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Abstract 

 
In power system studies, some parameters cannot be measured directly by using the 

currently existing power meters. These power system parameters include the power 

system Thevenin impedance, harmonic impedances, zero sequence impedance, and the 

load model parameters.  

The power system’s Thevenin impedance at a load bus is an important parameter for 

power system planning and operation. The effects of changing the system operation 

conditions on voltages at the load buses can be easily determined if the power system 

impedance parameters are known. Moreover, by knowing the Thevenin equivalent 

parameters, one can calculate the system’s voltage stability margin and maximum 

loadability. 

The knowledge of power system harmonic impedances is necessary for harmonic 

mitigation, determination of harmonic limit compliance, prediction of system resonance, 

and harmonic propagation studies. Moreover, real-time monitoring of the system’s 

harmonic impedances provides significant improvements to the design and operation of 

active filters. The system’s zero sequence impedance at the substation bus is also 

important information for power system studies. It is used to calculate the different 

ground fault levels at substations. 

Furthermore, the loads in power systems play a significant role in power system planning, 

control, and stability analysis. Having reliable and accurate models of the loads is 

essential for designing automatic control systems and optimizing their configuration. 

Obtaining such models has been a challenging problem for power system engineers for 

decades, especially in the current deregulated market environment.  



 

This thesis presents newly developed and verified algorithms for online measurement and 

monitoring of these power system parameters. The algorithm proposed for monitoring the 

system’s Thevenin, harmonic, and zero sequence impedance parameters, uses the natural 

variations of the loads connected to the substations. The proposed algorithm for 

monitoring of load model parameters uses the voltage and current waveforms captured 

during the operation of the Under Load Tap Change (ULTC) transformers installed in the 

distribution substations.  

The proposed algorithms are applied to several field measurements from different 

substations. The results show that the algorithms fulfill the requirements for the online 

measurement and monitoring of power system Thevenin, harmonic and zero sequence 

impedances as well as the load model parameters. 
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Chapter 1 

 

Introduction 
 

The state-of-the-art instrumentation and measurement devices are so accurate and 

improved that they can measure and monitor system parameters with very high accuracy. 

Through the combination of high-tech measurement devices and fast data-processing 

units, these power monitors are now able to measure and monitor specific power system 

parameters that could not be measured previously. These parameters include power 

system impedance parameters, power system load parameters, harmonic sources, 

synchronized phasors of voltages and currents, and fault location.  

 

These parameters have several applications in different areas of power system research 

studies. This thesis proposes a set of new algorithms for the online monitoring and 

measuring of power system impedance parameters, including the Thevenin impedance, 

harmonic impedances, and zero sequence impedance parameters, as well as the load 

model parameters. An introduction to these power system parameters, the measurement 

scheme, and the thesis contributions and outline are presented in this chapter. 

 

 

1.1 Power System Impedance Measurement 

 
A supply system can be represented by using the model shown in Figure 1.1. Electric 

power is usually generated in power plants and is transmitted through high-voltage 

transmission lines by using high-power transformers and power electronic devices. The 

flow of power through this equipment causes the voltage to decrease. The amount of 

voltage reduction depends on the impedance, one of the main characteristics of the 

devices. 
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Figure 1.1. Power system as seen at the substation bus 

mpedance Parameters 

. Model verification and fault level  

ifferent buses is an important issue for power system 

. Power quality improvement 

ant increase in the power demanded by loads has not been 

 

The power system impedance parameters are important issues in power system and 

power quality studies. In this section, the power system Thevenin impedance parameters, 

power system harmonic and zero sequence impedance parameters, and their applications 

in power system research studies are presented.   

 

1.1.1   Power System Thevenin I
 

The equivalent circuit parameters of a power supply system such as the short-circuit 

impedance are important data for both power supply authorities and industrial customers 

[1]-[7]. The effects of changing the system operation conditions on voltages at the load 

buses can be easily determined if the power system equivalent circuit parameters are 

known. These data are used in the following research areas. 

 

1

The fault level at a system’s d

studies, especially in the protection fields. The power-flow programs use the system 

impedance matrix to calculate the fault level at the system’s different buses; however, the 

power system equivalent impedance data can be used to determine the fault level at the 

system’s different buses without knowing the system impedance matrix. Therefore, the 

system equivalent impedance data can be used to calculate the maximum short circuit 

current level and to verify the proposed models for power system networks. 

 

2

During recent years, the const

followed by the adequate development of the electrical network. Therefore, the supply 

system will likely be subjected to increasing disturbances injected by directly connected 
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loads such as those from arc furnaces and power electronic devices. In such a scenario, 

the utility impedance will play an important role in the disturbance propagation, and 

accurate modeling of the supply system will then be necessary to optimize the power 

quality. 

 

3. Power electronic devices 

widely used in power systems. In order to fully exploit their 

ystem they are connected to should be modeled in detail. The Thevenin equivalent 

been proposed that the supply system impedance can be used to help estimate the 

oltage stability margin and the system’s maximum loadability [9]. 

 this thesis, a new non-invasive algorithm based on local measurements of the voltage 

 equivalent circuit 

arameters. Unlike the previous methods, this method involves no restriction on the load 

Power electronic devices are 

capabilities and to reduce the effects of their drawbacks, particularly to limit voltage 

waveform distortions, the interaction between the power electronic devices and the power 

s

circuits at fundamental and harmonic frequencies usually provide enough information 

regarding the effects of the changes in the power electronic device operating conditions 

on the supply voltage waveform [8]. 

 

4. Voltage stability margin 

It has 

v

 

Several methods with their own advantages and disadvantages have been proposed to 

track and estimate the power system impedance parameters. Some of these methods are 

based on the synchronized measurements of waveforms, and others require nonlinear 

loads to estimate the power system equivalent circuit parameters. These methods involve 

two different approaches: invasive and non-invasive, which are explained in Chapter 

Two. 

 

In

and current waveforms is proposed to calculate the power system

p

model and no requirement to have synchronized measurements. The only information 

required for the proposed algorithm to calculate the power system equivalent circuit 

parameters is a few seconds of the waveforms of the voltage and current of the system at 

the load point, which is usually available. 
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1. 2   Power System 1. Harmonic Impedance Parameters  

ses depends mainly on its impedances 

is im  and has several applications in power system studies. It has a 

y pagation due to the extension and meshed 

er applications are [5], [8], [10]-[30] 

ic limit compliance. 

 Optimization of the efficiency and minimization of the drawbacks of power 

network 

armonic impedance parameters and the system's background voltage distortion. The 

n issues are addressed in this thesis, and the proposed method is 

's zero sequence impedance seen at a substation bus is important information 

for power system studies and is used to calculate the different ground fault levels at 

substations. The system's zero sequence impedance is also important for relay settings 

and protection studies.  

