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ABSTRACT. This paper proposes the optimal PI* D* controller (or fractional-order PID)
design for wind turbine systems by using the spiritual search (SS), one of the newest
and most efficient hybrid metaheuristic optimization searching algorithms. Based on the
modern optimization, the SS is conducted in this work to search for appropriate values
of five parameters of the PI*D* controller to achieve control designing purposes includ-
ing command-tracking and load-regulating. The proposed SS-based design approach is
demonstrated to design the optimal PI*D* controllers for a drive train model and a pitch
control model of the wind turbine systems. With the SS-based design, results obtained by
the PI*D* controllers will be compared with those obtained by the conventional PI and
PID controllers. As results, it was found that the SS can optimize PI, PID and PI* DV
controllers corresponding to the given design constraints, specifications and search spaces.
By comparison, the PID controller provides better responses than the PI. However, the
PPD* controller outperforms PI and PID in both command-tracking and load-regulating
pUrposes.

Keywords: PI*D* controller, Spiritual search, Wind turbine system, Metaheuristic
optimization

1. Introduction. Nowadays, numerous renewable energy technologies have been studied
and developed for solving the world energy crisis problems. Among those renewable
energy technologies, wind power is the world’s fastest growing source [1-4]. In wind power
systems, there are commonly two main kinds of wind generators, i.e., vertical-axis and
horizontal-axis. They can be used to generate large amounts of electricity in wind farms
which can be installed on both onshore and offshore. In order to achieve a stable power
output once the wind speed is above the rated wind speed, the pitch control is applied
by adjusting the pitch angle of the wind turbine blades. Normally, wind turbine system
will be automatically operated under the feedback control loop with the proportional-
integral (PI) [5,6], the proportional-integral-derivative (PID) controller [7-10], fuzzy-PID
controller [11,12] and expert control system [13].

In 1994, the PI*D* (or fractional-order PID) controller was firstly proposed by Pod-
lubny [14,15]. As an extended version of the conventional PID controller, the PI’D#
controller possesses five tuning parameters. Superiority of the PI*D# to the convention-
al PID controller has been proved [14,15]. Following the literature, the PI*D#* controller
has been successfully conducted in many control applications, for instance, process control
[16], automatic voltage regulator [17], DC motor control [18], power electronic control [19],
inverted pendulum control [20] and gun control system [21]. Several design and tuning
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methods for the PI*D* controller have been consecutively launched, for example, rule-
based methods [22,23] and analytical methods [24,25]. Review and tutorial articles of the
PI*D* controller providing the state-of-the-art and its backgrounds have been completely
reported [26,27].

Control synthesis has been changed from the conventional paradigm to the new frame-
work based on modern optimization by using metaheuristics as an optimizer [28,29]. By
literature reviews, some well-known metaheuristic algorithms have been applied for design-
ing optimal PI/PID controllers of wind turbine systems, for example, genetic algorithm
(GA) [30,31] and particle warm optimization (PSO) [32,33]. Among those metaheuristics,
the spiritual search (SS) is one of the newest and most efficient metaheuristic optimization
searching techniques [34]. The SS is firstly proposed in 2018 and conceptualized by the
spiritual concentration according to the Buddhist principles. As the hybrid metaheuristic
algorithm, single solution-based (trajectory-based) and population-based approaches are
combined in the SS algorithm to balance the advantages of exploration and exploitation
properties. For preliminary study [34], it was found that the SS can provide optimal solu-
tions of several standard benchmarking functions with the highest percentage of success
rate for finding global solutions and the shortest search-time consumed once compared
with tabu search (T'S) and cuckoo search (CS). Moreover, the SS was successfully applied
to model identification, PID and PIDA controllers design [34,35]. In addition, the appli-
cations of the SS to designing an optimal PI*D* controller for wind turbine systems do
not appear in literature.

In this paper, an optimal PI*D* controller design for a drive train and a pitch control
of the wind turbine systems based on the SS is proposed. With the proposed SS-based
design approach, results obtained by the PI*D* controllers will be compared with those
obtained by the PI and PID controllers. This paper is arranged as follows. After an
introduction is provided in Section 1, the PI*D* controller based on fractional calculus is
briefly described in Section 2. Modeling of a drive train and a pitch control of the wind
turbine systems is given in Section 3. The SS-based PI*D* controller design problem
is formulated in Section 4. Results and discussion are illustrated in Section 5. Finally,
conclusions are followed in Section 6.

