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Abstract: To modernize electrical power systems on isolated islands, countries around the
world have increased their interest in combining green energy with conventional power
plants. Wind energy (WE) is the most adopted renewable energy source due to its technical
readiness, competitive cost, and environmentally friendly characteristics. Despite this, a
high penetration of WE in conventional power systems could affect their stability. Moreover,
these isolated island power systems face frequency deviation issues when operating in
hybrid generation mode. Generally, under contingency or transient conditions for hybrid
isolated wind—diesel power systems (WDPSs), it is only the diesel generator that provides
inertial support in frequency regulation (FR) because wind turbines are unable to provide
inertia themselves. Frequency deviations can exceed the pre-defined grid code limits dur-
ing severe windy conditions because the diesel generator’s inertial support is not always
sufficient. To overcome this issue, we propose a control strategy named emulation inertial
and proportional (EI&P) control for Variable-Speed Wind Turbines (VSWTs). VSWTs can
also contribute to FR by releasing synthetic inertia during uncertainties. In addition, to
enhance the effectiveness and smoothness of the blade pitch angle control of WTs, a pitch
compensation (PC) control loop is proposed in this paper. The aim of this study was
to provide optimal primary frequency regulations to hybrid wind-diesel power systems
(WDPSs). Therefore, the hybrid WDPS on San Cristobal Island was considered in this study.
To achieve such goals, we used the above-mentioned proposed controls (EI&P and PC)
and optimally tuned them using the Student-Psychology-Based Algorithm (SPBA). The
effectiveness of this algorithm is in its ability to provide the best optimum controller gain
combinations of the proposed control loops. As a result, the FD in the WDPS on San Cristo-
bal Island was reduced by 1.05 Hz, and other quality indices, such as the integral absolute
error (IAE), integral square error (ISE), and controller quality index (Z), were improved
by 159.65, 16.75, and 83.80%, respectively. Moreover, the proposed PC control, which was
further simplified using exhaustive searches, resulted in a reduction in blade pitch angle
control complexity. To validate the results, the proposed approach was tested under differ-
ent sets of perturbations (sudden loss of wind generator and gradual increase in wind speed
and their random behavior). Furthermore, hybrid systems were tested simultaneously
under different real-world scenarios, like various sets of load or power imbalances, wind
variations, and their combinations. The Simulink results showed a significant improvement
in FR support by minimizing frequency deviations during transients.
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1. Introduction

The desire to reduce our dependency on fossil fuels, particularly oil and gas, and the
need to lower greenhouse gas emissions have significantly increased in recent decades [1-4].
This trend of attaining sustainability has had a significant impact on electrical power sys-
tems worldwide. These ambitions (reduction in fossil fuel usage) require the transformation
of conventional electrical power systems into hybrid power systems, i.e., the integration
of renewable energy (RE) sources into existing power networks [5,6]. Despite the benefits
provided by RE sources, integrating them into conventional power systems faces numerous
problems [7], such as power system stability and reliability [8-11]. Wind energy (WE) is
globally the most adopted RE source used to produce electrical energy [12,13]. However,
its intermittent nature results in a variance in power generation and load demand in hybrid
power systems. Such a variance in power could result in a frequency deviation (FD) [14]
or a high rate of change of frequency (RoCoF) [15], which may create more complicated
and uncertain conditions for hybrid power systems, or, in certain rare events, in partial or
full blackouts. Some of the major blackouts in recent decades took place in (1) 2013: Italy,
Scandinavia, and North America [16]; (2) 2009 and 2011: Brazil [17]; (3) 2012: India [18];
(4) 2015: San Cristobal (Ecuador) [19] and Turkey [20]; and (5) 2016: Australia [21]. Further-
more, on the islands of Flores-Azores, Portugal, wind energy penetration was limited due
to low-frequency problems [22]. On the French island of Guadeloupe, power systems [23]
faced critical FD problems due to the increased penetration of renewable energy (wind and
solar). Therefore, after a series of FD problems in France, the French government limited
renewable energy penetration to 30% in electrical power systems. Similarly, according
to [24-29], conventional power systems on various islands faced FD problems due to the
penetration of renewable energy. Therefore, this study focuses on the island-based hybrid
wind-diesel power system (WDPS) of San Cristobal Island, Ecuador, as a case study for
primary frequency control (PFC). The diesel power plant generator, part of the hybrid
WDPS examined in this paper (Section 3), has already been studied by us in our previous
work [30].

Conventional power plants feature significant system inertia. In the case of contin-
gencies or power imbalances, the available system inertia is utilized to restore the power
system to its normal condition. However, in some cases, this system inertia is not enough
to restore the system, particularly in hybrid isolated island power systems. In such systems,
the RE penetration rate plays a vital role in power system stability. In [29-31], the impact
of RE penetration on existing power systems is explained. However, in hybrid power
systems, the system inertia is significantly reduced due to the intermittent nature of the RE
source [32]. To overcome such problems, numerous studies have been conducted [33,34].
Irrespective of such solutions, the WT itself is unable to release synthetic inertia [29] due to
fast-acting power electronics converters [35]. However, it is possible to make WTs effective
in terms of releasing hidden inertia or contribute to reducing FD by releasing synthetic
inertia. Before discussing how to achieve system inertia in WTs, it is important to consider
the type of WT utilized for this purpose. In recent decades, the Doubly Fed Induction
Generator (DFIG)-based Variable-Speed Wind Turbine (VSWT) has become the market
preference [36-38] due to its performance capabilities in a wide range of angular veloci-
ties. Therefore, numerous frequency control approaches (Figure 1) have been adopted for
releasing synthetic inertia from VSWTs, as discussed in [39,40]. Moreover, Table 1 briefly
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shows various control approaches adopted in previous studies to release this inertia in
WTs. It is summarized that inertial control strategies are preferred in this row, irrespective
of de-loading control strategies (Figure 1) because these strategies are not economically
viable [41]. Based on this concept, Renuka [42] minimized the FD and improved frequency
stability by utilizing inertial emulation frequency control. However, for frequency stability
studies, primary frequency control also has an important aspect [43]. A DFIG-based VSWT
has the capability to provide PFC [44,45] by stabilizing the frequency to its nominal value.
With such an aim, various studies are found in the literature [46,47]. However, in all these
studies, inertial emulation is implemented with one-loop control, i.e., Ap « RoCoF. Later,
a proportional control loop (Ap o Af) is introduced with the above-mentioned one-loop
control by Mauricio et al. [48] and Morren et al. [49]. One of the major benefits of utilizing
two control loops is to operate a WT at its optimum operating point [50]. With such ad-
vantages, modified control loops are proposed for this research work. Despite introducing
new control loops in a VSWT, an optimization algorithm is also equally important in such
aspects. Various algorithms such as the (1) artificial bee colony algorithm [26], (2) quasi-
oppositional harmony search algorithm [51], (3) squirrel search algorithm [52], (4) whale
optimization algorithm [53], (5) bacterial foraging algorithm [54], and (6) genetic algorithm
are used to provide optimized solutions for minimizing FD in frequency stability studies.
However, these nature-inspired algorithms have their own importance in the world of
electronics, but some drawbacks, like the percentage of accuracy in predicting natural
behavior, human error, instrumental error, and environmental effects, have limited their
usage to some extent for studies related to optimization and convergence mobility [30].
Therefore, the same authors present a new Student-Psychology-Based Algorithm (SPBA)
methodology for optimization-related studies. That is why this SPBA was used in this
study to optimize the proposed model.

