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Importance of Secondary Controller m
and Its Parameters Optimization Using L
Particle Swarm Optimization Technique

for AGC

Hiramani Shukla, More Raju, and Prashant Khare

Abstract The power balancing mechanism in power system is handled by automatic
generation control (AGC), in which the secondary controller plays an important role.
Here, in the present manuscript, we present the importance of secondary controller
in single area thermal and two area thermal-thermal and thermal-hydro systems. It
is observed that with secondary controller, the system dynamics do not possess any
steady state error which was found without secondary controller. Various classical
controllers namely proportional integral derivative (PID), proportional integral (PI)
and integral (I) are used as secondary controllers and the corresponding gains are
obtained by using particle swarm optimization (PSO) method and integral squared
error (ISE) method. The PID controller shows superiority than I and PI controllers
in the view of settling time, overshoots and oscillations. It is also observed that with
PID controller the cost function value is considerably reduced. For this study, the
electric governor is used for hydro generation.

Keywords Automatic generation control (AGC) - Particle swarm optimization
(PSO) - PID controller - Steady state error

1 Introduction

Whenever the load demand of a control area changes, it shows the adverse effect
on system steady operating point that may lead to outages of generation causing the
mismatches in frequency and scheduled tie-line power flows. Automatic generation
control (AGC) as the name signifies, regulates the power flow between different areas
while holding the frequency constant [1].
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In AGC, maintaining frequency and tie-line powers within precise limits is done
by selecting suitable secondary controller (SC). Ismayil et al. [2] have studied the
AGC of isolated/single area system. Authors in [3] studied about the AGC of isolated
and interconnected system. In [4], the authors have explained the single area AGC
with thermal units. The single area AGC and automatic voltage regulator (AVR)
problem is discussed in [5]. The frequency fluctuation compensation for isolated
system using combination of linear quadratic regulator (LQR) and vibration compen-
sator (VC) is described in [6]. To maintain the nominal frequency in single area
power system, Fariya and Rana [7] have proposed linear quadratic Gaussian (LQG)
controller for single area power system. The authors in [8], also considered the AGC
for hydrothermal unit. Multi-area AGC system is implemented in [9] while the Nidhi
Gupta in [10] and Anshuman Panda in [11] discussed about multi-area multi-source
AGC for super conducting magnetic energy storage system (SMES) and dish-stirling
solar thermal system (DSTS) respectively.

The SC used in AGC plays an important role to bring back the steady state error
present in the power system outputs, i.e. frequency and tie-line power deviations.
The primary governor control (PGC) mechanism is very fast whose time constant is
in the order of seconds, whereas SC response is slow in nature with time constant
of the order of minutes. The PGC mechanism alone is not sufficient to suppress the
oscillations and requires the suitable SC. Hence, the selection of proper SC is crucial
in AGC studies.

Ghoshal [1] utilized the popular proportional-integral-derivative (PID) controller
as SC to multi-area AGC problem. The fractional PID (FOPID) [2], I/PID [4], PI [5]
and I/PI [8], Pl in [9], I in [10] and PIDF in [11] are utilized as SC for AGC studies.

The one more important thing that is required to consider for SC is the proper
selection of its parameters. The parameters of SCs must be selected carefully; other-
wise the system dynamics will drive the system into unstable condition. The authors
in [1,4] and [9-11] utilized particle swarm optimization (PSO) technique for retrieval
of the controller parameters. The author in [ 1] has shown the supremacy of PSO tech-
nique when compare with popular other methods namely genetic algorithm (GA) and
hybridized GA-simulated annealing (SA) methods. Authors in [12, 13] have applied
the PSO in various applications like MPPT for PV grid integration and hybrid power
system generation sizing. But the literature in [12, 13] does not discuss the appli-
cation of PSO for AGC. This motivated the authors to consider PSO technique for
the present study to optimize the parameters of SCs. [14] introduces different Inertia
Weight strategies, this paper uses one of the Inertia Weight strategies i.e. constant
inertia weight. Algorithm of PSO applied in this paper is inspired from [15] which
was developed by Eberhart and Kennedy in 1995.