2. PI*D# Controller. A generalization of integration and differentiation can be repre-
sented by the non-integer order fundamental operator ,Dj', where a and ¢ are the limits
of the operator. The continuous integro-differential operator is defined as expressed in
(1), where o € R stands for the order of operation.

(o
% %(Oé) >0
Dr=1{ 1 R(a) =0 (1)

k /:@m—a R(a) < 0

The classical PID controller model is expressed in (2) and (3), where K, is proportional
gain, K is integral gain, K is derivative gain, u(¢) is the control signal (regarded as an
output variable) and e(t) is the error signal (regarded as an input variable). It consists
of three elements, i.e., proportional (P) element, integral (I) element and derivative (D)
element, respectively. In the feedback control loop, the classical PID controller can be
represented by the block diagram in Figure 1.
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FIGURE 1. The classical PID controller: (a) PID controller in time-domain
and (b) PID controller in s-domain
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The PI*D* controller is an extended version of the conventional PID controller. It can
be regarded as the general controller for all PID family members. The PI"D# controller
possesses five tuning parameters, i.e., K,, K;, K4, integral order (\) and derivative order
(p). The generalized transfer function of the PI*XD# controller is given by the differential
equation as stated in (4), while A and ¢ > 0, and by the Laplace transform as stated in

(5).

u(t) = Kye(t) + K;D; Ye(t) + KyDl'e(t) (4)
K;
Ge(8)|prrpn = Kp + =y + Kqs" (5)

Referring to (5), A is the fractional order of the integral element, while p is the fractional
order of the derivative element. The step responses of the PI*D* controller are shown in
Figure 2. Once A = 1 and p = 1, the PI*D* is the conventional PID. The step response of
this case is depicted in Figure 2(a). It was found that the portion a depends on K. The
greater the value of K, the greater the portion a. It was known that K, will decrease
the rise time and the steady-state error of the system response. The portion b depends
on K. The more the value of K, the more the portion b. It was known that K, will
decrease the settling time and the oscillation of the system response. The slope d depends
on K;. The greater the value of K;, the greater the slope d. It was also known that K;
will eliminate the steady-state error of the system response.

From Figure 2(b) and Figure 2(c), u is fixed and A is varied. It was shown that A\ will
affect the portion e. This implies that A\ will reinforce K; to eliminate the steady-state
error of the system response rapidly. From Figure 2(d) and Figure 2(e), \ is fixed, while
1 is varied. It was found that p will affect the portion c¢. This implies that u will reinforce
K4 to decrease the settling time and the oscillation of the system response effectively.

Relationship between the conventional PID and the PI*D* can be represented by a
graphical way as visualized in Figure 3 [26,27]. In general, the range of fractional orders
(A and p) is varied from 0 to 2. However, in most research works, the range of A\ and
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FIGURE 2. Step responses of PI*D* controller: (a) A = 1 and u = 1, (b)
A<landpu=1,(c)A>landpu=1,(d) A=1and p<1land (e) A =1
and p > 1

w1 is varied from 0 to 1. Referring to Figure 3, if A = p = 1, it is the conventional PID
controller.

With its five tuning parameters, designing an optimal PI"D# controller is a challenging
work especially for higher-order systems. In this paper, an optimal PI*D* controller
design for higher-order wind turbine systems based on the SS is proposed.
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FIGURE 3. PID and PI*D* from points to plane: (a) integer-order and (b)
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3. Wind Turbine System Models. Based on the aerodynamic lift principle, wind tur-
bines can be divided according to the orientation of the axis of rotation on the horizontal-
axis wind turbine (HAWT) and vertical-axis wind turbine (VAWT) which can be installed
on the land or sea as shown in Figure 4 [1-4]. However, the horizontal-axis or propeller-
type wind turbines are most commonly used for wind farms, community wind projects,
and small wind applications. This is because the HAWT generator can provide higher
wind energy conversion efficiency and access to stronger wind due to high tower. Thus, the
HAWT generator will be focused and conducted in this work. The simplified structures
of a wind turbine consist of large blades, a powerful rotor, a strong hub and a gearbox.
The wind turbine system must be capable of operating over a wide range of wind speeds.
Therefore, a double-feed induction generator (DFIG) was commonly used [1-4].

