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Impact of Load Behavior on Transient Stability and
Power Transfer Limitations

Mark Gordon,Member, |EEE

Abstract—This paper presents utility based load modeling Power system stability studies have traditionally useticsta
practices and explores the interaction between loads and & |oad models representing a static relationship betweed loa
power system and the effect of the interaction on transient ;.4 voltage asy = P,(V/V,)":Qq = Qo(V/V,)" where

- o o 1 - o o

stability and power transfer limitations. The effect of load p dv inal acti fi d volt
composition is investigated at major load centers togethewith 0» Qo andV,, are nominal active, reactive power and voltage

the impact on rotor angle excursions of large scale generate at the load busg, andn, are voltage exponents for real and
during the transient and post-transient period. Responsesof reactive powers. However, the majority of power system $oad

multi-induction motor stalling are also considered for different  have dynamic characteristics which may include on-load tap
fault clearances in the system. Findings of the investigains changing transformers, induction motors, thermostatsgde

carried out on the Eastern Australian interconnected power It lat It trolled feed it
systems are presented. A series of examples illustrate thesults VO''@g€ regulators, voltage controlied feeder capaciacs

for which stable and unstable system responses are obtained It is also known that majority (greater that 60%) of power

. : .. system loads are induction motors, whose impact on general
Index Terms—Load modeling, Power system transient stability, . .
Interconnected power systems load behavior must be taken into account [12], [13]. The

problem of modeling the dynamic characteristics of loads is
that it is difficult to collect detailed load composition dat
Generally, only the aggregate behavior is required for powe

ODELING the variations of the loads active and reaasystem stability studies rather than a whole collectioma-i

tive power demand, including their voltage charactetidual component behaviors. The two main approaches to load
istics, is an important consideration in stability studi®se modeling are component and a measurement based approach.
dynamic response of power system loads has been wid&lye component based approach builds up the aggregate load
recognized as an important factor contributing to the dieranodel with static and dynamic behavior of all individual
assessment of power system stability. Furthermore, iacbrrcomponents at a particular load bus. However, the survey of
load models can cause severe mistakes in determining powglividual load characteristics can be a difficult task sitieere
system stability margins and damping of oscillations [idr F is no uniformity in electrical appliance ratings, and, feshs
example, the system collapse of Tokyo in 1987 was pari#an even occur when combining models of the same type,
due to underestimating the behavior in reactive demand fifch as induction motors. The measurement based approach
air conditioning loads. Usually, the power system loads ar¢ a system identification problem generally concerned with
modeled as constants. Commonly used loads are modefie@djuency and time domain methods. The vast majority of
as constant power, constant impedance and constant curfgsthods used in industry are time domain methods, which
however different load models used for analysis in a variefgvolve the placement of sensors and measurement equipment
of power system problems can have significant impact on thgestimate the appropriate model structure and its passet
overall stability. For example, it has been pointed outir[2]  Furthermore, there are always continual variations in the
that constant load models can be inadequate in power sysiead itself and small transient effects that can complithée
dynamics studies and voltage collapse scenarios whereasnterpretation of measured results. A good way to identify
[6], [7] it has been pointed out that the presence of statiiodels over a wider range of system conditions is to measure
load component may be more beneficial to stability than thead behavior during large disturbances. The main drawback
presence of dynamic loads. Research on load composition @the difficulty in making voltage changes in excess of 10%
modeling still continues to be an important area in pow&nder normal operating conditions, while the interest ierf
system engineering. Some of the latest results on validati® a much larger range. Similarly, frequency deviations lean
and modeling of composite loads can be found in [8]-[10hard to make except by special isolation of typical loadg.[12
Equally, the importance of load modeling and its influence Beside all the difficulties, many measurements in different
system stability studies has been established and docathemower systems have been made to establish load models for
in [11] and the references therein. The fact that the loads alifferent purposes. As an example, the forms of response of
stochastic, complex and time varying combinations of manjifierent loads to a voltage step have been discussed in a
different components leads to impracticality or great diffiy number of reports, see [6], [14]-[16]. Relating in part togé
in modeling all the devices connected to the power systemeasurements, different load models have since been mdpos
grid. to capture the characteristics of the power system for the ty