 

The frequency response of a system at specific bu

at different frequencies [10]-[12]. The knowledge of power system harmonic impedances 

portant information

ke role in the harmonic disturbance pro

structure of the system [12]. Some oth

 

• Transient analysis.  

• Harmonic mitigation measures. 

• Determination of harmon

•

electronic devices. 

• Design and operation of active filters. 

• Prediction of system resonance. 

 

The different methods proposed to calculate the system's harmonic impedances can be 

classified to two groups: transient-based and steady state-based methods, which are 

explained in Chapter Three.  

 

In this thesis, a new algorithm is proposed for the online monitoring of the 

h

proposed method requires neither an external disturbance source nor synchronized 

measurement data. For calculations, this method uses the naturally occurring load 

disturbances connected to the system and overcomes the weaknesses of the existing 

methods. Implementatio

verified through real field measurements from different substations. 

 

1.1.3   Power System Zero Sequence Impedance Parameters  
 
The system



Chapter 1. Introduction 5

In this thesis, an algorithm is also proposed for the online measurement and monitoring of 

e zero sequence impedance parameters. The algorithm uses the natural variation of the 

quence impedance 

para Therefore, the proposed algorithm can be used for online monitoring 

urposes. 

y an important role in power system planning, 

ontrol and voltage stability studies [31]-[56]. Power system engineers rely mainly on 

he 

us load. The term “load model” may refer to the equations themselves or the equations 

s or the parameters (e.g., coefficients, exponents) of the equations 

e benefits of improved load modeling depend on the present load 

odel. If the existing load model produces overly pessimistic results, the improved load 

d e expense of system modifications and equipment 

th

system's three-phase voltages and currents to calculate the zero se

meters. 

p

 

 

1.2 Power System Load Parameters Measurement 

 

When planning and operating power transmission systems, each substation is modeled as 

a load point. Therefore, the load in this case represents the collective behavior of all the 

feeders connected to the substation transformer and the individual loads connected to 

them. The loads in power systems pla

c

computer simulation programs to assess a system’s dynamic performance for planning 

and operation studies, and modeling the loads has always been challenging for them. 

Accurate load modeling enables transmission planners and operators to calculate the true 

operating boundaries of their systems.  

 

A load model is a mathematical representation of the relationship between a bus voltage 

(magnitude and frequency) and the power (active and reactive) or current flowing into t

b

plu  specific values f

[31]. Improved load models are very important in power system studies. Several studies 

have shown the significance of the load model’s impact on the results of different types 

of studies. Some of the most important issues are explained in the following [31]-[35]. 

 

1. Planning studies 

In planning studies, th

m

mo els will defer or prevent th

additions. As well, if the existing load model produces overly optimistic results, the 
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improved load models will prevent system inadequacies, which may result in costly 

operating limitations. 

  

2. Operation and control studies 

nt impact on operation and control schemes. If the existing 

. Voltage stability analysis 

loads have a major impact on system stability. 

 system’s voltage stability. 

ave significant impacts 

n the damping of the oscillations. 

The load model has a significa

load model produces overly pessimistic results, the improved load models will increase 

the power transfer limits, with resulting economic benefits. Moreover, if the existing load 

model produces overly optimistic results, the improved load models will prevent system 

emergencies resulting from optimistic operating limits. 

 

3

The dynamic properties of power system 

Different load models will produce different results in voltage stability studies. 

Simulation results are critically dependent on the choice of the load models. Some 

previous studies reported in the literature indicated that the parameters of load models 

had a significant impact on a power

 

4. First-swing transient stability studies 

System voltages are normally depressed during the first angular swing following a fault. 

The power consumed by the loads during this period will affect the generation-load 

power imbalance and thereby affect the magnitude of the angular excursion and the first 

swing stability of the system [31]. 

 

5. Small-signal stability damping studies 

Inter-area modes of oscillation, involving a number of generators widely distributed over 

the power system, often result in significant variations in voltage and local frequency. In 

such cases, the load voltage and frequency characteristics may h

o

 

Obtaining detailed and accurate models of power system loads can be a more complicated 

task than modeling other power system components. The two basic approaches available 

to model the composite loads in power system studies -- the component-based and the 

measurement-based approaches -- are explained in Chapter Four. 
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In this thesis, a newly developed and verified algorithm is proposed for the online 

measurement and monitoring of load parameters. According to circuit theories, a 

disturbance coming from the upstream side can be used to estimate the downstream side 

parameters. Since the load modeling algorithm should be capable of online measurement 

and monitoring, a disturbance that has a high occurrence frequency and also is large 

nough is required for the estimation procedure. The natural disturbances in the system 

 three-phase voltages and currents by using the 

abview program. Based on our experiences, the tap movement has a high chance of 

ccurring and can happen at any loading condition and at any time of the day, seven days 

bles us to use the tap changes to monitor the 

Through the sensitivity analysis of several 

eld measurements data, the final algorithm for the online measurement of the load 

1.3 The Measurement Scheme 

 

The most common situation requiring knowledge of supply system impedance, harmonic 

impedances, zero sequence impedance, and load model parameters is shown in Figure 

1.2. 

 

e

are usually very small in terms of magnitude, and their source, either from the system or 

the load side, is not easily determined; therefore, they are not appropriate for the online 

measurement of load parameters. One of the disturbances in power system which is large 

enough and has a high chance of occurring is the transformer tap movement, which has 

been chosen to estimate the load parameters in this thesis. 

 

Although the concept is simple, it is important to verify if the natural tap movements can 

indeed yield disturbances with sufficient magnitude and frequency for use in determining 

the load parameters adequately and continuously. To accomplish the project, the 

characteristics of the tap movements occurring at the secondary of the transformers in the 

substations are investigated. For this purpose, an algorithm is developed to detect the tap 

change and to record the corresponding

L

o

a week. This fact is very important and ena

load at any required time during the week. 

fi

model parameters has been developed.  
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Substation Bus

Supply System

Current and 
voltage sensors

Distribution network

Upstream
disturbances

Feeder1 

Feeder 2 

Feeder 3 

Downstream disturbances Substation Bus

Supply System

Current and 
voltage sensors

Distribution network

Upstream
disturbances

Feeder1 

Feeder 2 

Feeder 3 

Downstream disturbances 

 
Figure 1.2. The proposed measurement scheme 

                        

In this scheme, the supply system includes the generating power plants and the 

transmission system. The load side includes the distribution feeders and the large number 

and types of different loads connected to the distribution network, such as fluorescent and 

incandescent lamps, refrigerators, heaters, compressors, motors, and furnaces. The 

measurement data are the three-phase waveforms of the voltage and current in a 

continuous time frame. The measured voltage could be that of the phase-to-phase or 

phase-to-ground voltages, and the current is the phase current. 