[VSWT frequency control strategies )

| De-loading coutroll | Inertial control |

Reserve capacity | | Speed control -Droop control
in pitch
- Hidden inertial
Modified pitch | Rotational emulation
angle control overspeed I Fast power reserve
Direct pitch Rotational - Temporﬂly extra
angle control underspeed active power

Figure 1. General classification of various control strategies for VSWT.

The primary aim of this study is to provide an inertial response or release the kinetic
energy stored in rotational masses and provide smooth blade pitch angle control using the
proposed control loops in the VSWT (Section 4) to enhance the large-scale hybrid WDPS
performance and early frequency support during contingency. Without such proposed
controls, the VSWT does not provide inertial support, due to fast-acting power-electronics
converter control. Similarly, diesel generators are unable to provide assistance during wind
variations and under power imbalance conditions. Therefore, the advantages of using
the proposed methodology are the reductions in FD, inertial response degradation, fossil
fuel dependency, greenhouse gas emissions, and local pollution under contingencies. In
addition, this proposed approach (Section 4) does not require any regulation reserve, which
allows the efficient usage of wind resources.
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Table 1. Summarized control approaches to release synthetic inertia in WTs.

Reference gs :e zlf WT/Power Methodology Limitations/Drawbacks/Future Directions
This study provides FR (isochronous) using the
proposed PI controller but is limited to Shutting down the diesel generator is not a

[55] Isolated WDPS wind-only (WO) mode. Moreover, the ES and viable solution, because diesel must have
irrigation water supply system are used for FR. minimum operation limits, either under load or
The main goal is to provide FR and save no-load conditions.
fuel consumption.

In this study, the authors propose a new The lack of a WT response against the ramp
. probabilistic approach by modifying the response and the effects of blade pitch angle

[56] ?é;sg;’ To_“(;;‘e:t s]i;::un demanded torque in response to the RoCoF to control are missing.

P y assess the inertial response in the GB power Future work should focus on spatiotemporal
system (both summer and winter days). wind field models.
In this study, the WT inertial response is There is a lack of WT integration with
estimated using the Gaussian probabilistic conventional power systems and their effects.

[57] Wind power plant approach. A fixed d¢/d; and WT power tracking It is still unclear in this study whether grid
constant, Koptw3, is used to explore synthetic frequency restoration in the case of high wind
inertia in WT. can still be provided by using these services.
FR is provided using an inertial emulation
contFo} loop against the Var.i ation in frequency, Irrespective of robustness, fuzzy logic schemes

Hydro-wind and 1tis added to th? electrlcal.power of the have various concerns when they are used for

[42] Y turbine. A fuzzy logic scheme is used for blade L 4

power system . . . N large systems, such as limited accuracy,
pitch angle control during high winds; however, computational complexity, and interpretabilit
the MPPT is adopted during low and medium P plexty, P Y-
wind speeds.
A dynamic analysis of a small isolated WDPS is
carried out in the time domain, considering
simplified models of the WT pitch controller and
the diesel engine speed governor. Two There is a lack of information about inertial

[58] Isolated WDPS controllers (PI and PID) for the BPAC are support, i.e., the release of K.E in rotating masses.
proposed to provide frequency control and GA is computationally less efficient than PSO.
examine power flow. The optimal solution of
both control loops is found using GA and PSO
(partial swarm optimization).

Frequency control in an isolated hybrid WDPS is There is a lack of inertial response discussion

[59] Isolated hybrid WDPS provided using various methods, i.e., dump and optimal solutions P
load, BPAC regulator, and ES (flywheel). P ’

In this study, FR is provided by nonlinear Frequency fluctuations still exist in this study
regulator theory. FD and power imbalances are against random wind speed. Therefore,

[60] Isolated WDPS used to design nonlinear feedback controllers nonlinear regulator theory should be extended
that achieve the reserve power distribution to coordinate between both generation and
between DFIGs and generators. demand-side control.

In this study, frequency regulation is provided

by releasing synthetic inertia using a one-loop Future work will be extended to improve inertial

inertial control (Ap « RoCoF). Moreover, the C . . P .

[46] DFIG and FSIG WTs DIFG WT . d wi A control or highlight the inertial response in the

response is compared with the inertial hvbrid generation mix

control loop and FSIG WT to highlight the y & ’

inertial significance.

In this study, a new control loop, virtual hidden  The proposed approach can be modified by

inertial emulation (HIE), is proposed to provide  introducing a droop control or ES to achieve the

[47] PMSG WT frequency stability. As in HIE, with a reduction same characteristics of traditional power plants.
in rotor speed recovery during NADIR, the However, it can enhance the complexity of the
secondary frequency drop persists. Therefore, systems and make it difficult to globally
VHIE is more effective. optimize the system.

In this study, droop control is used as an There is a lack of BPAC adoption in this study,
alternative inertial emulation control (IEM) with the assumption that the pitch controller for

[61] VSWT strategy to release synthetic inertia in VSWTs. the synthetic inertia strategy is too slow in
The main benefit of such a strategy is to enhance  tracking the variations in fast power set-points.
robustness by eliminating the differentiation of Global optimum tuning is necessary to achieve
the frequency in IEM. inertia using droop control.

A de-loading strategy is adopted in this study to
[62] VSWT provide an inertial response with the aim of De-loading control strategies are not

providing relief to the grid during depressed
frequency conditions.

economically viable [41].
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The second aim of this study was to provide an optimal, unique solution by evaluating
the quality control index using the SPBA. With the help of this SPBA, we first tuned the
proposed control loops without changing the diesel governor parameters. Furthermore,
the whole system was considered and tuned simultaneously to show the contribution
of the inertial response. The RoCoF and fast frequency response were both provided to
release the kinetic energy from the VSWT. In addition, blade pitch control was simplified to
reduce the system complexity. Moreover, the proposed system was tested under real-world
scenarios using different perturbations (step, ramp, and random). In addition, the system
was simultaneously tested in both wind variations and power imbalances to prove the
performance of the hybrid WDPS.

