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Stability Analysis and Effect of CES on ANN
Based AGC for Frequency Excursion

J.Raja’ and C.Christober Asir Rajan*

Abstract — This paper presents an application of layered Artificial Neural Network controller to study
load frequency control problem in power system. The objective of control scheme guarantees that
steady state error of frequencies and inadvertent interchange of tie-lines are maintained in a given tol-
erance limitation. The proposed controller has been designed for a two-area interconnected power sys-
tem. Only one artificial neural network controller (ANN), which controls the inputs of each area in the
power system together, is considered. In this study, back propagation-through time algorithm is used as
neural network learning rule. The performance of the power system is simulated by using conventional
integral controller and ANN controller, separately. For the first time comparative study has been car-
ried out between SMES and CES unit, all of the areas are included with SMES and CES unit sepa-
rately. By comparing the results for both cases, the performance of ANN controller with CES unit is
found to be better than conventional controllers with SMES, CES and ANN with SMES.

Keywords: Artificial Neural Network, Automatic Generation Control, Capacitive Energy Storage,
Stability Analysis, Superconducting Magnetic Energy Storage

1. Introduction

Automatic Generation Control (AGC) is one of the most
important issues in electric power system design, operation
and control. The objective of the AGC in an interconnected
power system is to maintain the frequency of each area and
to keep tie-line power close to the scheduled values by
adjusting the MW outputs the AGC generators so as to ac-
commodate fluctuating load demands. The AGC design
with better performance has received considerable atten-
tion during the past years and many control strategies have
been developed for AGC problem. The controller based on
classical control theories employed as in [1]-[4] are insuffi-
cient because of changes in operating points while the
loads change continuously during daily cycle, which is an
inherent characteristics of power system. The variable
structure controllers proposed as in [5], [6] are used to
overcome this problem. On the other hand many adaptive
is control techniques have been proposed for AGC [7]-[10].
Due to the requirement of the perfect model, which has to
track the state variable and satisfy system constraints, it is
rather difficult to apply these adaptive control techniques to
AGC in practical implementations. These controllers are
considerably slow because the estimation of parameter is
needed and more computation is required.

In this paper, ANN controller is used because this con-
troller provides faster control than the others using conven-
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tional, adaptive control techniques. ANN controller gives a
short settling time and eliminates the necessity of parame-
ter estimation time required in conventional adaptive con-
trol technique. The model of nonlinear controller which is
the most suitable model to represent the real system is
given by a set of differential equations, which is the most
suitable model to represent the real system. As ANN con-
figuration will be used to control the non linear system. So
back propagation through time algorithm is preferred in the
ANN controller to cope with the continuous time dynamics
[11]-[13]. This algorithm in a way gives control rule. Even
though multi layer perception is non recurrent, when more
than one of this structure is used with back propagation
through time algorithm, it can be perceived as a recurrent
ANN. Thus this study, as the system equations are used to
model the system, there is no need to train ANN to obtain
system model.

It is well known that AGC system conventionally in-
cludes an integral controller as secondary controller. The
integral gain set to level the compromise between fast tran-
sient recovery and low overshoot in dynamic response of
the system [14].Unfortunately, this type of controller even
if its gain is optimized is considerably slow and therefore
the recovery of transient in the power system with respect
to load perturbation takes very long time. The considered
power system includes two areas of the that consist of two
steam turbine.

The interconnected power system with two areas con-
tains SMES units in each area. Addition of a small capacity
SMES unit to the system sufficiently improves transients of
frequency and tie line power deviation against to small
load disturbances. In the SMES unit a small magnetic coil
is connected to the ac grid through a power conversion unit,
which includes converter and inverter. The super conduct-
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ing coil can be charged to set a value from the grid during
normal operation of the power system. Once coil is charged,
it conducts current with virtually no losses. When there is
any sudden rise in demand, the stored energy is almost
released through energy conversion device to the power
system as an alternating current. The stored energy is taken
about 20 MJ and 30 MJ because of factor of super conduc-
tor stability. To damp out the oscillations as fast as possible,
both the effect of SMES and CES based ANN using back
propagation through time algorithm are investigated to-
gether. For the simulation, step disturbance is included in
both areas, the considered power system is controlled by
using (i) Conventional integral controller. (ii)) ANN using
back propagation through time algorithm.

