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Because of low losses and voltage drop, fast control of power, limitless connection distance, and isolation issues, using high-voltage
direct-current (HVDC) transmission system is recommended to transfer power in the power systems, including wind farms. This
paper aims to propose a supplementary damping controller (SDC) based on the HVDC to improve not only power system
dynamic stability but also energy conversion efficiency and torsional vibration damping in the wind power plants (WPPs). When
the WPPs are working in power control mode, the active power is set to its reference value, which is extracted from power-speed
curve. This paper shows that torsional oscillations associated with the poorly torsional modes can be affected by different operating
regions of the power-speed curve of WPP. Therefore, it is essential to employ an SDC to have the optimum energy conversion
efficiency in the wind turbine and the most dynamic stability margin in the power system. The SDC is designed using a fractional-
order PID controller (FOPID) based on the multiobjective bat-genetic algorithm (MOBGA). The simulation results show that the
proposed control strategy effectively works in minimizing the torsional and electromechanical oscillations in power system and
optimizing the energy conversion efficiency in the wind turbine.

1. Introduction

Nowadays, due to the increased energy demand and envi-
ronmental considerations, there is a growing need for using
renewable energy sources, such as wind energy, in power
systems [1-5]. Having different structure and performance
compared to the classic power plants, the rapid growth of
WPPs in the power systems has raised concerns for trans-
mission system operators [4-7]. The oscillating nature of
wind energy can affect the efficiency of energy conversion in
the wind turbine as well as the exchanged power between the
wind farm and main grid [8-10]. Also, most wind WPPs use
the induction generators in their structure and therefore can
effect on reactive power flow and voltage profile at the point
of common coupling (PCC). From an electromechanical
perspective, the flexible drive chain of the wind turbine
generates long-term torsional oscillation, which causes
significant stresses and fatigue loss of gearbox [11-14]. The

oscillations of the mechanical components can be trans-
mitted to electrical power and frequency, leading to potential
resonances between wind turbine and the power system
[15-18]. Therefore, the power system operators need to
utilize new requirements and standards for the integration of
wind farms and common power systems.

To improve the performance of power systems that
include WPPs, the use of supplementary controllers and
compensators along with the FACTS devices and HVDC
transmission systems has been suggested [19-21]. The most
important advantages of these technologies are as follows:
(a) control the active and reactive power exchange flexibly
and independently, (b) improve the power quality, (c) en-
hance the system transient and dynamic stability, and (d)
damp interarea oscillation modes [22-25].

The voltage source converter- (VSC-) based HVDC
systems have advanced controllability and are capable of
providing grid support to the connected AC networks


mailto:j.beiza@iaushab.ac.ir
https://orcid.org/0000-0002-1724-6870
https://orcid.org/0000-0001-5842-8569
https://orcid.org/0000-0002-7562-8025
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/7645777

[10-13]. This technology has the advantage of fast response,
the possibility of providing reactive power to AC systems,
and the use of supplementary control signals to their au-
tomatic voltage regulators to improve dynamic and transient
(voltage-frequency) stability, damp local and interarea os-
cillations, and mitigate subsynchronous shaft torsional os-
cillation in power systems, including WPPs [22-25].

In [26], a method based on hybrid particle Swarm
Optimization in order to design a WADC that ensures
robustness to power system operating uncertainties, time
delays variations on the WADC channels, and the perma-
nent failure of the WADC communication channels is
proposed. Although the proposed WADC has improved the
dynamic stability of the power system, the effect of the wind
turbine characteristic curve on the damping of the oscilla-
tion modes of the network has not been studied. In [27], a
new, robust control design of power oscillation damper
(POD) for a DFIG-based wind turbine using a specified
structure mixed H2/HN control is proposed. The proposed
robust POD increases the dynamic complexity of the power
system. In addition, the ability of the proposed controller to
operate in different operating conditions of the wind turbine
in DFIG has not been investigated. In [28], a power system
stabilizer (PSS) for a wind turbine employing a doubly fed
induction generator (DFIG) is proposed. It is shown that the
proposed controller has improved the dynamic stability
margin of the power system appropriately. However, the
interaction of the oscillation modes of the wind turbine and
synchronous generators has not been evaluated based on the
presented dynamic model of power system. In addition, the
variable working conditions of wind turbine have not been
taken into account. In [29], to enhance the robustness of
stabilizing controllers against system uncertainties, a new
coordinated robust control of doubly fed induction gener-
ator (DFIG) wind turbine equipped with power oscillation
damper (POD) and synchronous generator installed with
power system stabilizer (PSS) for stabilization of power
system oscillations is proposed. However, the effect of the
control signal on the oscillation modes of the power system
has not been evaluated based on the wind turbine power-
speed characteristic curve.
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As mentioned above, in many proposed methods for the
designing damping controllers in WPP, the effects of the
wind turbine characteristic curve on the damping coefficient
of oscillation modes have not been considered. However, in
this paper, it is shown that depending on the operating
conditions of the WPP, the damping torque injected into the
system is different and to amplify this torque, a supple-
mentary damping controller in the active power control loop
of WPP is proposed. It is also shown that the control inputs
of the HVDC system are effective on the oscillation modes of
the power system equipped with WPP, and therefore to
strengthen the dynamic stability margin, the use of a
damping controller in the HVDC transmission system is
suggested. The proposed damping controllers in WPP and
HVDC can suppress the torsional vibrations and enhance
the energy conversion efliciency in the drive train system of
WPP. In the present work, using a FOPID based on EMA is
utilized to design SDC controller.

