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Abstract
In this paper, the multi-machine power system model in [1,2] is extended to include a dynamic
load model. The effects of using static and dynamic load models to represent the electrical load of the
power system with a constant power type, i.e., an aggregate induction motor is fully investigated
through small-signal analysis. The eigenvalue and participation factor techniques are used. The results
obtained from 9-bus test power system reveal widely different ways of power system dynamic
performances with the static and dynamic load models being used.
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1. Introduction

Over a number of years, close attention has
always been given to modeling of generators
and their associated controls in the study of
power system stability [2-4]. Under situation of
load growth, power systems tend to be operated
near their maximum capacity limits. The need
for modeling research has become apparent, as
traditional power system models are not
adequate to describe all events that occur under
heavy load conditions [5]. As recent survey, an
increase in system loading is often reflected as a
decrease in the level of system damping. To
obtain a very good estimation of remaining
damping under heavy load condition, it is
important to have a reliable load model to be
included into the power system so that system
planners and operators have confidence in
results obtained from analysis tool. So load
modeling is of the issues addressed in this paper.

Traditionally, in small-signal stability
analysis power system loads have been simply
represented by constant impedances [3,4,6]. In
highly stressed area of power system, recent
studies in [7,8] have shown that using the
constant impedance representation in small-
signal analysis tends to overestimate system
damping by about 25 % as compared with a
more accurate load representation. To obtain
more accurate damping assessment the static
voltage-dependent load model in [2,9] has been

incorporated into the dynamic model of multi-
machine power system. The assessments of
system damping with different types of the static
voltage-dependent load models were conducted.
The results showed the voltage-dependent load
model has a great influence on damping of
power system over the constant impedance load
representation, when high loadability of the
constant power or MVA type of power system
load was considered. Since the majority of large
industrial loads in power systems are constant
power type, i.e., induction motors, their dynamic
responses play a key role in the transient
behavior of the entire system [10,11]. The
application of the static voltage-dependent load
model to represent them may be inadequate due
to neglecting their dynamic natures [7]. So, the
dynamic load model may need to be
incorporated into the multi-machine power
system with fundamental tread-off between the
accuracy and complexity.

Since the industrial plants are composed of
a large number of induction motors, it is not
realistic to model every induction motor that is
in the system. So the aggregate models with
minimum order are needed to represent a group
of induction motors. Along the years, various
methods have been proposed for handing with
aggregation of induction motor models [12-14].
Among them, the methodology based on the
steady state and the transient starting-up
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approaches in [13], was selected in this paper for
finding the equivalent of circuit and inertia of
aggregate induction motors, respectively.

The paper is organized as follows. In
section 2, the small-signal model of a multi-
machine power system with the static voltage-
dependent and dynamic load models s
addressed. The structure model of n-bus m-
machine power system presented in [1,2] is
extended to include the dynamic representation
of aggregate induction motor load. Because
traditional variables of induction motor in the
orthogonal system (direct- and quadrature-axes)
lack physical significance in the power system
study, a new meaningful polar coordinate
system is used to represent the motor’s
variables, i.e., bus voltage magnitude and angle.
In section 3, 9-bus test power system is
presented. In section 4. the effects of the static
and dynamic load models on small-signal
dynamic performances are fully investigated.

2. Power System Modeling
2.1 Multi-machine power system model

A multi-machine power system may be
modeled in the form,

x=f(x,pp) (1)
0=g(xy p) (2)

where, x is the state variable, y is an algebraic
variable, p is the parameter vector.

Following along the technique presented
in [1,2], the comprehensive small-signal stability
model of m-machine n-bus power system in
linearized form about the operating points in (1)
and (2) are rewritten in matrix form as,

SR e

0 E, )
ASP™ { 0 }Aug
where, AX, =[AX1,AX,',‘..,AXm]T (4
Ay =[av, Aw]T (5)
asp =[aster aspe ] ©)
Asma - [Asg’“’ Ashra }T (7)

AX,; =[A8, Aw, AEy AE, AE; AV ARp]T (8)

In (3), the generators are modeled with
field winding and one damper winding in g-axis.
The generators are equipped with the IEEE type-
| excitation system. The lists of 7-state variables
for i" generator and its excitation system are
given in (8). More details in matrix structure in
(3) are documented in [2]. It should be noted
that the subscript Lg and L/ stand for electrical
load in connection with the PV and PQ buses,
and superscript star and dyna stand for static
and dynamic loads, respectively.