This paper is organized as follows: Section 2 presents the wind turbine model in
detail and briefly discusses diesel power plants. The proposed control loops for FR, i.e.,
blade pitch compensation and VSWT inertial and proportional control, are presented in
Section 3. The developed controller tuning methodology, the SBPA, which calculates the
gain parameters using the objective-function-based control quality index, is discussed in
Section 4. Simulations and discussions under realistic events are presented in Section 5.
Future work and limitations are presented in Section 6. Finally, in Section 7, the conclusions
of this study are outlined.

2. Materials and Methods

This section comprises two parts. In the first part, the wind turbine is modeled in
detail, while the second part models the diesel power plant in detail.

2.1. Wind Turbine (WT) Modeling

WTs have the capability to generate electricity by extracting wind kinetic energy
(W.K.E). Therefore, a Type 3 WT is considered in this study due to its several advantages,
such as having (1) a lower power electronics converter, (2) less mechanical stress, (3) the
capability of variable operational speed, and (4) higher efficacy [63,64]. Figures 2 and 3
show general and simplified [65] schematics of the WT, respectively. Therefore, a detailed
model of each sub-system of a wind turbine is discussed one by one below.

Aerodynamic Model

r //u\'

5

Gear Box Pg I
— Generator Model
= 7
= DFIG Q)=
E . v
% Electronics Converters
Mechanical Model J_

=—|_ ~

‘ MPPT = GSC LSC

Figure 2. General schematic diagram of DFIG-based VSWT.
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Figure 3. Simplified schematic diagram of DFIG-based VSWT.

2.1.1. Aerodynamic Model

To develop the aerodynamic model of a wind turbine, the mathematical representation
of wind power (power extracted from the wind) is given in Equation (1) [65]. Here,
1/2 p-TI-R?

Ppase (W]
coefficient. Similarly, p, R, A, and § denote the air density (kg/ m?), turbine radius (m),
relative turbine speed (tip speed ratio), and blade pitch angle in degrees, respectively.

Kpow = represents the power constant, vy is the wind speed, and Cy, is the power

Pryy (pu) = Kpozovw3cp (A B) (1)

where Cp, is defined as the ratio of the extractable mechanical power to the power in the
wind stream [66] or the power extraction efficiency of the wind turbine [67]. In [68,69],
different models that represent C,, for three-bladed turbines are discussed. The most
common is the model presented in Equation (3), where c;—c4 are numerical constants,
whose values are given in Table A2.

Co 7%
szcl f—C3‘B—C4 i 4+ cgA (2)

Here,
1 1 0.035

A A+0088 B+1

Using the analytical method, it is found in the literature that C,, reaches its maximum

©)

at a particular air velocity ratio, i.e., v_2/v_1 = 1/3; therefore, Cp max is 0.593 [66]. This
ideal value of Cp max is called the “Betz factor”, after Betz, who first derived this ideal
value. Thus, it is concluded that under ideal conditions, only 59.3% of the wind power
is extractable from the wind in terms of mechanical energy. In real terms, the maximum
extractable mechanical power or C,, should be less than these ideal conditions. Furthermore,
it is clear in Equation (2) that the power coefficient C, is a nonlinear function and depends
on two factors: specific (or relative) turbine speed, A, and blade pitch angle, 5. Relative
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turbine speed, A, is the ratio of the rotor blade tip speed to wind speed, V,, as shown in
Equation (7).

_ Ky Wy [p.u

A 4)

Yw (ms—1)

where K, denotes a speed constant, and it is the product of the base turbine speed,
Wibase [rad/s], and the diameter of the turbine, Dy [70]. The dependence of the speed
constant, Ky, on turbine diameter indicates that A and C, must be varied for each turbine
due to the variation in turbine characteristics.

Figure 4 shows the graphical representation of Equations (2)~(4) in terms of Cp,, 8, and
A by using the values given in Table A2. It is clearly shown that the maximum achievable
power coefficient value is 0.48 when the relative turbine speed and blade pitch angle of
the turbine are 8.1 and 0 degrees, respectively. In other words, the maximum extractable
mechanical power of the turbine from the available incident wind is 48%. It is important
that C,, should be maintained at or close to Cpmax to obtain more power and capture
more energy.

Figure 4. Relationship between power coefficient and blade pitch angle of wind turbine.

In addition, Figure 5 shows the relationship between Py, and the variable range of
wind speed and rotor speed. It clearly shows that at Vy, = 12 ms ™!, the optimum power
is 0.73 pu, and the rotor speed is 1.2 pu. This rotor speed is the base rotor speed for this
turbine. However, each curve in Figure 5 shows a specific optimal mechanical power
and optimal rotor speed at defined wind speeds. It is important to consider that in all
these curves, the blade pitch angle is zero. As described above, the VSWT DFIG model is
represented per unit; therefore, oy [p ) in Figure 6 and oy [ in Figure 3 are equal.
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Figure 5. Relationship between turbine mechanical power and rotor speed at various wind speeds.

Vw

P{lambda
cp 1/Cp_max

A 4
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Product

1Nw_base Vv ipul VwA3 [p.u]

Figure 6. MATLAB Simulink block representation of aerodynamic model of wind turbine.

2.1.2. Mechanical Model

For PFC studies, both two- and one-mass mechanical rotor systems of the VSWT are
found in [71,72]. However, to avoid the complexity of two-mass mechanical models in terms
of mathematical representation, the authors prefer to use a one-mass system that results
in better software implementation and system analysis [73-75]. Equation (5) represents
the one-mass system mechanical model, where Heq represents the natural moment of
inertia. The MATLAB Simulink representation of Equation (5) is shown in Figure 7b, which
computes the rotor speed variation owing to the difference between the torque demanded
by the converter and that provided by the wind turbine [72,76].

d
2H,q “:* =T, - T, G)

dr
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Figure 7. Mechanical rotor system of VSWT: (a) one-mass model and (b) Simulink representation of
one-mass model mechanical rotor system of VSWT.

2.1.3. DFIG and Converters

For PFC, it is not essential to consider the detailed short-term dynamics of voltages
and currents involved in the machine. However, only the frequency behavior response to
power is enough. That is why, for FR, the authors in [48,76-78] consider a first-order, single
actuator with time constant, t., that represents both the DFIG and converters, whose value
is given in Table A2, as shown in Figure 8.

Figure 8. Simplified MATLAB Simulink representation of DFIG and converters.

