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Investigation of local load effect on damping characteristics of synchronous

generator using transfer-function block-diagram model
Songklanakarin J. Sci. Technol., 2005, 27(4) : 827-838

The transfer-function block-diagram model of single-machine infinite-bus power system has been a
popular analytical tool amongst power engineers for explaining and assessing synchronous generator dynamic
behaviors. In previous studies, the effects of local load together with damper circuit on generator damping
have not yet been addressed because neither of them was integrated into this model. Since the model only
accounts for the generator main field circuit, it may not always yield a realistic damping assessment due to
lack of damper circuit representation. This paper presents an extended transfer-function block-diagram
model, which includes one of the g-axis damper circuits as well as local load. This allows a more realistic
investigation of the local load effect on the generator damping. The extended model is applied to assess the
generator dynamic performance. The results show that the damping power components mostly derived from
the g-axis damper and the field circuits can be improved according to the local load. The frequency response
method is employed to carry out the fundamental analysis.
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The transfer-function block diagram model
of single-machine infinite-bus power system
(Demello et al., 1969; Anderson, 1993; Saidy et
al., 1994; Padiyar, 1995) has provided the basis
for excellent explanation of fundamental dynamic
characteristics of synchronous generator. It has
been used amongst power engineers for many years
to design the control equipments such as auto-
matic voltage regulator (AVR) and power system
stabilizer (PSS). The model yields a great physical
insight into how AVR and PSS enhance power
system stability.

The transfer-function block-diagram models
were advanced to incorporate an electric local load
(El-Sherbiny et al., 1973; Yu, 1983; Saccomanno,
2003). The constant impedance load model was
conventionally used to represent the local load.
These block-diagram models help to demonstrate
the effect of the local load on stability of
synchronous generator. However, reliability of the
models has been brought into question because
they only take into account the generator field
circuit. Hence, use of a higher-order block-diagram

model (Saidy et al., 1994) has been realized by
including the d and g-axis damper circuits to obtain
the realistic damping assessment of synchronous
generator (Saidy et al., 1994). However, in this
model, the effect of the local load has not yet been
taken into consideration.

In this paper, the transfer-function block-
diagram model (Saidy et al., 1994) has been
extended to incorporate the constant impedance
local load and the damper circuit representation.
According to the previous studies (Saidy et al.,
1994; Aree et al., 1999), one of the g-axis damper
circuits is essentially added, in addition to the field
winding, to provide the system realistic damping.
The block-diagram model provides an insightful
analysis of how the local load affects the damping
characteristics of synchronous generator through
the field and g-axis damper circuits. Moreover,
this model is applied to demonstrate the local load
effect on dynamic performance of the generator
under voltage regulator. The analysis is carried out
using the frequency response method.
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1. System and transfer-function block-diagram
representation

In order to investigate the fundamental effect
of local load on damping of the synchronous
generator, the study system used by Yu (1983) is
modified to include the representation of the g-
axis damper circuit. This system is shown in
Figure 1. It consists of one synchronous generator
in connection with an infinite bus through the tie
line system. It should be noted that since the main
objective of this paper is to gain a fundamental
knowledge of interaction between the generator
and the local load, this system is suitable for this
study. The small-signal model that represents the
system under study is derived using the non-linear
differential and algebraic equations (Arrilaga et al.,
1990), given by (A-1)-(A-8) in Appendix A. After
completing the derivation process presented in
Appendix A, the small-signal linearized transfer
functions in s domain are expressed as,

SAO = 0 Ao, (D
2HsA® =AP —AP —K Ao @)
(4K, T, )AE =K AE, K, AS+K, AE, (3)

(1+K,T $)AE, =-K, A8~ K AE (4)
AP =KAS+K, AE +K, AE %)
AE =KAS+K AE +K AE (6)

The system K-coefficients are listed by
(A-13)-(A-27) in Appendix A. Equations (1)-(6)
comprehensively describe the small-signal
dynamics of the study system. By suitably com-
bining (1)-(6), the linearized transfer function in

the form of block diagram is displayed inside the
dotted-line block of Figure 2. The local load affects
the generator dynamic characteristics through all
the K-coefficients, which are a function of load
conductance (G) and susceptance (B). Further-
more, the local load gives rise to the additional
coefficients K and K 70 which exist in addition to
the K-coefficients presented in the block-diagram
model developed by Demello (1969), Yu (1983),
Saidy et al., (1994). The dynamic interactions
between the generator flux linkages (AE and
AE ) in the d and g-axes take place through the
K and K, branches. According to (A-15) and
(A 19), the coefflclentsK and K will not appear
in the block-diagram model if the local load is not
incorporated. Because the local load influences
the dynamic characteristics of the generator flux
linkages AE and AE with regard to its conduct-
ance and susceptance the damping power com-
ponents of the electrical powers P and P,
mainly derived from the field and g-axis damper
circuits, respectively, are affected. The investiga-
tions into effect of the local load on the generator
damping characteristics are carried out in the next
section.

