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1. INTRODUCTION

The PID control has been applied to process control in most of engineering applications for decades
[1]. The PID control has simple structure and linear behavior. Also, it gives acceptable performance for
several industrial applications [2]. There are several methods to select the proper values for PID controller
parameters [3]. The traditional methods for selecting these parameters such as try and error and Ziegler-
Nichols which were became inappropriate to achieve a good performance [4]. So, the researchers have
tended to use alternative methods such as optimization techniques (Genetic Algorithm (GA), Particle Swarm
Optimization (PSO), Ant Colony Optimization (ACO) and Harmony Search (HS)) which are trying to reach
the optimal solution for controller parameters [5]. Still, the behavior of PID control is linear and cannot deal
with the high disturbance and high nonlinearity of complicated systems [6], [7].

The fractional order PID (FOPID) control has been widely used in control engineering in recent
decades [8]. The FOPID considers the nonlinear copy of PID control where two more parameters (the
fractional integral and derivative) added to the PID control parameters [9]. Hence, the task of designer
selecting the proper values for the five parameters of the FOPID control [10]. The FOPID control can solve
the nonlinearity problem but it cannot deal with the sudden disturbance due to its parameters which
still fixed [11].
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Different techniques have been proposed to tune the five parameters of FOPID control online but
most of these techniques are based on the fuzzy logic control [12], [13]. The fuzzy logic control can solve the
uncertainty problem and sudden disturbance but its design depends on the experience which sometimes is not
available for some systems [14]-[16]. This study presents a novel technique to tune the FOPID control
parameters online based on optimal model reference adaptive control (MRAC). It is known that the MRAC is
high ranking adaptive control where it forces the overall system to follow the behavior of preselected model
reference [17]. The preselected model can be first or second order system according to the point of view the
designer and complicated degree of the system [18].

The task of model reference adaptive control is adjusting the FOPID control parameters online. The
model reference contains the desired performance which can satisfy the designer. Moreover, to guarantee
high performance the parameters of model reference optimized using the harmony search (HS) optimization
technique according to a certain cost function.

The proposed technique will be subjected to a third order system as case study (power system load
frequency control). Also, the proposed technique has been implemented with different methods. The first
method has been designed to the MRAC will tune the two integral and derivative parameters only and the
rest of parameters are fixed. The second method has been developed to adjust the proportional, integral
derivative parameters while the other fractional parameters are constant. The last method fabricated to adjust
the five parameters of FOPID control at the same time. The paper has organized as follows, firstly, the
system model is presented. Secondly, the proposed control techniques are demonstrated. Thirdly, the
simulation results are illustrated. Finally the conclusion is discussed.

2. THIRD ORDER CASE STUDY MODEL

Several nonlinear models for large power systems has to be established but all are complicated
models. So, the linearized model has been used in our work. The power system represented by an equivalent
turbine, governor and generator system [19], [20]. The transfer function of a single area power system model
in a closed loop form as shown in Figure 1.
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Figure 1. Block diagram of a single area power system

Where is u the control action, d is the disturbance vector (APd), Tp is the plant model time constant,
Tt is the turbine time constant, Tg is the governor time constant, Kp is the plant gain, R is the speed
regulation due to governor action, x1 is the change in system frequency, x2 is the incremental changes in
generator output and x3 is the governor valve position. Table 1 present the values of system parameters that
used in this work.