 

This thesis’s goal is to determine the system’s parameters for each group of loads seen at 

the substation bus. Although parameters to be estimated are quite different, the same set 

of measurement data will be used for the parameters’ estimations in all cases, and these 

data are related from the disturbance side perspective. The measurements taken at the 

substation bus will be used to calculate the power system equivalent circuit parameters, 

the harmonic impedances, and the zero sequence impedance, as well as the load model 

parameters. Since the same set of data will be used for all tasks, one of the project’s main 

challenges is to select the measured data appropriate for all purposes. The measurements 

will be taken in steady state conditions; therefore, the calculated parameters will be 

subject to change according to the variation of the system and load parameters. 

 

According to electric circuit theories, when a disturbance occurs at the load side, the 

measurement data can be used for calculating the system side parameters, and when the 

disturbance occurs at the system side, the load model parameters can be estimated.  The 

disturbance can be any kind of distortion in the voltage or current waveforms, such as 

continuous variations of the load voltage and current, and step changes caused by 
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transformer taps. Since the probability that variations or disturbances will occur on both 

the system and load side simultaneously is, practically, very low, it is reasonable to 

assume that the parameters on the non-disturbance side are constant for the disturbance 

period. 

 

When the disturbance side is determined, by using the algorithms proposed in this thesis, 

the measurement data can be used to calculate the system or load side parameters. 

Therefore, the detection of the disturbance side and the representativeness of the data for 

online measurement and monitoring are the project’s main challenges.  

 

 

1.4 Thesis Contributions and Outline 

 

The main contributions of this thesis to its research field, and the outline of the thesis are 

presented in this section. 

 

Chapter Two proposes a new algorithm for the online tracking of power system 

impedance parameters. The algorithm can be implemented into the power monitors 

widely available in load-serving substations. The proposed algorithm is independent of 

load models and does not require synchronized data, so it overcomes the shortcomings of 

the published methods. Furthermore, a novel algorithm is proposed for disturbance side 

detection at the substation bus. Practical implementation issues are addressed in this 

chapter, and the proposed method is verified by using computer simulations, 

experimental studies, and several field measurements.   

 

In the third chapter, several sensitivity studies are performed. The purpose is to optimize 

the parameters which are used for the impedance measurement technique. Also, in this 

chapter, based on the research presented in Chapter Two, an algorithm is proposed for the 

online monitoring of the network harmonic impedance parameters and the background 

voltage distortion of the system. Moreover, an algorithm is proposed for the online 

monitoring of zero sequence impedance parameters. For calculations, the proposed 

methods, which require neither an external disturbance source nor synchronized 

measurement data, use the naturally occurring load disturbances connected to the system. 
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Implementation issues are addressed in this chapter, and the proposed methods are 

verified through real field measurements from different substations. 

 

Chapter Four discusses the development of a useful practical technique to measure and 

track the load model parameters at load-serving substations. The idea is to use the natural 

disturbances caused by the Under Load Tap Changer (ULTC) transformers at the 

substations to calculate the load model parameters. Our study shows that the tap 

movement creates a system side voltage step change with a magnitude of approximately 

one percent. This change creates similar disturbances in the corresponding active power 

and reactive power consumed by the loads, and the load response to this step change in 

voltage can be used to determine the load behavior and to estimate the load model 

parameters. The main focus of this chapter is to calculate the voltage dependent load 

model parameters. A set of estimation algorithms is developed accordingly. This chapter 

also presents the implementation of the proposed method and its field experiences. 

 

In Chapter Five, several sensitivity studies are presented to investigate the characteristics 

of load parameters. The sensitivity studies show that the tap movements occurring in the 

secondary side of power transformers, existing in load-serving substations, can be used to 

estimate the load model parameters. A tap change can happen at any time and in any 

loading condition, and the disturbance magnitude which is a step change in the voltage is 

large enough for calculating the load model parameters. Therefore, the methodology 

developed in this research fulfills the requirement for the online measurement of the load 

model parameters. 

 

Chapter Six concludes the thesis and presents suggestions and recommendations for 

future studies and improvements in the research field. 

 



Chapter 2 

 

Online Measurement of Power System 

Impedance Parameters1

  
The Thevenin impedance seen at a load bus is an important parameter for power system 

planning and operation. This chapter presents a new algorithm to track the impedance 

parameters online. For impedance estimation, the algorithm uses the natural variations of 

the loads connected to the substations. It neither depends on the load model nor requires 

synchronized measurements. The input data, several seconds of voltage and current 

waveform data, are readily available from substation power monitors.  The simulations, 

experiments and field test results show that the proposed algorithm can be used for the 

online monitoring of power system impedance parameters. 

 

 

2.1 Introduction 
 

A power supply system's equivalent circuit parameters such as the short-circuit 

impedance are important data for both power supply authorities and industrial customers 

[1-7]. These parameters have several applications: calculating the short-circuit currents, 

verify models of power system networks, and designing VAr compensators and harmonic 

filters to avoid creating resonance conditions. In recent years, the equivalent impedance 

has been used as a parameter for fault and protection calculations. As well, its 

applications in power electronic device studies are widely adopted in modern power 

systems. In order to fully exploit their capabilities and to reduce the effects of their 

drawbacks, particularly to limit voltage waveform distortions, the interaction between the 

power electronic devices and the power system they are connected to should be modeled 

                                                 
1 A version of this chapter has been published. S.A. Arefifar and W. Xu, "Online Tracking of Power System 
Impedance Parameters and Field Experiences," Power Delivery, IEEE Transactions on, vol.24, no.4, 
pp.1781-1788, Oct. 2009. 
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in detail. The Thevenin equivalent circuits at the fundamental and harmonic frequencies 

usually provide enough information regarding the effects of the changes in the power 

electronic device operating conditions on the supply voltage waveform [8]. Moreover, by 

using the Thevenin equivalent parameters, seen at the load bus, the system's voltage 

stability margin and maximum loadability can be easily estimated [9].  

 

Reflecting the importance of this issue, two groups of methods have been proposed to 

calculate the power system impedance parameters: invasive and non-invasive. The 

invasive approaches impose intentional disturbances on the system and use the voltage 

and current response for estimations [13], [16], [18], [57]-[59]. These methods must 

produce a disturbance with enough energy for measurement purposes without affecting 

the network and the equipment’s operation. The invasive methods can be classified in 

two groups: transient-based and steady state-based methods, which have their own 

advantages and disadvantages. The transient-based method uses the transient waveforms 

of the system's voltages and currents for estimations. However, the steady state-based 

methods use the pre- and post-disturbance waveforms to calculate the power system 

impedance parameters. Clearly, these methods cannot be used for the real-time 

measurement of the system impedance parameters.  