_'_th

By |

2.1.4. Maximum Power Point Tracking

VSWTs can change their rotational speed in response to wind variation for wind power
extraction and maintain the tip speed ratio (TSR) [70]. To maintain this TSR during wind
fluctuations, the rotational speed must be adjusted to extract maximum wind power [79].
This is performed by an MPPT system. An MPPT is an algorithm used to extract maximum
power irrespective of the wind speed. In other words, the MPPT is a way to determine the
optimal generator speed that ensures maximum power yield during wind variations [70,80].
Thus, according to [81], the dynamics of the MPPT curve are given by Equations (6)—(9), and
their graphical representation is shown in Figure 9. Here, Koyt is called the optimization
constant, which depends on turbine characteristics. Wmin and wmax refer to the minimum
and maximum rotor speeds against the cut-in wind speed V(cut-in) and cut-off wind speed
Vi (cut-off), respectively. Under V ycut-in), the mechanical power is so low that it is not worth
working, so it is preferred to shut down the turbine [82]. Similarly, beyond V. (cut-off), also
called the furling wind speed, the turbine should be stopped to avoid structural damage
unless an advanced control of blade pitch angle acts on it.

Koprwo

Py = ) (Wg — Wiin) When wWyiy < wg < wp (6)

(C‘JO — Wmin

* 3
Pg = Koptwg when wy < wg < wy (7)
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g W(wg - wmax)"‘ max 1 N i
P; :Pmﬂx when (Ug > Wmax (9)

1.25

0.5

0.25 @

Figure 9. Generated power versus rotational speed curve.

Section PQ in Figure 9 shows that the output power of the turbine follows a linear trend
under low-wind conditions, represented by Equation (6). Similarly, section QR shows the
MPPT region or optimization region in which the wind turbine provides power according
to Equation (7). The wind turbine will operate under this criterion until the Vy, reaches the
pre-defined optimal value of V.. Furthermore, section RS refers to constant speed and
will maintain the turbine mechanical power at Pmayx, as shown in Equation (8). In addition,
this region is delimited by the maximum speed wmax specified for the wind turbine within
the thermal limits of the electrical generator. Equation (9) shows the constant power region
with maximum power Pnax, when Vy, exceeds the rated value, so that the generator and
turbine are not overloaded and the dynamic load does not result in mechanical failure [70].
Blade pitch angle control, as discussed below (Section 2.1.5), will be activated in this region.

The MPPT ensures maximum power is generated according to wind variations. How-
ever, to achieve this, a speed controller is needed that ensures equilibrium is maintained
between the actual generated available power and the reference power generated by the
MPPT. Therefore, a PI-based speed controller is considered—it is widely used in wind
generation applications [83]. Figure 10 shows the MATLAB Simulink representation of
the speed controller exhibiting constants kpsc and kjsc, whose values are given in Table A2.
The output of this speed controller is a reference torque signal, which is an input for the
DFIG, whose values are limited within a specific range according to the thermal limits of
the generator.
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Figure 10. MATLAB Simulink block representation of MPPT curve speed controller.

2.1.5. Blade Pitch Angle Control (BPAC)

The role of BPAC is to limit the power generated by the turbine at Ppax during
high-wind conditions. To justify this concept, let us consider Equation (9). During high
winds, the maximum power generated by turbines is Pmax and remains constant at this
specified value. This decompensation of powers translates, of course, into an angular
over-acceleration on the axis of the turbine—generator assembly, causing the rotational
speed to exceed the maximum value. To overcome this problem when it is not possible to
increase power over the rated value, an auxiliary control system (BPAC) is needed. This
system will change the pitch angle and, by doing so, reduce the wind power captured [84].
In addition, during uncertain conditions like a sudden loss of power or wind speed, BPAC
also acts on the turbine power system to prevent wind turbine damage [77]. A conventional
BPAC schematic is shown in Figure 11, where regulatory actions of the control system
are governed by the PI controller together with the servo motor [85-87]. BPAC takes the
difference in the rotor and maximum rotor reference speeds as an input and generates the
blade pitch angle accordingly.

1 -
g/ s it m s S

saturation rate limiter scope
servomotor

Figure 11. Blade pitch angle control schematic in VSWT.

2.2. Modeling of Diesel Power Plant (DPP)

A DPP is a conventional power system source used to generate electrical power using
fossil resources, i.e., diesel, as fuel. In isolated islands, it can be the only energy source,
i.e., off-grid or isolated power system that fulfills the electrical power requirements of that
area. Figure 12 shows the schematic of a diesel generator governor (DGG) used by us
in our previous work [30]. It shows that the DGG has four different blocks, i.e., a speed
governor (SG), actuator, crankshaft dynamics (CD), and diesel engine (DE). Here, ty, t,
and t3 represent time constants; Hr is the inertial constant; Ty, shows mechanical torque;
and T, denotes the torque opposed by the electrical generator. In this study, we used the
dynamic equations for a DPP given in [30], which are presented in Figure 12.
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Figure 12. Schematic block representation of diesel generator PM [30].

3. Proposed Hybrid Wind-Diesel Contribution to Frequency Regulation

The VSWT naturally does not contribute to FR or system inertia. This can be clearly

justified in Figure 2, in which two models are used to provide control, i.e., the MPPT and
blade pitch angle controller. According to Equations (6)-(9) (MPPT curve), the turbine
reference generated power is independent of frequency deviation due to fast converter

control [88,89]. Moreover, the slow mechanical power regulated by the BPAC cannot

contribute to system power variation. Therefore, an advanced FD-based control scheme

should be introduced in BPAC and a variable-speed operational controller to emulate the

frequency response like that of synchronous generators using wind turbines.

3.1. BPAC with Pitch Compensation

Figure 11 shows the conventional BPAC that computes the variation between the

maximum and generated rotor speeds. However, to contribute to primary frequency

regulation, mechanical power control can be utilized by introducing pitch compensation

with an additional PI controller [28,90], as shown in Figure 13. For each wind speed, pitch

compensation computes the difference between Pmax and Pg.
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Figure 13. Simulink schematic representation of BPAC with pitch compensation.
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3.2. VSWT Inertial and Proportional (1&P) Control Loops

VSWT inertial and proportional control loops play an important role in releasing the
kinetic energy available in the wind turbine so that “hidden inertia or synthetic inertia
(SI)” is accessible to the grid. In [91], Sl is defined as the response of a generating unit to
frequency changes, particularly a power exchange that is proportional to the rate of change
of frequency (RoCoF). Furthermore, the controlled contribution of electrical power from a
unit that quickly corrects FD is called a fast frequency response (FFR) [28]. In this paper,
the proposed VSWT inertial and proportional control loops used to provide the RoCoF and
FFR are given in Equation (10). Here, Kpn constantly weighs the FD, while Ky, weighs the
RoCoF. The output of this I&P control loop is a torque signal AT,. Owing to the existence of
a wind energy conversion system, the inertial and proportional control loops add a torque
signal AT, to the power reference output to be tracked by the converter [28,48].

d
AT, = [Kpn + Kdnjt](fref - f) (10)

Therefore, after the addition of the proposed VSWT I&P control loops, the torque
supplied to the DFIG and converters will be the sum of both the proposed torque and
mechanical torque (Figure 2) generated by the PI controller or speed controller, represented
by Equation (11) and shown in Figure 14.