- _ of situation being analyzed.
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Elektro, Technical University of Denmark, DK-2800 Lyngb@enmark, IS paper Is motivated by the need for the improved loa

Email: mag@elektro.dtu.dk modeling strategies with the revision of industrial preati

|. INTRODUCTION



S . . . TABLE |
gwd_ellnes n z?lpplylng _k_)ad mOd_els to power system stabili ypucTion MoTORPARAMETERS, IEEETYPE 7 (LARGE DISTURBANCE),
studies. Transient stability study is assessed in ordamnatyae IEEETYPE6 (VOLTAGE FLUCTUATIONS)

system sensitivity and determine safe transfer limits unde

the most critical fault conditions. Such a fault may be a trip Description ____| IEEE Type 7] IEEE Type 6
. .. . Motor Load Fraction 0.5 0.5

of a large generator, trip of a load, transmission line fault Motor Load Factor 0.55 0.6

on a critical location etc. The paper present findings of the Inertia Constant 0.3 sec 0.42 sec

investigations carried out on the Australian interconeect §S 8-88‘1‘ BS 8-831 EE

power systems grid consideﬁng t.he load beha}vior_qf static X0 2.23 pu 2.8 pu

and composite load models, including the analysis of indact R, 0.059 pu 0.048 pu

motor stability in response to system disturbances. Xy 0.178 pu 0.163 pu

II. ON LOAD MODELING IN POWER SYSTEMS

Use of appropriate load models in power system studigs Composite Load Models
is essential and an integral part in system planning andA composite load model developed by Transmission System
operation. The impacts of different load models in stapilitOperators in Australia is consistent with the IEEE guidedin
studies can be significant. Some industry practices aredbagélich include explicit representation of motor and resgesti
on models yielding conservative results in order to proddecomponents. A composite load model refers to a load that
safety margin in the system design or operating limits. Uf€haves as a constant impedance, power, or current and in
of optimistic loads can lead to operation of system beyorggldition to this, there is a part of a load representing an
actual limits and making it easily exposed to major collapseaggregate average induction motor which exhibits dynamic
Selecting the optimistic model can be a dangerous approdétaracteristics. Dynamic parameters of induction motsedu
because it may not always be possible to assume that thecomposite load models are specified according to IEEE
model would apply to all parts in the system. Therefore guidelines for use in large disturbance studies (transiitil-
careful approach must be considered, where both consevatiy). i.e. IEEE Type 7 motor parameter designation, whereas
models and those giving closer to a limit operation haife IEEE Type 6 model is used for studies involving small
to be analyzed and tested. It may not be always obviogignal voltage changes. Both of these models are shown in
when the load characteristics are important or when loads cEble I. Based on this representation, initial utility sesd
greatly influence stability of the system. A good approach tévolved variations in motor load fractions with remaining
assess sensitivity to load characteristics is to make coatipa  static load model with indices, =1 andn,=3 across PQ buses

simulations with a range of load models. in Australia. Additional refinements were incorporateddihs
on research analysis applied in NSW. This resulted in inafus
A. Satic Load Models of distribution system and replacement of the static reacti

This model expresses active and reactive powers at dfym with: a shunt admittance term, representing inductive
instant of time as functions of the bus voltage and frequent§ads and capacitors; and, representation of transfomuar,
at the same instant. The voltage dependency of load chapd other saturation effects. As a result new composite load
acteristics is represented by well known exponentjgland Mmodel was developed [17], represented by: a step down trans-
n, indices (exponents). By setting these load indices to O, fprmer, averaged induction motor component, resistivel loa
or 2, the load model can be represented by constant pow&nponent, shunt capacitor banks, and saturation of magnet
constant current, or constant impedance, respectivehticSt Parts of motors and transformers. The components assigned t
load models are also called non-linear load models. The wdfs model are:
presented in this paper concerns load indices which aredrari « Effective transformer tap ratio: value is chosen to ensure
across the entire Australian system, and at particular majo that the initial steady state value on the composite bus is
loads across the state of NSW (New South Wales), in order regulated to 1 pu.
to analyze the effects of system responses for the assetssmen Effective transformer series reactance: is the total serie

of transient stability capability. A direct comparison tstem reactance between HV bus and the effective load bus

responses using composite loads is analyzed as well. o Equivalent induction motor model: is the aggregate of all
the induction motors supplied from the HV bus