2. Effect of local load on damping characteris-
tics of field and damper circuits

In this section, the effects of the local load
on generator damping over the relevant frequency
range of 1-12 rad/s are investigated. The active
power output of the generator is kept at 0.8 per
unit (on 100MVA base), whether or not the local
load is included into the system. The generator is
equipped with AVR (K =200, T =1 sec) and with
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Figure 1. Synchronous generator with grid and local load.
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no PSS. The generator initially has low damping
due to its making use of the high tie-line reactance
(0.6 pu) between the generator and infinite bus.
It should be noted that the high value of the inter-
connected tie causes degrading in the generator
damping (Saidy et al., 1994). The generator and
infinite-bus voltages are kept at 1.0 per unit.
The generator and AVR parameters are given in
Appendix B.

To gain an insight into the effect of the local
load on generator damping characteristics through
the g-axis damper and field circuits, the dynamic
responses of electrical power P and P, due to
the oscillation of rotor angle & are entirely
explored. A measure of contributions of both rotor
circuits to synchronizing and damping powers is
determined from the frequency responses of P

d and P/ O (Saidy et al., 1995), shown in
Figure 3 and 4. These responses are plotted in the
Nyquist form with an aid of the transfer-function
block-diagram model in Figure 2. It should be
noted from the Nyquist plots that the coordinate of

P/ dand P . 0 in the ¢ direction (real axis)
gives the synchronizing power component, and
the coordinate in the  direction (imaginary axis)
gives the damping power component. The invest-
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igation is firstly carried out with no incorporation
of the local load. In Figure 3, the response of P /

d covers the second quadrant along the positive

o direction in the &- ® plane. This result
indicates that the damping contribution derived
from the g-axis damper circuit is naturally positive
over an entire oscillation frequency. On the other
hand, the response of P / d in Figure 4 covers
the third and fourth quadrants along the negative

o direction between 3.9-8.0 rad/s. Thus, the field
circuit in connection with the high-gain AVR injects
negative damping into the system throughout this
frequency range. The combined responses of P /

dand P/ 9, plotted in Figure 5, are used to
explore the overall damping characteristics of the
system, which are derived from both field and
damper circuits. From these responses, the
capability of the g-axis damper circuit to enhance
the system damping can be seen. For example, as
compared with the response of P / O (dotted
line in Figure 4), the combined response (dotted
line in Figure 5) has smaller magnitude and
narrower range of the oscillation frequencies that
covers the third and fourth quadrants. This result
is due to the g-axis damper circuit, which aids
alleviation of the field negative damping effect
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Figure 2. Transfer-function block-diagram model of the study system.
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Next, when the local load of 0.5 pu active
power demand at typical 0.85 lagging condition is
incorporated, the response of P/ O that expands
into the third and fourth quadrants is significantly
dropped, as displayed in Figure 4. This consequence
indicates a great reduction of the negative damping
contribution from the field winding. In addition,

circuit is greatly increased through a significant
increase of the P / d response, shown in Figure
3. The g-axis damper counteracts the field negative
damping effect. Therefore, the overall damping is
positive. This stable phenomenon can be observed
through the total shifting of the combined response
(solid line in Figure 5) into the first and second
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quadrants.

The effects of the local load in relation to
the changes in its active power consumption and
power factor are further investigated. When the
active power consumption of the local load is
increased from 0.5 to 1.0 pu, the P / d response
is expanded along the positive ® direction into
the second quadrant, as shown in Figure 3. Thus,
more damping power contribution from the g-axis
damper circuit is obtained. The damping con-
tribution of the field circuit is also substantially
increased over the entire oscillation frequencies
since the response of P/ d is shifted further into
the first and second quadrants, as indicated in
Figure 4. The combined response in Figure 5 also
confirms a great damping improvement. On the
other hand, when the power factor of the local load
at 0.5 pu active power demand is changed from
0.85 lagging to 0.85 leading conditions, the
frequency response of P / d is dramatically
contracted, as displayed in Figure 3. The damping

derived from the g-axis damper circuit, thus,
significantly declines over an entire oscillation
frequency range. Moreover, the changing in the
power factor causes the field winding to inject an
undesired negative damping into the system at the
frequency range between 5.0 and 8.6 rad/s, as
shown in Figure 4. Hence, the generator becomes
unstable due to lack of damping. The combined
response in Figure 5 also confirms this unstable
phenomenon.