— 0
Ttotal - Tn + ATe + ATy, (11)
P II
ogpu |4 P fpa + AT
—p ] + em + Tgi [p.u]
e+ S
4 a
Pgp.a) ) 1 AT, saturation
mppt curve P kisc 3
f ™
4 ") inertial control
fref P du/dt kdn
reference freg. +
[p.u]
flp.u] +
kpn
proportional control
\. hS - J

VSWT inertial and proportional control loops

Figure 14. Simulink of proposed VSWT inertial and proportional control for FR.

4. Controller Tuning Methodology

Based on the above-mentioned proposed control loops of inertial and proportional
control for VSWTs, a Student-Psychology-Based Algorithm (SPBA) is proposed here, as
presented in [30]. The main advantage of this SPBA is that it provides the best optimum
combination of gains for PI controllers. However, different nature-inspired algorithms like
the bat algorithm [92], partial swarm optimization algorithm [93,94], GA-PSO [95,96], and
GA fuzzy [97] are discussed in the literature. However, the SPBA approach is very effective
towards this aim [30].
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The proposed SPBA used objective functions to calculate the best optimum gain combi-
nation to provide FR during transients. The objective function includes the integral absolute
error (IAE), integral square error (ISE), and minimum FD. The proposed SPBA helps the
1&P control in providing earlier frequency support by releasing a fraction of the K.E stored
in rotational masses and taking advantage of the rapid response capability associated with
power electronics-based controlled converters. The mathematical representations of the
IAE and ISE are given in Equations (12) and (13), respectively. Based on these objective
functions, a control quality index, Z, was introduced that estimates the controller’s effective
performance. Equation (14) shows the controller quality index Z. Here, NADIR represents
the underfrequency, and c represents the number of transient peaks (both +ive and —ive)
in the speed derivative during contingency. With the help of the control quality index, dis-
tinctive combinations of controller gains are calculated. The benefit of using the SPBA is to
provide a combined optimum solution if one or more controllers are tuned simultaneously.
Figure 15 presents a flow chart of the SPBA for one controller with two gain parameters
(Kgn and Kpp). However, with the increased number of controllers, the number of possible
gain parameter combinations increased. In the current scenario, for a controller of two
gain parameters, there are eight possible conditions to find the best suitable behavior of the
controller. In Section 4.2, the same two parameters based on the SPBA tuning methodology
were used to find the optimal values of the inertial and proportional controllers. It is clearly
shown in Figure 15 that the algorithm first calculates the base parameters and then com-
pares them with the individual controller quality index, Z, produced by each conditional
loop. The decision to repeat the simulation with or without incremental gain parameters
depends on Y. Y = [0] indicates repeat simulation by reducing the increment up to the
first decimal place. On the contrary, it returns greater Z values because they lead to better
controller performance. In addition, comparing it with the previous controller quality
index, if the result is positive, the objective function values of Zprey are replaced with the
new values associated with Znew. The significance of this replacement is that the new gain
parameter values are closer to the optimal unique solution. Every time Znew > Zprev, the
system performance is enhanced by shifting closer to the stability point. The simulation
will be stopped when two conditions are satisfied: The first is when incremental conditions
are met. It is 0.01 in the current scenario, beyond which there is no significant improvement
in NADIR and Z. The second is when Ze,, % Zprev- After satisfying these conditions, the
final Z reflects the optimum solution with the combined effect of lower fluctuations in
the IAE and ISE. The main benefit of this approach is that researchers can find a unique
optimum solution with a fast frequency response for PFC. Another significance of the
importance of this algorithm is that the system becomes more stable than in the previous
condition during each simulation. If the gain parameters decrease or increase from the final
optimal point or controller gain combination, the results become worse, enhancing the FD,
transient settling time, and oscillations. These observations are discussed later in this paper.
Moreover, in Equation (14), the highest value of Z indicates a better controller performance.

tsim
IAE:/ jw ,(1)]dy (12)
0
tsim 2
ISE = / we ()2, (13)
JO
NADIR

~ TAE-ISE-c (14)



Appl. Sci. 2025, 15, 5633

15 of 29

Initialized the diesel govemor

Calculate base model parameters
NADIRbase: Ky baase Ko base: ISEpase + ABpase - Crase + Zoase

Stored base values in V,
Vy = [NADIRyzs K, passe, Ko base, ISEpase, AEbase , Coase , Zoasel
Initiate for loop under prescribed conditions
new _inc=1

!

inc = new_inc

Note: "inc” represents to increment or decrement in K, and K, values according o below conditions

<K Kp> Ky pase 5 <Ko base Ko = K5 base K5 = Ko pase
& & & & &
N Kg <Ky base Kg> Ky base Kg> Ky base Ky <Ky base

T 1 1 1 1 a

Calculate parameters

o K o Ko b
ISE,, IAE, . Cy ., Z,

Calculate parameters Calculate parameters Calculate parameters Calculate parameters
NADIR,, K, . K NADIRy, K; 4. Ky 4 LI ol IR ISE,

pe Kae ¥ e Ka_e
ISE, . IAE,. C,..Z, ISEy, IAEy, Cy. Zy ISE,  IAE, .C, . Z,

Calculate parameters Calculate parameters
NADIR;, K, ¢ Ky ¢, ISE; NADIR; K;, ¢, Ky g

IAE,. C;. Z; ISE;, IAE;. Cg. 2, IAE,.C,.Z,

Calculate parameters
NADIR,, K; 1. Ky
ISE, . IAE, . C,.Z,

1

v ! ’ ' i ' .