The application of SMES to electric power system can
be grouped into two categories. (i) Large scale energy stor-
age like conventional pumped hydro plant storage to meet
for sudden load leveling applications. (ii) Low capacity
storage to improve the dynamic performance of power sys-
tem. In first case large sized (hundreds of meters in diame-
ter) high capacity super conducting magnetic energy stor-
age capable of storing 10*MJ is necessary [15]-[18], for the
second application, very small sized SMES units with stor-
age capacity of the order of 10°MJ or even less would be
sufficient for a small load disturbances and with the opti-
mized gain for the integral controller, the power frequency
oscillation and the tie line deviation persist for a long dura-
tion, the addition of a small capacity SMES unit to the sys-
tem sufficiently improves this situation and the oscillations
are practically damped out.

The use of SMES and CES for load leveling application
and for improvement of the dynamic performance of power
system has been described in [18]-[21] The importance of
control system using SMES has been presented as one of
the powerful stabilizers for undamped oscillations which
tends to occur in a long distance bulk power transmission
system which has been viewed and analyzed in the litera-
ture [22]. In [23] the improvement in AGC with the addi-
tion of a small capacity SMES unit is studied, and time
domain simulations used to study the performance of the
power system dynamics are analyzed. Their applications in
real power have invited problems form the view points of
operation, maintenance, cost but the only advantages of
SMES is, that is very much useful for high power applications.

The battery energy storage for power system dynamic
performance improvement has been widely and vividly
reported as in [24], [25]. Their applications in real power
system have invited problems from the view points of op-
eration, maintenance and cost involvement. However, ca-
pacitive energy storage (CES) [26] may be a better alterna-
tive choice to damp out the power frequency oscillation,
following any perturbation in the power system. CES is,
practically, maintenance free. Unlike magnetic energy stor-
age units, CES does not impose any environmental prob-
lem. The operation is quite simple and less expensive,
compared to SMES. SMES requires a continuously operat-
ing liquid helium system. In magnetic storage systems,
continuous flow of current is required but CES does not

demand so. Thus, as a corrective measure against power
system perturbation, CES plays an important role to damp
out local mode power system oscillations.

The objectives of the proposed works are: (i) to obtain
the transient performance of the coordinated action of two
areas AGC loop with various load conditions. (ii) To inves-
tigate the further impact of SMES on the same transient
performance, control system using SMES has been pre-
sented as one of the powerful stabilizers for damping out
the power system oscillations. (iii) To investigate the im-
pact of CES on the same transient performance, Control
system using CES has been presented as one of the power-
ful stabilizers for damping out the power system oscilla-
tions. (iv) To compare the coordinated action of the tran-
sient performance of AGC and ANN with SMES and with-
out SMES. (v) To compare the coordinated action of the
transient performance of AGC and ANN with CES and
without CES. (vi) Finally comparative analysis has been
carried between AGC and ANN with coordinated action of
SMES and CES.

The organization of the paper documented in the follow-
ing headings. Section 2 provides two area power system
investigations. While section 3&4 dealing with mathemati-
cal modeling of SMES and CES. Section 5 incorporates
ANN in AGC. Section 6 including Stability analysis com-
parison with PI, SMES, CES. Section 7 Deals with result
analysis being followed by concluding remarks.

2. AGC In Two-Area Power System

The two area power system, including two single areas
connected through a tie-line is considered. Each area sup-
plies its user pool, and tie-line allows electric power to
flow between areas. So, both areas affect each other (i.e., a
load perturbation in one area affects the output frequencies
of both areas as well as power flow on the tie-line). Be-
cause of this, the control system of each area needs infor-
mation about the transient situation in both areas to bring
the local frequency to its steady state value. As the infor-
mation about each area is found in its output frequency, the
information about the other area is in the perturbation of
the tie-line power. So, tie-line power flow is needed in or-
der to feed back the information in both areas. While the
electric load increases in one area, the frequency of the
same area decreases, and power transmitted from the other
area to this area increases. In conventional systems, the
turbine reference power of each area is tried to be set to its
nominal value by an integral controller. The input of the
integral controller of each area is B; Af; + APy (i = 1, 2),
and it is called area control error (ACE). The parameters of
B; may be optimized, but here, they are chosen as 1/K; +
1/R; as generally taken. The equations are:

AR (k+1) = Afy () + (T / Typ) * (K * AP (k) - Ky * AR,
—Af (k)- K, * APy (k) (D
APy (k) + (T, / Ty ) * (Kyy * APy (k) - AP (K))  (2)
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APy (k+1) = APy (k) + (T / Tyyy) * (Kpyy * APy (k) - (K, /Ry)

*Af (k) - APy (k) 3)
Afyy (k+1) = AP, (k) + (T /Tpl) *(Kp * APy (k) - Ky *AP,)
—Af, (k) - K, * AP, (k) (4)

APy (k +1) = APy (k) + (T, / Ty ) * (Ko * APy (k) - AP, (k) (5)
APy (k +1) = APy (K) + (T, / Typ) * (Kpyp * AP, (k)

—(Kpp/Ry) * Af, (k) — APy, (k) (6)

APy, (k+1)=2%pi* Ty, * T *(Af1(k)*Af, (k) + APy, (k) (7)

APy, (k+1) =2%pi* Ty, * T, *(Af, (k) - Af; (k) + AP, (k) (8)

AP,y (k+1) = AP, (k) - (K, *To) * (AP, (k) + B, *Af; (k) (9)

AP, p(k+1) = AP, (k) - (K, *Tg) * (AP, (k) + B, *Af;) (10)

3. SMES System

Fig. 1 shows the transfer function model SMES unit
contained DC Superconducting coil and converter which
are connected by Star-Delta/Delta-Star transformer. The
control of the converter firing angle provides the DC volt-
age E4 appearing across the inductor to be continuously
varying within a certain range of positive and negative val-
ues. The inductor is initially charged to it’s rated value Iy,
by applying a small positive voltage. Once the current
reaches the rated value, it is maintained constant by reduc-
ing the voltage across the inductor to zero since the coil is
[24-25] superconducting. Neglecting the transformer and
the converter losses, the DC voltage is given by equation
(11) where E4 is DC voltage applied to the inductor (KV),
a is firing angle (°),

E, =2V, Cosa-2I R, (11)

I4 is the current flowing through the inductor (KA).R is
the equivalent commutating resistance (ohm) and Vy, is
maximum circuit bridge voltage (KV). Charge and dis-
charge of SMES unit are controlled through change of
commutation angle. If o is less than 90 °, converter acts in
rectifier mode and if o is greater than 90 °, the converter
acts in inverter mode. In this study, as in recent literature,
inductor voltage deviation of SMES unit of each area is
based on error of the same area in power system. Moreover
the inductor current deviation is used as a negative feed
back signal in SMES control Loop. So the current variable

Lao

Fig. 1. Transfer Function Model of SMES.

of SMES unit is intended to be settling its steady state
value. If the load demand changes suddenly, the feed back
provide the prompt restoration of current. The inductor
current must be restored to its nominal value quickly after
system disturbances, so that it can respond to the next load
disturbance immediately. As a result, the equations of in-
ductor voltage deviation and current deviation for each area
in Laplace domain are as follows:

1
AE, (s) =K ,———Af.(s)- K, ——* Al 12
0 (5) = Ky e AR () = Ky W(s) (12)

dei dei

Al (s) = SLLAE ®) (13)

i

Where, Kig is the gain for feedback. Al,T,. is the

change in increasing current, converter time delay, K;
(KV/Unit) is gain constant and L; (H) is the inductance of
the coil. The deviation in the inductor real power of SMES
unit is expressed in time domain as follows.

AP,

smi (t)= AEdiI + AIdiAEdi (14)

dio

This value is assumed positive for transfer from AC grid
to DC. The energy stored in SMES at any instant in time
domain is given as follows.