B. Dynamic Load Models « Magnetic saturation branch: variation of voltage of the

This model expresses active and reactive powers at any e€xcitation current of shunt elements (motors and trans-
instant of time as a function of voltage and frequency at past formers)
instants of time and, usually, including the present irtstam « Constant resistance branch: resistance is chosen to con-
other word these models account for dynamic charactesistic ~Sume the P load that is not absorbed by induction motors
of loads. The most attributable dynamic aspect of loads some « Shunt capacitive branch: value is chosen so that the total
from motors. Other dynamic aspects in load models that Q at HV bus is the value assigned in the load flow
require attention include: discharge lamps, operationrof p  This model is analogous to composite load model described
tective relays, thermostatic control of loads, responsenadier in literature [18], except for some details in complexitytoé
load tap changing on distribution transformers, regufatormodel which have been left out or combined in the averaged
capacitor banks etc. aggregate composite form.



TABLE Il e
L OAD MODEL REPRESENTATION FOR PLANNING STUDIES

Region Load Representation Powerstations
New South Wales| Composite model with available parameters Load substations
Queensland Composite and Static Load Model

South Australia Static Model

Tasmania Static Model

Victoria Static Model

D. Interim Load Modeling

Much work has been done on generation and corresponding
transient stability transfer limit studies, where simplaahine
modeling and constant impedance load models were used.
Since commissioning of QNI (Queensland to NSW 600km
interconnector) increased attention has been paid in gathe
information to develop dynamic load models, so that transfe
limits can be obtained with some confidence. However, load
models would typically vary with the time of the year and also
increase computational complexity in system analysis. Due
to system interconnections across the eastern Austratidn g
higher transfer limits are desired to satisfy increasingaeds oo
in other states. Index load models can yield limits, which
are lower or close to limits provided by models incorporgtin
dynamic characteristics of loads. In some cases a safetyimar
of few hundred MW can be needed, therefore index based
load models seem to add difficulty in defining NSW expoiftig. 1. NSW Main Transmission System
limits [17]. Differences produced by static and dynamicdea
have resulted in developed composite load model. This model
applied in Section IV, has been shown to give good respondg§Ponse has been recorded at Sydney West for differeis faul
during and immediately after severe system disturbancé.the system. Another significant work in the area of load
Disadvantages associated with composite load model Ctﬂ},\,e@ehavior has been a detailed study of Canberra load. Hoyever
ment can be increased complexity in simulations and aceur#t order for any transient stability studies to proceed itart
prediction of load variations. Full development of paraenet term, an interim load approach, Table Il is presently apblie
is therefore needed for simulation accuracy. In the meantim
use of both static and composite load models is recommended. I1l. POWER SYSTEM MODEL
Where uncertainties of both models have to be considered, iqn the analysis of the system, synchronous generators op-

IS a<|:omm(_)n |r31ract|ce tofchoosfe al_m_odgl that %"elds pPessiMistiate and are part of a large interconnected system through
results, or in the case of transfer limitations, the one ghas . \hactions from Queensland to New South Wales to Victoria
the lowest limit. Example studied in th|§ paperis transi@itl 5.4 15 South Australia. The main NSW transmission network
across QNI. In gen.erlal, r.ecommendaupn.s are set to: apply [’.Q)nsidered in this paper is given in Fig.1 A complete model
static load model if it gives transfer limits equal to or Iesﬁsed in simulations of the interconnected Eastern Auatrali
than the composite load model, and, if the static model Ieaﬂéwer system can be obtained from NEMMCO (National
to conservative results, then the use of composite load mo%‘?ectricity Market Management Company), see [19]. NSW
in all studies is expected. Load models currently in use Ry, victoria have been interconnected since 1959 via the

different regions are given in Table 1. Snowy mountains scheme. Both systems extended their trans-