Stored parameters

Stored parameters

Stored parameters

Stored parameters

Stored parameters

Stored parameters

Stored parameters
in

Stored parameters
inv,

inV, inv, inV, inV, inV,
V,= [NADIR, K, , V.= [NADIR, K, V= [NADIR, K, o V= [NADIR, K, Vi= [NADIR, K, V= [NADIR; K, ¢ V= [NADIR, K, |, V= [NADIR, K, ;
Ky p, ISE, IAE, Cp Ky o ISE; IAE, C, Ky g ISEs IAE, C Ky o ISE, IAE, C Ky ¢ ISE; IAE, C Kyg,ISEg 1AE; C Ky p, ISE, IAE, C Ky ISE; IAE, C, Z;
Z) Z] a.Zd Al z) 9.2 n,Znl ]

Stored parameters in Y

szlzb_nzn Ze_new Za_new Ze_new Zt_new Zg_new Zn_new Zi_new]

l

Compare all column of Y and retum greater variable

v =inc/ I

No
v

Z,.,~ Qreater variable

Retun the vector against Zy,,,

e—Yes:

Replace V, with this new vector

@ 1

|
No

display vector against
greater variable

Figure 15. Flow chart of SPBA for tuning two-parameter controller.

4.1. Base Case: FR Provided by Diesel Governor

We consider a base case without the control loops proposed in Section 5 to highlight
the main contribution of VSWTs for FR. However, during the absence of the proposed
control loops, all FR will be provided by the diesel governor. To validate the base case of
the VSWT hybrid wind-diesel power system, we used a step response of 0.5 pu (starts from
1.1 to 1.6 p.u) as Pj,q. This step response depicts the loss of wind generation and results in
an increased load to the DPP and FD. Furthermore, the wind power plant is initialized at
0.70 p.u for the base case and onwards in this study. Figure 16 shows the performance of
hybrid systems during increased load demand. Similarly, Table 2 presents the values of
several parameters (NADIR, ISE, IAE) during a sudden increase in load demand.
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Figure 16. VSWT hybrid WDPS base case response without proposed controller contribution.

Table 2. Base parameters of VSWT hybrid WDPS.

Parameters With Kpn, Kgn, Kpe, and Kje =0
NADIR (p.u) 0.957609
IAE 0.039205
ISE 0.001197
C 2
Frequency (Hz) 57.45654
4 10,202.87614

4.2. Case A: VSWT Contribution to FR Using Proposed Control Without Tuning Diesel Governor
Gain Parameters

In this case, the VSWT uses proposed inertial and proportional control loops and
pitch compensation to provide synthetic inertia and pitch angle smoothing. However, the
diesel governor gain parameters remain the same. To provide synthetic inertia, the gain
parameters of the VSWT inertial and proportional control tuned by the proposed tuning
methodology are discussed in Section 5. Using the SPBA tuning methodology, optimal
tuning values for inertial and proportional control gains, i.e., K4, = 0.03 and Kpn =0.1,
were calculated. Similarly, the BPAC was also tuned due to an additional pitch angle
compensation controller. However, the BPAC (Figure 13) shows a better response with
integral control instead of the proposed PI controller, in the pitch compensation loop (i.e.,
Kpe = 0), which further simplifies the VSWT model. The new tuned gain parameters
of the modified BPAC are given in Table A3. Therefore, with the proposed approach
(without the variation in DG parameters), the new speed is 0.957646 p.u, and the NADIR
is 57.45876 Hz. This clearly shows that the contribution of synthetic inertia is negligible
(frequency improvement of 0.00222 Hz) when compared to the base case (Section 5.1). One
of the main reasons for this negligible contribution is the optimally tuned diesel governor
(we already tuned this in [30]), which mainly assists in providing inertia during transients
in hybrid power systems. We finally conclude that the VSWT does not provide a significant
contribution to synthetic inertia in hybrid mode with the diesel power plant when the
diesel governor is optimally tuned. In other words, to benefit from the VSWT for FR, the
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hybrid model will be tuned in combination when the DG works with optimally tuned
gain parameters.

4.3. Case B: VSWT Contributes to FR by Tuning the Proposed Controls and Diesel Governor Gain
Parameters in Combination

In this case, we considered both proposed control loops and diesel governor gain
parameters and tuned the whole system in combination to make the hybrid power system
effective during transients. The same proposed tuning methodology of the SPBA (discussed
in Section 5) is used to simultaneously tune four parameters (K, Kpn, Kj g, and K, g).
The first two gain parameters (Kg, and Kyn) belong to inertial and proportional control
loops of the VSWT, but the latter two parameters (K; 4 and K, 4) represent the gains of
the diesel governor. As mentioned above, the proposed SPBA methodology calculates
the controller quality index, Z, for thousands of different gain combinations. As a result,
a unique combination of gain parameters was found that reflects the minimum FD and
reduced or low ISE and IAE during transients. To achieve this unique combination, we
considered again a step response of 0.5 p.u (starts from 1.1 to 1.6 p.u) as Pjy,q. After testing
a series of combinations, the controller quality index improves, as shown in Figure 17, with
gain parameter values of Ky, = 0.47, Kpn =9, Kj g = 14.89, and K, 4 = 21.01. Now, the
frequency deviation is reduced by 1.8% compared to the base case. This means that the
frequency response improved by 1.05 Hz (58.51224 Hz versus 57.45654 Hz). Similarly, the
ISE and IAE were reduced by 16.75 and 159.65%, respectively. Furthermore, the inertial
and proportional control loop (Figure 14) contribution against the 0.5 p.u increase in load
demand is shown in Figure 18. In addition, the hybrid WDPS provides FR support to a
maximum load increment of 0.6 p.u (at 10 s) (390 kW at rated power). The effect of pitch
compensation is discussed in Section 5. Table 3 shows the various parameters of hybrid
WDPS in this scenario (Case B).

T T T

~15F i
3
S14f E
?
S13r 4
&2t .
1.4 e
1 1 1 1 1 1 1
D 8 c T T T T T T T
: wind turbine power
5075 - 8
a
o
o

1 1 1 1 1 1 1

T T T T T T T

——— diesel governor speed | _|

T T T T T T T

0.8 [~ = diesel generated power | —|

0.6 - q

0.4 4
1 1 1 1 1 1 1

30 35 40

20
Time (seconds)

Figure 17. The VSWT hybrid WDPS response with the proposed control and the retuning of DPP
gain parameters.
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Figure 18. VSWT inertial and proportional contribution response for fast frequency response and
synthetic inertia.

Table 3. Hybrid WDPS parameters using proposed SPBA tuning methodology.

Parameters With Ky, = 0.47, Kpn =9, Kj_q =14.89, and K, 4 =21.01
NADIR (p.u) 0.975204
IAE 0.033579
ISE 0.000461
C 1
Frequency (Hz) 58.51224
zZ 62,998.00405

5. Results and Discussion

According to Jones et al. [98], perturbations like step, ramp, and random signals
are enough to validate the suitability of controller tuning. Based on this approach, the
performance of the PI controllers of La Palma Island used for FR under various scenarios
of renewable energy generation was simulated [99]. Furthermore, in [28], a nonlinear
model was simulated by assuming a step response as the load demand increment (due
to a sudden loss of wind generation), a ramp response (a gradual increment in V), and
a random response (wind fluctuations) as a realistic event. The same methodology was
also used in [89]. Therefore, the same approach was used in this study to validate the
controller and VSWT WDPS model performance. However, we differentiated these above-
mentioned conditions into normal and abnormal operating conditions. In addition, further
simulation was also performed to simultaneously verify the hybrid model’s performance
and stability during real-world scenarios, i.e., combined variations in load demand and
wind fluctuations.

