax
* 1
Te W = »Tg

Figure 3. MATLAB Simulink representation of the generator and electronics converter.

4B/ (max)
ﬂo * %I
max '
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Figure 4. MATLAB Simulink representation of BPAC.

3. Diesel Power Plant Modeling

In general, a diesel power plant (DPP) is a conventional electric power generating
station that uses fuel oil to produce electric energy. Figure 5 represents the general schematic
of the CAT-3512DITA San Cristobal Island DPP model that the authors built in their
previous work [43]. All other parameters of a diesel engine are given in Table 1.

Speed Governor

Actuator
Win m We K +sK, 1
_@ s(1 + st3) 1+st,
{ s

Wref

e st
Crankshaﬂ Dynamics Diesel Engine

Figure 5. General schematic of the CAT-3512DITA diesel governor.
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Table 1. Dataset of DPS installed at San Cristobal Island [43].

Symbol Parameters Values
Model of diesel engine CAT-3512 DITA
f Frequency 60 Hz
S Capacity 813 KVA
Ht Constant of inertia 0.4208 s
Ns Synchronous speed 1200 RPM
Prated Rated power 650 kW
Vout Output voltage 480V £+ 5%
Tmax/ Tmin Torque max/min 1.1pu./0p.u
t1/t/t3 Time constants 0.024s/0.1s/0.01 s

4. Proposed Control Loop: San Cristobal Island WT

VSWT do not contribute to PFC. The major reason that justifies this statement is
the non-optimal wind turbine operation [8,44] that inevitably leads to economic loss [41].
Furthermore, VSWT provide negligible or no inertial support during contingencies. During
hybrid operations, only the diesel governor is responsible for providing inertia. With these
facts, modified synthetic inertial control, traditional inertial control and droop control are
proposed in this paper to reduce the above-mentioned drawbacks. Figure 6 shows the
proposed modified control that constitutes traditional inertial and proportional control (also
known as droop control). Inertial control (K4y,) is responsible for providing support against
the RoCoF (rate of change of frequency), while proportional control (Kpn) is responsible
for providing a fast frequency response (FFR) against FD. Furthermore, to enhance the
effectiveness of BPAC and PFC, an additional PI controller with the gains Ky and Kjc is
introduced as pitch compensation. This control refers to mechanical power control in BPAC
because it computes the mechanical power difference, as shown in Figure 7. A detailed
comparison of each proposed control and their effects on the hybrid WDPS of San Cristobal
Island is discussed below (Section 6).

Py [pu]
P
T . , Tem. max pu]
wg[pu] ;
(2

Pg* [pu]

Kan

modified synthetic
inertial control

Kyn proportional
control

Figure 6. Proposed modified synthetic inertial control of VSWT to release hidden inertia.
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Figure 7. Modified BPAC of VSWT.
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5. Student Psychology-Based Algorithm (SPBA) Optimization

To increase the effectiveness and usefulness of the proposed controls, an SPBA-based
optimization technique is adopted in this paper. It is because, as mentioned above, the
conventional operation of VSWT is non-optimal. To overcome that issue, the proposed
control is considered. Similarly, for the optimal tuning of that controller, the SPBA technique
will also be used. Salient features that justify the SPBA usefulness are as follows:

Provide unique and best optimal controller gain parameters;
Reduce the NADIR and FD;

Provide the minimum ISE at the optimal operating point;
Provide the minimum IAE at the optimal operating point;
Reduce the number of sign changes in the frequency derivative.

