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Abstract. This paper explains the design, modeling, and control of a synchronous
generator using Automatic Generation Control (AGC) and Power System Stabi-
lizer (PSS) with a combination of Automatic Voltage Regulator (AVR) for a hydro-
electric power system. In the proposed system the damping torque and another
source of negative damping of the generator can be reduced by the AVR. A clas-
sical PID controller is used in the AVR system. Interconnecting (synchronizing)
the generator in a tie system, the overall system fluctuation due to a large distur-
bance in one of the interconnections is mathematically analyzed and the transient
& steady state performance of the controller are evaluated.

Generally the work intended in designing and modeling the controller for
enhancement of power system stability with steady-state and transient analysis,
the application to the sudden increase in power input, and the application of three-
phase fault have been examined using Matlab/Simulink. The model is also used
to simulate the performance of tie line system under the same phase faults as well
as load disturbance conditions. Power system stabilizers designed to enhance the
damping of power system oscillations.

The designed PSS and AGC improved the performance of power system
dynamic stability. Besides, the desired frequency and power interchange with
the neighboring system is maintained by the AGC. The total system generation
against system load and losses could be balanced.

Keywords: Synchronous generator - Automatic Generation Control - Automatic
Voltage Regulator

1 Introduction

The ability of power system to recover from faults is becoming more important nowadays
because of the complexity of the system. Then, in the power system voltage and frequency
should be maintained within narrow and rigid values, and In case of interconnected
operation, the tie line power flows must be maintained at the specified values in practical

applications because of generation must adequate to meet the load demand.
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The electric power system is often subjected to various disturbances, caused by,
for example, fault activating, capacitor switching, large load changing, transmission
line switching, etc. With appropriate operations on power system controls such as cor-
rect circuit breaker operations and proper generator excitation controls, the disturbing
power system can either regain the pre-disturbance operating state or reach a new stable
operating state after the disturbances [10].

The generator excitation system maintains the generator voltage and controls the
reactive power flow. It is known that a change in the real power demand affects essen-
tially the frequency, whereas a change in the reactive power affects mainly the voltage
magnitude. The interaction between voltage and frequency controls is generally weak
enough to justify their analysis separately. In this paper the reactive power control is
achieved by manipulating the generator excitation system using PID controlled AVR.
An increase in the reactive power load of the generator is accompanied by a drop in the
terminal voltage magnitude. The voltage magnitude is sensed through a potential trans-
former on one phase. This voltage is rectified and compared to the DC setpoint signal.
The amplified error signal controls the exciter field and increases the exciter terminal
voltage. Thus, the generator field current is increased, which results in an increase in the
generated emf. The reactive power generation is increased to a new equilibrium, raising
the terminal voltage to the desired value.

The purposes of AGC are to maintain system frequency very close to a specified nom-
inal value, to maintain the generation of individual units at the most economic value, to
keep the correct value of tie-line power between different control areas. Automatic Gen-
eration Control (AGC) is define by IEEE as the regulation of the power output of electric
generators within a prescribed area in response to changes in system frequency, tie line
loading, or the regulation of these to each other, so as to maintain the scheduled sys-
tem frequency and/or the established interchange with other areas within predetermined
limits.

In addition, Automatic Generation Control (AGC) is a very important issue in power
system operation and control for supplying sufficient and both good quality and reliable
electric power. A sudden load change or disturbances in a single area or multi-area power
system, the frequency and power undergo a fluctuation which persists for a very long
time. This fluctuation is very poorly damped. Since these oscillations are the result of
an imbalance of power. The generation is adjusted automatically by Automatic Gener-
ation Control to restore the frequency to the nominal value as the system load changes
continuously [5].