Summarizing the above discussion, the main motive of this paper is to

(a) Develop the single/isolated area thermal system.

(b) Develop the two area system with thermal-thermal generations and thermal-
hydro generations separately.

(c) Obverse the system dynamics with and without various SCs.
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(d) Compare the dynamics obtained in (c) to show the effect of SC for systems
considered in (a) and (b) and to decide the best SC in terms of dynamics and
convergence characteristics.

2 System Investigated

The isolated and two area power systems are considered for investigations. In each
case, the system is studied with and without SCs. The SCs considered in this study are
PID, PI and I controllers. The system capacities ratio is 1:1 for two area system. The
step perturbation of 1% is considered in area-1 of two area and isolated system. The
popularly known integral squared error (ISE) method is employed as cost function,
J (1) with simulation time 7T (s).

T
J = / (Afazrea-l + Afazrea_g + APﬁZe)dt (1)
0

The optimization of various controllers’ parameters is subjected to (2).

min * max
KI—area—l,Z = KI = K

I-area-1,2
min * max
P-area-1,2 = KP = KPfaIea—l,2 (2)
min * max
D—area-1,2 = KD = D—area-1,2
min * max
Narea—],2 = N = ND—area- 1,2
Fig. 1 Single area thermal SLP
Sy?tem. a Without SC. b GOVERNOR TURBINE POWER SYSTEM
With SC " P
I v .
sT+1 ST +1 e"‘ 1+ sT,
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Fig. 2 Two area interconnected system. a Thermal-thermal without SC. b Thermal-hydro without
SC. ¢ Thermal-thermal with SC. d Thermal-hydro with SC

The single area thermal system with and without SC is shown in Fig. 1. Similarly,
two area interconnected thermal-thermal and thermal-hydro system with and without

SC is represented in Fig. 3 (Fig. 2).

3 Particle Swarm Optimization (PSO)

The PSO technique was introduced by Kennedy and Eberhart [15]. The various steps
in the PSO are explained by the authors in [4, 9]. Here, for optimization of various
SCs parameters PSO technique is utilized with the algorithm parameters mentioned
below. The flow chart of PSO technique is given in Fig. 3.

where,
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‘ Select PSO parameters ‘

v

‘ Initialize controller parameter ‘

v

‘ Find the position of every particle ‘

v

4% Evaluate fitness of every particle ‘

v

Update velocity and position of each particle
using below Eq" resp

m+1 m m m m m
Vit = o ay,,V; +clrlx(1)lwsli -X; ) +onx (Gbe.vi -X; )

jemp” i

Xm+l = Xi + Vm+l
‘ Update Pbest and GbestSelect PSO parameters ‘

Iter = Iter+1

NO

ITter = max iter ?

‘ Optimal Gains H
Secondary
Controller

Fig. 3 Flowchart of PSO technique

i=1,...... Z,

Z is total number of particles,

M is the current iteration number,

C1 and ¢, are acceleration constants,

ryand r,  are random numbers range (0 1),

vim is velocity of particle i at mth iteration,

(w) is inertia weight and (wqamp) is damping factor,
X" is current position of the particle i of iteration m,
Presti™ is previous best position of particle i,

Ghesti™ is global best position of particles.

The PSO technique is utilized to extract the various controllers’ parameters. The
PSO parameters considered are: learning rates ¢; = ¢, = 2, damping factor (@damp)
= 0.99, inertia weight (w) = 1, population size (n) = 10 and iterations (iter) = 100.
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4 Results and Discussion

4.1 Single Area System

Initially, the single area thermal system is considered for study. The system dynamics
are compared for with and without controllers. The various controllers used are PID,
PI and I (Fig. 4.). The transfer function models of these controllers are represented

as in Egs. (3)—(5).

K,
G ($)PLcontroller = T 3
K,
G ($)PL-controller = Kp + T 4
K; N
G(S)PID—controller = KP +—+ KD N (5)
s 14+ =

s

where, K;, Kp, Kp and N are respective controller gains and filter coefficient.

