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Abstract- This paper addresses optimal design and
performance analysis of the Social Spider Optimization
(SSO) algorithm based Fractional Order Proportional
Integral Derivative (FOPID) controller for load frequency
control (LFC) in an interconnected multi-source power
system. Since this controller has more adjusted
parameters than classical proportional-integral-derivative
(PID) controller, thus it provides better dynamics
performance. Hereby, optimal tuning of controller
parameters is converted to an optimization problem with
time domain objective function which SSO algorithm
solves it. The proposed objective function consists of
frequency deviation in each area and tie-line power
deviation which using appropriate weighting coefficients
are associated with each other. The proposed controller
has been applied on a two-area test system includes six
generating units which one of them has (High Voltage
Direct Current (HVDC) link. The simulation results show
good performance in comparison with other well-known
controller. Furthermore, to illustrate the robustness and
stability of the proposed controller, the power system has
been studied under nonlinearities conditions such as
Generation Rate Constraint (GRC) and Governor Dead
Band (GDB) and uncertainties in system parameters with
changing between -50% to +50% of nominal values. The
results show the high ability of the optimized FOPID
controller based on SSO algorithm to overcome the LFC
problem in multi-source two area interconnected power

system.

Keywords: FOPID Controller, GRC, GDB, Multi-source
Power System, SSO Algorithm.

I. INTRODUCTION

LFC is one of the most important issues in design of
a suitable controller for the interconnected power
systems. The main purpose of the LFC problem is to hold
the frequency and exchanged tie-line power deviations at
the acceptable limits under different load demands and
operating conditions which it can be done by good
adjusting of units output. Since, the frequency deviation
affects on the reliability of the system, therefore, damp of
transient deviations in each control area is very necessary
to done quickly [1].
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Hence, many researchers over the world have done
many efforts to find suitable methods to hold the
frequency in each area at or near its nominal value and
restore it after occurrence a disturbance in the
interconnected power system. Large-scale power system
comprises of some interconnected subsystems along with
power generation units and different nonlinearities that
make it hard to control. Therefore, the appropriate
scheme to control the power system should be adopted.

There are some literatures review on LFC studies [2,
3] that have discussed the different type of generating
units and their effects on the power system stability. The
intelligent controllers such as the fuzzy approach [4-6],
the Artificial Neural Network (ANN) [7], the adaptive
Neuro-fuzzy Interference  System  (ANFIS) [8],
proportional-integral (PI) and Proportional-Integral-
Derivative (PID) controller [9], self-tuning fuzzy type
PID controllers [10] are used to LFC design in an
interconnected power system. The integer order (10) type
controller such as Pl and PID has the simplicity in
designing and implementation to maintain the frequency
at the specified value in the interconnected power system,
but subjected to wide variation in the load disturbance,
don’t have the good dynamics performance.

To overcome these problems, fractional order based
controller is used. The better performance of the
Fractional Order Proportional Integral Derivative
controller in comparison with 10 type controller is shown
for multi-area AGC problem wunder deregulated
environment [11]. Main advantage of the FOPID
controller is two extra parameters known asi (non-
integer order of integrator) and p (non-integer order of
differentiator) in the controller structure that provide two
more degrees of freedom in controller design. The FOPID
controllers are used in the various fields of engineering.

The FOPID controller is used in [12-14] for automatic
voltage regulator system, in [15] for state-space self-
tuning control, in [16] for weapon system, in [17] for
tuning of the FOPID controller using a regression model
with a fractional order time delay system. The main
problem of LFC is not only designing of a stable
controller but also finding the optimal control parameters
in order to the interconnected power system has a good
performance in various loading and operation points.
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Hence, the different intelligent optimization methods
such as Genetic Algorithm (GA), Particle Swarm
Optimization (PSO) and Artificial Bee Colony (ABC)
that are available in [18-21] have been applied to LFC
problem. In this paper, the SSO based FOPID controller
is proposed to solve the LFC problem in multi-source two
area interconnected power system with three power
generation units in each area comprises of thermal, hydro
and gas units. Because, the SSO algorithm has a high
ability to balance between the exploitation the solutions
are found so far and exploration of search space,
furthermore to overcome the premature convergence, it is
used to find the optimal controller parameters.