3. Local load effect on generator closed-loop
voltage control performance

In this section, the dynamic performances
of the generator are assessed in the context of the
closed-loop terminal voltage control using the
open-loop frequency and time response, which are
obtained with an aid of the transfer-function block-
diagram model. The frequency responses, relating
to the terminal voltage ( E) and the error signal
( E_),areshown in Figure 6 and the time response
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Figure 7. Time response of generator terminal voltage.

of terminal voltage is shown in Figure 7. When the
generator has no local load, the phases and gains
versus frequencies of E/ E reveal the negative
phase margin in connection to the highly marked
switchback or dip characteristic at the oscillation
frequency 5 rad/s. Hence, the generator becomces
closed-loop unstable as seen through the undamped
voltage response in Figure 7. On the other hand,
when the local load of 0.5 pu active power demand
at 0.85 lagging condition is incorporated, the phase
versus frequency in Figure 6 shows considerable
increases in the phase advance at the frequency
around 5 rad/s. This phase advance reduces the
switchback characteristic to improve the system
phase margin. The generator, therefore, is stable.
Moreover, as the level of load continues to increase
from 0.5 to 1.0 pu, a greater phase advance of the
frequency response is obtained. Hence, improving
damping. The stable phenomena of the voltage
control loop can be also seen through time response
in Figure 7. The fact that the damping is enhanced

due to an incorporation of the local load can be
explained from the power transfer point of view.
It has shown by Saidy et al., 1994 that the
generator damping is depending upon the amount
of the active power transfer from the generator
to the infinite bus. The damping increases, when
the power transfer decreases. For example, the
generator without the local load delivers 0.8pu
active power directly to the infinite bus. In the
situation where the local load absorbs 0.5 pu active
power, the generator power transfer is reduced
from 0.8 to 0.3 per unit. Thus, the generator
damping can be improved. On the contrary, when
the power factor of the local load is changed from
0.85 lagging to 0.85 leading conditions at the same
level of the active power demand (0.5pu), the gain
and phase versus frequency in Figure 6 indicate
the negative phase margin according to the pro-
nounced switchback characteristic at the gain-
crossover frequency (5.7 rad/s). Hence, the
generator becomes unstable at this frequency due
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to lack of damping. This unstable phenomenon
with the growth of oscillation through terminal
voltage response can be seen in Figure 7. It has
been reported by Saidy et al., (1994) that the
stability margin and the dynamic performance of
the voltage control loop are deteriorated as the
generator operating condition moves towards to
leading condition. Because the changing in the load
power factor from lagging to leading conditions
causes the generator operating condition to become
leading, the unstable closed-loop voltage control
of the generator can occur.

Conclusions

A comprehensive transfer-function block-
diagram model is presented in this paper. This
model is far more realistic since the generator
g-axis damper circuit is taken into account in
addition to the field circuit. After the g-axis
damper is incorporated, the extended block-
diagram model shows the complete dynamic inter-
action, which mainly takes place between g-axis
damper and the field flux linkages. The model
is used to demonstrate a great influence of the
local load on the damping characteristics of the
individual g-axis damper and field circuits. With
regard to the constant impedance local load
operated at typical lagging power factor, the damp-
ing power contributions, derived from both g-axis
damper and field circuits, are increased. The
dynamic performance of the closed-loop voltage
control is also improved through a reduction of the
switchback characteristic. However, the damping
contributions greatly decline, when the power
factor of the local load is moved towards to the
leading condition. In conclusion, an incorpora-
tion of the g-axis damper circuit yields realistic
investigation of the local load effect on the
generator damping characteristics. Without the
representation of the g-axis damper circuit, the

complete damping characteristics of synchronous
generator cannot be captured.
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Appendix A

System differential and algebraic equations:

i—?zwr—wx (A-1)
2H ddit =0 (P -P -K (0 -0)) (A-2)
T, ddEt =E,—E +(X,-X)I, (A-3)
T, g =B~ (X, - X)I, (A-4)
P=EI+EI+(X,-X)II (A-5)
E'=E + E:] (A-6)
Where
E =E - X;Iq (A7)
E,=E+X], (A-8)