SPBA provides the above-mentioned advantages by calculating the controller quality
index, Q, given by (7). Here, “n” represents the number of sign changes in the frequency
derivative during contingencies. The authors developed this SPBA optimization technique
in their previous work [43]; this is why the detailed procedure is not discussed here, and it
is out of the scope of this paper. However, the SPBA optimization algorithm for two gain
parameters’ controller is briefly explained, as shown in Figure Al. It is important that Q in
Equation (7) and Z, reflected in Figure A1, are the same. Furthermore, Figure A1 describes
in detail the tuning methodology of Case T. Firstly, the base parameters, which are actual
parameters of the San Cristobal Island diesel governor, are stored into the base vector V,.
Then, an increment of one is applied, wherever needed, according to the conditions (eight
possibilities in this case) shown in Figure A1. Against each possibility, the controller quality
index will be calculated. If the results are positive, this means the calculated controller
quality index is greater than the base value, then Q against such possibilities are stored in Y.
Otherwise, the values reflect zero in Y. Y contains all eight new controller quality indexes.
We compare again all indexes of Y with each other and return the greater one (greater
Q reflects better controller performance). If Y is zero, the increment for the first decimal
place is applied and the controller performance is re-evaluated. These loops end up to the
second decimal place. Afterward, there is no significant controller performance reflected.
In the case of a non-zero value of Y and Zpew < Zprev, the loop ends. Therefore, the gain
parameters associated with this final controller quality index are the optimized parameters
of such controllers. It is important to mention that if the controller gain parameter values
increase or decrease from the optimal point, then the behavior of the controller worsens in
terms of increased FD, settling time and oscillations.

NADIR

Q= SE+IAE+n

(7)

6. Simulations and Results

The authors divide this section into two parts. In the first part, various scenarios
of the San Cristobal WDPS are discussed in detail. All cases are compared to extract
valuable results. However, in the second part, the hybrid WDPS of San Cristobal Island
control strategy selected is tested under various real-world scenarios (sudden loss of a
wind generator, wind variations, load demand increment while wind variation decreases
and vice versa) to justify its performance under contingencies.

Firstly, the authors considered the actual parameters of the San Cristobal Island hybrid
WDPS as the base case. This helps to distinguish and highlight the improvements with or
without the proposed controls and proposed tuning methodology. Furthermore, the hybrid
WDPS performance is evaluated under seven different scenarios, and all these strategies
are compared to evaluate their impact on this island power system.

6.1. Base Case: San Cristobal Island Hybrid WDPS

The San Cristobal Island hybrid WDPS is located in the Galapagos Islands, Ecuador.
VSWT installed at this island cannot contribute to FR. To highlight the effectiveness of the



Electronics 2024, 13, 852

8 of 20

proposed controls, the authors consider the WDPS of San Cristobal Island without any
modification as the base case. Consequently, during contingencies, all inertial support is
provided by the DPP. Therefore, a perturbation, step response (0.5 p.u.), which reflects the loss
of a wind generator, is considered. The system behavior against such perturbation is shown
in Figure 8. It clearly shows that the sudden increase in load demand (0.5 p.u.) results in an
underfrequency (NADIRy,s) of up to 0.8701 p.u. (43.5 Hz). Similarly, other base parameters,
such as Zpase, ISEpase and IAE),,¢. are 2.0081, 0.0410 and 0.4804, respectively. Tables 1-3 show
the actual parameters of the hybrid WDPS.

o 1.4

P

load demand

07
. 0.699995

=
i, 0.69999
o

0.699985

s wind turbine generated power

0.69998

diesel governor speed

-
3
Q.
&
o
3
1
-
S 0.8
Q
&
o’ 0.6

0.4

1
0.95
09
0 10 20 30 40 5

0 60 70 80 90 100

time (seconds)

Figure 8. Base case: San Cristobal Island WDPS against the loss of a wind generator (Pj,q increment

0.5 p.u.).

Table 2. San Cristobal Island WT parameters [6].