The implementation results of the SSO based FOPID
controller is compared with the results of tuned PID
controller based on Teaching Learning Based
Optimization (TLBO) method and the superiority of SSO
based FOPID has shown. For showing the good
performance of this method to control the multi-source
power system, the nonlinearities such as GRC and GDB
and uncertainties in the power system parameters are
considered in the studies. The simulation results show the
good performance and high capability of the proposed
controller in presence of power system uncertainties and
nonlinearities in comparison with another method.

Il. OVERVIEW ON FRACTIONAL CALCULUS

Various definitions for fractional order calculus such
as Grunwald-Letnikov (GL), Riemann-Liouville (RL)
and Caputo's statements have been reported in the
literature [23-25] and one of them is selected here. In this
paper, Caputo's definition is chosen that is as follows:
1t fm

r(p-m) (t —r)”‘m“dT

where the details are available in [26].

In order to implement the fractional order operator in
practical studies, it has to be approximated with integer
order transfer functions. There are several approximations
such as Oustaloup’s approximation [27] that can be
applied. In this paper, this approximation method is used.
The transfer function of differentiator operator (s)
according to the Oustaloup’s approximation is as follows:
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Similar formulations can be achieved for u<0 with
this difference that the role of zeros and poles is

exchanged. In the simulations for an approximation of
fractional operators, high-frequency limit (an) is 1000,
low-frequency limit () is 0.001 and P=5.

111. SOCIAL SPIDER ALGORITHM

Social Spider algorithm is a swarm-based algorithm
that proposed by Erik Cuevas et al in 2013 [22]. This
algorithm simulates the collective behavior of social
spiders and acts according to the two different search
operators are known as females and males. Some
optimization algorithms such as PSO and ABC have the
major defect in premature convergence and hardship to
overcome the local optimum (exploration-exploitation
balance). The SSO algorithm because of its special
structure has been able to solve these problems, therefore,
it is selected to solve the LFC problem in this paper.

The structure, mathematical Configuration and
biological details related to the SSO are available in [22]
and here the summary is described. The SSO algorithm is
produced using biological behavior in social spider
colony. It is assumed that all spiders are communicating
with each other on the common web as search space.

The spiders' communication is performed using
production the vibrations by themselves to transmit the
information. These vibrations are different based on
weight and distance of the spider that produces them. In
this algorithm, there are three different types of vibrations
as following:

Vibci is the perceived vibrations by member i(s;)
related to the nearest member b(sc) to the member i that
w>wi. Vibbi is the perceived vibrations by member i(s;)
related to the heaviest member c(s,) in the whole
population. Vibfi is the perceived vibrations by member
i(si) related to the nearest member (female) f(sf) to the
member i.

One of the interesting characteristics of social spiders
is that the population of female spiders N: is more than
the male spiders Nn. For starting the algorithm, female
spiders are randomly selected between 0.6%-0.9% of the
whole population N. In Figure 1, the flow chart of SSO
algorithm is drawn and its details are available in [22].

IV. DESIGN OF FOPID USING SSO FOR LFC

A. FOPID Controller

Certainly, the Proportional-Integral-Derivative
controllers are yet the most applicable controllers among
other types for industrial applications [28]. In [29] this
controller has been generalized using conversion the
integer order of differentiator and integrator into the
fractional order and known as fractional order PID
controller. The difference between the conventional PID
and fractional order PID (PIADp) is the two extra
parameters in the FOPID controller (non-integer order of
differentiator and integrator) that makes more flexibility
in controller design and improves the system dynamics
response. Mathematical formulation of FOPID controller
is as follows:

C(s)=Kp +K, siﬁ KpS* (6)
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where, Kp, K| and Kp are the proportional, integrator and
derivative coefficient, also A and  are the fractional order
of integrator and fractional order of differentiator,
respectively. The following will be shown this controller
has the better performance in comparison with the integer
order PID controller.