Fig. 4 I, Pl and PID ACE K, U(s)
controllers T
s
(a)
K,
ACE U(s)
K
N
(b)

K,
ACE ’T‘ * U(s)
- +g ——
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The system dynamics without controller are shown in Fig. 5. From Fig. 5, clearly
we can see the steady state error of 0.0235 Hz in the frequency response with an

undershoot of 0.0306 Hz.

Similarly, when the system is supplied with various SCs (Egs. (6)—(8)), the

comparative frequency response is shown among them in Fig. 6.
The optimized controllers obtained are (6)—(8).

0.4176

G (S)I - controller =

1
G ($)PI - controller = ; + 0.6305

0 . T : . : T T T T
-0.005 B
001} -
-0.015 p
N
=
002 g
-0.025 R
-0.03 R
0'035 1 1 1 L 1 1 1 1 1
0 10 20 30 40_ 50 60 70 80 % 100
Time (s)
Fig. 5 Dynamic response of frequency without SCs
i i
0.01 B
|\‘&
!1!';
v oy , A
OF ¢ | IR4T%
Lt W
L 2
0.0151;
!
(] !
b 1
002 i PI PID
il
; J
-0.03 : : :
, 0 E 10 15 20 25 30
20 30 40 50 60 70 80 90 100
Time(s)

Fig. 6 Comparison of dynamic response of frequency for I, PI and PID controllers

(6)

(7
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1 60.6414
G(S)PID— controller =— ; + 1 1 + 60,?414

®)

The settling time of frequency with PID, PI and I are 10.78 s and 27.63 s and
9.097 s respectively. The peak overshoots are 0.0079 Hz, 0.0079 Hz, 0.0003 Hz and
the peak undershoots are 0.0271 Hz, 0.0172 Hz, 0.0054 Hz and the cost functions
obtained are 6.4585x 1074, 1.5860x 10~*,4.0178 x 102 for I, PI and PID controllers
respectively. The convergence curve for PID controller is shown in Fig. 7. Also the
cost comparison is shown in Fig. 8 for various controllers.

50 60 70 80 90 100
Iteration

Fig. 7 Convergence curve of PID controller

x10"

Best Cost (I)
w & a =3

)
T

1 PI PID

Fig. 8 Comparison of cost function (J) for I, PI and PID controllers



Importance of Secondary Controller and Its Parameters ... 9

From Figs. 5, 6, 7 and 8 the following observations are made. From Fig. 5 the
settling time (s) for PID controller 9.097 s which is lesser than settling times of PI
and I controllers. Similarly, the peak overshoot and peak under shoots are also lesser
in magnitudes as compared to that of I and PI controllers. This shows the superiority
of PID over the remaining controllers studied in the system. Further the cost value
of PID is lesser than other controllers.

4.2 Two Area System

In this case, the two different systems have been considered for study.

(a) Two area thermal-thermal system.
(b) Two area hydro-thermal system.

(a) Two area thermal-thermal system. The two equal capacities thermal areas
are interconnected via tie-line is considered for study. Here also the PID, PI
and I controllers are treated as SCs whose parameters are optimized with PSO
and the corresponding transfer functions are given below in Egs. (9)—(11).

0.7855

s
0.1000

G ($)1- controller =
AREA - 1

€))

G ()1 - controller =
AREA -2

0.8136
+ 0.2790

G(S)PI - controller =
AREA - 1

0.1000

G (S)PI - controller = +1 ( 10)
AREA -2

1 73.4556
G(S)%l}lz)E;“C(_)ritroller = ; + 0.9999 + 09999H_7W

0.1002 58.5712

+02016+09966.""55 (1D

G (S )PID - controller =
AREA -2

With the above controllers, the frequency and tie-line power dynamics are plotted
and compared in Fig. 9 for two area thermal-thermal system. The cost curves and
cost function values are compared in Figs. 10, 11. The dynamic parameters such as
settling time (ST), peal overshoots (POs) and undershoots (PUs) are noted in Table
1. In all parameters the PID controller is outperforming I and PI controllers. The
convergence characteristics are also better for PID controller.
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0.01 T T T T T T T T T
0.005 E
PI PID
5 0
H—IN T T T T T
=] =
¥ .
-0.003 AN A