2. The Modeling of Hybrid Power System

Figure 1 shows the power system under study which includes
the WPP, the classical power plant, and the VSC HVDC
transmission system. It can be assumed that WPP is con-
nected to the network through an electronic-power convert.
V',V,,V,,V, are points of common coupling, rectifier, in-
verter, and infinite bus voltage, respectively. X,, X; are re-
actance of coupling transformers. I, I, Iepp, I,> I, 1) are
currents of wind farm, classic power plant, AC transmission
line, rectifier, inverter, and load, respectively. M,, 0, (PH,)
and M, 0; (PH,) are phase angle and modulation index for
rectifier and inverter, respectively. The wind farm consists of
the constant wind speed turbines equipped by the squirrel
cage induction generators. For a dynamic study, an inte-
grated model for the whole wind farm can be used; state
variables are w;,s, 0, E. . E;q, Vaerr L V gei> 05 6, Eq', Egg.

And the input signals are M,, 6,, M;, 6, U, T

The mentioned variables are used to model the power
system under study. In this paper, the dynamic model of
power system that is proposed in [1, 17] is used.

The performance of the DC transmission line can be
described by using the following equations:

{Cy5A8 + C1,AV 4 + CrsAm; + C1, AD; + AL},

(1)

AV, = c {Cs6A8 + C,AE, + CsgAE, + CsgAE,, + C5;AV o, + CsyAm, — Al + Cs5A6, |,
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FiGUre 1: The power system under study.

Also, the linearized dynamic model of the synchronous
generator can be shown by the following equations:

AS = wpAw,

1

Aw = i [~C51A8 — C14AE) — DAw — Cgy A, — CgyAE,,, — CroAm, — CgyAG, },

AE =
q o7
do
: 1
Mgy =7 {~K4CogAAS = K 4,CgyAE) ~ AE 14 — K 4,C14AE,,
A

For the wind farm, the mechanical equations for the
drive train are considered. The drive train is shown in
Figure 2. In this model, 0, , is the angular displacement of the
rotor in WPP; w, w,, H,, and H ; are the turbine, generator
angular speed, and the corresponding inertia constants,
respectively. K, D are the damping constants. T, and T', point
to the wind and electromagnetic torques.

Using Figure 2, we can write (0, = (1 = $)@gnchronous):

dw,

2H =T, = Kby, - D(w; - w,),

: 1
Ady = {AT, - KA6,, + DAw, — DAw,},
t

N 3)
2H 2" = KO,y + D( ~ 0g) = Toryina
S
Awg =0 {~AT . yina + KAy, + D(Aw, ~ Aw, )}.

g

3
v b
X
1 I].
-»>
X
t
Id
-»>
DC Transmission Line
(R+jX) J_
Vdci I T Vi
0,M.
1 1
Inverter
(2)

{AE ;- (X4 - X1)(CioAE] + CogAm, + Cyy AB, + Cp, A8 + Cy3AE,, + CyyAE ;) - AE},

- K,Cp,AE,, + K 4AU pgs — K ,CggAm, — K ,CgoAA8, }.