 

The non-invasive approaches use the existing load current and voltage variations to 

identify the network equivalent impedance. These approaches are usually simpler and 

more applicable than the invasive approaches, since non-invasive methods do not impose 

any disturbance or waveform distortion on the system and use the existing load current 

and voltage variations to identify the network equivalent impedance [8], [9], [60]-[62]. In 

[8] a constrained least square method is proposed to identify the system impedance. This 

method requires a power electronic device as a load for estimation, but such a device is 

not always available. The authors in [60] present a signal-processing-based method that 

needs the load admittance, which is not usually accessible for estimation. For calculations 

the proposed methods in [9] and [61]-[62] need synchronized measurements among the 

captured data. These measurements cannot be obtained in practice.  

 

This chapter proposes a new algorithm for the online tracking of power system 

impedance parameters. The algorithm can be implemented into the power monitors 

widely available in load-serving substations. The proposed algorithm is independent of 



Chapter 2. Online Measurement of Power System Impedance Parameters 13

load models and does not require synchronized data, so it overcomes the shortcomings of 

the published methods. Furthermore, practical implementation issues are addressed in this 

chapter, and the proposed method is verified by using computer simulations, 

experimental studies, and several field measurements.   
 

 

2.2   The Proposed Algorithms for Impedance Estimation 

 

The power system as seen at the substation bus can be modeled as the equivalent circuit 

shown in Figure 2.1. 

 

δ∠sE
sR sjX

ϕ∠V

0∠I  
Figure 2.1. Power system model seen at the substation bus 

 

The goal is to calculate the Thevenin equivalent circuit parameters, sE , sR  and sX , 

while the only information available from the system is the local measurement data. 

These data are the voltage and current waveforms or the RMS values o e dam  

positive sequence components of the voltage, current and the power factor (

f th  fun ental

iϕ ). In this 

ystem impedance estimation are explained. The 

roposed methods are the three-point and multi-point algorithms. 

assume that the system side, (  and ), shown in 

 that the load side has some va ec

easurement error and applying KVL, the system equations for a set of measurement 

1

section, the proposed algorithms for s

p
 

2.2.1   The Three-Point Method 
 

To explain the algorithm, we sE , sR sX

Figure 2.1, is constant and riations. By negl ting the 

m

data at time 1t  are as follows: 

                                          111 0)(  ϕδ ∠+∠×+=∠E VIjXR sss .                        (2.1) 
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quation (2.1) has seven variables. Three variables are known (V, I and ϕE ), and four 

variables are unknown ( sE ,δ , sR  and sX ). The proposed method in [61] is to use the 

easurem ading condition at time  and can be pre- 

and post-disturbance times) as follows: 

0

second set of m ents in another lo 2 2

 

t  ( 1t t

                                             2 )( 222 ϕδ +=∠ jXRE sss ∠+∠× VI .                                 (2.2) 

ments in order to have 

 

If we synchronize the instant of the measure 21 δδ = , and subtract 

.1) from (2.2), we will have 

 

(2

                                      ( 221112 )00() ϕϕ ∠−∠=∠−∠×+ VVIIjX ssR .                         (2.3) 

 

Then we can calculate sR  and sX  from (2.4) 

 

                                            
I
V

II
VVjXR ss ∆

∆
−=

∠−∠
∠−∠

−=+
00 21

2211 ϕϕ .                              (2.4) 

 

Using the calculated impedance and (2.1) or (2.2), we can get the solution for sE . The 

above method seems to be straightforward. However, one piece of critical information is 

missing, so that the method is unworkable. Equation (2.4) is based on the assum tion that 

e two sets of phasors refer to the same reference time, namely

p

th  21 δδ = . Such a 

requirement, i.e., taking two consecutive waveform data that guarantee 21 δδ = , cannot be 

met in reality mainly because the power stem frequency changes all the time. 

Therefore, two consecutive shots cannot be synchronized by properly placing the 

sampling windows.

sy

 

 

urements is added to the impedance 

stimation equations [63]. Assuming that ,  and  are constant during the 

 

In order to overcome this problem, a third set of meas

sE sR sXe

measurements, for the third set of V, I andϕ , at time 3t , we will have the same equation 

as (2.1) and (2.2): 
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                                          ⎨
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sss

sss
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⎪
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3333
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ϕ
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.                              (2.5) 

eparating the real and imaginary parts of (2.5), we will have 6 equations and 6 

The three-point method is sound theoretically. When it was applied to actual field data, 

s were encountered. As 

.4, the method is very sensitive to noise and transients in the voltage and current 

                          
⎡

=⎥
⎤

⎢
⎣

⎡ ×

i

i

i

isis

Vy
Vx

I
IRE

0
00)cos(δ

     i=1, 2, 3,               (2.6) 

m t

 system side is constant for a set of n 

measurements, the following equation can be established by extending (2.6) to n-points: 

                         i=1,…,n,                 (2.7) 

 

S

unknowns which can easily be solved. Equations (2.5) have been solved in [63] by using 

the iterative Newton-Raphson method. In this chapter, an analytical solution to the above 

equations is developed to speed up the calculation process and to check the validity of the 

results. This subject is explained in Section 2.3.1. 
 

2.2.2   The Multi-Point Method 

 

however, several performance problem will be shown in Section 

2

measurements. To overcome the problem, we propose to extend the three-point method 

by including six or more measurement points through a least square fitting. For this 

purpose, (2.5) is rewritten as follows: 

 

⎥
⎦
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⎦
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⎣
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∠
∠
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⎣⎦× sis XE 0)sin(δ

 

where iVx  and iVy  are the x-component and y-co ponen  of the voltage, respectively. 

For simplifying the equations, we assumed the current phasors as the reference for 

writing the equations. If we assume that the
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where n can have any value greater than three, and xiε  and yiε are the estimation errors. 

he goal is to minimize the error for a certain number of measurements. Therefore, we 

can define the following function and minimize it: 

T
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+=
n

i
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1

22 )()( εε ,                                           (2.8) 

 

where 

 

                                                   [ ]isss XREZ δ,,,= ,        i=1,2,…n.                               (2.9)  

 

The vector Z that minimizes the function f(Z) will be the solution to the problem. The 

minimization can be done by using iterative-based methods. In this chapter, the Gauss- 

Newton method in MATLAB software has been used for calculations. The Gauss–

ewton algorithm, explained in Appendix A, is a method used to solve non-linear least 

t algorithms, some 

ase studies were done to investigate the sensitivity of the two algorithms to the 

ose, several simulation case studie

different random noise levels were added to the measured voltages and currents. The 

ree-point algorithm and the multi-point algorithm using four different numbers of 

 T

N

squares problems. It can be seen as a modification of Newton's method for finding the 

minimum of a function. Unlike Newton's method, the Gauss–Newton algorithm can be 

used only to minimize a sum of squared function values, but it has the advantage that 

second derivatives, which can be challenging and time-consuming to compute in real 

time, are not required. The initial guess for starting the Gauss-Newton algorithm is 

calculated in Section 2.3.1. 

