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ABSTRACT

Monitoring power quality events that occur in a power grid and determining their causes are important in terms of taking preventive actions. Power quality 
events are generally caused by structural changes in the network. Network loads are also affected by power quality events as a part of the network or they 
may cause power quality events themselves due to a sudden change in their structure. In this respect, when a power quality event occurs, the estimation of 
the behavior of the network loads contributes to the determination of the causes of the power quality events. In this study, a new method is developed to 
identify the parameters of a composite load model to estimate the response of network loads to certain power quality events. The method identifies model 
parameters using the voltage sag or swell data. By this model, it is possible to estimate the response of the loads and detect whether there is a change in the 
load. In this way, it becomes easier to understand whether the event is caused by the load or the network, which eventually helps us find the causes of power 
quality events. Simulation studies show that the load parameters identified by the method using a voltage sag are close to the actual load parameters, and the 
load behavior estimated by the load model in case of any power quality event is very close to the real load.

Index Terms—Voltage sag/swell, composite load modeling, parameter identification, power quality

I. INTRODUCTION
Power quality issues have been drawing a lot of attention in mod-
ern power systems. For customers to sustain quality service, the 
identification of events that negatively affect power quality is cru-
cial to reduce their adverse effects. Observed power quality events 
as transients distort waveforms within the network. Voltage dips, 
transients, peeks, or voltage fluctuation is types of power quality 
problems. These events reduce the quality of the power supplied 
to the customers and have negative effects on other components 
and devices in the network. In order to take the necessary precau-
tions against power quality events, it is vital to determine the types 
and causes of power quality problems. Power quality is defined as “a 
set of electrical boundaries that allows an equipment to function in 
its intended manner without significant loss of performance or life 
expectancy[1].”

Events affecting the power quality in the network are generally 
caused by structural changes such as changes in network lines or 
network loads. In order to find the causes of an event, possible 

scenarios should be examined and their results should be compared. 
For that purpose, a load model that can estimate the response of 
loads to events is contributive to analyzing an event. As a result of an 
event in the network, when the voltages at certain points of the net-
work go beyond the normal operating range, obtaining a model that 
can accurately estimate the instantaneous response also has the fol-
lowing important advantages: (1) providing the status and character-
istics of network loads and (2) allowing the detection of the changes 
in the loads in the network, thus making it possible to observe the 
changes of these loads over time. Having a load model for each load 
on the grid, it will be easier to determine if there is a change in the 
grid and at what point the change occurred.

In the literature, there are studies on several load models. 
Polynomial model or constant impedance (Z), constant current 
(I), constant power (P) (ZIP) model is one of the first among these 
load models based on the assumption that a load is composed of 
constant impedances, constant current, and constant power draw-
ing components [2]. However, it is a static model and does not take 
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into account the load dynamics. There are studies in which the ZIP 
model and induction motor model are used to model dynamics of 
load, which is called composite load [3-5]. In these models, there are 
difficulties in parameter identification. To overcome these difficul-
ties, a simplified composite load model is presented which consists 
of only one impedance and an induction motor [6-9]. The parame-
ters of this model can be obtained using data from a detected power 
quality event. Another form of a load model is the transfer function-
based load model [10]. More recent studies dedicated to Western 
Electricity Coordinating Council (WECC) [11-13] were encountered 
to more severe identification problems. However, WECC composite 
load model has too many parameters, an effort to reduce the num-
ber of parameters is needed [14]. 

Apart from the accurate model selection, method selection is also 
another consideration. There are several methods used in param-
eter identification mainly based on statistical and heuristic tech-
niques. In the group of statistical methods, there are weighted least 
square-based estimation [15], least square-based parameter esti-
mation [16], and maximum likelihood-based estimation [17]. In the 
group of heuristic methods, there are genetic algorithms [18], neu-
ral networks [19], and simulated annealing algorithms [20]. In [21], 
it was reported that: (1) the maximum likelihood approach was a 
time-consuming task, and the probability density function of mea-
surements is needed to define the likelihood function, which may 
be unknown in practice and (2) The gradient-based approach was 
vulnerable to data pollution. Although the genetic algorithm is a 
multi-point search algorithm and can be adapted to different prob-
lems, it requires too much computation. Artificial neural networks 
can be trained with measurement data without requiring knowledge 
of the structure of the load model. However, the convergence rate of 
this method is quite slow. The simulated annealing method does not 
require the knowledge of the structure of the load model. However, 
the repeated annealing process is slow. 