2 Designing and Modeling of Controller

2.1 Automatic Voltage Control (AVR)

The main elements of AVR include excitation circuit, generator field, sensor and first
order amplifier. Figure 1 below depicts the block diagram of AVR with PID controller.
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Fig. 1. Block diagram of AVR with PID and stabilizer

Equations (1) to (5) shows the mathematical model of amplifier, exciter, generator
field, and PID respectively. The transfer function of first order amplifier is:

Vr(s) _ Ka
Ve(s) 1+sTa

D

Where: Ka and T a are the dc gain and time constant respectively.
The transfer function of the exciter circuit is also first order and it is given in Eq. (2)
where Ke and Te are dc gain and time constant of the exciter,

VE(s) _ Ke
Vr(s) 1+4sTe

@)
The transfer function relating the generator terminal voltage to its field voltage can

be represented by a gain K g and a time constant 7 g is formulated as:

Vit(s) _ Kg
Ve(s) 1+sTg

3)

A potential transformer used as feedback sensor is accompanied by bridge rectifier.
It is modeled by a simple first-order transfer function given by:

Vs(s) _ Kr

Vi(s) 1+sTr “@)

Where Kr sensor gain constant and 7'r be Sensor time constant.

PID Control: Determination of the proportional, integral and derivative constants of
the controller is called the tuning-in process. The transfer function of a PID controller
can be written as:

Kqs® + Kps + K;
N

K.
Gpip(s) =K, + Tl + Ky = )

The value of K, K4 and K is obtained by matlab tuning method.
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2.2 Automatic Generation Control (AGC)

The objective of AGC is to minimize the transient deviations and to provide zero steady-
state errors of these variables in a very short time [2-5]. The AGC involves Load Fre-
quency Control (LFC) to achieve real power balance by adjusting the turbine output and
the Supplementary loop to maintain a zero frequency deviation. The block diagram of
the AGC for a single power system is shown in Fig. 2 below.

. APL
Governor Turbine load

APg APm APD
Pt + Ko ki i — Af
- 1+sTa 1+sTt 2Hs+D
r 1

APs

AGC

Fig. 2. Block diagram of AGC for a single power system

And a two area interconnected power system is shown in Fig. 3.

E1 X

I

Fig. 3. Single line diagram of two area interconnected system

Tie line power flow from area 1 to area 2 can be written as:

E>

Piie12 = sin(31 — 32) (6)

Where 31 and 3, are power angles.
Linearizing about an initial operating point we have

APije 12 = T12A812 = T12(31 — 87) @)
Where,
|E1||Es] . .
T, = X cos(d1 — d2) = Synchronizing coefficient ®)
rl

APije12 =2nTi2(Af1 — Af2) )
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And Tie line power flow from area 2 to area 1 can be written as:
APijep1 =2n T (Afa — Af1)

Where

_|EYEY]

T>1 cos(8, — 81) = Synchronizing coefficient

r2

Then from the above equation:
APije21 = ai2APie 12
Where,

—Irl

Pr2

a2 =

Thatis Af = Af1 = Af2. Thus, for area 1, we have
APy, — APp) — APjp = D1Af
Where, AP, is the tie-line power flow from Area 1 to Area 2, and for Area 2:
APy + AP12 = Dy Af

The mechanical power depends on regulation. Hence

A A
APml :—R—ch And APm2:—R—‘f

Substituting these equations, yields

1 1
(R—+D1>Af = —AP;; — APp; And (R—+D2)Af= APpo
1 2

Solving for Af, we get

Af = —APp1 _ —APp
= 1 =
(4 +D1)+ (g +p2) Ath
—AP
and APy = D152
B1+ B

Where B1 = (D1 + 1/R;) and B2 = (D2 + 1/R3).

(10)

(11

12)

13)

(14)

15)

(16)

a7

(18)

19)
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The area controls error (ACE) is met when the control action maintains frequency
at the scheduled value and net interchange power (tie-line flow) with neighboring areas
at the scheduled values.