Transient states and saturation of the damper and stator
windings are neglected. Considering E, as the induced
voltage in machine and I, as the injected current to PCC, it
is possible to write the following equations for the electrical
torque (in per unit):

T p

e-wind = £ e-wind>
Te—wind = Eu’Jded + Elf)qlwq’ (4)
AT ying = DEyal g + EggALyg + AEg L0 + EfoAL,.

The injected current components should be linearized
for AT, calculation. Using the proposed dynamic model in
[1, 17], the following equation can be written:

AT = CooAE, + Cy;Am, + Cy3 A8, + Cyy A
+ CggAE g + CgoAE,,,.

e—wind

(5)

For the other states of the wind turbine, we can write
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g
T W~ Wy, A6, + D[ — +— |Af,
dt t 9 tg 2Ht ZHg tg

(6)
MGy = Aw, - Awg.

The internal voltage of the wind turbine can be shown as
follows:

dE,,; 1
dt = TT; {EL)d - (Xw - Xu;)qu} + SwsE:uq’
dE;) 1 ] ! i 7
dt 1= F {qu + (Xw - Xw)de} - Swszd'
0

Using the linearized model of equations (32) and (35)
from [1], the induction machine external voltage can be
written as follows:

AEy = CoyAE, + CosAE, + CogAm, + Coy AD,

+ CogAS + CyAS + Cy o AE,,

wq’

. (8)
Aqu’ = Cp6AE g + CIOZAE,; + Cp3Am, + Cy, A0,

+Cyg5A8 + C1g7AS + C 1 AE,,.

The state space model of the power system can be shown
by equations (1)-(8).

3. The Analysis of the Torsional Modes
Performance in WPP

Before designing the SDC, it seems logical to identify the
factors affecting the control of the tensional modes of the
system. Identification of the influence of different factors can
play a significant role in the proper design of the SDC. In this
section of the paper, the factors affecting the torsional modes
are studied.

Using the two-mass block model of the drive
chain described in relations (30) and (34) from [1], the
motion equation of the turbine relative to the angular
displacement of the turbine-rotor shaft can be obtained
as follows:

_ ATt + ATe—wind

“2H,  2H,

+K (L + L>A6 .
2H, 2H,

As mentioned earlier, the mechanical torque (power) of
the wind turbine varies depending on the wind speed. The
following equations can be used to calculate from the wind
turbine:

Pt—wind = Pwinde (A’ ﬂ)’
(10)
p

1 23

wind = EP”R Vw’
where P, 4 is the extracted power from the wind, V, is the
wind speed, p is a function of tip-speed ratio, and is blade
pitch angle. On the other hand, for the linearized torque-
power relation, we can write

T = P t—wind

t w, >

oC, (\,B) dA (1)

-1
AT, = —PAw; + Pyingo a do. W;.
¢

Wio

Regarding equation (40), it is observed that AT is
influenced by V,, Cp, and A. It should be noticed that
mechanical torque deviation of the wind turbine is affected
by uncertainties of the wind speed and the pitch angle
control.

In the power control mode of WPPs, the active power
reference (P,_,.¢) is calculated using the speed-power curve
(Figure 3) as follows:

Te—wind = Pe—wind—ref = f(wg)’

df
ATe—wind = APe—wind—ref = f,(ng)Awg’ < = a)
g

(12)

Based on equation (41), the electrical torque can be
effective in mechanical torsional vibrations; however, this
component depends on the reference value of the wind
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FIGURE 3: Speed-power curve of WPP.

power, which is determined by the speed-power curve of
wind turbine. AT, can produce a component of electrical
torque proportional to the generator speed. As shown in
Figure 3, the damping value provided by the electrical torque
is dependent on (d f/dwg), which varies in the different
working points. It is found that, unlike region (2), in regions
(1) and (3) the appropriate damping is provided by the
electrical torque for the tensional modes, whereas in region
(4) the contribution of the electrical torque for damping
tensional modes is zero. It is proposed to design a sup-
plementary damping controller for WPP to obtain enough
damping of torsional modes for regions (2) and (4).
Equations (40) and (41) show the effects of electrical and
mechanical torques of the wind turbine on torsional modes.
However, using equation (33) in relation (37), we can write

86, + {1+ 1)A6 K 1)A9
2H 2H 2H 2H

AT 1 13

=38, 2H ——(CgoAE] + CoyAm, + Cy3AB, (13)
+CgyA8 + CygAE, s + CyoAE,, ).