Based on the discussion given above, this study aims to obtain the 
load model as quickly as possible and to examine the causes of the 
events, and for this reason, the focus is given on the simple com-
posite load model. The simplified composite load model is based on 
the assumption that a grid load can be modeled with an impedance 
and an induction motor. According to the study of Savio et al., many 
induction motors connected to a bus behave like a single induction 
motor [22]. Accordingly, it is understood that a real load consisting 
of N number of induction motors and M number of impedance loads 
can be modeled with an induction motor and an impedance con-
nected with each other in parallel.

There are studies on identifying the parameters of the simpli-
fied composite load model. In [3] and [23], an online method was 
proposed based on parameter tuning. In [7], the most important 
parameters of the composite load were identified with a two-step 
approach. In these methods, the identification process has calcula-
tion loops: amount of impedance and motor parts of the load are 
obtained after the trial-and-error process. Power quality events 
occur frequently and it is possible for an event to affect the load and 
causes permanent changes in the load. In this case, when a power 
quality event occurs, the load model will need to be determined 
quickly. Therefore, while these methods mentioned can be used 
in stability analysis, they may not be fast enough to catch up with 
power quality events. For this reason, the main purpose of this study 
is to develop a less sensitive but faster method. 

In this study, a method has been developed in which model param-
eters can be identified with the data of voltage sag or swell that 
occurred in the network. The model consists of an impedance in 
which the resistance and inductance are connected in series and an 
induction motor connected in parallel. This aggregated load model is 
able to estimate the response of a load to events that occurred, and 
more generally to estimate the current drawn. An event that occurred 
in the network causes instantaneous changes in the voltage of the 
load, and the current drawn by the load can be estimated by the 
proposed approach. Once the parameters of the model have been 
identified, the load response to new events can now be estimated, 
and whether there is a change in the load in each event can be deter-
mined with the available measurement data. The parameters of the 
model are identified by the data of voltage drop events. The model 
of which parameters are identified by the method can estimate the 
load response for any event that may occur afterward. With this 
method, the impedance part of the load and the important param-
eters that affect the motor dynamics are determined. Compared to 
the studies in the literature, it is observed that these parameters 
are obtained with less computational effort in a shorter time. By 
comparing the estimation results obtained with the response of the 
actual load, it can be determined whether the load has changed in 
the following events. Furthermore, by including the load model in 
the network model, events that may occur in the network can be 
examined. The most important advantage of the method is that the 
process of parameter determination provides the result in a short 
time and with less processing. With this method, load parameters 
are identified with a certain error rate and the response of the load 
can be estimated successfully. The amount of error in the determina-
tion has little negative effects on estimating the response of the load. 
Therefore, the results of the method can be used directly in estimat-
ing the response of the load or the values identified by this method 
can provide initial values to other methods.

II. COMPOSITE LOAD MODEL
The simplified composite load model takes impedance and motor 
loads into account. In Fig. 1, the structure of the composite load rec-
ommended by IEEE is presented [25]. Note that the composite load 
model consists of a static impedance load and an equivalent induc-
tion motor part. The equivalent induction motor part of this model 
has been developed by neglecting the stator transients based on the 
dynamic model of the induction motor and was generally used in 

Main Points

•	 The effect of power quality events on the load model and 
dynamics.

•	 A new method to identify composite load parameters using 
voltage sag or swell data.

•	 Fast identification of composite load parameters and model 
with sufficient accuracy. 
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system stability studies [24, 25]. The state equations of equivalent 
induction motor can be written as:
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There are many parameters to be determined in this model and it 
is very difficult to determine all of them. Here, some assumptions 
can be made to simplify and thus, the reduced number of param-
eters are to be determined. It is stated in the literature that the effect 
of the stator resistance Rs, the magnetization impedance XM,and 
the mechanical coefficients A, B, and C on the electromechanical 
dynamic characteristics of the motor is quite low [7]. These param-
eters, which have little effect on the load, can be excluded from the 
load model, and this simplifies parameter identification process. 
With these assumptions, the new approximate model of the com-
posite load is shown in Fig. 2.