In this study, both static and composite load models a'?rqission systems to Snowy for this interconnector to take

their behavior in disturbance situations is analyzed ared prplace [20]. The connections were then extended to South

;ented. Loa}d _characteristi_cs havg been found to be importﬂﬂstralia in 1990 via a double circuit 275kV line. When
in transfer limits of exporting region. interconnections were first established, each of the astsuti
o power system utilities had sufficient generating resoutoes
E. Load Monitoring support self sufficient operation of networks imposed by
A number of load monitors has been installed in NSWbad demands. The main characteristic of interconnecti®ns
at few 330/132kV load centers, for example Sydney Nortppwer transmission in larger or sufficient quantities toeoth
Sydney South, Sydney East, Sydney West, Beaconsfield Wasates, for greater distances and longer periods of time. As
Dapto and Canberra. They are intended for monitoring aadresult, the Eastern Australian interconnection was ebaen
collecting dynamic load characteristics during systentudis through the construction of a 600km QNI link, commissioned
bances in order to allow for derivation of detailed load msdein 2001. Following up extensive post-commissioning tesgtin
for different load group compositions. The most useful dathe transfer capacity is now rated to be up to 400 MW in
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Fig. 3. Loss of Synchronism with static loads, = 1, nq = 3, 469MW

power transfer over QNI simulation program, dynamics characteristics, and a iptptt
program. Time domain approach is used to visually determine

V\fystem stability, in this case observation of swing cunas f

the northerly direction (QNI export) and up to 1,078 M . . . .
in the southerly direction (QNI Import). The main factorsvanous generators and locations. The transient behavior o

- N ) . i power system is modeled by a set of non linear differential

determining transfer capability are: transient stahilibermal . TR .

. . " equations and based on the implicit integration method used
rating of lines and transformers, voltage stability andtesys L . .

. o to determine time domain swing responses.

damping. The capability is dependent on the load levels at
supply points and the distribution of generation across the
interconnected system. With the evolution of interconioest ) - - ) i .
between the states of Australia, a severe fault on critical |A- Transient Stability Capability with Satic and Composite
cations can cause serious effects to neighboring poweersyst-0ad Models
grids. Transient stability study is used to determine, agnon Tests carried out in this simulation examine and determine
the other factors, transfer limits across these intercotimes. export/import limits on QNI using static and composite load
The analysis undertaken examines conditions on QNI, fornaodel structures modeled at major load centers throughout
typical summer load data under a 480MW power export thustralia. Analysis is based on a typical summer season data
QLD, when a serious disturbance is imposed on the systewith 480MW export capability over QNI, with the system flow
For transient stability analysis, the most critical dis@nmce is specification given in Table IlI.
usually the trip of a large generating unit or a severe 2 phase

IV. RESULTSI: STATIC AND COMPOSITELOADS

: ; TABLE Il
to Earth fault on 'Fhe 330kV network in NSW. For this purpose SNAPSHOT OEPRE-DISTURBANCESYSTEM FLOWS
we consider a trip of a Tarong generator in Queensland and
a fault on a 330kV line in NSW, such as Liddell-Bayswater Region | Demand (MW) | Export
fault. The severity of load behavior at particular load eesis \NASCW gggg '653(?
also addressed in the paper for fault locations throughteut t SA 2582 500
NSW system, for which the results are presented Section IV. QLD 6127 -480

