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Optimal Design of PI'D“AY Controller for Wind Turbine Systems
by Cuckoo Search

Abstract. The fractional-order proportional-integral-derivative-accelerated (FOPIDA) controller (or PI'D“A") is the generalization of the PID controller
family. It consists of seven parameters, i.e. the proportional gain K,, the integral gain K; the derivative gain K, the accelerated gain K, the integral
order A, the derivative order u and the accelerated order v. All orders (4,1 and v) are real rather than an integer. These make the PI"D"A" controller
more flexible in design process for a wide range of dynamic systems. This paper presents the optimal design of the PI'D"A controller based on
modern optimization approach for a drive train and a pitch control of the wind turbine systems by using the cuckoo search (CS), one of the most
powerful metaheuristic optimization techniques. Results obtained by the PI*D"AY controller will be compared with those obtained by the integer-order
proportional-integral-derivative-accelerated (IOPIDA) controller. As results, it was found that the P'D*A” controller outperforms the IOPIDA in both
input-tracking and load-regulating responses, significantly.

Streszczenie. Regulator FOPIDA (lub PIADuAv) jest uogdlnieniem rodziny regulatoréw PID. Skfada sie z siedmiu parametréw, tj. wzmocnienia
proporcjonalnego Kp, wzmocnienia catkowania Ki, wzmocnienia rézniczkowania Kd, wzmocnienia przyspieszonego Ka, rzedu catkowania A, rzedu
rézniczkowania yu i rzedu przyspieszonego v. Wszystkie zamoéwienia (4, u i v) sq rzeczywiste, a nie liczby catkowite. Dzieki temu regulator PIADuAv
Jjest bardziej elastyczny w procesie projektowania dla szerokiej gamy systeméw dynamicznych. W artykule przedstawiono optymalny projekt
regulatora PIADuAv oparty na nowoczesnym podejsciu do optymalizacji uktadu napedowego i sterowania nachyleniem systemoéw turbin wiatrowych
z wykorzystaniem przeszukiwania kukutkowego (CS), jednej z najpotezniejszych metaheurystycznych technik optymalizacji. . Wyniki otrzymane
przez regulator PIADuAv zostang poréwnane z wynikami uzyskanymi przez regulator proporcjonalno-catkujgco-rézniczkujgcy (IOPIDA). W rezultacie
stwierdzono, ze regulator PIADuAv znacznie przewyzsza IOPIDA zaréwno pod wzgledem $ledzenia wejscia, jak i odpowiedzi regulacji obcigzenia.

(Optymalny projekt kontrolera PI*D¥A" dla systeméw turbin wiatrowych firmy Cuckoo Search)
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Introduction

The fractional-order  proportional-integral-derivative
(PI’D*) controller (or FOPID) was firstly proposed by
Podlubny in 1994 [1, 2] as an extended version of the
conventional integer-order PID controller (or IOPID). Based
on the fractional calculus, the PI*D* controller possesses
five parameters, i.e. the proportional gain K,, the integral
gain K; the derivative gain Ky, the integral order 1 and the
derivative order g, (4 and 4 € R, where R is the real
number). Superiority of the PI'D* controller to the
conventional PID controller has been proved [1, 2]. By
literature reviews, the PI*D¥ controller has been
successfully conducted in many control applications, for
example, process control, automatic voltage regulator
(AVR), DC motor control, power electronic control, inverted
pendulum control and gun control system. Several design
and tuning methods for the PI’D“ controller have been
consecutively launched. Review and tutorial articles of the
PI*D* controller providing its backgrounds and details have
been completely reported [3, 4].

In 1996, the integer-order proportional-integral-
derivative-accelerated (IOPIDA) controller was firstly
introduced by Jung and Dorf [5]. The IOPIDA has been
claimed to deliver faster and smoother response than the
IOPID for the higher order plants. In 2017, the fractional-
order proportional-integral-derivative-accelerated (PI*D*A)
controller was proposed by Bettou and Charef [6, 7]. Such
the PI"D“A controller possesses six parameters, i.e. K,, Ki
Ka, A, 1, and the accelerated gain Kj, (4 and u € R). Bettou
and Charef reported the optimal tuning of the PI‘D*A
controller for motor position control systems [6] and
bioreactor control [7] via the particle swarm optimization
(PSO). Later in 2019, the generalized fractional-order
proportional-integral-derivative-accelerated (PI'D*AY)
controller (or FOPIDA) was then proposed [8, 9]. The
PI'D“A” controller possesses seven parameters, i.e. Ko, Ki,
Ka, Ka, 4, i, and the accelerated order v, (4, zand v e R). It

can be considered as the generalization of the PID
controller family including 10P, 10PI, IOPD, IOPID, FOPID
and IOPIDA controllers. All seven parameters of the
PI‘D“A” controller can be optimized by some powerful
metaheuristic optimization techniques [8, 9].