As a result, the induction motor part of the load model can be repre-
sented in two parts as “magnetizing part” and “power transmission 
part” as shown in Fig. 2. XM is a negligible term in the motor part 
since the value of magnetizing reactance is much greater than the 
other reactances of the motor in practice and therefore, the current 
on it is much smaller. Besides, since XM essentially exhibits an imped-
ance behavior, it can be displayed in the static impedance part of 
the load. Thus, the static load and the magnetizing reactance are 
represented as an equivalent impedance as follows:

	 R jX jX R jXeq eq M st st� � �� �/ / 	  (3)

Additionally considering that X X� ′ , ωr � 1  and A + B + C = 1, the 
motor part of the model shown in Fig. 3 can be further simplified as 
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Stator currents Id and Iq are given as

	 I U E
X

I E U
Xd

q q
q

d d�
�

�
�

� �
;� � 	  (5)

Active and reactive powers drawn by the motor (power transmission 
part) are given as follows:

	 P U I U I Q U I U Imt d d q q mt d q q d� � � � �; 	  (6)

It must be noted here that the reactive power in (6) does not include 
the reactive power drawn by the magnetization impedance since it is 
included in the reactance Xeq. Furthermore, the following equations 
for the active, reactive and apparent power in the power transfer 
part of the motor, which are valid for steady-state conditions, will be 
used in load identification: 

Fig. 1 . Simplified composite load structure and circuit.

Fig. 2 . Simplified composite load with a modified motor model.

Fig. 3 . Simplified composite load circuit.
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At this point, it will be informative to discuss the similarities and 
differences between the active and reactive powers (Pm, Qm) drawn 
by the motor in Fig. 1 and the active and reactive powers (Pmt, 
Qmt) of the power transmission part of the motor presented in Fig. 3: 
(1) Active powers are very close to each other (Pm ≈Pmt) and (2) Since 
the main reactive power of the motor is in the magnetizing reac-
tance, the reactive power Qm drawn by the motor is much bigger 
than the reactive power in the power transfer part of the motor 
(Q Qm mt� ). 

Based on these assumptions, it can be assumed that the current 
drawn by the power transmission part of the motor is proportional 
to the active power drawn by the motor. It must be stated here that 
the state variables of the model are d- and q-axis transient electro-
motive forces Ed and Eq, rotor slip s, and current of equivalent reac-
tance Xeq. Model response to any further event can be obtained by 
set of equations in (4) and (8):
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where ieq is current on impedance Req+jXeq at rotor reference frame. 

III. PARAMETER IDENTIFICATION OF THE LOAD MODEL
In this study, the model parameters are identified in two steps. In 
the first step, the steady-state values before and after voltage sag/
swell events that occur at least one or more times are used, and 
with these data, the equivalent impedance in Fig. 3 and the transient 
reactance values of the motor are identified. In the second step, the 
rotor resistance of the motor and mechanical rotation inertia param-
eters is identified by using the instantaneous measurement data of 
only one event, and the rotor slip values are estimated. Since this 
method does not contain cyclic or loop operations based on trial and 
error, the amount of calculation is low and has a forward-oriented 
algorithm. The steps involved in determining the model parameters 
are given in Fig. 4.

A. Parameter Identification of Static Impedance and Transient 
Reactance of the Motor
In this first step, only pre- and post-event steady-state measurement 
values are used for voltage sag or swell events. The values that can 
be measured are the network voltages and the active and reactive 
powers of the load. However, symmetrical component analysis is 
processed, and positive sequence components of active and reactive 
values are used for identification. After estimating the impedance 
part of the load and the active and reactive powers drawn by the 
motor part from the measured values, the values of the impedance 

part of the load and the transient reactance of the motor can be 
identified. First of all, some assumptions are required in order to 
estimate the active and reactive powers drawn by the induction 
motor and impedance parts of the load. The assumptions developed 
step by step for steady-state conditions in this study are as follows:

i)	 Positive sequence components of active and reactive power of 
the equivalent impedance part of the load are expected to be 
approximately proportional to the square of the busbar voltage 
at steady-state ( P U Q Ueq eq0 0

2
0 0

2� �� �, ).
ii)	 At the steady-state condition, it is observed that the effect of 

the busbar voltage level on the active power drawn by the 
motor is quite low. The active power values drawn by the motor 
part before and after the event are very close to each other. 
Such a feature is observed because the power demand of the 
mechanical load is not affected much by the voltage sag/swell 
and the motor continues to operate to meet the mechanical 
load demand. Although the active power values of the motor 
are very close to each other, also a difference can be explained 
by the thermal losses in the resistances and the effect of the 
mechanical load. Therefore, it is assumed that a significant part 
of the active power drawn by the motor part is a constant value 
( P ymt p0 2

