Eng. & Tech. Journal, Val. 28 No. 5, 201

Excitation and Governing Control of a Power
Generation Based Intelligent System

Dr. Adil H. Ahmad * & LinaJ. Rashad*
Received on:29/9/2008
Accepted on:2/4/2009

Abstract

Modern power systems are complex and non-linear and their operating conditions
can vary over a wide range. In this work, the power system (PS) transient terminal
voltage and frequency sability enhancement have been well investigated and studied
through the following efforts.
» Enhancing the responses of the transient stability by adopting conventional PID
controllers as an additiona voltage controller with the Automatic Voltage Regulator
(AVR) in the excitation system for termina voltage, and in the governing system for
frequency deviation response.
* ANN (NARMA-L2) system is proposed as an effective controller model to achieve the
desired enhancement. This model after training can be called as (Identifier). This
identifier follows the system behavior even in situation of high disturbances.
There are enhancement progress in terminal voltage V, and frequency deviation Ao
through the investigation for the three cases (without controller, with PID controller, and
with NN controller) for single machine infinite bus using MATLAB- Simulink software.

Keywords: PID controller, Neural Network controller, Excitation system control,
Governing system control.
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1- Introduction

Power system stability can be defined as
the tendency of power system to react to
disturbances by developing restoring
forces equal to or greater than the
disturbing forces to maintain the state of
equilibrium  (synchronism).  Stability
problems are therefore concerned with
the behavior of the Synchronous
Generator (SG) after they have been
perturbed. Generaly, there are three
main categories of stahbility anaysis.
They are namely steady state stability,
transient stability and dynamic stability.
Steady state stability is defined as the
capability of the power system to
maintain synchronism after a graduad
change in power caused by small
disturbances [1]. Transient state stability
refers to as the capability of a power
system to maintain synchronism when
subjected to a severe and sudden
disturbance [2]. The third category of
stability, which is the dynamic stability,
is an extension of steady state stability, it
is concerned with the small disturbances
lasting long period of time. The
generators are usualy connected to an
infinite bus where the termina voltages
(V) are held a a constant value.

The study of SG control systems can
roughly be divided into two main parts:
voltage regulation and speed governing.
Both of these control elements contribute
to the stability of the machine in the
presence of perturbations. There are
various methods of controlling a SG and
suitability will depend on the type of
machine, its gpplication and the operating
conditiong[3].

The AVR system has a substantial effect
on transient stability when varying the
field voltage to try to maintain the

terminal  voltage constant. This is
achieved by comparing the output voltage
With a reference voltage and, from the
difference, it makes the necessary
adjustments in the field current to bring
the output voltage closer to the required
value [3]. The excitation and governing
controls of the generator play an
important role in improving the dynamic
and transient stability of the power
system.

The presence of poorly damped modes
of oscillation, and continuous variation in
power system operaing conditions arises
some limitations in the conventional

controllers. These limitations have
motivated research into  so-called
intelligent control systems. Artificial

Neura Networks (ANNSs) have been used
in the design of nonlinear adaptive
controllers with various control objectives
in the field of electricd power
engineering, especialy for the
synchronous generator excitation and
governor control. The NARMA-L2
controller among the ANN family has in
particular attracted attention for the
control of SG and flexible ac transmission
systems devices due to its powerful
control capability for damping of low-
frequency oscillations as well as the faster
convergence speed for identifying the

plant[4]. This research is focused mainly
on voltage and frequency stability of SG
in a typical power system using fourth
order model of synchronous generator.

2- Modéding of Synchronous Generator
The overall accuracy of the
power system stability is  primarily
decided by how correctly the Synchronous
Generators within  the system are
modeled. The proposed simulation model
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is developed as a fourth order machine
time congtants in order to improve the
terminal voltage and frequency deviation
responses [5]. With proper modeling of
the synchronous machine in the power
system, a better understanding of how the
machine reacts under sudden large
disturbances during transient conditions
can be achieved and hence a better power
system voltage regulator and governor
controllers of the SG can be designed .
Some assumptions were taken into
consideration and made prior to the design
of the simulation mode, these
assumptions are;

-The SG turbine in this model produce a
constant torque with a constant speed
maintained during steady state operation.
-The SG output terminals are connected to
infinite bus bar that has various load
changes.

- Only basic and linear models of the
power system components will be used.
-All the time constants of the SG which
are used in this model of all components
are assumed to bethe optimum time
constants extracted based on the vaues
given in Walton[5].