In this paper, an optimal PI*“D“A” controller design based
on the modern optimization approach for a drive train and a
pitch control of the wind turbine systems by the cuckoo
search (CS), one of the most powerful metaheuristic
optimization techniques, is proposed. Results obtained by
the PI"D“A” controller designed by the CS will be compared
with those obtained by the IOPIDA controller designed by
the CS.

PF'D“A” controller

Regarding to the fractional calculus, the PI*D*AY
controller can be performed by the differential equation as
expressed in (1), where D*“ is the non-integer order
fundamental operator (¢ € R* stands for the order of
differential operation and « € R stands for the order of
integral operation), e(t) is the error signal regarded as the
controller input, u(f) is the control signal regarded as the
controller output, orders A and x> 0, and v > 2 [8, 9]. By
taking the Laplace transform, the model in (1) can be
performed as the transfer function stated in (2).

(1) u(t) =K ,e(t)+ K, D; *e(t)+ K ;D e(t) + K ,D e(t)
K; v

) G pyapu v =K, +—E+K " +K,s
S

From (2), the proposed PI*D“A" controller with its seven
parameters is the generalization of all types of PID
controller family. By taking A =1, =1 and v = 2, it is the
conventional IOPIDA controller [5]. v = 2 gives the PI"D*A
controller [6, 7]. Kz = 0 gives the PI"D* controller [1, 2]. 4 =
1, =1 and K, = 0 give the conventional IOPID controller.
A =1, Ky =0 and K, = 0 give the conventional I0PI
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controller. K; = 0, =1 and K, = 0 give the conventional
IOPD controller. K; = 0, Ky = 0 and K; = 0 give the
conventional IOP controller. It was found that the
generalized PI"D“A” controller is more flexible and gives an
opportunity to better adjust the system response of a
fractional-order control system.

Drive train model in wind turbine systems

The drive train in wind turbine systems basically
consists of the wind turbine rotor, low-speed shaft, gearbox,
high-speed shaft, and double-fed induction generator
(DFIG) [10]. The schematic diagram of the drive train
system is shown in Fig. 1, where Tx(f) is the aerodynamic
torque applied from wind turbine speed (velocity of rotor), Jr
is the lumped moment of inertia of rotor and low-speed
shaft, wr(f) is the turbine-side speed, Kiss is the low-speed
shaft stiffness, Djss is the low-speed shaft damping factor,
wyt(t) is the turbine-side gearbox speed, N is the gearbox
ratio, awyc(t) is the generator-side gearbox speed, Kiss is the
high-speed shaft stiffness, Dpss is the high-speed shaft
damping factor, wg(f) is the generator-side speed, Jg is the
lumped moment of inertia of generator and high-speed shaft
and T(f) is the electromagnetic torque generated by the
DFIG.
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Fig.1. Drive train in wind turbine systems

In this work, the considered drive train system is of the
wind turbine of 330-kW [11]. The s-domain transfer function
model, Gpi(s), of the drive train system is given as
expressed in (3) [11, 12]. From (3), the drive train system is
one of the complicated real-world systems. The model in (3)
will be used as the plant model in the design process.

2.28x10%s
9.941x10"%5°

+4.971x10"s* +1.024 x10" 3
+7.534x10"7 5% +5.685x10'% s

(3) G ,\(s) =

Pitch control model in wind turbine systems

The pitch control system was operated by using
hydraulic pressure. It typically includes a time delay for the
wind turbine generation system. In this work, the pitch
control model of the wind turbine with 275-kW generator
[13] is conducted. The s-domain transfer function model,
Gp2(s), of the pitch control system of the wind turbine is
given as stated in (4) [11, 13]. The model in (4) will be also
used as the plant model in the design process.
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Cuckoo search algorithm

The cuckoo search (CS) was firstly proposed by Yang
and Deb in 2009 [14, 15] as one of the most efficient
metaheuristic optimization techniques. The CS algorithm is

inspired by the behaviour of cuckoo species and the Lévy
flight behaviour of some birds and fruit flies. There are two
key parameters, i.e. a number of cuckoos (n) and a fraction
pa denoting the ability of host birds that can find the
cuckoos’ eggs. In CS algorithm, a new solutions X" for
cuckoo i can be generated by Lévy distribution as
expressed in (5), where Lévy(l) stands for the Lévy
distribution having an infinite variance with an infinite mean
as expressed in (6). The step length s of cuckoo flight can
be calculated by (7), where u and v are normal distributions
as stated in (8). The standard deviations of u and v are
expressed in (9). The CS algorithm can be represented by
the flow diagram as shown in Fig. 2. Yang and Deb have
recommended that n =15 to 40, p; = 0.2 t0 0.25 and 4, f =
1.5 to 2.0 are good for most optimization problems [14, 15].