Table 1. System Parameters

Parameters Value
Kp 120 pu
Tp 20s
Tt 03s
Tg 0.08 s
R 2.4 Hz/pu.MW

3. SELF-TUNING FOPID CONTROL
The Model Reference Adaptive Control (MRAC) is high-ranking adaptive controller [2], [S]. It may
be regarded as an adaptive servo system in which the desired performance is expressed in terms of a
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reference model. In this work the FOPID control parameters will be adjusted on-line using the model
reference technique as shown in Figure 2.
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Figure 2. The overall system with self-tuning FOPID based on model reference technique

To adjust parameters using MIT rule which use the following loss function
N 1 o
j(8) =3ex (1)

To make j small, it is reasonable to change the parameters in the direction of the negative gradient of
j, that is,

dem

@ _ 0 _ ., 9%m
ac . Vag T Vm7gp 2)

where y stand for the adaptation gain while 8 is the centroid vector of the output membership function. The
transfer function of FOPID control can be described as follows.

u(s) 1
?S)=kp+kis_a+kd5# 3)
e=u,—Yy “

Assume that the plant can be simplified to a first order system as obvious in the following (5).

i) _ _k
u(s) T Ts+1 (5)

where k and T are unknown parameters. Also, assume that the model reference takes a form first order
system as the following relationship.

Yym(s) _ _km
uc(s) - TmsS+1 ©)

Where k,,, and T, are selected by designer.From (4-6) can conclude that

k 1
Y = o=y + ki + kgs™) (ue — ) ™)
yields kkp+kkisil+kkds“ kkp+kkis%+kkds”
- y= Ue — y
Ts+1 Ts+1
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1 1
kkp+kki.s—/1+kkds” kkp+kki.s—/1+kkds”
1+ y = U,
Ts+1 Ts+1
1 1
Ts+1+kkp+kki.57+kkds” kkp+kki.57+kkds”
y = Uc
Ts+1 Ts+1
1
B Jelep+khk+kkgst
Y T Tstitkhy thk, Ethiegsh € ®)
s+1+kkp+kki7+kkas
em =Y —Ym ©)
1
_ kkp+kki.57+kkds” Ko
em = T - Uc (10)
Ts+1+kkp+kki.s—/1+kkds# Tims+1

3.1. Adaptation law of k, parameter

This sub-section shows the steps of design of the adaptation law for proportional gain parameter
(kp). By deriving (10) respect to the proportional gain (k,) to obtain the following relationship.

1
dem X ke(kkp+ick +kkasH) ) )
- 1 - 2| Yc
Okp  |Ts+kkptkiast+kki g+l (Ts+kip+kicast+ickig+1)
(11) can be rewritten;
_k(Ts+kk +kky g+ g st +1-kkp ke 5 —kkasH)
dem pTRRE T pT AT u (12)
- 2 Cc

Iy | (Ts+kkp+icky3+kkqst+1)
de k(Ts+1
Sm ) Ny (13)

P (Ts+kkp+kki.s—/1+kkds”+1)
dem k(Ts+1)
ok Kk + ekt kg P +1) (Kle + ket Klegot) |~ (14)

» _(Ts+ p+kki—g+kKas +1)( p+kKiz+kKas )
From (12) and (14);
dem k%e )
Zém _ 15
akyp (Ts+kkp+kki.sil+kkdsl‘+1) ()
To achieve the desired performance, the following condition must be hold.

1

Ts + kk, + kki.s—A +kkgst+1=Tyus+1 (16)
dem _ kZe (17)
ok  Tms+1
From the MIT rule can obtain the following relationship
dk kZe

4
— = —Y.e. 18
dt mor s+1 (13)
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dky em.e

dt Y r,s+1
— 2

Yi=v-k

dkp
kp)new = f? dt + kp(o)
Where k,, (0) is the initial value of proportional gain k,,.

3.2. Adaptation law of k; parameter

This sub-section shows the steps of design of the adaptation law for integral gain parameter (k;). By

deriving (8) respect to the integral gain (k;) to obtain the following relationship.