Symbols Parameters Values
Ppase Base power 800 kW
Generator power
P min,/max 0.04p.u./1lp.u.
Rate of pitch angle o o
dp/dt, min/max min/mgx & —2°/s/+2°/s
Kopt Optimization constant 0.6728
D Diameter of the VSWT 59 m
rotor
Nominal frequency of the
From generator S0 Hz
H; Constant of inertia 4.18
Gains of the PI pitch
Kppe/Kipe controller 150/25
Woins W0, W1, Wmax Speed limits of MPPT 0.5p.u., 051 p.u,, 1.09 p.u., 1.1 p.u.
ny, Ny, N3, Ny, Ns, Ng Constants of MPPT curve 0.5176,116,0.4, 5, 21, 0.0068

Tp
P

Servo-motor time constant
Air density

03s
1.225 kgm 3
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Table 2. Cont.

Symbols Parameters Values
Time constant of the

Tc generator and electronics 20 ms
convertor
Base speed of the

Og base generator 157.08 rad/s

O pase Turbine base speed 2.3 rad/s

Vw,nom Nominal wind speed 10 ms~!
Gain parameters of the

Kpsc/ Kige speed controller min/max 03/8
Electromagnetic torque

T o minmiax & 9 0.08 p.u./0.91 p.u.

min/max

Table 3. San Cristobal Island WDPS tuned parameters using SPBA.

Case  Diesel Governor Controller Gain Parameters =~ Modified Synthetic Inertial Control

K a K 4 Kan Kpn
Base 2.294 1.458 0 0
T 10.13 13.35 0 0
U 10.13 13.35 0.15 7.45
A% 10.13 13.35 0 1.92
W 10.13 13.35 0.004 0
X 30.76 32.76 0.26 18.18
Y 24.65 29.55 0 23.43
Z 23 31 0.02 0

6.2. Case T: Tuned DPP Effects on Synthetic Inertia

In this case of the hybrid WDPS, only the DPP is tuned using the SPBA optimization
technique to show the advanced system behavior. It is important to mention that the VSWT
parameters remain unchanged. This case only demonstrates the effect of an optimized
tuned DPP on FR. After successive optimization, the new diesel governor gain parameters
are K, 4 =10.13 and K 4 = 13.35. With an optimized DPP, the FD improved by 9.15%
(4.38 Hz), as shown in Figure 9. Similarly, other parameters such as the IAE and ISE
decreased by 97.07% and 91.86% as compared to the base case. In this case, only the
DPP is responsible for providing inertia because the WT cannot contribute to it without
introducing new control loops. However, Figure 9 clearly shows that the settling time
is significantly reduced as compared to Figure 8, which reflects the positive effect of the
optimized diesel governor.

6.3. Case U: FR Provided by VSWT Using Modified Synthetic Inertial Control

To release the hidden inertia or synthetic inertia in VSWT, new proposed controls named
as modified synthetic inertial control, discussed above, are introduced in VSWT. In this case,
the behavior of VSWT with optimized DPP (Case T) for FR is discussed. However, the
new control loops in VSWT are optimally tuned using the SPBA methodology while the
DPP parameters remain the same as in Case T. Thus, a testing series of different proposed
control gain parameter (Ky, and Kpn) combinations was based on the controller quality index,
Q. The new optimized values of Ky, and Ky are 0.15 and 7.45, respectively. In this way,
both power plants of the San Cristobal hybrid WDPS are optimally tuned, individually. To
check the system performance, the authors again consider a perturbation of a 0.5 p.u. step
response as Py,q against a constant wind speed, 9.2966 ms~!. The WDPS FD response against
such a perturbation is shown in Figure 10, which is improved by 0.49% (0.32 Hz) and 9.58%
(4.62 Hz) when compared with Case T and the base case, respectively. Similarly, the synthetic
inertia (approx. 0.29 p.u.) released by VSWT is shown in Figure 10. This synthetic inertia
enables VSWT to contribute to the PFR during transient periods. Figure 10 shows in detail the
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contribution of the modified synthetic inertial control. It clearly justifies that VWST provide a
fast frequency response and significantly contribute against the RoCoF.