Transfer function with Am,,A8,, AT, .4 and AT, as

input variables can be further derived as shown in the
following formulae:

Ay _ (12H,) (14)
ATe—wind SZ + A,S + B,
A6,  (1/2H,) (15)

AT, §*+A's+B"
The frequency domain characteristics of equations (14)

and (15) are shown in Figure 4.
The following points can be concluded:

(i) The electrical and mechanical torques of the wind
turbine influence the torsional vibrations (equations

(11)-(13)).

Bode Diagram
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FIGURE 4: Bode characteristics of the input variables.

(ii) The amplitude gain of the drive chain near the
resonance frequency in Figure 4 is very high; that is,
any deviation of Am,,A8,, AT,, AT, can excite the
drive chain torsional modes.

(iii) The magnitude of AT, ;4 at the resonance fre-
quency is larger than AT,, so any deviation on
AT,_,ina can lead to more serious torsional oscil-
lations rather than AT,.

(iv) For the regions (2) and (4) in Figure 3, the value of
(df/dw,) is low. So, the damping torque based on
AT,_nq is weak. The torsional modes can appear
and affect the stability of the electromechanical
system. Designing a wind power stabilizer (WPS)
for solving this challenge is proposed.

(v) The VSC HVDC transmission system can manage
the power flow using the power electronic con-
verters. Equations (1)-(7) show that Am,, AG, (the
control inputs of rectifier) can affect the electrical
torques of the both classical power plant (CPP) and
wind power plant. So, it is proposed to design a VSC
HVDC-based SDC for improving the stability of the
whole power system.

The proposed damping controller for WPP is shown in
Figure 5. The damping controller obtains a supplementary
damping torque that is in the same phase with the electrical
torque. The SDC in Figure 5 is designed with another
damping controller for the VSC HVDC, which is discussed
below.

The main purpose of designing the SDC based on VSC
HVDC, in a hybrid system, is the dynamic stability en-
hancement of the whole power system. As it is known, in a
multimachine system, the excitation of interarea oscillating
modes can be another factor in degrading the dynamic
stability of the power system. Therefore, it is necessary to
ensure that these oscillations are eliminated throughout the
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FIGURE 5: The proposed WPS for the drive train of the WPP.

system especially when a fault accrues. The VSC HVDC-
based SDC should be in coordination with wind turbine
stabilizer.

Based on equations (1)-(8), rectifier input signals in the
VSC HVDC transmission system can affect the electrical
power (torque), which is produced by the synchronous or
induction generator (1,1’ are constant in a determined
working point):

AT, < AP, o< (10, + n'm,). (16)

In the VSC HVDC transmission line, it is possible to
control the active power flow to prevent frequency deviation
(rotor speed deviation in power plants) in the system. Ac-
cordingly, the VSC HVDC control inputs can be used to
apply a supplementary damping signal [15]. In the next
section, the design of the SDC based on the VSC HVDC for
the entire power system is described.

4. The VSC HVDC-Based SDC Controller

The relationships between the control inputs of the VSC
HVDC and the electrical torques were described in the
previous section. Using the rectifier inputs, it is possible to
control the power flow between the power plants and infinite
bus. Accordingly, the rotor speed deviation in generators can
be controlled by changing the input variables of the VSC
HVDC using the supplementary controller. For the torsional
vibration in the wind turbine, we can write

- : AT, AT,
AB,, +A'AG,, +B'AG, = Z—Ht + 72;““‘,
t g
. . (17)
- AT, AT,
Ab,, +A'AG,, +B'AG,, = —2Ht 7;g‘“d
t g

It can be concluded from the relation (33) that
AT, yina = f(AE;, Am,, A, Aw, AE, 4, AE,,,). (18)

AEj, Aw,AE,;, AE,,; are the controllable states of the
system and Am,., Af, are the inputs of the rectifier in the VSC
HVDC. Assuming the state variables are constant (and
controllable via the typical local control loop such as au-
tomatic voltage regulator, etc.), using (1)-(8) and (18), we
can write

AT, g = ahb, +a' A8, +BAm, + B Am, 9)
+ g(AE;, Aw, AE,, 4, AE,,, ),

where g is a function of the system states. Using (19) in
equation (17) results in

. . AT -
AB,, +A'AB,, +BIAG,, = Z—Htt +aAb, +a' NG, +pAm,
+BAm, + g(AE], Aw, AE,,;, AE,,).
(20)

Through formula (49), the transfer function with
Am,, AO, as input variables can be derived as follows:

Aetg _ ﬁ+ﬁ’5
Am, S+ A'sS+BS

(21)
A6, B a+a's

AG, S+ A's+B's

The Bode diagram is shown in Figure 4. It can be seen
that the rectifier inputs of the VSC HVDC transmission
system are quite effective on the torsional modes of the wind
turbine system. By designing the SDC, the torsional modes
can be damped effectively through these inputs.