 

In order to compare the accuracy of the three-point and the multi-poin

c

measurement noise. For this purp s were prepared, and 

th

points were applied to calculate the system parameters. o calculate each plotted value in 

Figure 2.2, 300 cases were run, and the estimation errors were calculated for each case, 

and then the average was plotted. The error was calculated as follows: 

 

                                  Error(%)= 1001 300

1
×

−
∑300 =

Calculatedi

Data
ta   

In Figure 2.2, the accuracy of the calculated  and is plotted as a function of the 

signal-to-noise ratio (SNR) for the three- and multi-point algorithms. The SNR is defined 

as ten times the logarithm of the power ratio of the main signal, to the noise signal. For 

i Actual

Actual

i

i
DaData .                    (2.10) 

 

sR sX
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the simulations in this section, the load was modeled as a variable impedance 

ohms). The system was modeled as shown in Figure 2.1, ( ohms 

and Volts). The system side was assumed to be constant with no variations, and 

the load was changed randomly with a maximum variation of 5%.  

( 1215 jZL +=  43 jZs +=  
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. For estimation, 

quation (2.7) uses a different operating voltage and current for the load. The only 

quired characteristic of the load is its variation for the period of measurement, which in 

mation procedure is not dependent on the load 

n advantage of the algorithm. 

 
Figure 2.2. Accuracy of the method in noise condition 

 

The simulation results in Figure 2.2 show that increasing the number of points used for 

calculations reduces the sensitivity of the algorithm to the measurement noise. This result 

is obtained while all the system side parameters remain constant

E

re

reality usually exists. Therefore, the esti

model, and this feature is considered as a

 

 

2.3   Practical Considerations 

 

This section explains some practical problems and their solutions, which should be 

considered when implementing the algorithm. 
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2.3.1   Disturbance Side Detection  

 
In the explained multi-point algorithm, it is assumed that the system side parameter  

remain constant for the period of measurements. In order to estimate

s

 the system 

pedance parameters by using more than three measurements, we need to select the data 

for which no variation has occurred in the system parameters. The proposed three-point 

ine the disturbance side for the m

 and taking the square of both sides of (2.5), we can rewrite them as 

llows: 
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 this case, we will have 3 equations and 3 unknowns. The unknown variables are 

minate from the equations as 

shown in (2.12) 
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   .                 (2.13) 

T ke the equations simpler  c rite them as follows: 
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( and ). Using the three equations, we can elisE , sR sX sE  
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and then we have 
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2 2 2

1 2 2( ) 2 (s sI I X I− − + ×

 

o ma  we an w

              2 2
s s s sA R B R C A X D X E× + × + = − × + × + ,                     (2.14) 

s s                                 s
2 2

sF R G R H F X K X L× + × + = − × + × + ,                     (2.15) 
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where: 

 

 ,  , 

VyVy −=  , 2 IIF −=  , VxIVxIG

2
2

2
1 IIA −=  , )(2 2211 VxIVxIB ×−×=  , × 2

2
2
1 VxVxC −= )(2 1122 VyIVyID ×−××=

2
12 31 3311

2 )(2 ×−××=  , 2 VxVxH −=  ,                  

 , .                                                                      (2.16) 

 by 

2E 2
31

)(2 1133 VyI 2
1

2
3 VyVyIK ×−××= VyL −=

 

(
A
F

−If we multiply (2.15) ) we will have: 

                ( ) ( )2 2
s s s s

A AF R G R H F X K X L
F F

− × × + × + = − × − × + × +        ,              (2.17) 

                                2 2
s s s s

GA HA KA LAA R R A X X
F F F F

− × − × − = × − × − .                        (2.18)  

y adding  (2.14) to (2.18) the second order terms will be eliminated and we can 

 so tha

 

B

calculate sX  as a function of t sR ,

 

                                
s s

GA HA KAB R C D X⎛ ⎞ ⎛ ⎞ ⎛ ⎞− × + − = − ×⎜ ⎟ ⎜ ⎟ ⎜ ⎟
LAE

F F F F
⎛ ⎞+ −⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠
,             (2.19) 

                                                  

and 

 NRMX ss +×=        ,                                           (2.20) 

here: 

    

 

w

 

                                       
AKDF
AGBFM

−
−

= ,
AKDF

EFAHFCALN
−

−−+
= .                            (2.21) 

 

Returning to (2.14) and substitute Xs by using (2.20) we have 

 

               2 2( ) ( )s s s sA R B R C A M R N D M R N× + × + = − × × + + × × + (2.22)     

 

inally, we obtain 

 

             ( ) ( )

E+  .     

F

( )2 2 21 2 0s sA M R B AMN DM R C AN DN E× + × + + − × + + − − = .        (2.23) 
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For , (2.23) provides a simple second-order equation, which can easily be solved. It 

ny reason the system side 

parameters v  meaningless and will not have any 

solu n e a real solution is 

 sR

has been derived based on the assumption that the system side parameters remain 

unchanged for three different system conditions. If for a

ary for the three points, (2.23) is

tio s. The only condition for (2.23) to hav 0≥∆  ( acb 42 −=∆  in 

); therefore, the sign of 02 =++ cbxax ∆  can be used as an index for determining the 

hecked by using the following rules: 

  and  should always be positive. 

 X/R ratio should have feasible values. 

ement algorithm. The solution for any 

elected three-point from the set of multipoint data can be used as an initial guess for the 

 

disturbance side. If ∆  is greater than or equal to zero, the necessary condition, which is 

unchanged system side parameters, should be correct, and we will have one or two 

solutions. A negative ∆  can happen due to the variation of the system side parameters, 

measurement noise, and load switching transients that sometimes exist in power system 

measurements. 

 

After calculating sR  we can calculate both sX  and sE  from (2.6), and then the feasibility 

of the solutions can be c

sR sX sE, 

 

Therefore, the proposed three-point algorithm can be used for selecting the data that can 

be used for the multi-point algorithm. If (2.23) has a solution for every three consecutive 

points selected from a set of measured data, we can conclude the system side parameters 

did not vary for that set of measurements. In this case, instead of three points, we can use 

more measurement points for estimating the system impedance parameters. This process 

improves the accuracy of the impedance measur

s

multi-point algorithm. 

2.3.2   Load Fluctuation Index 

 
The proposed algorithm uses the fluctuations of the loads connected to the system to 

calculate the system parameters. Therefore, one of the conditions for the input data of the 

algorithm is variation of the active and reactive power of the load at the substation bus. 