The stability of a SG depends on the
inertia constant and the angular
momentum.  The rotational inertia
equations describe the effect of unbalance
between electromagnetic torque and
mechanical torque of individual machines.
By having small perturbation and small
deviation in speed, the swing equation
becomes[1]:

dDo / dt = (U2H) (DPy-DPs) ... (1)

then dDw / dt = d?5 / dt
H = inertia constant

DP,, = change in mechanica power
DP. = changein dectrica power

Do = changein speed (elec. rad/sec)
& = rotor angle (rad.)

Using Laplace Transformation, equation
(1) becomes:

d6 / dt =Dwx(s) = (1/2HS) [DPw(S)- DP«(S)]

A more agppropriate way to describe
the swing equation is to include a
damping factor that is not accounted for in
the caculation of electrica power Pe.
Therefore, a term proportiona to speed
deviation should be included. The speed-
load characteristic of a composite load
describing such issue is approximated by

[6]:
APe:A P|_ + KD Ao (3)

where Kp is the damping factor or
coefficient in per unit power divided by
per unit frequency. KpDw is the
frequency-sensitive load change andDP_
is the non freguency-sensitive load
change.

Figure (1) presents a block diagram
representation of a load change derived
from the swing equation with the aid of
equation (3) or:

Ao(s) = [APM(s) - APL(9)] [V(2Hs +
KD)]

Figure (2) represents a smplified block
diagram of the Governor and AVR of the
synchronous generator with the two
feedback quantities ( voltage and
frequency ).

The man control function of the
excitation system is to regulate the
generator terminal voltage Vi  which is
accomplished by adjusting the field
voltage with respect to the variation of |

(7.

The following proposed models are
needed to study the effect of usng the
PID controllers and the Neural Network
(NN) controller which represent on the
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fourth order model of synchronous
generator for termina  voltage and
frequency deviation stability control and
how this stability have been enhanced.
2.1 Generator Mode

A fourth order model of the SG
consists of a generator gain plus four pairs
of polezero time constants can be
modeled. In terms of expressing this as a
transfer function, then the following
equation is given[3]:

(1+sT,) @+sT,) (A+sT,) (1+sT,)
(1+sTy) @+ST,) @+sTy) A+sE)

... (5
There are two ways in MATLAB-
Simulink to design the machine model,
these are;
1. Using power system block set which is
aset of ready-made [4].
2. Using blocks of transfer functions of
the machine to manipulate the design
model.

However, using blocks of the transfer
function to represent the components in
the power system is capable of having
higher order machine time constants as
inputs. This can be achieved by the
illustration shown in Figure (3) [8,9].
Where: Kg = Gain of the generator, T, =
Time constant of the zero, T, = Time
constant of the pole, Vk = Field voltage of
the SG, V;= Termina voltage of the SG.
2.2 Exciter mod€d

The most basic form of expressing the
exciter model can be represented by again
Keand asingle time constant Tg :

VOM9=Ks

VF(S) / VR(S) =Kg/ (l + STE) . (6)
Vr = the output voltage of the regulator
(AVR), Vi =field voltage

The excitation system amplifier is
represented similarly by a gainK, and a
time constant Ta. The transfer function of
the amplifier is:

V(9 AVe(9=Ka / (1+ STa)

Where: AV, = Voltage error = reference
voltage (Ve ) - output voltage of the
sensor(Vs).
2.3 Sensor M odel

The termina voltage of the SG is being
fed back by using a potential
transformer that is connected to the bridge
rectifiers. The sensor is also being
model ed, likewise as the exciter:

Ve(s) I Vi(S) =Kr / (1 + STR)

Vs = output voltage of the sensor, Kr and
Tr are the gain and time constant of the
Sensor .

24  Automatic
(AVR) Mode

In most modern systems, the AVR is a
controller that senses the generator output
voltage then initiates corrective action by
changing the exciter control in the desired
direction [10].

A simple AVR is created with a 1st
order model of SG as shown in the Figure
4.

From this block diagram, the closed-
loop transfer function of a T order
relating the generator termina voltage
Vi(s) to the reference voltageV,«(s) can be
written as follow:

Voltage Regulator

KKeK(1+sT)
ST LSPUSE) LS KK

....... 9)
25TurbineModd
The simplest form of model for a non-
reheat steam turbine can be approximated
by using a single time constant T+. The
model for turbine associates the changes in
mechanica power DP,, with the changesin
steam valve position D€y isgiven as:

VO /9=
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Gr(s) = DPn(s) / DEy(s) =1/ 1+ sTy ..(10)

2.6 Governor M odel

The speed governor mechanism works
as a comparator to determine the difference
between the reference set powerDP, and
the power (/R)Dw as shown in Figure (5).
The speed governor outputDS; is therefore:

DSy(s) = DPres(s) — (1/ R)Dw(s)

where R represents the drop. Speed
governor output DS; is being converted to
steam valve position DEy through the
hydraulic ~ amplifier.  Assuming a
linearized model with a single time
constant T

..... (11)

DEv(s) = (1/(1+sTy) DS(s) .....(12)
The final simulation model for a 4" order
SG can be developed in "Matlab" as
shownin Figure (5).