7
Rotor
Blade Gearbox
Nacelle
Hub -»] =
Generator Rot
otor
Bl-ade_>
\_/
Tower Gearbox
: > Generator
(a) HAWT (b) VAWT

FIGURE 4. Wind turbine configurations: (a) horizontal-axis wind turbine
(HAWT) and (b) vertical-axis wind turbine (VAWT)

3.1. Drive train model. The drive train consists of the wind turbine rotor, low-speed
shaft, gearbox, high-speed shaft, and the DFIG. Basically, the model of a wind turbine
drive train is a three-mass rotational mechanical model with flexible shafts on both wind
turbine and generator sides. Such the three masses correspond to a large mass of the
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wind turbine rotor, a mass for the gearbox wheels, and a mass for generator, respectively.
However, the moments of inertia for the shafts and gearbox wheels can be lumped or
neglected because they are very small once compared with the moment of inertia of the
wind turbine or generator. Thus, the model can be reduced to a two-mass rotational
mechanical model as shown in Figure 5, where T4(t) 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(t) is the turbine-side speed, K is the low-speed shaft stiffness,
D5 is the low-speed shaft damping factor, w,r(t) is the turbine-side gearbox speed, N is
the gearbox ratio, w,;(t) is the generator-side gearbox speed, K}, is the high-speed shaft
stiffness, Djss is the high-speed shaft damping factor, wg(t) is the generator-side speed,
Jg is the lumped moment of inertia of generator and high-speed shaft and T.(¢) is the
electromagnetic torque generated by DFIG.

Ty(1)

gG(r) Diss (1)

Wind Low-Speed Gearbox High-Speed DFIG
Turbine Shaft Shaft Generator

FIGURE 5. Wind turbine drive train

In this work, the wind turbine of 330-kW in [36] is conducted. The s-domain transfer
function model, G, (s), of the wind turbine drive train is given as expressed in (6) [33,36].

2.28 x 10195

Gpls) = 9.941 x 1012s% 4+ 4.971 x 10Ms* 4 1.024 x 1017s3 4+ 7.534 x 101752 + 5.685 x 10185 (6)

3.2. Pitch control model. The pitch-driven system was operated by using hydraulic
pressure. Although the system is typically used in large power systems, it included a time
delay for the wind turbine generation system. In this work, the pitch control model of
the wind turbine with 275-kW generator in [37,38] is conducted. The s-domain transfer
function model, Gpa(s), of the pitch control system of the wind turbine is given as stated
in (7) [33,37,38].

(7)

From the drive train and the pitch control models in (6) and (7), they will be used
as the plants controlled by the PI"D* controller optimized by the SS as detailed in next
section.

Conl®) —0.62195% — 8.7165s — 2911 095s
S) = [
p2 st +5.01853 + 691.352 + 19495 + 1.15 x 105

4. SS-Based PI*D* Controller Design Problem Formulation. In this section, the
SS algorithm is briefly described, the PI*D* control loop is illustrated, and the SS-based
PI*D* control design problem is then formulated.
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4.1. SS algorithm. The spiritual search (SS) was firstly proposed in 2018 by Puang-
downreong [34]. As hybrid metaheuristic optimization algorithm conceptualized by the
spiritual concentration called “Samatha-Kammatthana” according to the Buddhist prin-
ciples [39,40], the SS algorithm possesses single solution-based (trajectory-based) and
population-based approaches to balance the advantages of exploration and exploitation
properties. The SS algorithm was formulated based on three following rules [34]:

Rule-1 Once Citta travels to explore various sense-objects, it is regarded as the population-
based metaheuristics having exploration property by using random process with
unlimited distribution. In this case, Lévy distribution with an infinite variance
and an infinite mean is conducted.

Rule-2 When Citta meets concentration state with only one particular sense-object, it is
regarded as the single solution-based metaheuristics having exploitation property
by using random process with normal distribution denoted by N(u,o?), where
( is the mean and o > 0 is the standard deviation. For the standard normal
distribution, p = 0 and o = 1 are denoted by N(0,1).