� � , where yp2 is a constant value). 
iii)	 Since the active power of the induction motor does not change 

much with respect to the voltage changes and there is a small 
amount of reactive power in the motor power transfer part, it 
can be assumed that the current drawn by the motor power 
transmission part in a given operating range is inversely propor-
tional to the busbar voltage ( I U0 0

1� � ).
iv)	 The reactive power drawn by the motor power transmis-

sion part depends on the transient reactance X′ ( )Q X Imt0 0
2� � �

. Therefore, the reactive power of the motor power transmis-
sion part is inversely proportional to the square of the busbar 
voltage (Q Umt0 0

2� ��  or Q y Umt q0 2 0
2� ��  where yq2  is a constant 

value).
v)	 The amount of reactive power drawn by the impedance part of 

the load is expected to be proportional to the square of the grid 
voltage (Q y Ueq q0 1 0

2� � , where yq1  is a constant value).

Fig. 4. Algorithm for identification of model parameters.
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Finally, the active and reactive powers drawn by the load are the sum 
of the powers drawn by the two parts of the load:

	
P P P
Q Q Q

eq mt

eq mt

0 0 0

0 0 0

� � �
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	 (9)

The subscript “0” in (9) denotes the steady-state values of the attri-
butes. Based on these features and assumptions, any arrays Yp = [yp1, 
yp2]T and Yq = [yq1, yq2]T with constant elements, the following equa-
tions can be written:
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2� �
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Substituting these expressions in (9), the following equations are 
obtained:
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At least voltage sag/swell events must occur in order to solve these 
equations. If the values to be used in the solution for different steady-
state voltage levels as a result of the events that occur are enumer-
ated, the following equations in a compact form are obtained:
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or

	 Y U U U PP a
T

a a
T� � ��1

	 (13)

Y U U U QQ a
T

a a
T� � ��1

 

According to this formulation, at least two voltage level values are 
required and, in this case, steady-state data of at least an event is 
required. The voltage, active, and reactive powers are measured val-
ues, and from the values obtained from the solution of the equa-
tions, the equivalent impedance and transient reactance parameters 
are found:

	  y R

Z
y X

Z
y Q U X U Ip

eq

eq
q

eq

eq
q mt1 2 1 2 2 0 0

2
0
2
0
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or equivalently,

	 Z y y R y Z X y Zeq p q eq p eq eq q eq� � � �1
2
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2

1
2; ; �  (14.b) 

equations are obtained. After Req and Xeq are identified, the equiva-
lent impedance and then the stator current of the induction motor 
are calculated. After the steady-state current of the motor I0 is found, 
the transient reactance is obtained as described below:

	 � �X y
U I

q2

0
2
0
2 	 (15)

B. Parameter Identification of Motor Side
Once the parameter X' is obtained, the voltage values behind the 
transient reactance are obtained as a function of time:
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Let sr be the ratio of slip to rotor resistance with slip s:

	 s t
s t
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At the steady-state, the ratio of slip/rotor resistance sr0 is given 
below: 
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is valid and from these equations above the initial values of sr(t) are 
determined before the event. It is possible to write the power equa-
tion as follows for any event where ta is the start and tb is the ending 
time of the event:
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With this equation, instantaneous values of sr(t) during the event are 
estimated. After that, it becomes possible to identify the rotor resis-
tance. State equations regarding voltages can be written as
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Since the voltage values are obtained instantaneously, the identifica-
tion process becomes easier. After labeling the integrals as

	 A
X

E t U t s t E t dtd
t

t

d d r q
a

b

� � � � � � �� � � � � � ��
�
�

�
�
��� �

�0
0 	 (21)

A
X

E t U t s t E t dtq
t

t

q q r d
a

b

� � � � � � �� � � � � � ��
�
�

�
�
��� �

�0
0  



Karadeniz et al. Identification of Load Model by Balanced Voltage Sag Events

2726

TEPES Vol 2., Issue. 1, 21-30, 2022

the rotor resistance can be identified as follows:

	 R
E t E t E t E t

A Ar
d a d b q a q b

d q
�
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�

2 2

2 2 	 (22)

After the rotor resistance is identified, slip values are obtained 
using (17).