Typicaly the excitation control and
governing control are  designed
independently since there is a weak
coupling between them, then the voltage
and frequency controls are regulated
separately.

The suggested conventiona PID
controller that can be used to enhance the
output response of the AVR in the
excitation system is differ from the
conventional PID controller that can be
used to enhance the frequency deviation
in the governing system.

3- PID controller

The PID is a common sense approach
to control based on the nature of error. It
can be applied to wide vaieties of
systems. The most applications of the PID
controllers in power system control are in
the control circuits of power generation
plants (SG), either in Load Frequency
Control (LFC) as a power system
stabilizer to control the load angle

variation and stability of the power
system, or as an auxiliary regulating
controller inserting in the Excitation
Control System together with the AVR to
control and enhance the termina voltage
transient stability response [11].

The three parameters that must be
determined (some times, must be
optimized) for the given process, to give
the desirable output responses for the
plant are: proportiona gain, integral gain
and derivative gain.

The transfer function of the PID controller
looks like the following [12]:

C(9)=K,p+Ki/s+Kys=(KyF+K,s+K)/s

Kp = Proportional gain, K; = Integral
gain, and Ky = Derivative gain. The error
signd (e) will be sent to the PID
controller, and the controller computes
both the derivative and the integral of this
error sgna. The sgna (u) just past the
controller isgiven as:
u=Ky.e+K;Jedt + Kede/dt ... (14)
This signa will be sent to the plant, and
the new output (y) will be obtained. This
new output (y) will be sent back to the
sensor again to find the new error signal
(e). The controller takes this new error
signa and compuites its derivative and its

integral  again. This process will
continuous until the desired output
achieved.

A proportional controller (Kp) will
have the effect of reducing the rise time
and will reduce , but never eliminate , the
steady —state error . An integral control
(Ki) will have the effect of eliminating the
steady — state error , but it may make the
transient response worse .

A derivative control (Kd) will have the
effect of increasing the stability of the
system , reducing the overshoot , and
improving the transient response .
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Two PID controllers are introduced in
this research, one of them is introduced in
the excitation system and the other PID
controller is introduced in the governing
system. These PID controllers are
developed to improve the dynamic
response and also reduces the steady state
error.

However, the use of a high derivative
gain will result in excessve oscillation
and instability when the generators are
strongly connected to an interconnected
system. Therefore, an appropriate control
of derivative gain is required. The
proportional and integrd gains can be
chosen to result in the desired temporary
droop and reset time. The proposed AVR
and governor system block diagram for
simulating a 4th order model of
synchronous  generator  with PID
controllersis shownin Figure (6).

4- Neural Network Controal

In this work, the NARMA —-L2
architecture is applied with the aid of the
Neural Network Toolbox of MATLAB
software. The identification can be
summarized by the flowing steps:
a- The first step in using feedback
linearization (or NARMA-L2 control) is
to identify the system to be controlled.
Neura network is trained to represent the
forward dynamics of the system . One
standard model that has been used to
represent generd discrete-time nonlinear
systems isthe NARMA-L2 model [13]:

y(k +d) = N[y(K),y(k — 1),..., y(k —n+ 1)
uk),u(k-2),...,u(lk-n+ 1)] ...... (15)

where u(k)is the system input, and y(k)is

the system output and k ,d, n are integral

number and N is the function of the output
system after identification.

b- The next step is to make the output

system follows some reference trajectory

by developing a nonlinear controller of
the form:

y(k+d)=yr(k+d)  ...... (16)
u(k) = Gly(k),y(k — 1),..., y(k —n+ 1), yr(k
+d),u(k-1),...,u(k-m+ 1)]

The problem with using this controller is:
Training neural network to minimize
mean square error, needs to use dynamic
back propagation which quite slow [14] .