W

smi

() :% (MJ) (15)

3.1 Frequency Deviation as a Control Signal

The frequency deviation Af of the power system is
sensed and used to control the SMES voltage, E4. When
power is to be pumped back in to the grid in the case of fall
in the frequency due to sudden loading in the armature, the
control voltage E4 is to be negative since the current
through the inductor and thyristor cannot change its direc-
tion. The incremental change in the voltage applied to the
inductor is expressed as:

_ K¢ % 16
AEd_{(H—STdC)} Af (16)

Where: 1,j=1,2, AE,; is the incremental change in con-
verter voltage, T4 is the converter time delay, Ky is the
gain of the control loop and S is the Laplace operator d/dt.
If ACE is used as control signal then.

_ £ |« 1y
Ey {(HSTdc)} {KM(Afi+Bi APO)-Kulyh (17

3.2 Area Control Error (ACE) As Control Signal

In case where tie line power deviation signals are avail-
able, it may be desirable to use area control error as input
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to SMES control logic. This has certain disadvantages,
which are desirable later, compared to frequency deviation
derived controls. The area control error of two areas is de-
fined as:

.= .. + B. *Af.
ACE, APIJ B1 Afl (18)

Where, 1,j=1,2, Afi- Change in frequency of area, i. AP;;
= Change in tie line power flow out of area i to j. If ACE is
directly used for the control of SMES, The gains constant
KA (KV/unit Area) would be totally different from KF, the
gain constant for frequency deviation as control signal. So
a signal proportional to area control error (Af; + (1/B))*
APj) is used in such a scheme. Then,

KAi

AE, = — ~Ai
(A +ST,,)

1
(Afi+E*APij) (19)

The discrete time equations for the two area AGC in-
cluding SMES is solved in MATLAB using m-file and the
results are presented here. The sampling time T is
0.0001.The equations of SMES for two area in discrete
form are:

AEg(k +1) = AE; (k) + (T/Ty ) * (B; *Af; + APy;,)
*Koi —Alg; *Kjg —AE (k) (20)
Algi(k+1)=Al g (k+1)+ Al g, (21)
APi(k+1)=AEg; (k+1)* (Al (k+1)+ Al ;) (22)

4. Capacitive Energy Storage

Capacitor is an electro chemical device consisting of two
porous electrodes, an ion exchange membrane separating
the two electrodes and a potassium hydroxide electrolyte.
In many ways, an ultra capacitor is subject of same physics
as a standard capacitor. That is the capacitor is determined
by [24]-[26] the effective area of the plates, the separation
distances of the electrode and the dielectric constant of the
separating medium.

Fig. 2 shows transfer function model of CES. The opera-
tion of CES units, that is, charging, discharging, the steady

Gain

Ka L_

\} Fao

Gain 1 1 Pee

ACE B 9

Fig. 2. Transfer function model of CES.
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state model and the power modulation during dynamic
oscillatory period, is controlled by the application of the
proper voltage to the capacitor so that the dsired current
flows in to or out of the CES. This can be achieved by con-
trolling the firing angle of the converter bridges. Neglect-
ing the transformer and the converter losses, the DC volt-
age is given by [22]

E; =2V, Cosa—2I;R_ (23)

Where: E;~=DC voltage applied to the capacitor (Kv),
o=firing angle(degree), Is=current through the capaci-
tor(KA),R.=equivalent = commutating resistance(ohm),
Vg,=maximum open circuit bridge voltage of each 6-pulse
converter at a =0(Kv).

The capacitor is initially charged to its normal volt-
age,Edo by the PCS.Once the voltage of the capacitor has
reduced Edo, it is kept floating at this voltage by continu-
ing supply from the PCS to compensate for the dielectric
and other leakage losses of the capacitor. The energy stored
at any instant,

w _CEZ
)

M) (24)

Where C=Capacitance of CES (Farad).
4.1 Frequency Deviation as Control Signal

The frequency deviation AF of the power system is
sensed and used to control the CES current I14.The incre-
mental change in CES current is expressed as

A= | efi
di | (1+STqgci)

} " (25)
Where, i=1,2.

Where Aly; is the incremental change in current of CES
unit(KA), Ty is the converter time delay(second),K.g is the
gain of the control loop(KA/Hz),S is the Laplace opera-
tor(d/dt) and I denotes the area.