A graphical display of system disturbances using the TSTAB
modeled system is presented. The package incorporates majd he worst case fault considered is a trip of a generating unit
parts which are load flow program, fault calculation, transi in Queensland. Results are shown in Fig.2-Fig.5.
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Fig.2 and Fig.3 show excursions of rotor angles for ma-

chines in Queensland against machines in New South WajRg analysis has been to vary indices across the range from 1
and Victoria. It has been found that the use9f = 1 43 the TSTAB simulation package was not able to converge
andn, = 3 load exponents results in reduction of transfgfe network for load parameters below the value of 1. The
limits, from initially proposed 480MW (for composite 109ds  51yes of 0, i.e. constant power component, and the values of
to around 460MW. Fig.3 shows unstable system responsesda oy, did not converge into a feasible system solution.
transfers of 469MW, being the point of instability for thigoe

of a static load model. When there is a loss of synchronism,

or the machindalls out of step, the machine rotor acceleratess, | oad Center Responses

or decelerates and the poles slip out of synchronism. The ) ) ] )
dip between rotating stator field and the rotor field leads Voltage, active and reactive power profiles are shown in
to large variations in output power, current, and voltage. F19-6 and Fig.7 for major load centers in NSW as a result of
practice, this would require protection system to isoldte t tWo-phase to Earth fault on a Bayswater-Liddell circudr F
unstable machine from the rest of the system. Fig.4 sholl§ st cases considered the following can be observed:

an example of system responses up to a simulated period 0§ \oltage responses have indicated significant transient
approximately 1000 cycles. Fig.5 shows a summary of transfe  voltage drop profiles withn, = 1, n, = 1 and least
capabilities with different load models. While the conceifn with n, = 2, n, = 3 static load exponents.
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« Active power responses have indicated power drops with
n, = 2, ng = 1 and least withn, = 1, n, = 3 static
load exponents. [13]. At some specified voltage levels (below 85 to 90% of
» Reactive power responses have indicated power drapg nominal range), some induction motors may stall and draw

with n,, = 1, n, = 3 and least witm,, = 2, n, = 1 static high reactive current [18]. This in turn can bring voltagesvd

load exponents, i.e.opposite to active power profiles. even further. Usually, in practice industrial and commarci
In general it can be concluded that system sensitivity tivect motors are controlled by magnetically held contactors , and
and reactive load voltage exponents could vary for differethe voltage drop can cause many motors to be dropped out,
system configurations and different locations of the load. And then restored to service again. It can be said that motors
it has been pointed out in [11] nonlinear static loads majraw more or less constant power until a limit is reached, at
be either stabilizing or destabilizing and there is no singWwhich point motors will start stalling. Instability of mats, es-
load characteristic that could lead to defined system resgmn pecially of induction motors is generally perceived as agét
instead specific load models have to be developed for specifistability. It has to be noted that motor instability isfdient
types of studies in different power systems. from voltage instability. For a given system voltage these i
a maximum torque that an induction motor can develop. If
the load torque exceeds this due to an increase in the load or
due to a low system voltage for an example, the motor would
) oo il ) Qall and reduce the system voltage further [7]. This caa als
tor transient stability is sh_own in Fig.8 and F|g.9j Atwoau_sle lead to stalling of motors across the system, thereby giving
to earth fault between Liddell and Bayswater is consideregyonia) rise to a cascading system collapse. If the syktah
Results_ |n_d_|cateql that Eraring rotor angle displacemergs EN composed predominantly of motor loads, and the stability
more significant in the case of a power system modeled Wifla;,q,ction motors is questionable, it is necessary to ictams

composite load structure, while responses from Loy Yaighin large and small disturbances. It is therefore of imgroré
generator exhibit similarities in excursions for both carsipe

C. Generator Responses
The impact of static and composite load models on gene

oo ; ; gemeraloniers. This paper examines whether motors will re-acatele
responses may be negligibly different with respect to Io%jr stall following fault clearing. The case is based on winte