1
dem 1 X kKl +ick;+kkast)

— = — u
S = T 7| Ue
Oki % [Ts+kkp+kkash+kki z+1 (Ts+kkp+kkds/~‘+kki.sil+1)

From (22) can be rewritten;

1 1
dem 1 |(Ts+ikp+icki +kkast+1-kkp—kki—kkas")

dem _ 1 u
. A 2 c

Ok; s i (Ts+kk,,+kki.si/1+kkdsu+1)

dem 1 k(Ts+1)

o, 2 7| Uc

oki s (Ts+kkp+kki.si/1+kkds#+1)

dey 1 k(Ts+1)

ok, s (Ts+lelep +icky g+ klegst+1) (kkp+kky S+ ask ) Y
| ptikiz pHrRi g

From (23) and (25);

deym 1 k?e

ok; st (Ts+kkp+kki.sil+kkds#+1)

To achieve the desired performance, the condition must be hold in (16).

de; 1 KkZe
dk;  sATps+1

From the MIT rule can obtain the following relationship

dk; e 1 kZe
dac & M 52 Tpps+1
dk; em.e
PTRLE e!

m

_ 2 1 1
V2 =Yk .5 = Vigw
dk;
ki)new = f; dt + k;(0)

Where k;(0) is the initial value of proportional gain k;.

(19)

(20

(2]

(22)

(23)

24

(25

(26)
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(28)

29

(30)

€3]
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3.3. Adaptation Law of k; Parameter
This sub-section illustrates the steps of design of the adaptation law for derivative gain parameter
(kg). By deriving (10) respect to the derivative gain (k) to obtain the following relationship.

1
dem sk B kesh (kkp-+kkiZz+kkas") ) o)
- 1 2 (o
Oka  |Ts+kkp+kkigtkast+1 (Ts+kky+kkig+kicasi+1)

dem _ks“(Ts+kkp+kkisi/1+kkds”+1—kkp—kkisil—kkdsu) ) -
m 2 .
oka | (Ts+kiep +kki+kkast+1)
de ksH*(Ts+1)
og = : 7| Uc (34)
d _(Ts+kkp+kki57+kkdsu+1)
dem ksH(Ts+1)
oka (Tstkhop+kkigkkgsh+1) (kkp ki +kkasH) y (35
| p tA 14 2
Also, from (33) and (35)
de k2.ste
‘s I ] (36)
Okg (Ts+kkp+kkis7+kkdsu+1)
de k?ste
‘" (37)
O0kgq Tms+1
dkg _ e k2.ste y
ac . Vemn o (36)
dkg _ em-e
de 73 Tps+1 (37)
Y3 = Y. k% s#0) =y, k(0 (38)
dkg

Where k;(0) is the initial value of derivative gain k.

3.4. Adaptation Law of A1 Parameter
This sub-section illustrates the steps of design of the adaptation law for fractional integral gain
parameter (4). By deriving (10) respect to the fractional integral gain (1) to obtain the following relationship.

1
dem _ kkiin(s) (kkp+kki57+kkds”) 1 ) w0)
- z 1 c
oA st (T5+kkp+kki%+kkd5”+1) (TS+kkp+kki57+kdeu+1)
L S
[k +kk stk gsH—Ts—kky—kki-=—kk gsh—1
dem — kkiln(s) 4 LA P U u @1)
o1 st (Ts+kk +kkii+kkds#+1)2 ¢
| ptRRiz
deym _ kk;ln(s) —(Ts+1) u @2)
- A 2 (o
04 s (Ts+kkp+kki+ikash+1)
- S
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dem __ kkiln(s) [ —(Ts+1) ] @3)

- p) 1 1 y
oA s Ts+kkp+kki57+kkds”+1)(kkp+kki57+kkds”)

Also, from (41) and (43);

2.
% - _ k“kiln(s) [( e ] (44)

oA st | (Ts+ikp ki tkast+1)

dem _ _ K’kiln(s) e

ar st T Tys+1 (45)

i _ k%kiln(s) e

dc V-€m: st s+ (46)

di _ em.e

ac Ve TypS+1 “7)

k2k;(0) In(s)

Va =V = Y2-ki(0).In(s) (48)
da

A)new = fz dt + A(O) (49)

Where A(0) is the initial value of fractional integral gain A.

3.5. Adaptation law of u parameter

This sub-section demonstrates the steps of design of the adaptation law for fractional derivative gain
parameter (u). By deriving the (8) respect to the fractional derivative gain (u) to obtain the
following relationship.