4.2 Area Control Error (ACE) as Control Signal

In case of the tie line power deviation signals are avail-
able; it may be desirable to use area control error as input
to CES control logic. It has certain advantages, compared
to frequency deviation as control signal, which are de-
scribed later. The area control error of two areas are de-
fined as

- *
ACE, = APij + Bi Afi (26)

Where, i= 1,2, Af- Change in frequency of area, i. AP;
= Change in tie line power flow out of area i to j. If ACE is
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directly used for the control of CES, The gains constant K;
(KA/unit Area) would be totally different from Kthe gain
constants for frequency as control signal. So a signal pro-
portional to area control error (Af; + (1/B;j)* APj) is used in
such a scheme. Then,

Kcai

Alg; = — —~cai
Qi 0¥ STeep)

1
(AfiJfB—,*APij) (27)
1

where 1,j=1,2.

The capacitor voltage deviation can be sensed and used
as a negative feed back signal in the CES control loop to
achivev quick restoration of voltage then, that with fre-
quency deviation as control signal,

Algj (Kcriafy -kydi AE4i) (28)

1
~ (1+STgci)

Where K4 (KA/KV) is the gain corresponding to the
AE, feedback. The block diagram representation of such a
control scheme is shown in Fig. 3.

5. Neural Network

Back-propagation Algorithm: The sequential updating of
weights is the preferred method for on-line implementation
of the back-propagation algorithm. For this mode of opera-
tion, the algorithm cycles through the training sample
{X(n),d(n)}Y, as follows:

(i) Initialization: Assuming that no prior information is
available, pick the synaptic weights and thresholds from
a uniform distribution whose mean is zero and whose
variance is chosen to make the standard deviation of the
induced local fields of the neurons lie at the transition
between the linear and saturated parts of the sigmoid ac-
tivation function.

(ii) Presentations of Training Examples: Present the net-
work with an epoch of training examples. For each ex-
ample in the set, ordered in some fashion, perform the
sequence of forward and backward computations de-
scribed under points(iii) and (iv), respectively.

(ii1) Forward Computation: Let a training example in the
epoch be denoted by (x(n), d(n)), with the input vector
x(n) applied to the input layer of sensory nodes and the
desired response vector d(n) presented to the output
layer of computation nodes. Compute the induced lo-
cal fields and function signals of the network by pro-
ceeding forward through the network, layer by layer.
The induced local field Vlj for neuron j in layer 1 is

m .
A= ¥ whmy M m) (29)
z

Where: y, " (n) is the output signal of neuron i in the
previous layer /- at iteration .

1 . . . ..
wj;(n) is the synaptic weight of neuron ; in layer / that

is fed from neuron / in layer /-/
WEi (n)= bﬁ(n) is the bias applied to neuron j in layer /

Assuming the use of sigmoid function, the output signal
of neuron;/ in layer / is

¥} =2(vj(n) (30)
if neuron j is in the first hidden layer (i.e. I=1), set

¥§ =xj(m) 31

Where Xj(n)is the j™ element of the input vector x(n).If
neuron j is in the output layer, set

y;=0,(n) (32)
Compute the error signal
e;(n)=d;(n)-o;(n) (33)

Where di((n) is the j™ element of the desired response vec-

tor.

(iv) Backward Computation: Compute the ds (local gradi-
ents) of the network, defined by

8 (n) = ¢} (M)@, (v (n)) (34)

8i(n)=@,(vi(n) Y5 (m)w{;™" (n) (35)

Where the prime in ®;(,) denotes differentiation with re-
spect to the argument. Adjust the synaptic weights of the
Network in layer / according to the generalized delta rule:

wi(n+1) =wj(n+D)+af win-D) [+ndm)y ')  (36)

Where 1 is the learning rate parameter and a is the momen-
tum constant.

Iteration: Iterate the forward and backward computations
under points (iii) and (iv) by presenting new epoch of train-
ing examples to the network until the stopping criterion is
met. The order of training examples should be randomized
from epoch to epoch. The momentum and learning-rate
parameter are typically adjusted (and usually decreased) as
the number of training iterations increase. There are three
states for the single area AGC. Af - change in frequency of
the plant output, APy - change in turbine power, APy —
change in hydraulic amplifier power.
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Neural Network Controller:

Hidden Layer

Fig. 3. Architecture of ANN controller for single area AGC.