One solution is to use approximate
models to represent the system. The
controller used in this section is based on
the NARMA-L2 approximate mode!:

Y (k+d)=f[y(K),y(k-1),...,y(k—n+1),u(k-

1), ukemt D]+ gly®)yKk —1),....y(k
n+1),u(k- 1) ..., u(k—m+ D)]u(k) ..... (18)

Where the next controller input is not
contained inside the nonlinearity. The
advantage of this form is that controlled
input make the system output follows the
reference equation(16) . The resulting
controller is:

k+D- FMK-D... yk- ) k- D, Lk- n+)

_Y
© dYK,.. M- n+) uk-,...0k- n+D]

Using this equation directly can cause
realization problems, because must
determine the control input based on the
output at the sametime, i.e

y(k+ d=fy(K),y(k-1),..,y(k-n+1),u(K),u(k-
1),...,u(k—n+ I+ aly(K),...,y(k-
n+1),u(k),...,u(k-n+ 1)Ju(k+1)

Figure (7) shows the block diagram of
NARMA-L2 controller together with the
reference model, the plant, and the
controller.

Consider the Matlab-Simulink, then the
NARMA-L2 controller block can be copy
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from the NN toolbox block [15]. This
copy part is introduced to the main
simulation model of the 4th order SG of
figure (5). Figure (8) is referred to block
diagram of the proposed AVR/governor
system synchronous generator with
NARMA-L2 controller.

5- Thesimulation Results

This section is focusing on the
simulation results of the SG model under
transient response with various load
change. MATLAB program simulation
method is adopted to simulate different
cases related to terminal voltage and
frequency responses of a fourth order
model of SG. The model isinserted inthe
Simulink diagram and run firstly for the
case without controller to calculate vaues
of overshooting and settling time from the
output response. To improve this response
then a PID controller is introduced and
then the NARMA-L2 controller is
examined.
a) results for 0.6 p.u. load change
without controller
Using the simulation modd for the AVR
and governing system of the 4th order
SG(Fig .5 ) for 0.6 p.u. load change
without controller then, the simulation
results for termina voltage (M) ,
frequency deviation Aw) areillustrated in
Figure (9) and Figure (10) respectively .

The period of simulation in the
frequency deviation step responseg(Dw),
and the termina voltage (V4 is set as 30
seconds, and 1.14 second respectively so
as to veify that there are no further
oscillations. In Figure (10), the response
for Dwoscillates for a period of 14.03
seconds before settling down to zero
deviation. There is an overshoot error
occurring a 1.6 seconds. The idea
response is to keep the deviaion
(oscillation) as close to zero as possible at
the minimum period of time.

b) Simulation results with PID
controller

In this section two PID controllers are

added to the plant. Figure (11 ) illustrates
the smulation model of a 4th order SG
with two PID controllers, one unit of PID
isinthe governor part and the other in the
excitation part.
It is very interesting to investigate the
effects of each of PID controllers
parameters Kp,Ki,and Kd on the terminal
voltage response that exist in the
excitation systemonly .

Tuning the PID controller by setting
the proportional gain Kp to 1, Ki to 0.5,
and Kd to 0.005, then the frequency
deviation step response Dw has similar
response to that for Figure (10). The
response for terminal voltage is improved
as illustrated in Figure (12) for 0.6 p.u
load hange.

The overshoot is decreased to 3.1 p.u.
Also, the time taken for the terminal
voltage to reach the value of 1 p.u. is now
0.8 seconds. It's found that these settings
of Kp, Ki, and Kd don't produce a good
overal response.

From these responses and refer to

tuning method, the best values of the PID
controller parameters for the excitation
and governing systems are selected as.
Kp=1, Ki=2, Kd=0.005.
Then the new response for termind
voltage (Vy) with PID controller is
illustrated in Figure (13) for load change
of 0.6 (p.u.).While in a similar way, the
best values of Kp, Ki, and Kd of the PID
controller in the governing system are set
tobe: 0.8, 0, 0.6 respectively.

The new simulation results for
frequency deviation Pw) response with
PID controller isillustrated in Figure (14).

¢) Simulation resultswith NNC

In this case, the NARMA-L2 controller
for prediction and control the SG to
enhance termina voltage response in the
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excitation system is examined. Figure(15)
illustrates simulation system of SG with
NNC. The controlling steps and output
response is discussed in the following
section.
Return to the Simulink model and start the
simulation by choosing the start command
from the Simulation menu. As the
simulation runs, the plant output and the
reference signal are displayed. Figure (16)
shows the termina voltage response for
the 4th order SG model using NN. The
frequency response is similar to that
response with PID controller because this
NNC is exactly exist in the excitation
system and we know that the excitation
and governing control are designed
independently that mean there is a weak
coupling between them.
d) Comparison Results