It must be emphasized here that all equations have been developed 
for the identification of parameters of a composite load. The model 
of induction motor is a part of this composite load. The composite 
load model consists of an RL impedance and an induction motor. 
Impedance is a serially connected resistance and an inductance, 
which means an impedance of R jXst st�� � . The motor magnetizing 
impedance jXm  and RL impedance, which are considered to be con-
nected parallel to each other, constitutes an equivalent impedance 
of R jXeq eq+ . Moreover, the important parameters of the motor and 
the equivalent impedance part were identified. The identified motor 
parameters are X’ (transient reactance of the motor), Rr (rotor resis-
tance of the motor), and H or J (Rotor inertia constant) While the 
identified impedance parameter are Req and Xeq. In summary, the 
model has four state variables and five parameters. These 5 parame-
ters are identified in the identification process through Eqs. (9)–(22). 
After identification is executed and parameters are obtained, model 
response to any event is obtained by Eqs. (4) and (8).

IV. RESULTS
Three case studies have been investigated to illustrate the perfor-
mance of the method. The first study deals with a load consisting 
of only one impedance and an induction motor. The purpose of 
this case study is to show how accurately the method can estimate 
parameters and to investigate how to estimate the load behavior. In 
the second case study, the estimation performance of the method to 
a more realistic load is examined. In this study, the load consists of 
a voltage-reducing transformer, multiple impedances and induction 
motors, and reactive power compensators as well. The third case 
study shows the method’s contribution in determining the cause 
of an event. In this study, a network consisting of a voltage supply 
and two loads is considered. The loads consist of a voltage-reducing 
transformer, multiple impedances and induction motors, and reac-
tive power compensators as in case study 2. Both in studies 2 and 3, 

the measurements are taken on the high voltage side of the trans-
former connected to the network, since data are more available on 
the network side. 

A. Case Study 1 Composite Load Consisting of an Impedance and 
an Induction Motor
The parameters of the impedance and the induction motor are given 
as: the impedance: Rst = 19.2 Ω and Xst = 10.8573 Ω. The induction 
motor data: 3 HP, 220 VLL, 60 Hz, Xls = Xlr = 0.7540 Ω, Xm = 26.012 Ω, 
Rs = 0.435 Ω, Rr = 0.816 Ω, J = 0.089 kg.m2. The load with these param-
eters will have equivalent impedance and transient reactance val-
ues as follows: Zeq = 7.5182 + j11.5752 Ω = 13.802 ∠ 56.9960 Ω,  
X' = 1.486 Ω, the rated rotational inertia of the motor is TL = 11.9 N.m. 

Event 1: While the amount of load TL = 11.9 N m is applied to the 
rotor, a voltage drop event occurs at t = 1.0 s with a different depth 
of 9.1%, 22.73%, and 4.55% (20 V, 50 V, and 10 V drop) for each 
phase. With the data of this event, the parameters of the load model 
were estimated using the proposed method and the following values 
were obtained: Zeq = 7.928273 + j11.663606 Ω = 14.103 ∠ 55.794° 
Ω, X' = 1.2744 Ω, Rr = 0.9407 Ω, J = 0.08609 kg m2. It is clear that 
estimated parameters are very close to the real values. Moreover, 
in Fig. 5, the active and reactive powers drawn by the load and the 
results of the estimation of the model are shown for the case of 
voltage drop at t = 1.0 s to illustrate the accuracy of the method. 
It is clear from Fig. 5 that the real and reactive power estimated 
(solid red line) closely follows the actual ones (solid blue line). At 
steady-state, the error rate in active and reactive power estimation 
of the total load is 0.0104% and 0.01737%, respectively. Although 
its parameters are obtained with a certain error rate, the estimation 
results on the active and reactive powers of the model are more sat-
isfactory. The identification process was executed within 0.17782 s 
using data sampled 2000 samples/second by a personal computer 
having Intel(R) Core(TM) i5-10210U CPU @ 1.60GHz microprocessor 
and 16 GB RAM. 