Hence, Xp = [Af APt APy |
At steady state, Af = 0.0, APt = APg, and APy = APg /K1,

The internal architecture of the neural network controller
is shown in the above Fig. 3. The neural network consists
of one input layer, one hidden layer of 20 neurons, and one
output layer. In case of controller for single area system,
we have one neuron at the output layer. In case of two
area system, we use two neurons in the output layer for
getting separate control inputs to the individual areas. In
the input layer, we have got four nodes (in case of single
area system). Three nodes are for the state inputs:-change
in frequency (Af), change in hydraulic power (APy,), change
in turbine power (AP;) and fourth node for receiving the
load estimate as input. Note that all the values are in per
unit (P.U). The output neuron generates the control input
to the plant (Uc). The activation functions used are hyper-
bolic tangent functions for each neuron. Figure 3 is essen-
tially composed of a layered arrangement of controller and
plant equations blocks. The controller is a neural network.
If the block containing the plant equations, P, were re-
placed by a neural network copy, the unraveled system of
Fig. 3 would become a giant layered neural network with
inputs X(0) and AP, output X,(K), and desired output
X4(K). The back propagation algorithm could then be ap-
plied to train such a network. By doing so, the error gradi-
ent defined at the output of the network are back-
propagated through the the neural network copy of the
plant and C blocks, from X,(K) back to X,(0); hence, the
name back propagation through-time. This approach was
first introduced by Nguyen and Windrow (1989), and was
successfully applied to number of applications in the area
of nonlinear neural control. In this paper, we adopt a
slightly different approach by which we avoid the introduc-
tion and training of a neural network copy of the plant
equations. The basic idea is that instead of building a neu-
ral network copy or emulator of P to back - propagate error
gradients through it, it is possible to directly back propa-
gate the error gradients through the plant equations P.
Building a neural network emulator of the plant and back
propagating error gradients through it is nothing other than

approximating the true Jacobian matrix of the plant using a
neural network technique. Whenever the equations of the
plant are known beforehand, they can be used to compute,
analytically or numerically, the elements of the Jacobian
matrix. The error gradient at the input of the plant is then
obtained by multiplying the output error gradient by the
Jacobian matrix.

The inputs for ANN in two area AGC are the states of
the plant.

Xp = [Af1, APry, APy, A5, AP, APy, AP ]
APg” = APg; APgy’ = APy,

Where, APy, is the load perturbation in area 1,APg, is the
load perturbation in area 2.For Training the vector Xp was
initially set to,

Xp=[00 00 00 00 00 00 0.0]

The Target Output states of the plant during steady state
are Xd:[Aﬂ:O, APTIZ(APE1+AP]2), APHIZ(APEI“FAP]z)/KT],
Af,=0, APTF(APEz-APu), APHZZ(APEI'APIZ)/ KTz, AP,=0]

6. Stability of Control Loops

The calculation of linearized system eigen values is done
separately for the case where the SMES, or the CES con-
trol is active. The calculated eigen values are presented in
Table 1, 2 &3. Table 1 compares the calculated eigen val-
ues of two area power system with and without controller.
The calculated eigen value shows that for open loop, the
system unstable because eigen values lies in right half of S
plane and for the case of integral controller the system is
stable. Table 2 shows that when the SMES loop is present
system is stable and it reduces settling time, peak over
shoot, similarly Table 3 compares the calculated eigen val-
ues of power system with different cases, open loop, with
SMES, with CES. The eigen values of Table 3 demon-
strates the satisfactory behaviors of power system. For sta-
bility analysis eigen values for two area open loop eigen
values, with integral controller without SMES, with SMES,
CES have been calculated separately. From this analysis
AGC for two area with CES is better than AGC with
SMES has been calculated. After this proposed controller
CES and SMES has been compared properly.