Since mathematically, the variation of one of the variables, P or Q, would be enough for 
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the equations to be solved, the fluctuations can be defined as the summation of the 

absolute variation of P and Q, as stated in (2.24): 

 

                                     Fluctuation Index = 100
1

21

1

21 ×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
+

−
Q

QQ
P

PP .                  (2.24) 

 

The input data to the algorithm have more than two sets of measurements; therefore, the 

fluctuation index is the minimum of the summation for the period of measurements, the n 

points, used for impedance estimation. In order to investigate the relation between the 

accuracy of the calculated parameters and the defined index, in noise conditions, some 

sensitivity studies were done. For this purpose, several simulation case studies with 

different signal-to-noise ratios at different load variations were prepared. The simulation 

results are plotted in Figure 2.3. For the simulation in this case, the multi-point algorithm 

using six measurement points was used. The system parameters are explained in Section 

2.2.2. 
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Figure 2.3. Accuracy of the method versus load fluctuations in noise condition 

 

The results in Figure 2.3 show that in noise conditions, the accuracy of the algorithm is 

increased by increasing the load fluctuations. In the case of real field data, since 

mathematically the algorithm should work even with a small variation in the load's 
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voltage and current, the required index should not be very large, but its magnitude should 

be l e

and tran  
 

 

2.4 T
 

Pow  s

is balan to positive, negative 

nd zero sequence voltages and currents. Since the sequences are treated as single-phase 

nds of waveforms of the three-phase voltages and currents of 

the feeder are captured with a 15.36 kHz sampling rate. 

 Eac eforms is 

transformed to the frequency domain by using Fourier transformation. 

he algorithms were verified with the field test data taken from a 25kV feeder in a load-

arg  enough to filter the measurements that have no variations or contain only noise 

sients. For this study, the index was chosen to be 0.05%.

 he Proposed Algorithm for Three-Phase Systems 

er ystems are usually designed as three-phase systems. If we assume that the system 

ced, the three phase voltages and currents can be transformed 

a

circuits, the proposed algorithms in Section 2.2 can be used to calculate the system's 

positive, negative, and zero sequence equivalent circuit. The proposed algorithm for 

three-phase systems is explained in the following steps: 

 

 Three to five seco

h cycle of the 60Hz three-phase voltage and current wav

 The positive sequence voltages and currents for each cycle of the system 

frequency are calculated by using a sequence transformation matrix. 

 The multi-point algorithm, considering the practical issues, is applied to calculate 

the system's positive sequence equivalent circuit parameters. 

 

T

serving substation in Alberta, Canada. The length of the captured data for this test was 5 

seconds. The parameters calculated by using the three-point method, for the positive 

sequence circuit, are plotted in Figure 2.4. The Thevenin voltage is the RMS value of the 

positive sequence circuit. 
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Figure 2.4. Positive sequence parameters using the three-point algorithm 

 

Although the calculated parameters are not constant and vary around the mean value, 

Figure 2.4 shows that by improving the three-point algorithm, we can calculate the power 

system’s impedance parameters. The variations are due to the measurement noise and 

transients in the voltages and currents, which may affect the accuracy of the calculated 

results.  

 

ments. The more points used for calculations, 

the higher the probability of changing the system Thevenin equivalent circuit parameters 

for the period of measurements. Changing the system side parameters during the 

trade-off between the 

umber of points and the accuracy of the results will occur. 

systems were investigated, and the results 

show that the multi-point algorithm using six points (6 cycles of waveforms) provides 

accurate and acceptable results. As an example the parameters of the feeder's positive 

In Figure 2.2, the simulation results show that increasing the number of points used for 

calculations reduces the sensitivity of the algorithm to the measurement noise. For a real 

power system, this result is obtained up to the point that one of the parameters of the 

system changes for the period of measure

measurements will make the equations unsolvable. Therefore, a 

n

 

Several real field data taken from different 
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sequence circuit shown in Figure 2.4 were calculated again by using the multi-point 

gorithm. For this purpose, six measurements (6 cycles of waveforms) were used to al

calculate each point, and the results are plotted in Figure 2.5. Again, the Thevenin voltage 

is the RMS value of the positive sequence circuit. 
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Figure 2.5. Positive sequence parameters using the multi-point algorithm 

igure 2.5 reveals that the results are now more consistent and closer to the actual values 

ome case studies were done and the simulation and experimental results are presented to 

E
s 

(k

F

(Table 2.2). The modifications made to the algorithm improve the accuracy of the 

calculated system impedance parameters and make the algorithm practical for calculating 

real power system impedance parameters. 
 

 

2.5 Simulation and Experimental Verifications  
 

S

show the validity of the proposed algorithm. 
 

2.5.1   Simulation Results 

 
For simulation verification, the system side parameters were changed at t=30s and t=60s, 

and the load side was changed randomly with a maximum variation of 5%. The 
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measurements are taken as one cycle per every second and the proposed algorithm was 

applied to estimate the system impedance parameters, and the estimated system 

parameters and their actual values are plotted in Figure 2.6.  The load parameters are 

explained in Section 2.2.2. 
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Figure 2.6. Actual and calculated system parameters 

Table 2.1 shows the actual and calculated system impedance parameters for the three 

different stages. 
 

Table 2.1. Simulation results 

Stage The Calculated values The Actual values Error  
(%) 

# 1 3.00+j4.00 3.00+j4.00 0.00 
# 2 4.00+j3.00 4.00+j3.00 0.00 
# 3 2.00+j5.00 2.00+j5.00 0.00 

 
 

Figure 2.6 and act values of 

the system impedance and the equivalent voltage source. In some cases, the system 

is negative, and since we have used the three-point 

algorithm, the equations do not have solutions for three consecutive measurements. 

 Table 2.1 show that the proposed algorithm provides the ex

parameters (t=30s and t=60s) have no solution because of the variation of the system 

side parameters for the period of measurements. In such cases, (2.23) does not have any 

solution, and the related ∆  value 
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 2.5.2   Experimental Results 

 
 The proposed algorithm was also verified through lab experiments. For this purpose, the 

system was modeled as a resistance in series with a reactance, and the voltage source was 

the supply voltage source in the lab facilities at the University of Alberta. The magnitude 

of the resistance and reactance of the modeled system was much higher than that of the 

system connected to it. The magnitude of system impedance of the supply voltage can be 

roughly estimated by connecting a simple resistive load to the supply and measuring the 

voltage drop of the supply voltage ( Z V I= ∆ ). Therefore the supply source was 

considered as an infinite bus. Since mathematically the algorithm works with both 

waveforms and RMS values, for experimental verification, instead of the voltage and 

S values and the load's power factor were used for 

lculations. Every 30 seconds, a data window of voltage and current containing 12 

 Figure 2.7.  

 

current waveforms, their RM

ca

cycles was captured, and the RMS values needed for the calculations were the average 

values of these 12 cycles, according to the IEC Standard [64]. The characteristics and 

measurement accuracy of the voltage and current probes used for the measurements are 

presented in Appendix B. 