B. Power System Modelling

In this paper, the system under study is a multi-source
two area interconnected power system includes six
generation units contains reheat thermal, Hydro and gas
unit in each control area (Figure 2). To achieve the
reliable and safety operation of power system, it's
necessary that one controller has been considered for
each generation unit. Each power plant consists of the
speed governing system, turbine and generator that for
simplicity at analysis in the frequency domain, the
transfer functions are used for modelling the power
system components.

The under study power system parameters in Figure 2
and transfer functions are defined in [30] and value of
them are available in Appendix. There are three inputs
and two outputs in the under study system. The load
disturbances 4Pp, controller input U and Tie-line power
deviation 4Prieine are the inputs. The frequency deviation
of each control area Af'and Area Control Error (ACE) are
the outputs.

The ACE enters the controller and for each control
area is defined as following:

ACE; = BiAf; + ARrie_jine (7

C. Tuning the FOPID Using SSO

In this paper, an FOPID controller has been
considered for each power generation unit and an FOPID
controller has five parameters for tuning using SSO
algorithm. To illustrate the better performance of the SSO
based FOPID controller, it has been compared with
TLBO based PID controller [30]. The FOPID Controller
is applied on the two area multi-source interconnected
power system includes six generating units comprises
thermal, hydraulic and gas units, once considering HVDC
link and regardless of it.

For optimal tuning of control parameters using SSO
algorithm, it is necessary to definite the appropriate
objective function. In this paper, the proposed objective
function formulation is given by:

J =& ISE +a,ITSE +a51AE + 3, ITAE +

8
+a5ISTSE + ag ISTAE +a,T, ®)

The above terms in Equation (8), are the sum of the
settling time (ST;) of frequency deviation of each control
area and tie-line power deviation and some error criteria
such as Integral of Squared Error (ISE), Integral of Time
multiplied Squared Error (ITSE), Integral of Absolute
Error (IAE), Integral of Time multiplied Absolute Error
(ITAE), Integral Square Time of Square Error (ISTSE)
and Integral Square Time of Absolute Error (ISTAE). The
proper coefficients (a;) have multiplied in error criteria in
order to the effective values of theme in summation will
be in the same range.

ISE = :S""(an: (AR + > (AP i) )t )
ITSE = j:"“ (i:(Afi ) + 3 (APrejine) 2t (10)
g = [ (iz:: (AT [+ AP o_jne (11)
ITAE = [ (an:q Af; | +3 | AP e el (12)
IsTSE = [ (an: (AF)2+ Y (AR X2t (13)
ISTAE = j:"“ (an: (1 AF [+ | APo_jine 2t (14)
T, = anzsn (15)

where, Afi and APricine are the frequency deviation in
control area i and power exchange between each two
control area in an interconnected power system,

respectively.

Determine number of the male and female
spiders and initialize theme randomly

¢

Calculate the weight for every spider

v

Depending on the female Participatory
operator move the female spiders (Calculate
Vibc, and Vibb;)

v

Depending on the male Participatory operator
move the male spiders (find the median male
and calculate the Vibf)

L2

Accomplish the mating operation and form
the new population using roulette method

No

Is
Stopping criteria
3 satisfied2

Print the best
solution

Figure 1. Flowchart of SSO algorithm

To tune the FOPID parameters, optimization problem
is considered as minimizing the objective function. The
control parameters boundaries are as follows:

KO < Kp < KM KM < K < KM KON ¢ K < KT

. . (16)
lmlﬂ </1<lmax”um|n <lu<lumax
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Figure 2. Multi-source two area interconnected power system
L L Yy | Frequency deviations of control areas and tie-line
M+ > 7 >l L power deviations for 1% step load disturbance in area 1
- ¢ iy $ using the proposed objective function are shown in
Figures 4-9. Values of some error criteria such as ISE,
@ ITSE, IAE, ISAE, ISTSE, ISTAE and settling time of
frequency deviations of control areas and tie-line power
d T o 1 deviations are compared with same obtained results by
— | T —> the PID based on TLBO and given in Tables 2 and 3. The
= 2 FOPID controller parameters tuned using the SSO

\4
v

©

Figure 3. The GRC model for the (a) thermal unit, (b) Hydro unit and
(c) the GDB model for both unit

The change range of Kp, K; and Kp for optimization
implementation are selected in (0, 10) and the A and p are
optimized in (0, 2). The parameters of the SSO algorithm
to apply on LFC problem are available in Table 1. At
first, Simulation is performed in presence of AC lines
only and then is performed in presences of both of AC
lines and HVDC link (Figure 2).
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algorithm are available in Table 4. According to the
comparisons, it can be found that the SSO based FOPID
controller proposed in this paper has the better
performance than the TLBO based PID controller
adopted from [30].

By looking at the settling time and domain of
frequency deviations of control areas and tie-line power
deviations, it can be seen that in most cases the FOPID
controller has a better performance in comparison with
PID Type at the damping of the frequency and tie-line
power deviations. Also, results of the implementation of
the FOPID controller to the multi-source two-area power
system show ability of the proposed control method in
solve the LFC problem. The given data in the Tables 2
and 3 prove these statements, because the values of
settling time and error criteria are reduced in all cases in
comparison with obtained results from TLBO based PID
controller adopted from [30].
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Table 1. Value of SSO algorithm parameters for LFC problem Furthermore, the GRC and GDB in the Thermal and

Table 2. Value of error criteria and settling time in proposed objective
function with AC tie-line only

Criteria FOPID (SSO) PID (TLBO)
ISE 5.2803x10°% 11.1210x102
ITSE 2.4243x10% 15.4289x10
IAE 1.2500%x10% 11.3410%102
ITAE 1.1500x10% 30.1024x10%
ISTSE 1.9222x10%

ISTAE 4.5500%10

Settling Time (0.2%)

Afy 3.5524 6.9716
Af, 3.2128 18.5284
APric.iine 5.4463 14.3129

Table 3. Value of error criteria and settling time in proposed objective
function with AC-DC lines

Criteria FOPID (SSO) PID (TLBO)
ISE 2.8296x10% 3.438842x10%
ITSE 1.0647x10% 2.197295x10%
1AE 9.0000%x10% 0.0163
ITAE 1.1400%10? 0.10296
ISTSE 1.0018x10%

ISTAE 3.6200x10°2

Settling Time (0.2%)

Afy 2.4852 5.5616

Af, 6.0992 9.3024
APrieline 4.5994 12.8285

Table 4. Value of tuned FOPID controller parameters using SSO algorithm

Control Parameters ~ Thermal  Hydro Gas

Ky 52787 54910 59314

Q| o K, 8.4939  6.4678  8.1081
S| 8 Ko 9.0376  3.6442  2.8052
| < 2 0.6617  0.8305  0.8960
3 u 0.8179  0.7581  0.1932
E=] Ky 6.8944  4.9457 23513
2w Ky 83921 27146  7.5044
g 8 Ko 11769  0.9020  9.5766
S| < 2 0.3682 0.9076  1.0887
u 1.3886  1.3529  1.3347

Ky 95563 5.2768  7.5201

ol o K 9.9131  7.0387 19160
al & Ko 2.3558  3.9756  6.2554
z| < 2 0.7647 04316  0.9197
= U 1.3742 05693  1.3244
B Kp 3.5318  4.8435  2.9289
3| o K, 34432 38118 6.1112
2 3 Ko 42847 29912  1.0020
< y! 1.3033  0.6936  0.2891