(5) x"D = x! + a ® Lévy(2)

(6) Lévy(D~u=t"*, (1<A<3)

7) s:u/|v|1/ﬂ
)

(
(8) uxN(0,07), vxN(0,0?%)

) o :{ [ (1+ B)sin(zB/2)
“ 0
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- Perform objective function fx), x = (x1,...,x5)"
- Initial search spaces

- Randomly generate x* initial solutions

- Initialize Max_Gen, Gen = 1

- Report best
solution

- n cuckoo find the new nests by
Levy flight and lay their eggs
in the random nests

- m (m <= n) cuckoo’s egg is
found by host

- m cuckoo find the new nests by
Levy flight again and lay their
eggs in the random nests

- Update: W
Gen = Gen++ ?‘

- Evaluate all cuckoo’s eggs via f(x)

+ Yes

- Update: x = x*

Fig.2. Flow diagram of the CS algorithm

CS-based PI'D“A” controller design
Based on modern optimization approach, the optimal
design of the PI"D“AY controller for a drive train and a pitch

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 98 NR 7/2022 111



control of the wind turbine systems by the CS can be
represented by the block diagram shown in Fig. 3. The
objective function f(+) is set as the sum of squared error
(SSE) between the reference input signal R(s) and the
controlled output signal C(s) of the controlled system as
stated in (10) as appeared in [16-18]. The objective function
f(*) in (10) will be fed to the CS to be minimized by
searching for the optimal values of the PI"D*A" parameters
(Kp, Ki, Ka, Ka, 4, 1 and v). The search process needs to
meet the design constrained functions and the search
spaces as stated in (11), where {; max is the maximum
allowance of rise time t, M,_max is the maximum allowance
of maximum percent overshoot M, ts max is the maximum
allowance of settling time s, €ss max is the maximum
allowance of steady-state error ess, Ky min and K, max are the
lower and upper bounds of K,, K;min and K max are the
lower and upper bounds of Kj, Ky min and Ky max are the
lower and upper bounds of Ky, Ky min @and Ki max are the
lower and upper bounds of Kj, Amin and Amax are the lower
and upper bounds of A, umin and umax are the lower and
upper bounds of 4, and vmin and vmax are the lower and
upper bounds of v, respectively.
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Fig.3. CS-based PI"D“A" controller design
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Results and discussions

To design the optimal PI*D“A" controllers for a drive
train and a pitch control of the wind turbine systems. The
CS algorithm was coded by MATLAB version 2018b

(License No.#40637337) run on Intel(R) Core(TM) i5-3470

CPU@3.60GHz, 4.0GB-RAM. For designing the PI*D“A"
controllers of a drive train and a pitch control, the search
parameters of the CS are priorly set according to the

112

recommendation [14, 15] as follows: n = 15, p, = 0.25 and 4
= f=1.5. The maximum generation MaxGen = 200 is set
as the termination criteria (TC). 50 trials are proceeded by
the CS to search for the optimal PI"D“AY controllers. The
PI*D“AY controllers are implemented by MATLAB with
FOMCON toolbox [19, 20], where Oustaloup’s
approximation is realized for fractional order numerical
simulation. For comparison with the IOPIDA controllers, 4, u
and v in (2) are set as follows: 1= =1.0and v=2.0.

Drive train control: In this case, the Gpi(s) in (3) is
used as a plant shown in Fig.3. The design constrained
functions and the search spaces in (11) can be set by a
preliminary study for designing the PI*"D“A" controller of this
case as stated in (12). For the IOPIDA controller, 4, z and v
in (12) are fixedas A= x=1.0and v=2.0.

Subject to t. <0.05sec.,
M, <20.00%,
t, <0.25sec.,
e, <0.01%,
5<K, <50,
10<K; <50,
0<K,<0.5,
0<K,<0.01,
05<1<15,
0.5<u<1.5,
1.5<v<25

(12)

After the search process stopped, the IOPIDA and
PI*‘D“A” controllers optimized by the CS for the drive train
control system are successfully obtained as stated in (13)
and (14), respectively.