It is interesting to display a
comparison response for 0.6 p.u. load
change with different types of controllers,
it can be summarized as follows:
+ The enhancements of the transient
responses of V, are very clear as shown in
Figure (17). From which one can deduced
that, the artificial intelligent controller,
type NARMA-L2 has the best transient
response than others.
» Also, the enhancements of the transient
responses are obviously appeared in
Figure (18) which illustrates the frequency
deviation responses of the 4th order SG
model for 0.6 p.u. load change without
controller and with PIDC.
It's seen from figure (18) that the PID
controller is highly improved the
frequency deviation step response.
The overdl enhancements results of the
settling time and overshoot which being a
measures for the V; transient stability
enhancements, areillustrated in Table (1).
e) resultsfor different load changes

The overal enhancements results of
the settling time and overshoot for

different load changes are wdl
investigated for the previous cases. It has
been noticed that the load change has no
effect on the terminal voltage response but
it has affecting the frequency deviation
stability asillustrated in Table(2).
6- Conclusions

The main conclusions of this work can
be summarized as follows:
1- Building smulation model for SG,
speed governor and exciter voltage
regulator for SMIB system under study
enables to treat the problem (transient
state power system gability) with much
ease and comfort.
2- Due to the weak coupling relationship
between the AVR and AGC of the
synchronous generator controls systems,
the voltage and frequency controls are
regulated separately that mean any
controller in the excitation system will not
affect governing system and vise versa.
3- The high settling time and overshoot
values, for the transient responses of the
obtained terminal voltage and frequency
deviation results are due to the selection
of the PID gains (parameters) by an
accurate tuning method.
4- When excitation and governing systems
are tested for various load changes, these
changes in the load did not affect the
output response of the excitation system
that mean excitation system is always the
same as at no load but it has an effect on
frequency response.
5- The proposed Neural Network
Controller gives excellent results. The
terminal  voltage transient  stability
response  enhancement  through the
obtained results are remarkable and
comparable with respect to others. By this
controller, the generator terminal voltage
profile and the generator transient stability
response are improved.
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Table (1) Terminal voltage responsefor 0.6 p.u. load change
without controller , with PID controller, and with NNC

Type Settling Over shoot
of :
controller time (ts) (p.u)
(sec)
Terminal Without 114 +4
voltage
(Vt) response -0.82
of
a 4th order PID 02 +3.2
model SG for +0.35
0.6 p.u. load
change NNC 0.028 +2.4
0

Table (2) Freq. Dev. responsefor variousload changes

Type Settling | Overshoot
of time (p.u)
controller P
(ts)
(sec)
Freq. Deviation response | Without 14.03 +0.03
of
a 4th order model SG for -0.04
0.6 p.u. load change PID 10 +0
-0.03
Freq. Deviation response | Without 14 +0.0342
of
a 4th order model SG for -0.024
0.3 p.u. load change PID 11 +0.0155
-0.0182
Freg. Deviation response | Without 14.25 +0.029
of
a 4th order model SG for -0.051
0.8 p.u. load change PID 10 0
-0.025
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Figure (1) Block diagram of aload change model.
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Figure (2) Block Diagram of Governor and AVR of the SG [7].
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Figure (3) Block diagram representing a 4th order

SG time constants model
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Figure (4) Block diagram of asimple AVR [11]
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Figure (5) Simulation model for the 4th order synchronous
generator time constants
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Figure (6) Block diagram of the proposed AVR and governor
system with PIDC
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Figure (7) Theblock diagram of NARMA-L2 with the
reference mode and plant
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Figure (8) The proposed AVR/ governor system with
NARMA-L2 controller
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Figure (9) Terminal voltage (V:) step responsefor 0.6p.u
load change

Figure (10) Freguency deviation (Aw) for 0.6p.u load change
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Figure (11) Simulation Modél for the 4th
Order SG with PID Controller

Figure (12) Terminal voltage when
Kp = 1,Ki=0.5,and Kd=0.005
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Figure (13) V; step responsefor 4th order
model with PID controller

Figure (14) Freguency deviation (Dw) step response
for 4th order model with PID controller

Figure (15) Simulation system of SG with NNC
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Figure (16) Terminal voltage (V. ) step responsefor 4th order
model with NNC

Figure (17) V.transient responses of the 4th order SG modd

for 0.6 p.u. load change with different types of controllers
Where:

1- Terminal voltage response without controller.
2- Terminal voltage response with PID controller.
3- Terminal voltage response with NNC.
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Figure (18) Freg. Deviation (Aw) step responses of
the 4th order SG modd for 0.6 p.u. load change.

Where:
1. Frequency Deviation step response without controller.
2. Frequency Deviation step response with PID controller.
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