[ 1

de ke g.5E.In(s) kekeq.sH.In(s)(kkp+hlei g +iekgsH )
== 1 - 1 £ 2 Uc (50)

O |Tstkkptkkigrkkast+l (Tstkkp+kkig+kkgsh+1)

| S
dep, kkd.s”.ln(s)(Ts+kkp+kkisil+kkds”+1—kkp—kkisi/1—kkds”) s
dem _ u

2 (o

ou i (Ts+kkp+kkisi/1+kkdsﬂ+1)
dem kkgq.sH.In(s)(Ts+1)
i T 7| Uc (52)

_(Ts+kkp+kkis—/1+kkds”+1)
dem kkg.s*.In(s)(Ts+1) (53)
ou _(Ts+kkp+kkisil+kkds”+1)(kkp+kkisil+kkds“) y
Also, from (51) and (53);
dem k2kg.s*.In(s).e (54)
ou _(Ts+kkp+kkisil+kkds”+1)
dem _ kZkg.stin(s).e (55
u - TmsS+1 )
du k2kg.st.in(s).e (56)
dt m: Tps+1
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du _ em.e

at ys'Tms+1 (57)

¥s = v. k2. ky(0). 4@ In(s) = y3.k,4(0). In(s) (58)
d

Wnew = [ 3 dt +1(0) (59)

Where 1(0) is the initial value of fractional integral gain .

3.6. Harmony search (HS) optimization

The harmony search has been proposed in 2001. It is used lately in several engineering applications
to obtain the optimal values of control parameters. In this study, the HS will be used to obtain the optimal
parameters values of model reference adaptive control. The most effective parameter of MRAC is the
adaptation gain for each adaptation law. Here, the harmony search tuning system will adjust the parameters
of model reference adaptive system (yq,V,, V3 Vs and ys) according to the objective function as
shown in (60).

1
T (1-emB)(Mp+ess)+eB(ts—ty)

f

(60)

Where M,, the overshoot of system response is, e is the steady state error, ¢, is the settling time and . is the
rise time. Also, this objective function is able to compromise the designer demand by the weighting
parameter value (B). The parameter is set larger than 0.7 to reduce over shoot and steady-state error. If this
parameter is set smaller than 0.7 the rise time and settling time will be reduced.

The initial population of Harmony Memory (HM) is produced randomly. HM contains Harmony
Memory Solution (HMS) vectors. The HM is filled with HMS vectors as follows:

V1 (1,1) Y2 (1,2) V3 (1,3) Ya (1,4) VS(LS) '|
)41 (2,1) Y2 2,2) V3 2,3) Ya (2,4) Vs (2,5)

L (o)
Y1 (ums,1)Y2 (ams,2)Y3 (ums,3) Y4 aMs,4) Y5 (Hms,5)
Table 2 demonstrates the obtained values of MRAC parameters after the offline tuning using the

harmony search tuning system.

Table 2. MRAC Parameters

MRAC 21 Y2 Y3 Ya Ys
Parameters  (.234 0.678 0456  0.568  0.7043

Sometimes, some systems don’t need adjust the five parameters of FOPID control online at same
moment which will save the calculation time and make the overall system more ready to deal with the sudden
disturbance. So, this study proposes three methods for self-tuning FOPID control. The first method
considers ki, k; and kg are constants while A and p are varying. The second method considers ky, k; and
ky are varying while A and u are constants. The third method tunes the five parameters of FOPID control
online simultaneously.