2.2 Static Voltage-Dependent Load model

The static voltage-dependent load model is
traditionally represented in an exponential form.,
For i" load bus, injected electrical power is
given in matrix form by

ot 10
sy’ ={ - -or] )
where, 7" = P, (v, 170} (10)
0 (1 Hgi
1= (rv?) (n

PR ; and V0 are, respectively, active power

and nominal voltage of the i” load bus. 7, and
n, are static voltage exponents of active and
reactive powers. n, = n, = 0 yields constant
power case, 1, = n, = | the constant current case
and n, = n, = 2, the constant impedance case.
Linearizing (9) around the operating point, the
block diagonal matrix H of static load model is
obtained as,

ASI = HAV (12)
where, H = Diag(H,) (13)
oP' 108, aP™ 10V,
Hi= Ls’rlat I Ls’tlat I (14)
o0, 198; oQ; 10V
2.3 Dynamic Load Model
The aggregate induction motor s

considered as nonlinear dynamic load. The
differential and algebraic equations governing
3".order model, well suited for stability studies
[3,10], are,

dE;

9 - o,5Ep -——(Ep -(X,-X)Ip) (15)
dt Tmo
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dE; , 1 , ,

D = wysEp - (ED+(X_Y-X)IQ) (16)
ds 1 0 n
& T (Y -ELl,-ER] 17
" 2Hm(m( )" -Eplg DD) (17
VD:E’L)_XIIQS+RS[D (18)
VQ:EVQ+X'ID+RXIQ (19)

Ep and Ep are, respectively, the direct (D)

and quadrature (Q) voltages behind the transient

'

reactance X'. T, is the rotor open-circuit time

constant of motor. Because the dynamic
equations of induction motor represented by the
traditional orthogonal coordinate system (D and
Q-axis) is not suitable to make clear the
relationship between voltage and/or frequency
and dynamic of power supplied to the machine,
they are newly derived in the polar coordinate
variables E’, ©, Vand 0 by using the
following relationships

!
’

moi < Si

T E
dt Tmoi TMOIZSi T

E'=\JE}+ES (20)

o =tan” (Ep/ Ep) 3))

where £’ and @ represents transient e.m.f. and
angle behind the transient reactance X'. ¥ and
8 are voltage and angle of i motor load bus.

Differentiating (20) and (21), we have,

Ed® = EHdEp + EpdE) (22)
E'dE’ = EpdEp + EpdEH (23)

Re-arranging (22) and (23) by making use of
(15)-(19), then (24)-(26) in the polar form are
obtained. The injected active and reactive
powers for the " motor load bus expressed in

the polar form can be seen by (27)-(29).

dE] _ -{__‘ RELARHRE ]E; s 20) (1 cos(e, -0;) - Ry sin®, -6)), (24)

ﬂ:_m S_(XS,- - XDRg; +(XS,--X;)(X,’sin(e,--e})JrRS, cos(8; -8))V;

dt ’ T;noiZ§'i T;notz.%i (25)
2 : Ve Y
ds, 1 |-RsE +(Rg; cos(0; -8;)+ X/ sin(8; -6))) ElV; L] 19(1-s)" 26)
dt 2H,, z2 2H i

Rg; X/ Rg;

Oz%V,E}cos(e,-9;)-—2’1/,E,fsin(9,-9;)-—‘—;’—1/,»2 +P @7
Z& Z%i Zsi
. X! X!

0 =£§LI/,E,'sin(9, -0))+ =V, E] cos(8; - 6) - 20} (28)
Z5 Z5i Z5i

where, Zg; = JRE + X (29)

2.4 Power System Model with Static and

For small perturbation, the differential Dynamic Load Models

and algebraic equations of induction motor load
in (24-29) may be written in matrix from by,

AX; = FIAX, + F2AV + E,AU, (30)
0= GIAX, +G2AV +ASP™ 31
where, AX, =[AX1,AX,,...,AX,,]T (32)

AX, =[AE; A8 As;] (33)

To study the influence of electrical load
on small-signal dynamic performance, the static
load model can be incorporated into m-machine
n-bus power system by substituting (12) into (3),
we have

S ot e o

(34)
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ax, ) T4 50 0] Mg | [Eg O