Rule-3 Switching between travelling Citta and concentrating Citta can be defined by the
switching probability, p.

From Rule-1, the mathematical relation for updating a new solution is expressed in (8)-
(13) [34], where ! is the updated solution, ' is the previous solution, L is a random
number with Lévy distribution, I' is standard gamma function, s is a step size, v and v
are a random number with normal distribution, and ¢, and o, are the standard deviation.

ot =zl 4+ L (z} — z) (8)
L%aﬂf(i)‘ji(ﬁwﬂ)’ s 00, 0<B<2 9)
['(z) = /t21etdt (10)
0

5= Mﬁ - (11)
ur N (0,02), vaN(0,00) (12)

I'(1+ B)sin(z8/2) \"/*
o=\ s sy} o )

Regarding to Rule-2, the mathematical relation for updating a new solution x‘*! is
expressed in (14)-(15) [34], where € is a random number with normal distribution.

it =l e (! — x*) (14)
(z—p)?
€= ! e_{?}, —00 < T < 00 (15)
oV 2T

Referring to Rule-3, the switching probability p is fixed at particular value and ~
is randomly generated in each moment (iteration). If v > p, the Rule-1 is activated.
Otherwise, Rule-2 is invoked. The SS algorithm can be summarized by pseudo code as
shown in Figure 6.

Referring to Figure 6 representing the SS algorithm, the objective function f(x), num-
bers of population of sens-objects (solutions) n and switching probability p are firstly
initialized. Also, the initial best solution has to be evaluated via the given objective func-
tion. In the iteration process, the SS algorithm will check the difference between + and p.
If v > p, the Rule-1 (population-based) is activated by using the expressions in (8)-(13)
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- Objective function (x), x = (x1.....x;)
- Generate initial 7 population of sens -objects x,= (7 = 1, 2....,n)
- Find the initial best solution x* among x; via fx;)
- Detine a switching probability o = [0, 1]
- Detine a random number with uniform distribution » < [0, 1]
while (7 <~ MaxMom)
if (7> p) % Population-based
-SetN=n
fori=1:N
- Generate L by (9) associated with (10) — (13)
- Create new solution by (8)

end for
else if (7<= p) % Single solution -based
- Set N =1

- Generate by (15)
- Create new solution by (14)
end if
if fx) < flx®)
- Update current best solution x* = x
end if
end while
- Report the best solution found

F1GURE 6. Pseudo code of SS algorithm

to create new solutions. Otherwise, (7 < p), Rule-2 (single solution-based) is invoked by
using the expressions in (14)-(15) to create new solutions. After that, the current best
solution will be updated by new solution found. The SS algorithm will be iteratively
processed until the optimal solution is found or the termination criteria (TC) are met.

4.2. PI*D* control loop. The wind turbine system which is operated under the PI*D*
feedback control loop can be represented by the block diagram as shown in Figure 7,
where G.(s) is the PI*D¥ controller model and G,(s) is the plant model. Referring to
Figure 7, the PI*D* controller receives the error signal, E(s), and produces the control
signal, U(s), to control the output response, C'(s), referring to the referent input command

signal, R(s), and regulate the output response, C'(s), from the external load disturbance
signal, D(s).

D(s)
R(s) E(s) U(s) } C(s)
g G(s) > G(s) >
- PI*D* Wind Turbine
Controller System

FIGURE 7. PI*D* feedback control loop

4.3. SS-based PI*D* controller design problem. The SS-based PI*D* controller
design for the wind turbine control system can be represented by the block diagram as
shown in Figure 8. The objective function J is performed as the sum-squared error
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FIGURE 8. SS-based PI*D* controller design

between the referent input command signal R(s) and the actual output response C(s)
as stated in (16). J will be fed to the SS in order to be minimized by searching for the
optimal values of K,, K;, K4, A and u as the parameters of the PI*D* controller within
their particular boundaries or search spaces as shown in (17).