Event 2: The model can identify the load when a much deeper volt-
age sag has occurred. In case of voltage drop at phases are 45%, 18% 
and 36% (100 V, 40 V and 80 V drop), following values were obtained: 
Zeq = 8.046430 + j11.406010 Ω = 13.802 ∠ 56.996° Ω, X' = 1.411 Ω, 
Rr = 0.973 Ω, J = 0.0752 kg.m2. At steady-state, the error rate in active 
and reactive power estimation of the total load is 0.91% and 1.75%, 

Fig. 5. Comparison of the actual and estimated real and reactive powers for case study 1, event 1: (a) actual and estimated active power and (b) 
actual and estimated reactive power (actual and estimated powers are presented in blue and red, respectively).
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respectively, which shows that the less deep voltage sag results in 
better estimation. Results are presented in Fig. 6. 

While discussing the performance of the proposed method, it is also 
necessary to estimate the parameter for different values of the net-
work voltages, motor mechanical loads, and for several voltage sag/
swell depths. In order to fulfill this requirement, firstly the network 
voltages and then the load of the motor and the depth of voltage 
drop are changed individually, and the results were compared. The 
estimated parameters of motor and impedance part obtained for dif-
ferent network voltage between 190 V and 260 V at a step of 10 V are 
shown in Table I. Zeq =13.802∠56.996oΩ is the real and Zeq(est) is the 
estimated value of the equivalent impedance. Parameters are identi-
fied with a percentage error of 1.5% for the equivalent impedance 
Zeq(est), 11% for the rotor resistance Rr(est), 4.4%, for mechanical inertia 
J(est), and 2–7% for the transient reactance X'(est).

B. Case Study 2 Multiple Impedances and Induction Motors
Case 1 focuses on the identification of load parameters for a sin-
gle impedance and induction motor. In practice, loads consist of 
many components and are compensated by compensation units. 
In this case study, the load to be identified is consists of 11 differ-
ent impedances and 7 different induction motors having different 
parameters and mechanical loads and the load is compensated with 

a 0.85 power factor compensation. Additionally, it is considered that 
the composite load is connected to the grid by a transformer, and the 
measurement values are taken from the grid side of the transformer. 
The load is fed by 460 V (L-L), and its operating power is 390 kW. In 
Fig. 7, active and reactive powers drawn by the load and the estima-
tion results of the model are shown for a voltage sag with different 
depths of 30%, 15%, and 5% (138 V, 69 V, and 23 V drop) for each 
phase at t = 1.0 s. At the steady-state condition, the error rate in 
active and reactive power estimation are found to be 0.1745 % and 
1.857 %, respectively. As clearly seen in Fig. 7, the real and reactive 
powers estimated using the proposed method (solid red line) closely 
follow the actual real and reactive powers (solid blue line). In this 
case study, the load to be identified consists of more than one motor 
and impedance with different parameters as in real situations. 
Since the direct calculation of the motor-impedance load param-
eters equivalent to the identified load is another research subject 
in itself, the comparison of the estimated parameters has not been 
made here. Instead, the comparison for this case is performed only 
in terms of the real and reactive power estimation.

C. Case Study 3 Identification of the Cause of an Event
This case study is considered to show the contribution of the method 
in determining the cause of an event. The main idea is to use load 
models to detect whether the load is changed. If a load and its mod-
el’s responses match, then it can be deduced that this load is not 
changed. However, if the load’s response and its model’s response 
do not match from the beginning of a moment, it can be deduced 
that the load is changed at this moment and probably causes an 
event. A simple network shown in Fig. 8 is considered to have two 
loads are connected to a supply through lines. Loads have the same 
ratings as in case 2. 

The aim of this study is to detect the cause of an event occurring at a 
time interval of 1.0–1.05 s. At this time interval, two large induction 
motors are started by closing their circuit breaker at load 2, and at 
time 1.05 s, circuit breakers are opened. These turning on and turn-
ing off of induction motors cause events in the network which affect 
load 1. After events occurred, if measurement data is not recorded, it 
is not possible to find which load has temporarily changes and causes 
an event since both loads seem to be unchanged after the event has 
occurred. From the models’ responses, we can detect which one has 
changed and caused the event.

Fig. 6. Comparison of the actual and estimated real and reactive powers for case study 1, event 2: (a) actual and estimated active power and (b) 
actual and estimated reactive power (actual and estimated powers are presented in blue and red, respectively).