The ACE of the two areas are given by

Forareal : ACE| = APy;p + B1Af  Forarea2: ACE; = APjx + B1Af
(20)

The overall block diagram of when two areas interconnected with AGC and HTG as
shown below figures (Fig. 4):

Ki
s
APac1
_1
R
APu
Governor 1 Turbine 1 Load 1
APg AP APD
R Ko ki - 1 Afi
- 1+sTe 1+sTt 2Hs+D
APtie, 12
2nTi2 +
S -
an
Governor 2 Turbine 2 . Load 2
APg AP, APD
| Pret I— + _Ka_ kt i 1 Af,
- 1+sTe 1+sTt 2Hs+D
r 1 AP
R
APe2
Ki
S

Fig. 4. Block diagram of AGC for two-area operation

2.3 AGC with AVR and PSS

The interaction between voltage and frequency controls is generally weak enough to
justify their analysis separately. The methods of improving the voltage profile in the
electric systems are transformer load tap changers, switched capacitors, step voltage
regulators and static var control equipment. The controller of voltage or reactive power
of generator is excitation control using the automatic voltage regulator (AVR). The main
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objective of an AVR is to hold the terminal voltage magnitude of a synchronous generator
at a desired value [6]. This e.m.f determines the magnitude of real power and hence the
AVR loop felt in the AGC loop. When we include the small effect of voltage on real
power, we get the following equation:

AP, = P;AS + Ko F' (1)

Where, K, = AE},)e with constant A5 = is load angle, and Py =
AA% with constant E' is synchronizing power coefficient.
Generally, all the variables with subscript 0 are values of variables evaluated at their

pre-disturbance steady-state operating point from the known values of Py, Qq, and V.

. POVto .
Ig0 = Vdo = 1q0Xq (22)
V (Poxg)? + (Vi + Qox,)?
/ Qo+ xgigg
Vgo = Vt% — vtzo ld0=—q (23)
Vg0
Eq40 = vq0 + id0x4 Ey = \/(Udo + Xeiq0)? + (Vg0 — Xeid0)? (24)
V4o + Xl Xg — X/ ) E_ oEycosé
(UqO — Xeldo) Xe + X4 Xe + Xgq
Egsiné X+ x Xg — X/
k2= g3 _Td TR gq o T M piging, (26)
Xe + X, Xq + Xe Xe + X,
d v )
K5=—4 "Opicossy— ——— P pysingy K6=—c 10 (27
Xe + x4 Vio Xe + x5 Vio Xe +xy Vio

By including the small effect of rotor angle upon generator terminal voltage, we may
write

AV, = KsAS + KgE' (28)

Where K5 is changed in terminal voltage for a small change in rotor angle at constant
stator e.m.f and K¢ is a change in terminal voltage for a small change in stator e.m.f at
constant rotor angle. Finally, modifying the generator field transfer function to include
the effect of rotor angle, we may express the stator e.m.f as

__K
14T,

/

(Vf — K4A5) 29)

The constants K1, K>, K3, K4, and K¢ are usually positive; however, Ks may take
either positive or negative value depending on the impedance Rg + j XE.
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The overall block diagram of AGC, AVR, and stabilizer is (Fig. 5):

turbine

governor

Ve VR
ka H ke
PID
1+sTa 1+sTe

skr
1+sTy

kr
1+sTr

Fig. 5. Block diagram of AGC and PSS with AVR

3 Simulation Results and Discussion

While doing this paper, we have two conditions to run Tis Abay II hydroelectric power
system these are at:

1. Steady-state condition
2. Fault condition

The following operating conditions for a synchronous machine connected to an
infinite bus through a transmission line of the Tis Abay II hydroelectric power system
(Tables 1 and 2).
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Table 1. Nameplate rating data of Table 2. Parameter of AVR and exciter
generator
Elements | Parameters Data for
Rating data for Type simulation
generator Amplifier | Regulator gain Ka 10-400
Manufacture Kvaerner hangar Regulator amplifier 0.02 s
Rated capacity (S) |40 MVA time constant Ta(s)
Rated power (S) 36.8 MW Exciter Exciter constant related | 1
Rated voltage 13.8 KV to self-excited field Ke
(VLL) Exciter time constant | 0.5 s
Rated current (Tp) | 2.1994 kA Te(s)
No of phase, power | 0.9 Fee(.ib.ack C{ene.ratin.g stabilizing | 0.03
factor (cos @) stabilizer | circuit gain Kg
Rated Speed 2143 rpm Regulator stabilizing 1
R 0 The time constant
unaway speed 8 rpm Tr(s)
Rated frequency 50 Hz Generator | Generator terminal 1
Direction of Clockwise viewed voltage to its field
rotation from above voltage Kg
Insulation class F Generator time 2s
Type of excitation | Static SCR constant Tg(s)
Sensor Gain (KR) 1
(Low-pass | Time constant (Tr) 0.05s
filter)

3.1 System Running at Steady State Condition

A. The synchronous generator block diagram with AVR, FS and PID controller
shown below:
See Fig. 6.

Teminal voltge vs Time

wa.out pid pss

outpid butpss .-

wepidpss

Time offset: 0

Fig. 6. Block diagram of SG with AVR and

PID

Fig. 7. Terminal voltage response
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Result and Discussion 1:
From the simulation result in Fig. 7 the generator shows

i. With only AVR the terminal voltage is not controlled to the desired value (1 Pu =
13.8 kV) which is 0.9 Pu (12.42 kV) after almost 8 s and also the overshot value is
1.8 Pu.

ii. With AVR and stabilizer the oscillation is decreased (1.6 Pu) and the settling time
is decreased which is 4 s and the overshoot values are 1.2 Pu but it does not reduce
the steady-state error.

iii. With AVR, stabilizer and PID the terminal voltage is controlled which is the settling
time, overshoot and steady-state errors are almost zero.

B. The complete block diagram of the AGC model and its simulation of an isolated
power system:

See Figs. 8 and 9.

Frequency deviation vs time

0.08

o ‘Without AGC |77
With AGC v

0.05}|-

004}--

nna»ﬁ
002 - :
001 - Rfen A I\
ol

0.01
0

I
Ls T Time offset: 0

Fig. 8. Block diagram of AGC Fig. 9. Frequency deviation response

Result and Discussion 2:

i. With only LFC the frequency deviation (change) is not controlled to the desired
value (0 Pu = 50 Hz) that is 0.03 Pu (1.5 Hz) have an error after almost 8 s and the
overshot value is 0.056 Pu.

ii. However, LFC with supplementary that means with AGC is controlled which is the
steady-state error is zero Pu (new frequency = 50 Hz) after 10 s and the overshoot
is decreased by almost 0.05 Pu.

C. The block diagram and its simulation of AGC Including AVR and Stabilizer
See Figs. 10.
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Governor Turbine

Fig. 10. Matlab/Simulink block diagram of AGC and PSS with AVR

Simulation Results:
See Figs. 11 and 12.

frequency deviation vs time
0.06 T T T T T T T T 15

005k A\ : : : wz.out pid,age & pss
) : wz. pid,agc & pss

Terminal Voltage vs time
T T T

T T
wz.out pid,agc & pss
— wz pid, agc & pss

0.04
0.03
0021
0.01 4

201 H H H HE H H H H 0 I HE HE 1 i
0
Time offset: 0 Time offset: 0

Fig. 11. Frequency deviation response Fig. 12. Terminal voltage response

Result and Discussion 3:

a. With only LFC the frequency deviation (change) is not controlled to the desired
value (0 Pu = 50 Hz) that is 0.03 Pu (1.5 Hz) have an error after almost 8 s and also
the overshot value is 0.056 Pu.

b. However, LFC with supplementary that means with AGC is controlled which is the
steady-state error is zero Pu (new frequency = 50 Hz) after 10 s and the overshoot
is decreased by almost 0.05 Pu (Fig. 14).

c. With only AVR the terminal voltage is not controlled to the desired value (1 Pu =
13.8 kV) which is 0.9 Pu (12.42 kV) after almost 8 s. and also the overshot value is
1.8 Pu (Fig. 15).
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d. With AVR and stabilizer the oscillation is decreased (1.6 Pu) and the settling time
is decreased which is 4 s and the overshoot values are 1.2 Pu but it does not reduce
the steady-state error.

e. With AVR, stabilizer and PID the terminal voltage is controlled which is the settling
time, overshoot and steady-state errors are almost zero (Fig. 15).