0 C DyH T O AV 0 0
= +

0 G2 1 Glijashmal |0 0

AX, | L0 F2 0 Flj ax, 0 E

After eliminating all load bus by keeping
the buses in which are connected by the
aggregate induction motor loads, the power
system mode] including both static and dynamic
load models may be written in matrix form in
(35). Next eliminating all voltage and power
algebraic variables, the comprehensive power
system model including generators, their
controllers, static and dynamic load models are
obtained by,

o 3L

3. System under Study

(36)

o810

9
5 6

£ Os
4

Fig. 1 9-bus test power system

The studies were conducted on 9-bus test
power system as shown in Fig. 1. The overall
form of model was that of the WSCC system in
[6] except that a group of 2250-HP aggregate
induction motors was connected to bus-5 via the
step-down transformer. Three synchronous
generators were equipped with the IEEE Type-1
excitation system. The generator and network
parameters are available in [6], also 2250-hp
induction motor parameters are given in [15-16].
For the case where the dynamic load model was
considered, the equivalent circuit and
parameters of aggregate induction motor load
were calculated by using the technique
presented in [13].

AU,

g} (35)

4. Static Versus Dynamic Load Models

In this section, the effects of the static and
dynamic load models, used to represent a
constant power type of electrical power system
load, i.e., aggregate induction motor, were
investigated. To make clear the fundamental
effects of the static and dynamic load models on
small-signal dynamic performances, all PO load
buses of the WSCC 9-bus system except bus-5
were assumed with the constant impedance
representation. The components #, and 7, of the
static voltage-dependent load model were set to
zero in corresponding to the constant power type
of electrical load. The stable and unstable
regions of the WSCC power system as
increasing active power demand at bus-5 were
investigated by observing the eigenvalues of the
linearized power system model in (36).

‘,
s
-

Fig. 2. Movement of critical eigenvalues as
increasing in the electrical load demand at bus-5
for the case of static load model

Fig. 3. Movement of critical eigenvalues as
increasing in the electrical load demand at bus-5
for the case of dynamic load model
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As a function of increasing electrical
demand consumed by the bus-5 motor load, the
movements of a complex pair of the critical
eigenvalues crossing over into the right half
plane were plotted as shown in Fig. 2 and 3. By
making comparison, it is clearly seen that the
critical eigenvalues of the system between using
the static and dynamic load models cross the jo
axis in different locations. These critical
eigenvalues are also given in Table 1, which
were marked with the asterisk signs. It can be
seen that large discrepancies in the magnitude of

the critical eigenvalues are clearly observed with
the different models of load representation. On
continued increase in the electrical load demand,
the complex pair of the unstable critical
eigenvalues in Fig. 2 and 3 splits into real ones.
One moves into the left-haft plane direction
along the real axis. Another real eigenvalue
moves into the right-half plane and returns to the
left-half plane on the further increasing loads.
So the system becomes stable again before it
will experience the voltage instability at
maximum loading point [17].

With static load model With dvnamic load model
[.0ad nower demand at bus 5 Load power demand at bus 5
Py=324pu  Q=123pu P=291pu Q,s=11pu

Eicenvalues Damping Eigenvalues Damping
-0.0000 1.00e+000 -0.0000 1.00e4+000
-0.1973 1.00e4+000 -0.1864 1.00e4+000
~-0.4413 - 0.59771 5.94e-001 -0.4075 - 0,57081 5.81le-001
-0.4413 + 0.59771 5.94e-001 -0.4075 4+ 0.57081 §.8le-001
-.4008 - 0.77561 4, 5%9e-001 -0.3853 - 0,76151 4,.51e-001
-0.4008 + 0.77561 4. 5%e-001 -0. + 0.76151 4.51e-00L1

0.0000 - 2.2517ik]-1.73e~005 a -~ 1.28751i %] -2.97e-005
0.0000 + 2.25171sk|-1.73e-005 0 + 1.23751 k| -2.97e-005
-2.5087 1.00e4000 -1 1.00e+000
-3.5964 1.00e4+000 -3, 1.00e+000
-5.3965 1.00e4000 -4 1.00e+000
-0,5634 - 8.18851 6. 86e-002 ~6. 1.00e+000
-0.5634 + §.185831 §.36e-002 -{. ~ 8.35661 5.76e-002
-5.1803 -~ 9.51331 4, 78e-001 -0. + §.35661 5.76e-002
-5.1803 + 9.51331 4.73e-001 -5, 9, 82481 4. 74e-001
-5.3474 - 9.87631 4,76e-001 | -s. 9.82451 4.74e-001
-5.3474 + 9.87631 4.76e-001 | -5 9, 56011 4,75e-001
-5.4845 - 9.89081 4.35e-001 | -5 9.88014 4.75%e-001
-5.4845 + 9.59081 4.85e-001 | -5, 9,89281 4,83e-001
-1.3720 -12.96621 1.05e-001 ] -s. 9.69281 4,83e-001
-1.3720 +12.96621 1.05e-001 | -1. -12.98311 9. 96e-002