N
Min J(K,, Ki, Ko\, p) = Y[R — G’ (16)
=1
Subject to t, <ty max, My < My max, )

ts S ts,maxa ESS S Ess,maxa
Kp,min S Kp S Kp,maxu
Kijnin S Kz S Kz’,maxa
Kd,rnin S Kd S denaxa
/\min S A S )\maxa Hmin S M S Hmax J
In this work, J will be minimized according to the constrained functions as defined
in (17), where t, and t, jax are the rise time and the maximum rise time allowance, M,
and M, max are the percent overshoot and the maximum the percent overshoot allowance,
ts and tg . are the settling time and the maximum settling time allowance, and F
and F nax are the steady-state error and the maximum steady-state error allowance,
respectively.
When the SS is applied to design the PI*D* controller for the wind turbine control
system, its algorithms can be represented step-by-step to show how the SS finds the
optimal parameters K,,, K;, K4, A and p of the PI"D* controller as follows.

(17)

Step 0 Perform the objective function J as stated in (16) with the inequality constraint
functions in (17), the search spaces of K,,, K;, K4, A and p as in (17), MaxMom
(maximum moment of Citta or iteration) and Mom = 1 (initialized moment of
Citta). Initialize the numbers of sens-objects n and a switching probability p. In
this step, the initial best solutions a* (initial values of K,,, K;, Ky, A and pu) is
selected among randomly initial solutions a; within the given search spaces via
the objective function J. A random number with uniform distribution v € [0, 1]
is also defined.

Step 1 If Mon <= MaxMom, uniformly random rand value. Otherwise, go to Step 6.

Step 2 If v > p, (Population-based)

— Set N =n.

— Generate L by (9) associated with (10)-(13).

— Create the new solution (K, K;, K4, A and ) by (8).
Otherwise (Single solution-based)

— Set N =1.
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— Generate € by (15).
— Create the new solution (K, K;, K4, A and p) by (14).
Step 3 Evaluate new solutions (K, K;, K4, A and u) via the objective function J in (16)
associated with the constraint functions in (17).
Step 4 If the J of new solutions is less than the J of old solutions, the solutions x* (K,
K;, K4, A and p) will be updated. Otherwise, the old solutions * are maintained.
Step 5 Update Mom = Mom + 1, and go back to Step 1 to proceed the next moment.
Step 6 Terminate the search process and report the best solution (K, K;, K4, A and pu).

5. Results and Discussion. To design the optimal PI*D* controller of a wind turbine
drive train and a pitch control of the wind turbine system, the SS algorithm was coded by
MATLAB version 2018b (License No. #40637337). The searching parameters of SS are
set according to the recommendations [34] as follows: number of sens-objects n = 30 and
switching probability p = 0.25 (or 25%). This searching parameters setting is sufficient for
most optimization problems because the SS algorithm is very robust (not very sensitive
to the parameter adjustment) [34]. The maximum moment MaxMom = 200 is then set
as TC for all cases. 50 trials are conducted to find the optimal PI*D* controllers. For
comparison with the PI controller, K; and p in (17) will be set as zero and A in (17) will
be set as one. In addition for comparison with the PID controller, g and A in (17) will be
set as one.

5.1. Wind turbine drive train control. For the case of wind turbine drive train con-
trol, G,(s) in Figure 8 will be substituted by G,i(s) in (6). The search spaces and
constraint functions in (17) are then performed by preliminary study as given in (18).
Once 50 trials of the search process were completed, the SS can successfully provide the
optimal PI, PID and PI*D* controllers for the wind turbine drive train control system as
shown in (19), (20) and (21), respectively.

Subject to t, < 0.25s, M, <25%, t5 < 2.50s,
B, <001%, 0<K,<10, 0<K, <50, (18)
0< K;<01, 001<A<150, 0.01<pu<150

1.4619
3.0111
Ge(s)|prp = 0.5837 + =—— +0.0345s (20)
3.0112 1.0512
GC(8)|p[>\Du = 0.5838 + m + 0.0343s (21)

Figure 9 shows the convergent rates of the objective functions in (16) associated with
inequality constraint functions in (17) proceeded by the SS over 50 trials for the PI*D#
controller design. It can be observed that the SS has a good robustness for global con-
vergence with different randomly initial solutions. The unit-step command-tracking and
the 10%-step load-regulating responses of the wind turbine drive train control system
with PI, PID and PI*D* controllers designed by the SS are depicted in Figure 10(a) and
Figure 10(b), respectively. All results of this case are summarized in Table 1, where t,,
is the regulating time and M, .., is the maximum percent overshoot of load regulation.
From Figure 10 and Table 1, it was found that the PI*D#* controller can provide faster
and smoother responses than the PI and PID controllers in both command-tracking and
load-regulating responses.
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FIGURE 9. Convergent rates of PI"D* controller designed by SS for drive
train control system
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FI1GURE 10. Responses of wind turbine drive train control system: (a)
unit-step command-tracking, (b) 10%-step load-regulating
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TABLE 1. Results of wind turbine drive train controlled system