23.02
(13) Gc(s)|1m[,w/1 21038+ 2292 1 0,135 +0.00252
(14) G (9)| py2 pu g :32.28+%+0.24s"02 +0.004522

The convergent rates of the objective functions in (10)
associated with the design constrained functions in (12)
proceeded by the CS over 50 trials for the PI"D“A" controller
design are depicted in Fig. 4. It can be observed that the
CS has a good robustness for global convergence with
different randomly initial solutions. The convergence rates
of IOPIDA controller designed by the CS are omitted
because they have a similar form to those in Fig. 4.

Convergent rates

0 50 100 150 200
Generations

Fig.4. Convergent rates of PI'D“A" controller designed by CS for
drive train control system

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 98 NR 7/2022



Table 1. Results of unit-step input-tracking responses of the drive

The unit-step input-tracking response of the drive train
train control systems

system without controller is plotted in Fig. 5. The unit-step
input-tracking and unit-step load-regulating responses Controllers Responses
of the drive train system with the IOPIDA controller in (13) : fr(s) | My (%) | (S) | s (%)
and the PI*"D“A" controller in (14) are depicted in Fig. 6 and ;’VOI:DI(E)L: gggg gg? SS? 3800'80
Fig. 7, respectively. Results of input-tracking and load- PIDA" 0'027 10'25 0'15 0'00
regulating system responses are summarized in Table 1 - - : :
and Table 2. Table 2. Results of unit-step load-regulating responses of the drive
train control systems
5 Unit-step input-tracking response Responses
: Controllers 5
45 VRS i Mp req (S) | treg (S) | ess (%)
AN without | --—--- cannot be regulated-----
ar M IOPIDA 11.06 0.73 0.00
PI*D“A" 4.07 0.44 0.00

i From Figs. 5 - 7 and Tables 1 - 2, where M, 4 is the

;' maximum percent overshoot from load regulation, f.g is the

2f i regulating time, it was found that both IOPIDA and PI*D“A"
i controllers are completely optimized by the CS according to

i the preset design constrained functions in (12). From Fig. 5,

i the drive train system without controller provides slow

,' response and very high es. From Fig. 6 and Table 1, the

Normalized output response
N
42

0.5
% 05 p 15 > a5 3 drive train controlled system with the PI“D“A" controller
Time(sec.) designed by the CS provides smoother input-tracking
response than that with the IOPIDA controller designed by

the CS. From Fig. 7 and Table 2, the drive train controlled
system with the PI*D“A" controller designed by the CS

Unit-step input-tracking responses provides faster load-regulating response than that with the
1.4 T IOPIDA controller designed by the CS. It can be noticed
p that the drive train controlled system with the PI*D*AY
controller designed by the CS can provide very satisfactory
responses according to the given design specifications and
superior to the IOPIDA controller designed by the CS,

significantly.

Fig.5. Unit-step input-tracking response of the drive train system
without controller

Pitch control: For this case, the Gp(s) in (4) is used as
a plant shown in Fig.3. The design constrained functions
and the search spaces in (11) can be set by a preliminary
study for designing the PI*D“A" controller of this case as

Normalized output responses

'
k 55 P T ——— stated in (15). For the IOPIDA controller, A, z and v in (15)
0z} B - 4=+ with IOPIDA controller designed by CS are fixedas 1= u=1.0and v=2.0.
. B> —— yjith PI"D"A" controller designed by CS Subject to tr <5.00 sec.,
0 0.2 0.4 0.6 0.8 1 o
Time(sec.) Mp <5.00%,
Fig.6. Unit-step input-tracking responses of the drive train system Iy 20.00 sec.,
with IOPIDA and PI"D“A" controllers designed by CS e, <0.01%,
< <
014 Unit-step load-regulation responses 0= KP - 5’
=+ =%=--with IOPIDA controller designed by CS (1 5) - 20 S Ki < 59
0.12 —— with PI"D"A” controller designed by CS 1<K, <5
<K, <5,
8 01 0<K,<0.01,
o
g 0.08 § 0.5<AL15,
EOOS 0.5<u<15,
3 1.5<v<2.5
5 o0t After the search process stopped, the IOPIDA and
E 0.02 PI*D“A” controllers optimized by the CS for the pitch control
z system are successfully obtained as stated in (16) and (17),
0 respectively.
16) G —0.98- 32 _0.025+0.0015>
002 (16) G.(5)],ppypy = O- — === 0.025+0.001s
Time(sec.) 19.93
A7) G|y 4 g v =1.12=—="=-0.035"% +0.0025>%
|PI DH 4 G114

Fig.7. Unit-step load-regulating responses of the drive train system
with IOPIDA and PI"D*“A" controllers designed by CS
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The convergent rates of the objective functions in (10)
associated with the design constrained functions in (15)
proceeded by the CS over 50 trials for the PI"D“A" controller
design are depicted in Fig. 8. It can be seen that the CS has
a good robustness for global convergence with different
randomly initial solutions. The convergence rates of IOPIDA
controller designed by the CS of this case are also omitted
because they have a similar form to those in Fig. 8.