5.1. VSWT Hybrid WDPS Performance Under Normal Conditions

In this case, we considered both the ramp and random response (normal conditions)
as real-world scenarios for hybrid WDPSs. A gradually increased ramp response applied
as a wind speed to the VSWT reflects the increase in wind speed during a windy storm or
windy season. However, random signals are applied to the VSWT to reflect wind speed
fluctuations. The detailed effect of each response is discussed one by one below.

5.1.1. Ramp Response

To justify the performance of WDPSs and particularly their BPAC during windstorms,
we consider a ramp signal (0.2634 ms~?2) as the wind speed for 50 s, as shown in Figure 19.
It is noted that the cut-out wind speed of the VSWT model [65] is 25 ms~ 1, given in [100].
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Because of the linear increase in wind speed, the turbine-generated power will increase
until its maximum value, i.e., 1 pu. However, with the increase in Pyq, the DPP should
reduce its generation to maintain the system frequency. With the further increase in wind
speed after the wind turbine achieves its maximum limit, Pmax, BPAC activates, as shown
in Figure 20. Due to the modified BPAC (specifically, the power compensation control loop),
the beta rotation is much smoother.
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Figure 19. VSWT response against gradually increasing wind speed.
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Figure 20. Blade pitch angle response against ramp or gradually increasing wind speed (Figure 19).

5.1.2. Random Response

Wind is intermittent by nature. Therefore, wind speed is not steady but varies with
time. To reflect this event, random wind speed is considered a real-world scenario. In [101],
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the wind power-generated signal was considered a random response for simulation. How-
evet, to justify the performance of the hybrid WDPS, the random wind power response
was considered a wind fluctuation in this study. Therefore, the low wind power fluctuation
was converted into wind speed because wind power is directly proportional to the cube
root of Vy,. In addition, during very low winds, the beta and power coefficient may not
affect this proportionality relation. Then, this trend was scaled up to cover the range of low,
medium, and high wind speeds, as shown in Figure 21. Different parameters against wind
fluctuations are shown in Figure 22, which indicate that the modified VSWT hybrid WDPS
performed efficiently in wind variations. The DPP frequency seems to be stable in such
events. However, the frequency deviations shown at 800 s and 2000 s result in a sudden
loss of wind power generation. Wind generation drops because the wind speed drops
below the rated wind speed. This results in a sudden increase in load demand to the DPP
shown in Figure 22. Similarly, the effectiveness of inertial and proportional control and
blade pitch angle control is presented in Figure 23. Figure 24 shows a detailed graphical
representation of that load demand event. The results clearly depict the contribution of the
proposed VSWT inertial and proportional control of almost 0.15 p.u during the reduction
in wind generation. It is also concluded that the contribution of proportional control, Kyn,
is much higher compared to Kg,. In other words, the VSWT efficiently contributes to the
fast frequency response.
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Figure 21. Random wind speed.
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Figure 22. Proposed VSWT hybrid WDPS response against wind fluctuations.
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Figure 24. A detailed graphical representation of a sudden loss of wind generation at a time of 800 s.

5.2. VSWT Hybrid WDPS Performance Under Abnormal Conditions

A sudden increase in load demand or loss of wind generation is considered an abnor-

mal condition for hybrid systems. However, this case was already discussed in Section 4.3

by considering a step response of 0.5 pu as an increase in load demand. In addition, differ-

ent strategies were discussed in the literature to validate the performance of VSWTs in load

fluctuations. A step random signal in [24] and a random signal in [102] from the MATLAB

library are used as load variation. In fact, random signals generated by MATLAB are also a

random step response. Therefore, a step random signal considered as load variation, shown

in Figure 25, is assumed to reflect the real-world scenario. Load variation dramatically

affects the system frequency. During such contingencies, the VSWT also provides synthetic

inertia using an inertial and proportional control loop (Figure 14) in addition to the inertial

support provided by the DG itself. Figure 25 justifies this statement.
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Figure 25. Proposed VSWT hybrid WDPS response against fluctuating load demand.

5.3. VSWT Hybrid WDPS Performance During Simultaneous Fluctuations in Wind Speed and
Load Demand

Wind speed and load demand in the WDPS power system do not remain constant
but vary with time due to diverse consumption and seasonal dependence. Therefore, to
ensure the hybrid WDPS performance is close to reality, the combined effect of fluctuating
wind and load demand is considered. A random response for both wind speed and load
variation is considered, which reflects all the possible conditions of real-world events, i.e.,
load increase but wind decrease or vice versa, both load and V,, increase or decrease, etc.
Figure 26 shows the system’s behavior during fluctuating wind speed and load demand.
Both wind and diesel power plants work efficiently and fulfill the load demand. A physical
limit for both power plants is important in terms of their generation. Both power plants
produced a maximum of 1 pu each. However, the DPP produced the maximum 1 pu
difference in power according to Equation (15). Similarly, wind turbines must also be
limited due to the maximum allowable pitch angle rotation and wind speed.

Piogd [pul = Puind [pul T Py [p.u] (15)

—— blade pitch angle.

——— diesel generator speed ——— combined inertial and

RE . \/\ 3 0.995 v 0 \_»AAJML/J\J"\_JW\’VWL""

o 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 o 100 200 300 400 500 600 700
Time (seconds) Time (seconds) Time (seconds)

4 (P-u)
AT, = AT, + AT, (pu)

wg ()
&8 2 3 &
]
.?
%
Py (pu)
e o o o
g £ 8 ¢
AT, 18T, (p.u)
4 g e
2 - 8 2
ES
B
D
5

Figure 26. Graphical representation of various hybrid system parameters against both fluctuating
load and wind speed.
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5.4. Summarized Discussion