It has been shown in many literatures that it is possible to
improve the dynamic stability of the power system by using
the power electronic converters of the VSC HVDC trans-
mission system. According to [15, 18], it is shown that
electromechanical modes are damped optimally using a
supplementary damping controller along with the phase
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angle input of the rectifier. So, in the hybrid system, it is
proposed to use Am, for improving the power system os-
cillations and A8, for damping the torsional vibration of the
WPP as it is shown in Figure 6. Notice that the WTS is used
to ensure the dynamic stability of the wind turbine
(Figure 5).

5. The Supplementary Damping Controller
Based on Fractional-Order PID Controller

In this paper, the SDCs are designed for damping the
electromechanical oscillations in the hybrid power systems.
The proposed controllers can enhance the power system
stability. In this way, indicators like the overshoot, settling
time, rising time, and steady-state error of the shaft-turbine
speed deviation in synchronous generator and induction
machine should be optimized.

In this paper, integral absolute error (IAE) is used to
define optimization function (x; is the ith variable):

Fxpi=1,2,...,n) = J:Ob/(t)* o). (22)

In equation (51), y(¢)* is the reference and y (¢) is the
real output response of dynamic system. In this paper, it is
proposed to use three (j = 3) FOPID-based SDCs in dif-
ferent control loops of system:

(1) The first (j=1) SDC (WTS) is used to obtain
supplementary damping torque for AP, as shown in
Figure 5. The WTS tries to damp torsional vibrations
of WPPs. Af,, is the input of WTS.

(2) The second (j = 2) and third (j = 3) SDCs are used
to add supplementary damping signals with different
purposes:

(i) The CPP-based SDC signal, which is applied to
Am,, uses Aw (rotor speed deviation of syn-
chronous generator in CPP) as input signal. This
controller ensures the dynamic stability of the
CPP (synchronous generators) in the hybrid
power system.

(ii) The WPP-based SDC signal, which is applied to
AG,, uses AB,, (the angular displacement) as
input signal. This controller ensures the damping
of the torsional vibrations of the wind turbines in
the hybrid power system.

The transfer function for the FO-PID controller is shown
as follows [24]:

G.(s) =K, +K;s '+ Kps' (23)

The IAE for the SDCs design is defined as follows:

J(K i Kpjp K Ajp s j = 1,2,3) = J (|V’ ~ V| +[A0,| +1A0] +|A6tg|>dt. (24)

00
0

The terminal voltage term (V' -V ) is used to ensure
voltage regulation in the common bus of power plants. The
coefficients of FO-PID controller are tuned using the pro-
posed MOBGA. The FO-PID controller includes parameters
(which are tuned using EMA) like proportional gain K,
integral gain K, the differential gain K}, integral-order A,
and differential-order p.

6. The Multiobjective Bat-Genetic Algorithm

One of the important features of evolutionary algorithms is
that they use probability-based solutions to search for the
desired space optimally. In this case, two points should be
considered (30, 31]:

(i) If alarge random space is selected, then the search for
all this space will be time consuming; in other words,
the convergence to optimal responses will be longer

(ii) In the wide search space, the probability of achieving
the optimal responses increases; however, these re-
sponses may not be the optimal solutions; in other
words, the algorithm may be trapped in local ex-
treme points.

Therefore, it is necessary to always make a compromise
between the wide search space and the speed of convergence
to the absolute extremum points.

The BA algorithm is based on the bat tracking system
[31]. This algorithm uses the frequency adjustment to ex-
pand the search space. One of the significant benefits of the
BA algorithm is that it focuses on a solution in the search
space. This is possible through the delivery rate of the pulses
and their frequencies.

This feature of the BA algorithm makes the algorithm
highly convergent. At the same time, the chances of getting
trapped in local extreme hotspots increase. Therefore, it is
necessary to solve this shortcoming of the bat algorithm. In
this paper, it is proposed to use genetic algorithm (GA) [30]
operators (the mutation and crossover) to diversify the
search space as follows:

(1) The particles are arranged based on the particle’s cost
functions.