 

For this experiment, the load, which was an inductive and passive load, was changed 

randomly for the period of measurements. The system side parameters, (the resistance 

and inductance) were changed once after 15 minutes. The calculated and actual values of 

the system parameters are plotted in
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Figure 2.7. Actual and calculated experimental system parameters  

 

The time step in Figure 2.7 is 30 seconds. The results show that the proposed algorithm 

works properly for experimental data and can also follow and detect the variation of 

system parameters automatically.  
 

 

2.6   Im

 two different substations are presented in this 

meters for other substations, residential transformers, and 

houses are 

plementation and Field Test Verification 

 

In this section, the instrument set-up and field test verifications are explained. Field 

measurements were conducted on August and September 2007 at load-serving 

substations in Alberta, Canada, and the field measurements for residential transformers 

and houses were taken in November and December 2008. The data processing was 

performed in the power lab at the University of Alberta to determine the system's 

pedance parameters. The results fromim

chapter, and the calculated para

presented in Appendix C. 
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2.6.1   Instrument Set-up 

 
The national instrument NI-6020E 12-bit data-acquisition system with a 15.36 kHz 

sampling rate controlled by a laptop computer was used for the recording. By using this 

data-acquisition system, we obtained 256 samples per cycle for each channel of 

waveform. The captured waveforms were three-phase voltages and the currents at the 

point of the metering in the load-serving substations. All the measuring points were at 25 

kV; therefore, CTs and PTs were used to step down the current and voltages, 

respectively, to measurable values. The measurements were taken as five seconds per 

minute, so that in every minute, a five-second data window of three-phase voltage and 

current waveforms was captured.  
 

2 bst  

 
Site One is a 25 kV load-serving substation and is located in Alberta, Canada. The single-

.6.2   Su ation One

line diagram of the substation and feeders and the measurement points are shown in 

Figure 2.8. 
 

 
Figure 2.8. Single line diagram of Substation One 

 

 both feeders at S

were collected as a five-second data window every minute during a one-hundred minute 

 the frequency 

omain for every cycle of the 60Hz system frequency, and then, by using the sequence 

The measurements were taken from ite One. For this purpose, the data 

period. The three-phase waveforms for each feeder were transformed to

d

transformation, the positive sequence circuit voltages and currents were calculated. The 

variation of the RMS values of the positive sequence voltage and the current for Feeder 

One is shown in Figure 2.9. 
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ms continuously, 

the calculated parameters can be shown con nuously on the meters, resulting in a new 

generatio

Figure 2.9. Variation of voltage and current at Feeder One in Substation One 

 

The step change in the voltage waveform is the result of the tap changing of the 

transformer. The positive sequence parameters of the system were calculated for each 

data window containing six cycles of the waveforms, and the average for every minute 

was plotted in Figure 2.10, which reveals that if we collect the wavefor

ti

n of meters.  
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Figure 2.10.  Positive sequence parameters of Feeder One, Substation One  

 

F. index is the mean value of the load fluctuation 

indices defined by (2.24) for the period of measurements. Since the measurement data 

which result in a calculat 0 points, we assumed a 

n st  f n o lcu eter. g a 

95% confidence level for ea ra he con e interva  the 

imp nce p t al . ts 2
 

Table 2.2. Substation One, impedance data  

The same procedure was applied for Feeder Two, and the mean value of the calculated 

impedance parameters for the measurement period (100 minutes) for each feeder were 

compared with the impedance data calculated by using different methods. The other 

methods involved using the real short-circuit data recorded by PML meters at the 

substation, and the output of the PSS/E circuit program. The PSS/E provides the 

simulated total fault current at the substation, which can be used for calculating the 

system impedance parameters. The 

ed impedance parameter are more than 10

ormal di ribution function or the distributio f each ca lated param By usin

ch calculated pa meter, t fidenc l for

eda arame ers was c culated  The resul  are presented in Table 2. . 

Feeder The Calculated  
Resistance 

The Calculated  
Inductance 

F. index
(%) 

Real Fault 
Data 

PSS/E 
Data 

# 1 0.628 ±  0.166 j2.271 ±  0.297 0.190 
# 2 0.689 ±  0.292 j2.876 ±  0.929 0.148 

0.623+j2.582 0.751+j2.537 
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Table 2.2 shows that the results calculated by using the proposed algorithm are 

comparable with those calculated by using other methods. However, the main advantage 

of the proposed algorithm is the capability for online monitoring and no need for 

disturbance, comparing to the other methods. The impedances of the transformers 

connected to Feeders One and Two are 0.040+j1.435 ohms and 0.062+j1.809 ohms, 

respectively. The averages of the total harmonic distortion (THD) of the voltage and 

urrent for Feeder One are 1.386% and 2.485%, respectively. The THD for the voltage 

                                                          

c

and current was calculated as shown in (2.25) and (2.26): 

 

2

2

1

h
h

V

V
THD

V

∞

==
∑

                                              (2.25) 

                       

2

2

1

h
h

I

I
THD

I

∞

==
∑

                                       ,                                          (2.26) 

2.6

 
The c

Canada  of the substation and feeders and the measurement 

poin a
 

 

where h represents the harmonic order. Since we are using the fundamental 60Hz values 

of the waveforms for our calculations, the signal deviations, i.e., the harmonics, have no 

impact on the performance of the algorithm. 
 

.3   Substation Two 

 se ond substation is also a 25 kV load-serving substation and is located in Alberta, 

. The single-line diagram

ts re shown in Figure 2.11. 

 
Figure 2.11. Single line diagram of Substation Two 

 



Chapter 2. Online Measurement of Power System Impedance Parameters 32

The measurements were taken fro  this substation. The three-phase 

voltages and currents were captured again at a  minute for 

one hundred minutes. The waveforms for ea er were transformed to the frequency 

domain for every cycle of the 60Hz system frequency, and the positive sequence circuit 

voltages an e positive 

sequence voltage and current for Feeder One are shown in Figure 2.12.  

m all three feeders at

rate of five seconds in every

ch feed

d currents were calculated. The variations of the RMS values of th
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Figure 2.12. Variation of voltage and current at Feeder One in Substation Two 

 

The system's positive sequence parameters were calculated for each data window, and the 

average for every minute is plotted in Figure 2.13, which shows that, for some cases, the 

proposed algorithm does not provide any results. 
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Figure 2.13. Positive sequence parameters of Feeder One, Substation Two 

 

The reason could be the variation of the system side parameters or a small variation of the 

load's active and reactive power during the five-second measurements. Since the input 

data, voltage, and current waveforms will be continuously available, this variation will 

not be a problem when implementing the algorithm. The proposed algorithm using six 

cycles of the waveform was applied to all the feeders in Substation Two, and, in Table 

2.3, the mean value of the calculated impedances for one hundred minutes are compared 

with that from the other calculation. 
 