-1. 2.98311 3.96e-002

- -19,53671 Z.40e-001

-4 +19, 53671 Z.40e-001

Table 1. All eigenvalues and their damping ratios of 9-bus power system with
the static (n,= n,=0) and dynamic load models

Table 1 shows all eigenvalues of the system
and their damping ratios, when the bus-5’s
active (P) and reactive ({J)) powers were
increased until the system reached the critical
point. This point is so-called Hopf bifurcation
point (see in [17]), where a pair of the critical
gigenvalues lies on the imaginary axis in the
complex plane. On increase in the bus-57s
electrical load demand, the power system with
both static and dynamic load models

experienced the small-signal instability through
the subcritical Hopf bifurcation. However, Table
1 clearly indicates that the system became
unstable with different amounts of active power
consumed by the electrical load (3.24 and 2.91
per unit for the cases of static and dynamic load
models, respectively). By making comparison,
the 0.33 per-unit difference of active power
indicates that using the static load model could
yield optimistic results in the predictions of the



Thammasat Int. J. Sc. Tech., Vol.7, No.3, September-December 2002

remaining margin of loadability and damping of
the system before experiencing the subcritical
Hopf bifurcation. It can be concluded that the
dynamic load model has such a great influence
on the small-signal dynamic performance and on
accurate prediction of system damping.

The critical unstable eigenvalues between
using static and dynamic load representations
were further investigated by looking at the
associated power system states, responsible for
the critical unstable mode. A sensitivity analysis
using participation factors in [18] was
employed. The participation factors were
normalized so their largest magnitudes were
equal to one. They were plotted in Fig. 4 and 5
for the case of the static and dynamic load
representations, respectively. On increasing
electrical load demand at bus-5, Fig. 4 obviously
shows that the critical unstable eigenvalues of
system with the static load model are mainly due
to the state variable AE, and AR, pairs of

generator G1, G2 and G3. This implies the
dynamic interactions occur among the
synchronous generators through the critical
mode, causing the small-signal instability. As
shown in Table 1, this mode is characterized by
the oscillation mode with frequency of 2.2517
rad/s. For the case of the dynamic load model,
Fig. 5 indicates that the critical unstable
eigenvalues are strongly refated to the generator
(G1) and motor (M1) flux linkage pair (AE,,

and AE/) and also AE, and AR, pair of

generator G1. The rotor transients of generator
and induction motor load play the dominant
effect in exchanging their electromagnetic
energies and mainly contribute to the unstable
inter-area mode with the frequency of 1.2875
rad/s. It can be said that the static and dynamic
load models interact with the generators in
widely different manners via the critical
oscillatory mode.

5. Conclusion

In this paper, the m-machine n-bus power
system has been extended to include the
dynamic model of aggregate induction motor
load in the polar coordinate. The effects of the
dynamic and static load models, representing the
constant power type of electrical load, ie.,
induction motor, have been fully investigated
via small-signal analysis. Based on the results

obtained, the dynamic load model has shown a

tremendous effect on the small-signal dynamic
performance. Using the dynamic load model is
more realistic than using the static load model.
Because the static load model would not be
capable of capturing the true unstable dynamic
behavior, using them may lead to misjudgement.
Therefore, for the small-signal stability analysis,

dynamic load models may need to be
incorporated into the power system for
representing the constant power type of

electrical load such as induction motor. The
dynamic load model could aid to capture a true
dynamic behavior as well as a very good
prediction of the remaining margins of
loadability and damping before the system
reaches the small-signal instability.

L

Ady
Awy,
AEy,
AE
AVp
ARy
Ad,

&
] o2

o
o
o
by
ol
-
o
o
ol
ES
el
3
o
@
ol
©

o

04

Fig. 4 Participation factors of critical
eigenvalues for the case of static load model
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Fig. 5 Participation factors of critical
eigenvalues for the case of dynamic load model
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