U 0.2424 04118 14795

To demonstrate the robustness of suggested control
method in the presence of the uncertainties and
nonlinearities in the power system, the SSO based FOPID
controller has been applied on the multi-source two area
interconnected power system considering the change of
the Ty, Tw, Tea and Ts, from their nominal values in range
of £50%.
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Parameters Value Hydro units are considered. The power generation of the
Population size 100 thermal and Hydro units can change at the specified
Iteration 100 maximum range that called GRC. The GDB is described
Female Percent 88 as a continuous change in the governor speed until there
Male percent 2 is no change in valve position. GDB makes the more
Upper limit of K, K, and Kp +10 S

Lower limit of K, K, and Ko 0 o_su!latlon in the power system fr_equency an_d exchanged
Upper limit of £ and pt 2 tie-line power while the perturbation occurs in the power
Lower limit of 4 and pt 0 system. In this paper, the 3%/min for the thermal unit (o)

and 270%/min for raising generation and 360%/min for
lowering generation for hydro unit (5) is selected as GRC.

Also, the value of GDB is 0.06% [31]. The used GRC
and GDB models are shown in the Figure 3. The
frequency and tie-line power deviation are shown in
Figures 10-12. The related values to the error criteria,
settling time, maximum overshoot and rise time of
frequency and tie-line power deviation that are given in
the Table 5, illustrate high capability of the proposed
control technique in keeping the power system stability
and reliability in the presence of wide range changes of
power system parameters.

0.01

0.005

-0.005

-0.01 b

-0.015 b

Frequency deviation of Area 1 (Hz)

0025 5 10 15 20 25 30 35 40

Time (Second)

Figure 4. Frequency deviations of area 1 for 1% step load disturbance in
area 1 without HVDC; Solid (FOPID-SSO) and dashed (PID-TLBO)

Frequency deviation of Area 2 (Hz)
I E—

.

5 10 15 20 25 30 35 40
Time (second)

c c c

-10
0

Figure 5. Frequency deviations of area 1 for 1% step load disturbance in
area 1 without HVDC; Solid (FOPID-SSO) and dashed (PID-TLBO)

The settling time of frequency deviation of area 1
without HVDC link for PID-TLBO is 56.9716 s and for
FOPID- SSO controller is 3.5524 s, same time for
frequency deviation of area 2 is 9.3024 s for PID-TLBO
and is 6.0992 s and for tie-line power deviation is
14.3129 s for PID-TLBO and is 5.4463 s for FOPID-
SSO. It can be seen the performance of FOPID controller
based on SSO algorithm in all cases is better than the PID
controller based on TLBO algorithm. If same analysis is
performed for other criteria that are given in Tables 2 and
3, this superiority will reveal.
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Figure 6. Tie-line power deviations for 1% step load disturbance in area
1 without HVDC; Solid (FOPID-SSO) and dashed (PID-TLBO)
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Figure 7. Frequency deviations of area 1 for 1% step load disturbance in
area 1 with HVDC; Solid (FOPID-SSO) and dashed (PID-TLBO)
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Figure 8. Frequency deviations of area 2 for 1% step load disturbance in

area 1 with HVDC; Solid (FOPID-SSO) and dashed (PID-TLBO)
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Figure 9. Tie-line power deviations for 1% step load disturbance in

area 1 with HVDC; Solid (FOPID-SSO) and dashed (PID-TLBO)
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Frequency Deviation of Area 1 (Hz)
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Figure 10. Frequency deviations of area 1 for 1% step load disturbance
in area 1 with HVDC, Dashed (-50% of nominal value), Solid (nominal
value) and dotted (+50% of nominal value)
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Figure 11. Frequency deviations of area 2 for 1% step load disturbance
in area 1 with HVDC, dashed (-50% of nominal value), Solid (nominal
value) and dotted (+50% of nominal value)

Tie-line Power Deviation (p.u)
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20

Figure 12. Frequency deviations of area 1 for 1% step load disturbance
in area 1 with HVDC, Dashed (-50% of nominal value), Solid (nominal
value) and dotted (+50% of nominal value)