Unit-step command-tracking responses|10%-step load-regulating responses

Controllers ™300 0() Ealh) | begl)  Myrea)  EuB)
PI 0.18 22.61 2.18 0.00 2.52 17.12 0.00
PID 0.17 7.78 0.74 0.00 0.87 11.56 0.00
PI*D* 0.21 1.73 0.72 0.00 0.69 10.74 0.00

5.2. Wind turbine pitch control. For the case of wind turbine pitch control, G,(s) in
Figure 8 will be replaced by G2(s) in (7). The search spaces and constraint functions
in (17) are then performed by preliminary study as given in (22). When 50 trials of the
search process were terminated, the SS can successfully provide the optimal PI, PID and
PI*D# controllers for the wind turbine pitch control system as shown in (23), (24) and
(25), respectively.

Subject to t, < 25.0s, M, <10%, ts < 30.0s,

E. <001%, 0<K,<20, —100<K;<10.0, (22)

—0.10 < K, <0.10, 0.01 <X <150, 0.01<pu<1.50

8.5914
Go(s)|pr = 0.9868 — (23)
8.5914
G.o(s)|prp = 0.9868 — —0.0275s (24)
S
8.5914 o204

Go(s)|prpn = 0.9868 — ~ 155 — 0.02755 (25)

The convergent rates proceeded by the SS for the PI*D* controller design of wind
turbine pitch control system are omitted because they have a similar form to that of
the turbine drive train control system as shown in Figure 9. The unit-step command-
tracking and the unit-step load-regulating responses of the wind turbine pitch control
system with PI, PID and PI*D* controllers designed by the SS are plotted in Figure
11(a) and Figure 11(b), respectively. All results of this case are summarized in Table 2.
Referring to Figure 11 and Table 2, it was found like a case of drive train control system
that the PI*D* controller can provide very satisfactory wind turbine pitch control system
responses faster and smoother than the PI and PID controllers in both command-tracking
and load-regulating responses.

From the design results of wind turbine drive train and a pitch control of the wind
turbine systems, it was found that the SS is very effective for optimizing the PI*D*
controller. Moreover, PI"D# controller can yield very satisfactory responses faster and
smoother than the PI and PID controllers.

6. Conclusions. Designing an optimal PI*D* controller for wind turbine systems using
the SS-based on the modern optimization framework has been proposed in this paper.
As one of the newest and most efficient hybrid metaheuristic optimization searching al-
gorithms conceptualized by the spiritual concentration according to the Buddhist princi-
ples, the SS has been applied to searching for the optimal values of the PI*D# controller
parameters within their preset search spaces and constrained functions to achieve both
command-tracking and load-regulating purposes. With the proposed SS-based design ap-
proach, results obtained by the PI"D# controllers have been compared with those obtained
by the PI and PID controllers. The proposed design approach has been demonstrated to
design the optimal PI*D* controllers for a drive train and a pitch control of the wind tur-
bine systems. Results obtained from two cases shown that the PI*XD# controller designed
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FIGURE 11. Responses of wind turbine pitch control system: (a) unit-step
command-tracking, (b) unit-step load-regulating

TABLE 2. Results of wind turbine pitch controlled system

Unit-step command-tracking responses|Unit-step load-regulating responses

Comrollers =N 1) Bl | teg®  Myreg()  EudB)
PI 20.06 0.00 22.14 0.00 46.49 8.15 0.00
PID 20.22 0.00 22.12 0.00 22.14 8.08 0.00
PIAD* 8.64 5.65 28.46 0.00 24.83 548 0.00

by the SS could provide faster and smoother responses than the PI and PID controllers in
both command-tracking and load-regulating responses. This can be concluded that, with
the SS-based design approach, the PI*D* controller outperforms PI and PID controllers
for controlling wind turbine drive train and pitch control systems.
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