Note: Therefore, the Automatic generation controller is controlled or maintained the
frequency from the equation if the frequency is controlled the output power; the rotor
angle and speed are controlled. In addition, the automatic voltage controller with PID
will be controlled the terminal voltage also the reactive power.

D. The block diagram and its simulation of the two areas interconnected
See Fig. 13.

Governor 2 Turbine 2

[ ]
= [
-0.46
AGC1
1
APe 0.04
Governor 1 Turbine 1
[EENC 1 APe 1 Abm Ad1
1+0.3s 14025

0.92 Pu +

1+0.05s

Fig. 13. Block diagram of two areas interconnected system with AVR and AGC
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Fig. 16. Tie line power response Fig. 17. Terminal voltage response

Simulation Results:
Result and Discussion 4:
From the simulation result in Figs. 14, 15, 16 and 17 the generator shows

i.  With only LFC the frequency deviation (change) of both power systems one and
two are not controlled to the desired value (0 Pu = 50 Hz) that is 0.032 Pu (1.6 Hz)
have an error after almost 8 s but with AGC the steady-state will be eliminated after
almost 10 s (Figs. 17 and 18).

ii. From Fig. 16 the tie-line power without AGC (only LFC) have error (unstable state)
but with AGC, it will be stable and decrease the steady state error almost eliminated
after almost 15 s.

iii. In addition, from Fig. 17 AVR, with PID the terminal voltage is controlled which
is the settling time, overshoot and steady state errors are almost zero.

3.2 Simulation Result of the System with Fault

E. The block diagram and its simulation of AGC Including AVR and PSS with fault:

Let, the fault (pulse generator) is occurred at t = 15 s is occurred on the input and
the fault duration is 250 ms.
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6
S
1
0.04
Turbine - Load
APg 1 APm APD ! 1 m
1+0.2s 55+0.6 s

Fig. 18. Block diagram of SG including AGC and AVR with fault

Simulation Results:
Result and Discussion 5:

Frequency deviation vs time Terminal voltage vs time
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Fig. 19. Frequency deviation response with  Fig, 20. Terminal voltage response with fault
fault

In the above Figs. 19, 20 when the fault occurs at 15 s in the power system it will
be cleared quickly (fault duration time is 0.25 s) and became at normal value with and
without a controller.

4 Conclusion

Based on the simulation result, it is possible to conclude that:
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e This paper focuses on the improvement of power system stability in the power system
by connecting a synchronous generator to the controller.

e Due to the connection of AGC and PSS in the grid, it is seen that the change of
frequency (error), and output power are achieved at the nominal or desired value and
decreasing the oscillation.

e When there is sudden load change in a single synchronous generator (power system)
or any interconnected area, the frequency and tie-line power are affected. It is essential
to minimize these errors for economic and reliable operation of the power system.
Therefore, the AGC designed here to meet the stated demand.

e AGC Controller designed here minimizes the change in frequency in the single power
system area as well as in multi-area.

e AVR with PID and PSS, it is seen that the terminal voltage as well as the reactive
power also controlled and is achieved at the nominal or desired value and damping
the oscillation of the system.

Acronyms

B: Frequency Bias factor

D: Percent change in load divided by the percent change in frequency
Ki: Supplementary control constant

H: Inertia Constant

AP:  Change in power

APp: Change in mechanical power input
APp: Change in power demanded by the load
APye: Tie-line power deviations

APy: Change in valve position from nominal
R: Speed Droop Characteristic

Tg: Speed governor time constant
Tt: Turbine time constant
f: Frequency of system

Af: Change in system frequency
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