4. SIMULATION RESULTS

This section presents the simulation results of the proposed different types of self-tuning FOPID
control algorithms based on model reference. The first method, the adaptive mechanism will adjust the
fractional integral and derivative parameters only while the other parameters are fixed. The second method,
the fractional integral and derivative parameters are fixed while the other three parameters will be tuned
using the adaptive mechanism. The third method, the five parameters of FOPID control will be adjusted
simultaneously. Figure 3 demonstrates the Simulink diagram of the overall system with self-tuning FOPID
based on optimal model reference technique.
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Figure 3. The simulink diagram of the overall system with self-tuning FOPID based on optimal model
reference technique

The results are divided into two cases. The normal case where applied two types of the disturbers.
These disturbers namely APd1 as shown in Figure 4 and APd2 as illustrated in Figure 5. The parametric
uncertainty case where to change the operating point to test the powerful of the proposed method against
their counterparts

w10

» ‘3
12 12. 10
c
g 10 5 10+
AE -
i B Z 8-
> "
- >
g B T 6
: -
54 X
Ia_ o
2 21 a 2
0 3
o
o— g 0—
0 : 2 3 4 5 6 0 2 4 6 8 10
Time (sec) Time (sec)
Figure 4. Power demand variation (APd1) Figure 5. Power demand variation (APd2)

4.1. Normal case

Two experiments were done at normal operating condition. The dynamic response of the system
frequency AF with the system driven by each type of the proposed controllers. In experiment number one
where APd1 is applied to the system. Figure 6 shows the time response of the system. Also, the output signal
of each controller is shown in Figure 7. In experiment number two, Figure 8§ demonstrates the time response
of the system when APd2 is applied to the system. Figure 9 presents the controller’s outputs signals.
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Figure 8. System dynamic responses at APd2 Figure 9. The controller's output signals at APd2

It is clearly shown that The proposed third method of self-tuning FOPID controller gives battery
performance with a smaller settling time and acceptable undershoot but with a relatively higher effort as
shown in the response of its control output response u. also, the proposed third type of self-tuning FOPID
controller recover to zero steady state error after a smaller time delay from the application of the two
disturbance types.

4.2. Parametric uncertainty case

In this subsection, the parametric uncertainties of the power system have to be considered.
According to load variation and power system configuration, the operation points of the system will be
changed randomly during a daily cycle. The system parametric uncertainties are obtained by changing
parameters by 50% from their normal values according to Table 3 and under the power demand variation
APd2. In this experiment, the power system responses at APd2, including the effect of the parametric
uncertainties is presented in Figure 10 and the controllers outputs are shown in Figure 11.

According to these results, it is clear that the proposed third method of self-tuning FOPID control
shows the best response compared to other controllers. Also, the results approve the effectiveness and the
ability of the proposed controller against the parametric uncertainties. Moreover, the undershoot at 1 second
and overshoot at 5 second of third method of self-tuning FOPID control are significant small compared to
other methods of self-tuning FOPID control.
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Table 3. Parametric Uncertainties
Parameters Down Normal Up
(0-1) sec (1-5) sec (5-7) sec
ky 60 120 180
T, 10 20 30
R 1.2 2.4 3.6
Tr 0.15 0.3 0.45
Tg 0.04 0.08 0.12
3 %107
it 0.2
27 f-i. 1 1 1
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Figure 10. System dynamic responses at APd2 and

S.

Time (sec) Time (sec)
Figure 11. The controller's output signals at APd2 and

parametric uncertainties parametric uncertainties

CONCLUSION

A novel technique has been developed to tune the fractional order PID (FOPID) control online

based on optimal Model Reference Adaptive Control (MRAC) for power system load frequency control as a
case study. This work investigates the robustness of the proposed technique by applied different types of
disturbances and parametric uncertainty. There are three methods of self-tuning FOPID control have been
implemented. The first method, the three integer parameters (proportional, integral and derivative gains) are
constant while the fractional integral and derivative gains are variable. The second method, the fractional
integral and derivative gains are constant while the three integer parameters (proportional, integral and
derivative gains) are variable. The third method, the all five parameters are variable and change continuously
online. The simulation results demonstrate that the third method of self-tuning FOPID control can absorb the
sudden disturbance faster than other techniques. Also, it can suppress the system uncertainty in a small time
compared to other control techniques.
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