indices whil_e cgrtain generators could experience quiterse high) demand data with export limit to QLD at 510MW,
system oscillations. In general such responses would be g5, very close to limit of instability. The fault duratiam
fined by generator parameters, system conditions and netwpfqqe|_gayswater link (2-phase to Earth fault) is extedded
configuration under particular study. thereafter deceleration of induction motors is traced dteoto
determine if re-acceleration or stalling occurs. Theresame
V. RESULTSII: STABILITY OF INDUCTION MOTORS studies indicating that there is a possibility of the indorct
An important aspect in stability question of inductioomotor component of the composite load model to stall in weak
motors is whether motors will re-accelerate or stall wheparts of the system after a voltage depression caused by a
subjected to a fault in the HV system resulting in a sevesevere fault, [17]. In the case of this occurrence, it would
voltage depression for a short period until the fault is idda require consideration of which motors should be discoretkct
Motor and shaft load inertia, contactor hold in charactess from the system. However, as discussed in Section Il thig onc
and motor electrical parameters such as rotor circuit tinagain relates to a difficulty in obtaining detailed parametd
constant can be as important as the stiffness of the systlerad composition.
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A. Impact of Fault Locations on Induction Motor Responses o :f.yd"eyxves'
This study examines and compares induction motor load 25% | o Canborra.
responses at a major load bus in NSW, subject to application 2
of different fault locations across the network. The reeord ;'i 20% 1
responses at Sydney West are shown in Fig10 and Figll. Re- 2 s |
sults indicate that induction motors were able to re-acatde g
due to a power system disturbance that caused voltage at the 8 1o
supply point to vary considerably for a Sydney West-Sydney d
North two-phase to Earth fault. 5% A
B. Impact of Fault Duration on Induction Motor Responses M a4 5 6 7 8 9 10

Fault duration [cycles, 50Hz system]

This study concerns if instability can be traced to motor
stalling. This study examines whether motors at a major lo&g. 14. Induction motors speed drop at three locations asultrof extended
centers reaccelerate or stall following extended faularihg fault duration on the Liddell-Bayswater link
on a Liddell-Bayswater 330kV circuit. The standard clegrin
times specified by this fault are set to 4-5.5 cycles, i.euiir
breakers open at 4 and 5.5 cycles. Power system is consideseglaration between New South Wales and Queensland. Fig.14
to be at its operating limit prior to fault application. Réss shows a summary of induction motors speed changes at three
shown in Fig.12 and Fig.13 for faults cleared in 4-5.5 and®-6major load centers as a result of extended fault duration on
cycles. From Fig.12 we can see that the most prominent motbe Liddell-Bayswater link. It has been pointed out in [21]
deceleration occurs at Canberra load. Instability in mottiiat motor stalling can be avoided by capacitor switching,
speeds occur upon the extension of Liddell-Bayswater faudince the capacitor compensated network is able to deliver
shown in Fig.13. It can be seen that motor load at Canbeaéigher electrical torque. This multi-load case has itatsid
bus decelerates and motor loads at Newcastle and Sydttey importance of induction motor loads and their effect in
West accelerate. This simulation resulted in transientegsys system stability and behavior of motor load systems.



VI. FUTURE WORK [4]

There is still considerable progress to be made in un-
derstanding load characteristics and methods for det@mgin [5]
improved load models. Number of areas where further devel-
opment is needed, may include: [6]

o Methods and equipment for measurements of load char-
acteristics. 7
« Enhancementin dynamic performance analysis, including;
discharge lighting, low voltage motor behavior, long term
dynamics, thermostatic type loads etc. 9
o Improved understanding and modeling of the effect o#
sub-transmission and distribution networks
o Prediction based procedures for modeling the weathd?
impacts, daily-seasonal and other factors.
[11]

VII. CONCLUSIONS [12]

It has been shown that load modeling has a significant effect
on power system dynamic analysis. Assessing critical logg;
models has been found essential in obtaining the accuracy
of power system simulation and analysis. The performanr%ti]
of static and composite load models is compared on a large
interconnected Eastern Australian power system. It is show
that when static and composite load model characteristes H5l
taken into consideration, large disturbance transierilgta
is obtained by imposing different reduction on power transf[16]
limits across the major 330kV interconnector. The effect of
load composition is investigated at major load centers and {17
excursions of large scale generators during the transiamht a
post transient period. The effect of induction motor deeele 18!
tion and acceleration has been shown for various systertsfayig;
and different fault clearing times. Results have been sHown
stable and unstable system response for different load Imoqgo]
and network conditions.
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