Table 1. Eigen Values

S.N Open Loop PI controller

1. -72.5 -73.8646

2. -19.99 -19.995

3. 8.0031 -3.9985

4. 0.0026 -0.0062

5. 0.2405 -1.6406

6. 0.4568 -0.5095 + 0.6308i
7. 0.7958 -0.5095-0.6308i
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Table 2. Eigen values using SMES

Table 5. Comparison table for Integral and ANN controller
responses for Two Area power system

SN Open Loop PI controller With SMES
1. 725 -73.8646 -76.8646 Integral controller Response ANN controller Response
2. -19.99 719.995 332545 Load | Area | Area 2 Area | Area 2
in % T Af T Af T Af T Af
3. 8.0031 -3.9985 -19.9985 (s) Hz (s) Hz (s) Hz (s) Hz
4. 0.0026 -0.0062 -5.0062 10 36 0.03 36 0.03 31 0.003 31 | 0.0003
5. 0.2405 -1.6406 -1.6406 -1 43 0.06 43 0.06 43 | 0.009 | 43 | 0.0009
T T R T T T T
7. 0.7958 -0.59-0.638i -0.5095 - 0.638i 50 20 0.02 20 0.02 20 | 0.002 | 20 | 0.0002
8. - - -0.0000
9. - - -0.0755 controller, respectively. From this Table 4, 5, it is seen that
the ANN controller is superior than conventional controller
Table 3. Eigen Values Using SEMS & CES against to the step load disturbance increasing in the single
and two areas.
SN Open Loop With SMES With CES Further to damp out these oscillations AGC is imple-
L 725 -76.8646 -82.8646 mented with SMES units in each area. These simulation
2. -19.99 -33.2545 -37.2545 results are carried out while SMES is present in each area
3. 8.0031 -19.9985 -33.9985 of the power system, according to deviation of the power
4, 0.0026 -5.0062 -25.0062 system energy demand, the SMES unit releases the needed
5. 0.2405 -1.6406 21.6406 energy or absorbs residue energy form power system. The
6. 0.4568 20509+ 0.6381 | -5.5095 + 8.638i model including generation unit and SMES unit together
7 0.7958 20509 -0.6381 | -5.5095 86381 represents realistic performance of power system. So non
y i 20,0000 0.2000 lingar state equation of the power system are used fiirectly
5 - 0.0755 50705 during the control of power system by ANN and integral
controller. From the obtained results Table 6 & 7 shows

7. Result Analysis

In this study, an application of ANN controller for load
frequency control in power system is investigated. For the
purpose, the interconnected power system having two areas
consist of steam turbines is considered. First the load fre-
quency control in power system is simulated by using both
ANN and conventional controller to compare the behaviors
of the controllers. In this simulation, a step load increasing
in the first area of power system is considered, only one
ANN controller, which controls the input of each area in
power system together, is considered. Back propagation
through time algorithm is used as neural network learning
rule to cope with the continuous time dynamics. In Table 4, 5
shows frequency deviation in single, two area of power
system against to the load disturbance mentioned above are
shown for using ANN controller and conventional integral

Table 4. Comparison table for integral and ANN controller
for Single Area power system

Load Integral controller ANN controller
in % Time (sec) Af (Hz) Time (sec) Af (Hz)
1 8.7 -0.000182 2.4 -0.000182
10 10.83 -0.000512 35 -0.000512
-1 12.78 0.000016 2.8 -0.000091
-10 11.18 0.000424 2.5 -0.000468
50 9.37 -0.006025 1.7 -0.005073
-50 9.37 0.006025 4.1 0.009031

that the performance of ANN controllers is better than con-
ventional controller and also the positive effect of SMES
unit on AGC is presented and SMES reduces settling and
peak overshoot.

Table 6. Comparative table for ANN based single areas AGC
with/without SMES for various disturbances

Load Without SMES With SMES
in % Time (sec) Afin Hz Time (sec) Af (Hz)
1 2.4 -0.000182 1.5 -0.000151
10 3.5 -0.000512 2.0 -0.000452
-1 2.8 -0.000091 1.8 -0.000085
-10 2.5 -0.000468 1.9 -0.000365
50 1.7 -0.005073 1.5 -0.003562
-50 4.1 0.009031 3.0 0.00731

Table 7. Comparative table for ANN based two areas AGC
with/without SMES for various disturbances (1%,
10%, 50%, -1%, -10%, -50%)

Without SMES Including SMES
Area 1 Area 2 Area 1 Area 2
(Z) Af (Hz) (Z) Af (Hz) (Z) Af Hz (I) Af (Hz)
38 0.001 38 0.0001 1.5 | -0.0001 1.5 | 0.0001
36 0.003 31 0.0003 1.6 | -0.0006 1.5 | 0.0005
43 0.006 43 0.0009 1.5 -0.003 1.5 | 0.0029