(2) The crossover operation in the genetic algorithm are
applied for two bats (one has a best cost function and
the other is randomly selected from the initial
particles) as follows:

ax, + (1 - a)x; = yi, (25)
axi + (1 - a)x; = yp

where (x},x}) refer to the parent’s generation and
(71> y3) refer to the offspring’s generation. j is the
chromosome of ith step, and k is the multiplier.
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FIGURE 6: The proposed VSC HVDC-based SDC.

Equation (54) shows the combination of different
genes in the GA. This combination will lead to the
creation of a new generation using the older ones.
Since the old generation was categorized based on its
cost function, the new generation (equation (54)) is
considered as an upgrade for the older generation.

(3) The resulting generation is modified with some
probability to escape from local minima. Dynamic
mutations are used in the proposed hybrid genetic-
bat algorithm as follows:

yi +(ymaX - yj)(rand)(k”), rand < 0.5, (6)

X. =
! Vi —(yj —ymm)(rand)(lf‘ﬂ, rand > 0.5,

where rand, o, y™*, and y™Pare the random number
generator, the constant parameters defined by the user,
maximum and minimum values for the variables, respec-
tively. Based on the equation (26), the new generation of bats
reproduces with limited oscillations around the old gener-
ation. In other words, the range of search space is expanded
around the optimal value. If a more appropriate response is
obtained, the previous one is replaced. Note that this im-
provement can prevent the algorithm from the traps of the
local extremum points.

If the mutant bat has better performance than the x; bat,
then the particle will move in the same direction; that is, the
x; particle will move to a better location. If the performance
of resulting bat is not better than the bat x i then it will not
move to the new position and the healthier bat will be se-
lected in the next times. The proposed MOBGA is shown in
Figure 7.

7. Results and Discussions

In this section, the effect of proposed SDCs on the torsional
oscillations of the hybrid power system based on VSC
HVDC transmission system (shown in Figure 1) is examined
by time domain simulations. All the necessary parameters

for the system and proposed MOBGA are given in the
appendix. In the simulations, two cases are considered: the
case without the SDCs and the case with the proposed
damping controllers. Also, the 0.05 pu change of the me-
chanical power in the CPP is considered as the input dis-
turbance to the system.

The SDCs-based FOPID are designed using the proposed
MOBGA. The nominal working condition of the power
system is used to design SDCs. In this regard, the cost
function defined in equation (53) will be minimized by
setting the parameters of the FOPID-based SDCs. Table 1
shows the final coeflicients’ values of SDCs. The cost
function value in each iteration is shown in Figure 8.

Simulation is performed for different scenarios based on
the wind speed-power curve of the wind turbine along with
the designed SDCs based on FOPID-MOBGA.

In regions (2) and (4) of the speed-power curve (Fig-
ure 2), it was shown (refer to Section 3 and Figure 3) that the
damping electromechanical torque is not provided for wind
turbine effectively. So, it is proposed to add the WTS to the
WPP for improving the stability and energy conversion
efficiency. Figure 9 shows the responses of system (with
SDCs and without SDCs) when the wind turbine works in
region 2 (V, = 8 m/s). Without the use of SDC, the power
system behaves oscillatory. From Figure 9, it can be con-
cluded that using WTS improves the damping of the os-
cillations by obtaining the supplementary damping
electromechanical torque. In this way, the oscillations of the
rotor speed deviation in both power plants (Figures 9(a) and
9(b)), angular displacement of rotor in WPP (Figure 9(c)),
the load angle deviation in CPP (Figure 9(d)), and the
amplitude of the common terminal voltage (Figure 9(e)) are
damped with the appropriate value of overshoot and settling
time. It has also been observed that by using the proposed
SDCs for the VSC HVDC transmission system, further
improvement in the damping oscillations of power system
components has been achieved.

A6, is shown in Figure 9(c). Without the use of a WTS
in the wind turbine and due to the lack of the sufficient
damping torque in region (2) of the speed-power curve, the
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torsional modes in wind turbine have been excited and lead
to the oscillations in Af,,. However, the use of stabilizer in
wind turbines has decreased the oscillations. Also, more
damping effect of the torsional modes’ oscillations is
achieved by the SDCs of VSC HVDC. This can increase the
quality of energy conversion efficiency in the wind turbine.