1 L i R
AU

0.01 e
]
0.015 L I J -
5 1] 15 m ?.5 30
“0.02 'l 1 'l 1 1 1 1 1
0 10 20 30 40 50 60 70 80 20 100
Time(s)
(a)
0.01 T T T T T T T T T
I PI PID
w10’
5 a 1 . : . :
L ¥ b
o ‘l%{‘b”,‘( -
5 -
< |
0.015 ! -
.15 F
-0.02 - ] -
25 i n
5 10 135 m -] 30
_0‘025 1 'l 1 1 1 L 'l L 'l
0 10 20 30 40 50 60 70 80 90 100
Time(s)
(b)
’5 -
= 4
L
%-'J
PID 1
1‘5 3'1 3'5 k.
1 1 1 1 1
50 60 70 80 90 100
Time(s)
(c)

Fig. 9 Comparison of dynamic responses for I, PI and PID controllers for two area thermal system.
a Frquency variation in st area. b Frquency variation in 2nd area. ¢ Tie-line power variation
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Fig. 10 Convergence curves of I, PI, PID controller
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04}
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0
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Fig. 11 Cost function comparision for thermal-thermal system
Table 1 The ST (s), POs and PUs comparison for two area thermal-thermal system
Dynamic | Af} Af> APiie
response
Controller | ST PO PU ST PO PU ST PO PU
I 17.94 |0.00511 | 0.02148 | 23.96 | 0.00512 | 0.01539 | 16.44 | 0.00070 | 0.00558
PI 28.65 |0.00486 | 0.01975 | 38.94 | 0.00551 | 0.01433 | 32.91 | 0.00055 | 0.00475
PID 8.792 | NIL 0.00800 | 10.38 | NIL 0.004278 | 10.12 | NIL 0.00174
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(b) Two area thermal-hydro system: The two equal capacities thermal and hydro
areas are interconnected in this case. Similar to case (a), the I, PI and PID are
utilized as SC and the optimal parameters are obtained using PSO technique.
The obtained controller transfer functions are given below in Egs. (12)—(14).

1
G(s)1- controller, AREA - 1 = ;
0.1
G (5)1- controller, AREA -2 = e (12)
0.9499
G(S)PI - controller,AREA -1 — 0.1927 + s
0.1000
G ($)PI - controller,AREA -2 = 0.1 + . (13)

1 97.8607
GO ptggoneter = 5+ 09997 4 1 orr

0.01 108.9545
G(S)KII]QE-AC(-)I.IZHOHer = T + 0.1932 + 01665w (14)

The observation of Figs. 12, 13 and 14 and Table 2 shows that with PID controller
the dynamic parameters are lesser and also converge quickly. Hence PID controller
is superior to I and PI controllers.

5 Conclusion

This paper describes the importance of the secondary controller in isolated power
system. Without controller, it is seen that there exists steady state error. The studies in
two area thermal-thermal and thermal-hydro revealed that PID is outperforming I and
PI controllers in terms of dynamic parameters such as settling time, peak overshoots
and peak undershoots as per values obtained from the simulation results. It is clearly
observed from the bar graph that the cost function value obtained for PID controller
is approximately five times lesser as compared to I and PI controllers.
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Time(s)
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Fig. 12 The comparison of dynamic responses for I, PI and PID controllers for two area thermal
system. a Frquency variation in 1st area. b Frquency variation in 2nd area. ¢ Tie-line power variation
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Fig. 13 The comparison of convergence curves for I, PI and PID controllers for two area thermal-
hydro system
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Fig. 14 Cost function comparision for thernal-hydro systems

PID

Table 2 The ST (s), POs and PUs comparison for two area thermal-hydro system

Dynamic | Af Af2 APy

response

Controller | ST PO PU ST PO PU ST PO PU

I 20.74 | 0.006238 | 0.02136 | 25.17 | 0.009737 | 0.02596 | 31.19 | 0.00433 0.004842
PI 28.85|0.00742 |0.02016 |29.09 | 0.0116 0.0295 | 32.63 | 0.003778 | 0.004533
PID 14.14 |1 0.002457 | 0.007804 | 12.94 | 0.00248 | 0.00799 | 17.16 | 0.0001131 | 0.001263
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Section of Suitable GRC Structure )
for Dual Area Thermal System Under L
2DOF-PID Controller