Generator current equation:
From Figure 1, the armature current of the generator in d- and g-axis frame of reference
may be written by,

I+l =(G=j(1/ X = B)E, +E )+ j(1/ X )e"V_ (A-9)

Decomposing (A-9) into the d- and g-axis components (/, and /) by making use of
(A-7) and (A-8) gives,

{G } ) {(1/X—B>—(GZ+(1/X—B)Z)X} )
I — t t q Eq+

Det Ed +

Det
cosd Gsind _,
VA xper (1= 01X, = BX )= e X, (A-10)
Gl. |-/X-B)+G+1/X -B"X, | .
I, = {Det}Eﬁ{ Det d}Eﬁ
sind Gceosd _,
VAxDer (1= X, =B)X )+ XD X, (A-11)
Where,

Det=1-(1/X =B)(X,+ X )+(G* +(1/ X, =B )X X (A-12)
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Q-axis transient e.m.f. equation:
Substituting (A-10) into (A-3), then linearizing and expressing (A-3) in s domain, the
g-axis transient e.m.f. in (3) is obtained with the following coefficients,

{1 +(1/ X, = B)(X,+X)+(G" +(1/ X, —B)2)X;X:I}

W= A (A-13)
q
X -X , G(X -X)X
{szinﬁ("xd)(1+(l/xt—B)Xq)+Vmcosé("X")"}
K = : , : (A-14)
4q A
q
G(X -X)
Ky=—Qx—" (A-15)
q
Where,
’ ’ 2 2 ’
Aq={1+(1/Xt—B)(Xd+Xq)+(G +(1/X -B) )deq} (A-16)

D-axis transient e.m.f. equation:
Substituting (A-11) into (A-4), then linearizing and expressing (A-4) in s domain, the
d-axis transient e.m.f. in (4) is obtained with the following coefficients,

B {1+(1/X’—B)(X;+X;)+(Gz+(l/Xr—B)2)X(;X;}

Ny y (A-17)
d
(X -X) , G(X -X)X
V_cosd—5—(1+(1/X - B)X ) -V _sind——"—*—*
K = ! ! (A-18)
4d A'd
G(Xq—X‘;)
d A (A-19)
d
Where,
A = {1 +(1/X,~BYX, +X)+(G" +(1/ X, - B)Z)qu;} (A-20)

Electrical power equation:

Substituting (A-10) and (A-11) into (A-5), and then linearizing and expressing (A-5)
in s domain, the electrical power of the generator in (5) is obtained with following the co-
efficients,
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cos5(1+(1/Xt] sin8[1+(1/X[}
A X |-Bx o oo X -BXx
V_(E +(X, =X )I,) s @ (B, +(X, = X)), o
_ Xif GX, oy GXq
K = , ’
Adq
(A-21)
. (AIX-B)+(/X L
~(E,+ X, =X)L _poy cory [FOE+X =X)L
K, =1+ R (A-22)
2q q A
dq
. , , 1/X -B)+(1/X , , .
~E AKX _pey gy [FOEHX X))
K =1+ < 1 (A-23)
2d d
dq
Where,
Adq ={1+(1/X —B)(X; +X)+(G +(1/X —B)ZX;X(;} (A-24)

Terminal voltage equation:
Substituting (A-10) and (A-11) into (A-6), and then linearizing and expressing (A-6) in
s domain, the terminal voltage of synchronous generator in (6) is obtained with the following

coefficients,
E _.[sind . cosd(1+(1/X E [ cosd . sind(l+(1/X
V_ E Xq —Xr GXd——Xr —B)X; —TIX([ X GXq+ X —B)X;
K = >
5 “
(A-25)
E"’{A -X ((1/X -B)+(G*+(1/X —-B)X )} - E"’GX'
E dq d ' ' q E q
K== X : (A-26)
dq
Etd ’ ’ 2 2\ v E!t/ !
£ {Adq—Xq((l/X[—B)+(G +(1/X -B))X)}- £ GX,
K =— _ ! (A-27)

6d A

dq
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Appendix B

160M VA synchronous generator parameters
X,=1.700 pu, X, = 1.640 pu, X, =0.245 pu, X, = 0.380 pu,

T, =5.90sec, T, =0.54 sec, H =522 sec, K, = 0.0, = 60 Hz
(All parameters are based on the generator M VA rating)

AVR parameters
K =200,7t =1.0sec

Tie line system parameter
X =0.6 pu