42 0.002 42 .00002 1.5 0.0001 1.5 | 0.0001

45 0.003 45 .00003 1.5 0.0006 1.5 | 0.0005

20 0.002 20 .00002 1.0 | -0.0001 1.0 | 0.0001

20 0.028 20 .00028 1.0 -0.001 1.0 -0.001
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The validity of superconducting magnetic energy storage
and battery energy storage for power system dynamics per-
formance improvement has been widely reported in [10]-
[18]. Their applications in real power system have invited
problems from the view point of operation, maintenance
and cost involvement but capacitive energy storage (CES)
is a better choice to damp out power system oscillations,
following any perturbation in power system. CES is practi-
cally, maintenance free, unlike other energy storage devices,
and CES does not impose any environment problem. The
operation is quite simple and less expensive. Thus a correc-
tive measure against power system perturbation, CES plays
an important role to damp out local modes of oscillations.

Table 8 shows performance evaluation of CES with two
areas is considered. From this table it is noted that due to
the application of CES action for either 10% to 50% step
disturbance. Under this condition, the stored energy in CES
is almost immediately released through the power conver-
sion system to the grid. Thus, application of capacitive
energy stored unit quickness the transient stability phe-
nomena even after the occurrence of a fault and subsequent
clearance of the same and it may be successfully practi-
cally implemented for improving small signal dynamic
performance of power system.

Table 8. Time Vs Af for two areas AGC with SMES & CES
for Various disturbances 1%, 10%, 50%, 75%,
-1%, -10%,-50%, -75%)

With SMES With CES
Area 1 Area 2 Area 1 Area 2

o | o || i | o |50 g | G

1.5 | -0.0001 | 1.5 0.0001 1.4 | 0.0005 1.4 .0005
1.6 | -0.0006 | 1.5 0.0005 1.5 0.0004 1.5 0.0004
1.5 -0.003 1.5 0.0029 1.3 0.0003 1.3 0.0003
1.5 0.0001 1.5 0.0001 1.2 0.0003 1.2 0.0003
1.5 0.0006 1.5 0.0005 1.2 0.0004 1.2 0.0004
1.0 | -0.0001 1.0 | -0.0001 0.8 0.0003 | 0.8 0.0003
1.0 -0.001 1.0 -0.001 0.8 0.0005 | 0.8 0.0005

8. Conclusions

This study is an application of ANN to automatic gen-
eration control, in a power system, having SMES and CES.
In this work, transient behaviors of the frequency of each
area and tie line power deviation in the power system with
two areas, are considered, under any load disturbances in
any area. In practice, power system generally has more
than two areas, and each area is different from others. But,
in this study, the power system, of two thermal areas, is
considered. The nonlinear state space equation of power
system is obtained and these equations are used directly
during the control of power system by both integral con-
troller and ANN controllers. This is not an usual method
with ANN controller. When ANN used in order to back
propagate the error, ANN emulator is used, instead of

power system, in most cases. ANN with back propagation
through time algorithm is used as controller and power
system is modeled by its state space equations. In this work
the obtained simulation results show that the performance
of ANN with CES is better than conventional controller,
with energy storing devices and ANN with SMES controller.
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Appendix-1

System Data:
P =Pn,=1200MW, T,,=T,=20s, K,,;=K,,=120Hz/p.u.MW,
TrlzTQ:lOS, K,1=Kr2=0.5, T[[ZT[2:O.3S, T12:0.0866S,
Tg1=Tg=0.08s, R;=R,=2.4Hz/puMW, D;=D,=8.33*10"-3
puMW /Hz, P1=0.01pu/MW, P2=0.0pu/MW.

Super Conduction Magnetic Energy Storage Data:
K=100KV/unit MW, K;;=0.20KV/KA, K,=0.875, L=2.65H,
TdC:0.03S, Iid0:4.5KA.

Capacitive Energy Storage Data:
C=l1farad, R=100 ohm, T4=0.05s, K,..=70KA/unit MW,
K, ¢=0.1KA/KV, V4,=2KV.
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