V' (the magnitude voltage of the common bus) is shown
in Figure 9(e). Using the proposed algorithm, the SDC’s
coefficients are adjusted in such a way that the minimum
terminal voltage deviation is provided. It is observed that the
WTS and SDCs have a positive effect on the voltage
stabilization.

In region 3 (and 1) of the speed-power curve, the sen-
sitivity of the power-speed curve function to the generator
speed is relatively high. So, the generator active power
control can provide damping action on the generator speed.
Figure 10 shows the responses of system (with SDCs and
without SDCs) when the wind turbine works in region 3
(V,, = 12m/s). It can be seen that even when the WTS and
SDCs are not used, the damping electromagnetic torque is
provided by the generator of wind turbine and the system
stays stable. Therefore, in this working region, the amplitude
of mechanical oscillations is less than 2.

In region 4 of the speed-power curve, the sensitivity of the
power-speed curve function to the generator speed is zero. So,
the sufficient electromagnetic torque is not obtained by the
active power control loop of WPP. Figure 11 shows the re-
sponses of system (with SDCs and without SDCs) when the
wind turbine works in region 4 (V, = 14 m/s). It can be seen
that if the WTS or SDCs are not used, the damping elec-
tromagnetic torque is not provided by the generator of wind
turbine and the system becomes unstable.

The results of the simulation shown in Figures 9-11 are
consistent with the analysis presented in Section 3
(depending on the speed-power working regions, the par-
ticipation of wind turbines in providing the damping torque
will be different). If the oscillations of the torsional modes
rise in the system, not only the energy conversion efficiency
in the wind turbine will be drastically reduced but also more
mechanical pressure is imposed on the rotor of the wind
turbine. Part (c) of Figures 9-11 shows that the torsional
modes of the wind turbine are also affected by the perfor-
mance of the proposed controllers. It is clear that the os-
cillations caused by the excitation of the torsional modes are
well damped by the proposed controllers.

Part (e) of Figures 9-11 shows that the use of the pro-
posed controllers (SDCs and WTS) not only improves the
stability of power system but also can be effective in regu-
lating the voltage of the common bus.

To evaluate the performance of the proposed controllers,
the short-circuit (SC) fault (for 7 at t=30s) in the infinite
bus as well as the wind speed change (WSC) (10 percent
change att=5sup to t=15s) is applied to the power system.
For the comparative purposes, the system is also simulated
in the presence of a typical PID controller. The results are
shown in Figure 12. Any change in the wind speed also
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TaBLE 1: The final coefficients’ values of SDCS.

Coefficients WTS-based SDC HVDC-based SDC M, VSCHVDC-based SDC 0,
KP 10.9 12.10 11.6
K; 28.7 29.3 30.3
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A 1.29 1.22 1.45
Y 1.02 0.93 1.1
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changes the working region of the wind turbine.
Figures 12(a) and 12(b) show that after the wind speed
changes, the power system is still stable and the frequency
oscillations are damped. In Figure 12(c), it is observed that
the torsional modes are excited when the turbine working
speed changes. But using the proposed SDCs, the torsional
oscillations are damped effectively. During the short circuit
fault in the power system, the oscillation modes of the system
are also excited. This causes the frequency-voltage oscilla-
tions as shown in Figure 12. The proposed controller not
only damps the oscillations of frequency but also improves
the voltage profile in the common bus.

8. Conclusions

In this paper, the dynamic model of a power system
equipped with a VSC HVDC transmission system and WPP
is presented. Using the dynamic equations, the torsional
modes of the wind turbine and their impact on the power
system stability are evaluated. Dynamic performance of the

active control mode of WPP is considered based on the
power-speed curve of the wind turbine. It is shown that in
regions (2) and (4) of speed-power curve, the electromag-
netic damping torque is not sufficient; therefore, the use of
the WTS (in these regions) is proposed. Since the control of
VSC HVDC transmission systems can be effective in im-
proving the stability of the power system, it is proposed to
design SDCs based on the VSC HVDC converters for the
hybrid power system. The SDCs and WTS are designed
based on FOPID and its coefficients are adjusted using a
novel hybrid multiobjective bat-genetic algorithm. The
simulation results show that the proposed control strategy of
this paper can damp the oscillations caused by the torsional
modes of the wind turbine as well as the electromechanical
modes of the system.

Data Availability

The data used to support the findings of this study are in-
cluded in Supplementary Materials files.
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