Convergent rates

0 50 100 150 200
Generations

Fig.8. Convergent rates of PI"D“A" controller designed by CS for
pitch control system

The unit-step input-tracking response of the pitch
system without controller is plotted in Fig. 9. The unit-step
input-tracking and unit-step load-regulating responses of
the pitch controlled system with the IOPIDA controller in
(16) and the PI*D“AY controller in (17) are depicted in Fig.
10 and Fig. 11, respectively. Results of input-tracking and
load-regulating system responses of this case are
summarized in Table 3 and Table 4.

Table 3 Results of unit-step input-tracking responses of the pitch
control systems

Controllers Responses
t(s) | My (%) | ts (s) | €ss (%)
without | = - cannot be tracked-----
IOPIDA 4.64 0.00 17.76 0.00
PI"D“A" 4.47 4.61 13.02 0.00

Table 4. Results of unit-step load-regulating responses of the pitch
control systems

Controllers Responses
Mp req (S) | treq (S) | Ess (%)
without | ----- cannot be regulated-----
IOPIDA 5.49 12.61 0.00
PI"D“AY 5.45 5.84 0.00

From Figs. 9 - 11 and Tables 3 - 4, it was found that
both IOPIDA and PI"D“AY controllers are successfully
optimized by the CS according to the preset design
constrained functions in (15). From Fig. 9, the pitch system
without controller provides the nonminimum phase
characteristics that cannot track the input signal. From Fig.
10 and Table 3, the pitch controlled system with the PI*D“A”
controller provides faster input-tracking response than that
with the IOPIDA controller. From Fig. 11 and Table 4, the
pitch controlled system with the PI"D“A" controller provides
faster load-regulating response than that with the IOPIDA
controller. Also, it can be noticed that the pitch controlled
system with the PI"D“A" controller designed by the CS can
provide very satisfactory responses according to the given
design specifications and superior to the IOPIDA controller
designed by the CS, significantly.
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Unit-step input-tracking response

0.04

| —— without controller

-0.02

Normalized output response

-0.06 f

20 30 40 50 60
Time(sec.)

Fig.9. Unit-step input-tracking response of the pitch system without
controller

12 Unit-step input-tracking responses

Normalized output responses

------------- without controller
——— with IOPIDA controller designed by CS
m—— ith P1*D* A" controller designed by CS

0 10 20 30 40 50 60
Time(sec.)
Fig.10. Unit-step input-tracking responses of the pitch system with
IOPIDA and PI*D“A" controllers designed by CS

Unit-step load-regulation responses

_____
-

-0.01

-0.02

-0.03

-0.04

-0.05

Normalized output responses

-0.06

======with IOPIDA controller designed by CS

-0.07 o
w—— ith PI"D"A" controller designed by CS

-0.08 - ' : :
0 5 10 15 20 25 30 35 40

Time(sec.)

Fig.11. Unit-step load-regulating responses of the pitch system with
IOPIDA and PI*D“A" controllers designed by CS
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Conclusions

Designing an optimal PI*D“AY controller for the wind
turbine systems by the cuckoo search (CS) based on
modern optimization approach has been presented in this
paper. With its seven parameters, the PI"D“A" controller can
be considered as the generalized version of the PID
controller family. In order to compare with the conventional
IOPIDA controller, the CS algorithm, one of the most
powerful metaheuristic optimization techniques, has been
utilized in this work to optimize the PI*D*A" controllers for a
drive train and a pitch control of the wind turbine systems.
By using the sum of squared error between the reference
input signal and the controlled output signal of the
controlled system as the objective function and the preset
design constrained functions, it was found that the PI*D*A"
controllers designed by the CS for the drive train control
system and the pitch control system could provide very
satisfactory responses according to the given design
specifications and superior to the I|OPIDA controllers
designed by the CS in both input-tracking and load-
regulating responses, significantly. For the future research,
the PI"D*A" controller will be extended to control other real-
world systems with the metaheuristics-based control design
optimization framework. Also, the implementation of the
PI*D“A” controller in both analog and digital manners will be
realized for further development.
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