In this section, we summarize various findings regarding the hybrid WDPSs of San
Cristobal Island. As mentioned above, naturally, a DPP has the capability to provide
inertial support in hybrid generation because WTs do not contribute, due to the presence of
fast-acting power electronics converters. This same scenario (a WT without the proposed
control) is discussed in Section 4.1 (base case), and it is clearly observed that the frequency
deviation in this case is 2.5435 Hz against a 0.5 pu variation in load demand. It is important
to mention that the DPP is optimally tuned in this case. However, to highlight the effects
of the proposed controls, we introduced such a control in a VSWT and optimally tuned
it, using the SPBA (case A). The results show that the NADIR is 2.54124 Hz against the
same 0.5 p.u load demand variations. This means that the VSWT contribution is minor,
and the FD reduction is just 0.00222 Hz. One of the main reasons for this negligible
contribution is the optimally tuned diesel governor, which mainly assists in providing
inertia during transients in hybrid power systems. We finally conclude that the VSWT
does not provide significant contributions for releasing synthetic inertia in hybrid mode
when the diesel governor is optimally tuned. In other words, to benefit from the VSWT
for FR, the hybrid model should be simultaneously tuned. With this aim, both the VSWT
and DG were simultaneously tuned (case B), and the results showed a significant reduction
in FD, i.e., 1.8% (from 2.5435 to 1.48776 Hz) against 0.5 pu, compared to the base case.
Moreover, several other parameters, like the ISE and IAE, were also improved during this
global optimization of hybrid WDPSs. In general, it is concluded that the VSWT can make
significant contributions by releasing synthetic inertia during contingencies when both
power plants are optimally tuned. It is important to mention that the real parameters of the
San Cristobal WDPS are used in this study as a case study; however, this topology of the
proposed control and SPBA can be generally implemented in any power system.

6. Limitations and Future Work

In this section, we summarize several limitations and the future of WDPSs. Generally,
a hybrid isolated WDPS is developed with an aim to achieve maximum generation benefits
from RE resources. However, the penetration of RE resources has certain limitations and
varies from system to system. Based on this concept, the conventional DPP used in this
study has minimum operational limits of 30% of the full load. This means the maximum
variable load demand is 0.7 pu irrespective of the wind generation. Moreover, the simplified
model of the DFIG and converters in the VSWT restricts its usage in carrying out studies
within the time horizon that covers primary frequency control actions. This means that it is
not useful for other types of analysis, such as voltage control, short circuit, protections, and
harmonics. Furthermore, the SPBA also has certain limits, solely depending on the number
of controllers tuned at a time, because the increased number of controllers significantly
enhances the number of variables, which increases the complexity and computational time.
Regarding future directions, we recommend including the energy storage system with
the aim of providing the frequency regulations. Moreover, the consideration of flexible
alternative current transmission system (FACTS) devices can be an option to increase
system stability and reliability. Finally, the hybrid system can be tested because hardware
in a loop (HIL) in certain real-world environments, like OPAL-RT, can be valuable.

7. Conclusions

In this paper, various control strategies, i.e., inertial and proportional (droop) control
and pitch compensation control, are proposed for VSWTs to provide frequency regulation.
Based on these proposed control loops, the VSWT can release synthetic inertia in a hy-
brid WDPS of San Cristobal Island and help stabilize the system frequency during wind
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fluctuations and power imbalances. An SPBA-based tuning methodology is adopted to
tune the hybrid VSWT WDPS. This SPBA methodology tuned the proposed control loops
based on numerous performance indices, i.e., IAE, ISE, and controller quality index, Z. The
main benefit of adopting this methodology is that it provides an optimal solution for the
proposed control and enhances hybrid system effectiveness and stability. The system’s be-
havior tended to become worse in terms of frequency deviation, increased settling time, and
increased oscillations if we increased or decreased the gain parameters from the proposed
optimum values. This result shows the distinctiveness and usefulness of the optimum
solution generated by the SPBA. With the SPBA, the proposed pitch compensation, which
enhanced the effectiveness and smoothness of the BPAC, was further simplified, resulting
in a reduction in hybrid system complexity. Furthermore, hybrid WDPS tests (real-world
scenarios) were conducted under various sets of perturbations, i.e., step (sudden loss of
wind generation), ramp (steady decrease in wind power), and random (wind and/or load
variations). These perturbations were applied as wind speed in the VSWT and a power
imbalance to the DPP in hybrid WDPSs. In the case of a 0.5 pu increase in load demand, the
FD was reduced by 1.8% (1.05 Hz). In addition, the reductions in the other quality indices,
IAE, ISE, and Z, were 159.65, 16.75, and 83.80%, respectively. Furthermore, it is concluded
that the system is stable until the variation in load demand is 0.6 pu. Furthermore, the
proposed control loop result under various real-world scenarios (random wind and/or
load variations) justifies the PFC support provided to the hybrid WDPS. In summary, the
simulation results illustrate the effectiveness of hybrid WDPS performance for FR.
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Appendix A

Table A1l. Dataset of installed DPP [30].

Parameters Values and Units
Model of diesel engine CAT-3512 DITA
Capacity 813 kVA
Rated power 650 kW
Rated frequency 60 Hz
Synchronous speed 1200 rpm
Constant of inertia (Hr) 0.4208 s
Torque min/max (T, / Timax) 0/1.1 pu
Time constants: ty, fy, t3 0.024s,0.1s,0.01s

Output voltage 480V £+ 5%
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Table A2. Dataset of installed VSWT [65].

Parameters Values and Units
Base power (Ppg,) 1.5 MW
Generator min/max power (Pg yin / Pg,max) 0.04/1 pu
Generator base speed (wg pse) 157.08 rad/s
Air density 1.225 kg-m™~3
Speed constant (K,) 63.29 ms~!
Rotor diameter (D) 77 m
Nominal frequency 50 Hz
Nominal wind speed (at Pg = 0.73 p.u) 12 ms!
Generator min/max torque 0.057/0.826 p.u
Turbine base speed (w; pase) 1.644 rad/s
Blade pitch angle min/max 0/450°
Inertial constant (Heg) 529s
Gain parameters of speed controller (Kjs: /Kpsc) 8/0.3
Time constant of blade pitch servo motor (t,) 0s
Gain parameters of blade pitch controller (Kppc/Kiyc) 0/500
Blade pitch angle rate min/max (dg/dt) +2°/s
MPPT optimization constant (Kyt) 0.4225

0.5176, 116, 0.4, 5, 21, 0.0068
0.7pu, 071 p.u, 1.2 p.u, 1.21 pu

MPPT constants c1, ¢z, €3, C4, C5, Cg
MPPT curve speed limits Wmin, Wo, W1, Wmax

Table A3. Dataset of modified parameters of VSWT hybrid WDPS using SPBA.

Parameters Values
Gain parameter of DG (Kp,d /Ki 4) 21.01/14.89
VSWT 1&P control gain parameters (Kp, / Kg;,) 9/0.47
Pitch compensation gains parameters (K /Kj) 0/80
BPAC gain parameters (Kppc / Kiyc) 6000/1400
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