TABLE I. 
ESTIMATED PARAMETERS FOR DIFFERENT GRID VOLTAGE LEVELS

Voltage
 L-L (V)

X'(est)

(Ω)
Rr(est)

(Ω)
J(est)

(kg m2)
Zeq(est)

(Ω)

190 1.395 0.939 0.081 13.902∠55.267o

200 1.342 0.919 0.084 14.042∠56.060o

210 1.363 0.915 0.084 14.029∠56.133o

220 1.391 0.912 0.084 13.999∠56.083o

230 1.414 0.906 0.084 13.978∠56.047o

240 1.429 0.900 0.085 13.965∠56.028o

250 1.439 0.894 0.085 13.958∠56.022o

260 1.446 0.888 0.085 13.953∠56.022o
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The scenario considered is as follows: Between 0.3 s and 0.7 s a 
voltage sag event occurs. At 1.0 s, one of the large motor’s circuit 
breakers of load 2 is closed, and at 1.05 s the circuit breakers are 
opened and load 2 remains as it was in before the time 1.0 s. After 
1.05 s, Load 2 has the same characteristics as before and now it is 

not possible to find out if the load is changed and caused an event by 
steady-state measurement values after the event occurred. Referring 
to load models, it can be deduced when and if the load is changed. 

In Fig. 9, actual and model responses of loads 1 and 2 are shown. 
Fig. 9a and 9b show the actual and estimated active and reactive 
power of load 1, and Fig. 9c and 9d show the actual and estimated 
active and reactive power of load 2 (actual and estimated values are 
represented by blue and red colors, respectively). Active and reactive 
power estimations of load 1 are quite close to actual values during 
the event as clearly seen in Fig. 9a and 9b. However, since the model 
of load 2 is changed temporarily between time 1.0 s and 1.05 s, 
active and reactive power estimation of its response by its model 
is wrong at this time interval. Actual load and model responses do 

Fig. 7. Comparison of the actual and estimated real and reactive powers for case study 2: (a) actual and estimated active power and (b) actual and 
estimated reactive power (actual and estimated powers are presented in blue and red, respectively).

Fig. 8. The network is considered in case study 3.

Fig. 9. Comparison of the actual and estimated real and reactive powers during event 1 at the time between 0.3 s and 0.7 s, and event 2 at the 
time between 1.0 s and 1.05 s of case study 3: (a) actual and estimated active power of load 1, (b) actual and estimated reactive power of load 1, 
(c) actual and estimated active power of load 2, and (d) actual and estimated reactive power of load 2 (actual and estimated powers are presented 
in blue and red, respectively).
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not match, and it can be deduced that structure of the load 2 has 
changed at this interval and this causes an event. 

V. CONCLUSION
In this study, a load model has been proposed to estimate the 
response of network loads in response to network events and a 
method has been developed to estimate the parameters of this 
model. The aim of this model is to estimate the behavior of a load 
under power quality events. The feature of the method is to identify 
the parameters of the composite load model with less processing 
time by using measurement data from a voltage sag/swell. At least 
one sequential voltage sag/swell event is required to determine the 

parameters. In the case studies, it has been observed that the com-
posite load model consisting of impedance and an induction motor 
gives results close to the actual load response. It is observed that 
the best results obtained by the developed method are obtained 
when the voltage sag/swell depth is less than 20%. Once the load 
model is obtained, it can be estimated how the load will behave 
under the occurrence of event such as voltage sag, voltage swell, or 
interruptions.
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Appendix

All symbols and variables in the text are defined as a list of nomenclature in the following:

Symbol Explanation

f0 0,ω Base frequency and angular frequency of the power system

R Xst st, �� Resistance and reactance of the static impedance

R Xeq eq, � Resistance and reactance of the equivalent static impedance

R Rs r, � Stator and rotor resistance of the motor

X XS R, � Stator leakage and rotor leakage reactance of the motor

XM
Magnetizing reactance of the motor

X Stator circuit reactance

′X Transient reactance of the motor

T0' Transient open-circuit time constant

A B C,� ,� Constant torque coefficient

H Rotor inertia constant

J Rotor inertia coefficient

s Slip of the motor

ωr
Normalized rotor electrical speed

U U Ud q,� ,� Bus voltage, d-axis, and q-axis bus voltage

I I Id q,� ,� Stator current, d-axis, and q-axis stator current

E E Ed q,� ,� transient electromotive force, d-axis, and q-axis transient electromotive force

P Q,� Active and reactive power of the composite load

P Qst st,� Active and reactive power of the static impedance

P Qeq eq,� Active and reactive power of the equivalent static impedance

P Qm m,� Active and reactive power of the motor

P Qmt mt,� Active and reactive power of the transmission part of the motor (excluding its magnetizing part)