CH. Naga Sai Kalyan and Chintalapudi V. Suresh

Abstract In this paper, selection of suitable generation rate constraint (GRC) struc-
ture for optimal control of dual area thermal system is presented. Two different GRC
models of open loop and closed loop structures are investigated in this work to find
the one which suits better for the study of automatic generation control (AGC).
Two-degree of freedom-PID (2DOF-PID) is enacted as regulator optimized with a
hybridized soft computing mechanism of artificial electric field (HAEFA) algorithm.
Controller parameter optimization procedure is laid with respective of minimizing the
error squared over integral (ISE) function. Simulation results reveal the best suitable
model of GRC for thermal system to obtain better functioning in AGC design.

Keywords AGC - 2DOF-PID - GRC - HAEFA - ISE

1 Introduction

AGC is performing an essential role in regulating the dynamical behavior of intercon-
nected modern day power systems. To acquire the accurate realistic essence and exact
insight of AGC study, it is necessary to consider the inherited physical constraints of
the generation units in to account which adversely affects the dynamical behavior of
the power system. One such constraints is GRC which influences the generation units
in altering the power generation within stipulated time duration by laying physical
constraints on the turbine unit. The nonlinearity features of the GRC greatly influ-
ences the generation characteristics of generation unit. Thus, AGC design without
GRC consideration may not be recommended and no way closes to the practical
one [1]. The key idea behind the consideration of GRC is to eliminate the excessive
drop out of steam from the boiler during rapid power change which cause steam to
condensate because of adiabatic expansion. The GRC effect will more noticeable
in case of system subjugated to large step load variations. In this event, the genera-
tion unit tries to increase the generation rapidly but the GRC limits the generation
simply by rejecting the disturbances. These consequences of GRC will get toughened
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by employing another nonlinearity of governor dead band (GDB). When the GRC
will get combined with GDB, the frequency may not reach the nominal value within
prescribed time. But, the study of AGC may not in a realistic one when nonlinearities
are not perceived.

Literature survey reveals that researchers had perceived different test system
models include combination of various conventional units and also considering
renewable integration for AGC study [2]. A conventional thermal unit of dual area
system is investigated without [3] and with [4] considering GRC. In [5], GRC and
GDB are perceived for the investigation of same test system model. A GRC of open
loop modeling had been investigated by the researchers in [6] for three area thermal
system. In [7], closed loop GRC modeling is presented and its effect on system perfor-
mance is monitored. In [8], adopted both GRC and GDB for thermal units to disclose
its impact on performance simultaneously. Anti-GRC structure was proposed in [9],
to eliminate the consequences exhibiting on frequency stability.

From the above review, it is come to know that the modeling of GRC for AGC
study is a major concern. In this present work, GRC modeling of open loop and closed
loop structures is adopted for thermal unit to deliberate the best suitable model to
achieve optimal AGC. Similar type of research had been reported in [10], but limited
to usage of particle swarm optimization (PSO) tuned traditional PID regulator. So,
in this paper a higher order controller of 2DOF-PID is employed which is fine tuned
with a new HAEFA approach.

2 Investigative Model

Dual area thermal system with the structure of reheat turbines including the
constraints of GDB and GRC is shown in Fig. 1 [10]. However, the modeling of
GRC can be done either in open loop or in closed loop and is rendered in Fig. 2.
The value of 10%/min is taken as GRC for both open loop and closed loop models.
The parameters of the dual area system including the GDB that are considered to
accomplish this work are given in Table 1 and are taken from [10].

3 Controller and Optimization

3.1 2DOF-PID Controller

Aiming to damp out the oscillations in an effective manner, higher order controller
of 2DOF-PID shown in Fig. 3, [11] is acted as secondary regulator in both areas.
In this present work, error squared over integral (ISE) function is taken as objective
function to find the gains of 2DOF-PID controller using HAEFA optimization. As the
objective function, ISE is very effective in maintaining the average momentum with