1.6 [
sl <
3
8 14f

o

813
1.2
1.1

0.7 = wind turbine generated power |

0.699995

0.69999

P, Ip.u]

0.699985 -

0.69998 &

diesel governor speed

0.99

0.98 |

w, [p-u]

0.97

0.96 |

17 A = diesel generator power] 1

2 o08f
K
o

0.6

0.4
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time (seconds)

Figure 9. WDPS behavior in Case T against Pj,,q = 0.5 p.u.
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Figure 10. Detailed synthetic inertial response of VSWT in Case U.
6.4. Case V: FR Provided by VSWT Using Proportional Control

In this case, only proportional control is introduced in VSWT to release synthetic
inertia. In other words, the authors split the modified synthetic inertial control into
two different individual control loops (discussed in Case V and Case W) to highlight
the distinct inertial impact. Therefore, VSWT with proportional control are tuned using the
proposed tuning methodology, while the DPP remains the same as in Case T. Thus, the SBPA
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methodology illustrates better optimized results for VSWT against Kpn = 1.92. Against a
0.5 p.u. increase in load demand, the WDPS shows a NADIR = 0.9591 p.u. (47.96 Hz),
as shown in Figure 11. Figure 11 clearly reflects that the hybrid WDPS with proposed
proportional control follows nearly the same trend as discussed in Case U. However, the
FD is 0.0047 p.u. more as compared to Case U. Irrespective of such FD behavior, the authors
conclude that proportional control (droop control) is a good alternative for modified syn-
thetic inertial control. Because such a difference of 0.0047 p.u. is negligible against a rare
event, 0.5 p.u. load demand increment. As the load demand increment is reduced further,
such a difference also moves toward zero. However, such research findings indicate that
VSWT can provide enough inertia with an advantage of robustness in terms of eliminating
derivatives in modified synthetic inertial control. Furthermore, the controller quality index
in Table A1 justifies the above-mentioned claim. Irrespective of FD, the controller quality
index of Case V is better than that of Case U because of a smaller number of sign changes

in frequency deviation.
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Figure 11. VSWT FD response against a 0.5 p.u. step response in Case U, V and W.

6.5. Case W: FR Provided by VSWT Using Inertial Control

This case helps to compare the VSWT performance against the droop and modified
synthetic inertial controls. In this case, VSWT hidden inertia is released by using only
inertial control (Kg4,). However, the DPP parameters remain unchanged (Case T). Again,
the authors tuned VSWT using the SBPA optimization technique. Therefore, the best unique
gain parameter for inertial control that shows the minimum FD, ISE and IAE is 0.004. To
simulate such a hybrid WDPS against 0.5 p.u. Pjy,4, FD is equal to 0.9576 p.u. (47.88 Hz).
Such a response is 0.16% and 0.49% worse than Case V and Case U, respectively. However,
it is 9.14% better than the base case. It is concluded that VSWT perform better the in case
of modified synthetic inertial control. Thus, the priorities to adopt a proposed control for
synthetic inertia are Case U > Case V > Case W.

It is important to discuss that the hybrid power system behavior is nearly the same as
in Case T. The authors further conclude that inertial control does not significantly contribute
to the release in synthetic inertia in the hybrid model if the DPP is optimally tuned. This is
because the major contribution for inertial support is provided by the DPP. Furthermore,
comparing both Cases U and V with Case T, it is observed that Case U and Case V are
0.49% and 0.16% more efficient. The VSWT synthetic inertial contribution in Case W is
shown in Figures 12 and 13. Figure 13 is a zoom-in near the perturbation.
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Figure 13. VSWT synthetic inertial response in Case W, zooming in.