According to the obtained results of table 5 and
Figures 10-12, the value of error criteria, settling time,
rise time and overshoot for frequency deviations of each
control area and tie-line power deviation have a little
difference. For example, the values of settling time, rise
time and overshoot of frequency deviation of area 1 are
1.1394 s, 0.0001 s and 0.0106, respectively for -50%
change in power system parameters. These values for
nominal parameters are 2.4852 s, 0.0002 s and 0.0663
and for +50% change in power system parameters are
2.4321 s, 0.0002 s and 0.0255.
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With comparison of these values can be observed the
stability of proposed controller against various
uncertainties. These outcomes illustrate that the FOPID
controller based on SSO algorithm has a high ability in
improvement the dynamics performance of the multi-
source two area interconnected power system in presence
of various operation conditions and some nonlinearities
such as GRC and GDB and uncertainties in the power
system parameters.

Table 5. Value of error criteria, settling time, rise time and maximum
overshoot in presence of £50% change at system parameters

Parameters Change -50% Nominal Value  +50%

ISE 1.6688x10% 1.7319x10% 2,1520x10°%
ITSE 7.8390x10% 0.9027x10% 9.6685x10%
IAE 0.0086 0.0091 2.1520x10%
ITAE 0.0329 0.0326 0.0309
ISTSE 1.8166x10% 1.8354x10% 1.6758x10%
ISTAE 0.6973 0.6833 0.6519

Afy

Settling Time (0.2%) 1.1394 2.4852 24321

Rise Time 0.0001 0.0002 0.0002
Overshoot 0.0106 0.0663 0.0255

Afz

Settling Time (0.2%) 6.8780 6.0992 6.1653

Rise Time 0.0318 0.0365 0.0064
Overshoot 0.0022 0.0022 0.0053
APrietine

Settling Time (0.2%) 10.3924 4.5994 10.5514
Rise Time 0.0143 0.0159 0.0183
Overshoot 0.0015 0.0015 0.0016

V. CONCLUSION

In this paper, the SSO based FOPID controller is
proposed for solve the LFC problem in a multi-source
two area interconnected power system. The investigated
objective function is combination of some error criteria
consist of IAE, ITAE, ISTAE, ISE, ITSE, ISTSE and
settling time of the frequency deviations of control areas
and tie-line power deviations. The control parameters has
been tuned using SSO algorithm that is capable at
obtaining the optimum solutions in optimization
problems. The simulation results show that the SSO
based FOPID controller has a higher ability than the
TLBO based PID method in damping the frequency
deviation of control areas and tie-line power deviation.
Furthermore, the proposed control method has been
applied to the same case study considering some
nonlinearities such as GRC and GDB and parameters
uncertainties in power system. The results reveal high
ability of the proposed control method at balancing the
power system frequency deviations in presence of
uncertainties, nonlinearity in power system structure and
load disturbance.

APPENDIX
The value of under study system parameters in
Figures 2 are given below:
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f =60 Hz; B, =B, = 0.4312 pu MW/Hz; PR = 2000 MW (rating),
PL = 1840 MW (nominal loading); T, =T,, =10s; K, =K,, =0.3;
T, =T,=03s;R =R, =R, =R, =R, =R;= 2.4 Hz/pu MW,

T = Ty, = 0.08'5; Ky, =Ky, =0.543478; K, =K,;, = 0.326084,

sg2
Ke; =Ko, =0.130438; T, =T, =0.25; T, =T,, =28.755;
Ta=T =58 Ty =Ty, =18b, =b, =05,¢c, =1,X =06s;
Y.=Y,=1sT,=T,,=001s T, =T,,=023s; T, =T,,=02s;
Toa = Tz = 11495, K =K, =68.9566 Hz/pu MW;

Tdcl = Tdcz = 02 S; chl = chz = 11 le = 00433 pU.
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