6.6. Case X: Simultaneously Tuned: DPP and VSWT with Modified Synthetic Inertial Control

In this case, both power plants of San Cristobal Island, i.e., the wind power plant
including proposed controls (Figure 6) and the DPP are considered simultaneously. The
SPBA optimization methodology is used to tune the controller parameters of the proposed
controls and diesel governor (K, 4 and K; 4) against the step response (0.5 p.u.). After
comparing thousands of controllers’ gain combinations, the SPBA methodology shows a
better result against the parameters K, 4 =30.76, Ky, ; = 32.76, K4, = 0.26 and Kpn = 18.18.
Moreover, NADIR, ISE and IAE are 5.62 Hz (11.43%), 0.040 and 0.4651, better than the
base case. The synthetic inertial support provided by VSWT is shown in Figures 14-16.
Figure 14 expresses the detailed contribution of both controls, i.e., K4, (RoCoF) and Kpn
(fast frequency response). Furthermore, it is concluded that the hybrid WDPS performs
better in this case (Case X) compared to all above-mentioned cases in terms of low FD,
ISE and IAE. In other words, when all hybrid power plant controllers are optimally tuned
simultaneously, then its performance increases significantly irrespective of individual
optimization. Thus, Case X is 2.52%, 2.04%, 2.36% and 2.52% more efficient (in providing
FR) than Case T, Case U, Case V and Case W, respectively.
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Figure 16. VSWT synthetic inertial response in Case X, Y and Z.

6.7. Case Y: Simultaneously Tuned: DPP and VSWT with Droop Control

Case Y is similar to Case X in terms of being simultaneously optimally tuned in both
power plants. However, synthetic inertia is provided by only proportional control while
Kgn remains zero. Figure 16 clearly shows that VSWT contributes to inertial support when
a step response of 0.5 p.u. is applied as a perturbation in load demand. Furthermore,
NADIR is reduced by 11.38% (5.59 Hz) when compared with the base case. It is important
to mentioned that the hidden inertia released by VSWT is nearly the same in both cases:
Case X and Case Y. This is the same observation as in Case U and Case V. The results
again validate that droop control is a good replacement for modified synthetic inertial
control. However, the FR support provided by droop control is 0.06% less than in Case X.
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Therefore, droop control has significance in terms of robustness because no differentiation
of frequency is needed. Furthermore, the controller quality index in Table A1 justifies the
above-mentioned claim.

6.8. Case Z: Simultaneously Tuned: DPP and VSWT with Traditional Inertial Control

In this case, both power plants of San Cristobal Island undergo SBPA optimization
control while Ky, remains zero in modified synthetic inertial control. Only traditional
inertial control enables VSWT to release inertia against the applied perturbation of a 0.5 p.u.
step response. Figure 15 shows the FD behaviour against such a perturbation. It is clear
that VSWT with traditional inertial control not only reduced the FD but also ISE and IAE
as compared to the base case. However, the system performance is not as good compared
with Case X and Case Y. Case X is 0.92% better than Case Z while Case Y is 0.86% better in
terms of FR. When comparing all these three cases, it is concluded that Case X > Case Y >
Case Z > base case.

7. Controller Performance Evaluation

To evaluate and justify the performance of the proposed controllers, perturbations
(step, ramp and random) whose combination represents any realistic event [45] are consid-
ered. Therefore, the loss of a wind generator or an increase in load demand is reflected by
the step response. Similarly, the gradual increment in wind speed and wind variations is
manifested by the ramp and random response, respectively. Furthermore, to analyze in
depth, the authors believe some other rare events can occur in power systems. These events
include both load demand and wind variation simultaneously increasing or decreasing.
Moreover, the load demand increases while the wind speed decreases and vice versa. To
validate the proposed controller and hybrid WDPS performance (as a whole) under such
scenarios, the authors consider Case U as a case study. The main reason to adopt such
a specific case is due to its better performance when compared to all other seven cases.
However, the results of Case V are nearly the same as in Case U. However, the authors
choose the best one to evaluate the performance. It is important to mention that the WDPS
based on the above-mentioned cases can perform well during contingencies. But the WDPS
performance varies case by case. Thus, Figures 17 and 18 show the behavior of various hy-
brid WDPS variables against the ramp and random response. The results clearly show that
the WDPS can work efficiently against the loss of a wind generator (resulting in increased
load demand) and wind speed fluctuation. In addition, the BPAC rotation smoothness
demonstrates the effect of pitch compensation control (gain parameters given in Table 4).
However, the fulfilment of the load demand, Py,4 = 1.5 p.u., is met by both power plants.
Whenever VSWT is below its maximum generated power (1 p.u.), the DPP provides the
difference in power (Pjoaq — Pw).

Table 4. Several tuned parameters of WT.

Case Parameters Values
Kpe/Kic Pitch compensation controller 0/150
parameters
_ Blade pitch controller gain
Kppe/Kipe parameters 1300/150

Similarly, Figure 19 shows the hybrid WDPS response against variable load demand
and wind variation. Such fluctuating behavior of V, and Pj,,q covers all different situations:
Pjpaq increases while Vy, decreases or vice versa. It is important to mention that both power
plants of hybrid WDPS have their own limits, i.e., Py max and P4 are 1 p.u. It means that
the difference between Py, and load demand must not be greater than 1 p.u., because the
DPP is responsible for providing such a power difference. Similarly, the BPAC rotation
is not instantaneous, and they have their own practical limitations due to servomotor or
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maximum rotation per second. Therefore, VSWT do not operate beyond the allowable beta
angle rotation (2°/s) and cut-out wind speed, which is 25 ms~! [46] in this case.
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8. Conclusions

In this paper, various control loops (modified synthetic inertial control, droop con-
trol and traditional inertial control) are proposed for helping VSWT to release hidden
inertia and provide FR during contingency conditions. Then, these proposed controls
are implemented into the San Cristobal Island hybrid WDPS to find a better FR solution.
With this aim, seven different approaches (Cases T, U, V, W, X, Y and Z) based on the
above-mentioned proposed controls are discussed in detail to highlight the various benefits
and improvements. Furthermore, the SPBA methodology is adopted to optimally tune the
proposed approaches. Thus, after exhaustive research, it is concluded that Case X provides
better FR and minimizes FD (11.43%), ISE (0.04) and IAE (0.47) as compared to the actual
San Cristobal WDPS parameters. Similarly, by comparing all other approaches, it concludes
that Case Y > Case Z > Case U > Case V > Case W and Case T. The authors further found
that both approaches (X, Y and U, V) provide nearly the same results. Therefore, it is
summarized that the best alternative for modified synthetic inertial control is droop control.
It is preferred in terms of hybrid power system robustness because it eliminates the need to
perform a numerical derivative. Furthermore, it is determined that in hybrid operations
both power plants (DPP and WPP) under study must be optimized simultaneously to ob-
tain an optimized performance. If both power plants are individually optimized, then there
are no significant improvements in the results. Case U is the best fit to the above-mentioned
statement. When comparing Case U with Case T, the FD only improved by 0.49% (0.24 Hz)
against a 0.5 p.u. increase in load demand.

To evaluate the hybrid power system under the proposed approach, the hybrid WDPS
undergoes several realistic events (increase in V,,, wind fluctuations, both load demand
and Vy fluctuate simultaneously). These realistic events validate the results and the hybrid
power system performance.
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Appendix A

Table Al. Detailed experimental measurements of cases: base, T, U, V, W, X, Y, Z.

Case NADIR (p.u.) ISE IAE Q (p.u.)

Base 0.8701 0.0410 0.4804 1.1373 x 103
T 0.9576 0.0012 0.0391 1.3665 x 103
U 0.9623 0.0011 0.0438 1.6790 x 103
\% 0.9591 0.0012 0.0404 1.1371 x 103
w 0.9576 0.0012 0.0391 1.19224 x 10*
X 0.9824 1.5215 x 1074 0.0193 1.5206 x 10%
Y 0.9818 2.0568 x 1074 0.0169 1.5658 x 10*
Z 0.9734 25728 x 1074 0.0161 3.554 x 103
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