Table 2.3. Substation Two, impedance data   

Feeder The Calculated  
Resistance 

The Calculated  
Inductance 

F. index 
(%) 

Real Fault 
 Data 

PSS/E 
Data 

# 1 0.538± 0.430  j2.422± 1.435    0.0781 
# 2 0.641± 0.459    j2.559± 1.554      0.0767      
# 3 0.773± 0.336     j2.768± 1.216      0.1135      

  0.928+j2.913 0.737+j2.602 

 

Table 2.3 also shows the confidence interval for the calculated impedance parameters. 

The calculated impedances obtained from different feeders by using different methods are 

slightly different, possible because of the different fluctuation indices and the 

measurement error. Table 2.2 and Table 2.3 reveal that the greater the fluctuation index, 
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the more accurate the results, and the smaller the confidence interval, because of the 

algorithm's better performance in higher load fluctuations, as was shown in Section 2.3.2.  

In Substation Two, the impedance of the transformer feeding all the feeders is 

.066+j1.777 ohms. The average THD of the voltage and current for Feeder One is also 

sufficient variations is enough 

for the estimation of  impedance parameters, 

 The 256 sample per cycle rate of the data-acquisition system is sufficient for the 

data collection process, 

 depend on the load model and works with the natural 

variations of any kind of loads, 

he proposed algorithm was verified by using simulations, experiments, and real field 

ata. The verification results show that the proposed method can be implemented for the 

online monitoring of power system impedance parameters.  

0

calculated by using (2.25) and (2.26). They are 2.827% and 6.192%, respectively. These 

amounts have no impact on the calculation of the system impedance parameters.  

 

The algorithm was verified with several field measurements taken from different 

substations in different locations in Alberta, Canada. The results show that the proposed 

algorithm can be implemented in power monitors and be used for the online measurement 

of power system impedance parameters.  
 

 

2.7   Conclusion 

 

In this chapter, a new algorithm was proposed for the online tracking of power system 

impedance parameters. The main contributions of this research to the field are the new 

proposed algorithm; the consideration of the practical issues; and the verifications 

through computer simulations, lab experiments, and several field tests. The following 

conclusions are drawn: 

 A three-second to five-second data window with 

 The algorithm does not

 Synchronized measurements are not required for calculations, and the method is 

not sensitive to changes of system frequency and harmonics, 

 The required information can be obtained from the meters that are already 

installed at the substation buses. 

T

d
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rmine the number of points used for calculations, and also to 

vestigate the fluctuation index at the substation bus. As two extra applications of the 

applied for the online 

ral real field measurements and the results are presented 

 this chapter.  

 

3.1   Introduction 

 enough for 

alculations should be investigated. The number of points required for calculations and its 

ts is also an issue to be determined. Whether the 

      

Sensitivity Studies and Additional 

Applications  
 

This chapter presents some sensitivity studies which were done in order to finalize the 

impedance measurement algorithm as well as some extra applications of the proposed 

technique. The sensitivity studies are performed in order to investigate the disturbance 

side at substation bus, to dete

in

method, the impedance measurement algorithm has been 

monitoring of power system harmonic and zero sequence impedance parameters. The 

method was verified through seve

in

 

The impedance measurement technique presented in Chapter Two, uses the steady state 

measurements taken at the substation bus for calculation of system impedance 

parameters. The advantage of the method is the capability to operate under normal 

conditions without imposing any disturbance on the system and requiring synchronized 

measurements. However, there are some practical issues that should be considered for 

implementation of the algorithm. For example, whether the system side parameters 

remain constant for the measurement period and the load variations is

c

effect on the accuracy of the resul

specified fluctuation index defined in Chapter Two is sufficient for impedance 

measurement in every substation should also be investigated. 

 



Chapter 3. Sensitivity Studies and Additional Applications 
 

36 

In order to answer the above questions and firm up the impedance measurement 

technique for real field applications, several studies were performed. These studies were 

done for the data collected from twenty seven feeders in eight different substations. The 

results presented in this chapter were used to finalize the proposed algorithm. 

 

This chapter also presents the application of the impedance measurement algorithm for 

online measurement and monitoring of power system harmonic and zero sequence 

impedance parameters.  

 

The frequency response of a system at specific buses depends mainly on its impedances 

at different frequencies [10]-[12]. In recent years, the increase in the power demanded by 

nonlinear loads has not been followed by the appropriate development of the power 

system; therefore, the network is more likely to be subjected to the injected harmonic 

disturbances the network 

will have an important role in harmonic disturbance propagation due to the system's 

extension and meshed structure [12].  

 

cts, especially to minimize voltage waveform distortions, detailed models of 

stem they are connected to are necessary. 

ental and harmonic frequencies usually 

waveform [8]. Moreover, real-time 

monitoring of the system's harmonic impedances can provide significant improvements to 

the design and operation of active filters [5], [16]-[18]. 

 

The zero sequence impedance of the system seen at the substation bus is important 

information for power system studies. It is used for calculating the different ground fault 

levels at substations. It depends upon the path available for the flow of the zero sequence 

current and also the balancing ampere turns available within the transformer.  Generally, 

a zero sequence current requires a delta winding, or a star connection with the star point 

than it was previously. In such cases, harmonic impedances of 

The knowledge of power system harmonic impedances is necessary for harmonic 

analysis, harmonic mitigation measures, determination of harmonic limit compliance, 

prediction of system resonance, and harmonic propagation studies [10]-[30]. In order to 

utilize the capabilities of widely used power electronic devices and to reduce their 

negative effe

the interaction between them and the power sy

The Thevenin equivalent circuits at fundam

provide enough information regarding the effects of the changes in the power electronic 

device operating conditions on the supply voltage 
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grounded.  Any impedance in the connection between the star point and earth increases 

the overall zero sequence impedance and subsequently controls the magnitude of the 

current that will flow under earth fault conditions. 

 

The various methods that have been proposed to calculate the system's harmonic 

impedances can be classified into two groups: transient-based and steady state-based 

methods [11]. The transient-based methods include imposing a disturbance on the power 

system and then extracting the frequency-dependent network impedances from the 

transient voltages and currents [3], [14], [65]-[66]. Typically, the switching device is a 

known local impedance such as a capacitor bank. The main disadvantage of these 

methods is the need for an external disturbance source and also for a high-speed data-

acquisition system to capture high-frequency transients. The steady-state-based methods 

use the pre- and post-disturbance steady state waveforms to calculate harmonic 

impedances are made by 

armonic current injectors produced either by an external source or by switching a 

accuracy's dependence on 

hether any other loads are switched in, and also whether the background distortion 

er than the mentioned issues, none 

on of disturbances into the power system.   

 

.2   Sensitivity Studies 

finalize the impedance measurement algorithm, in this section several 

. 

 

 

[1], [65], [67]-[68]. For these methods, the typical disturbances 

h

network component such as a capacitor or transformer [69]. The main disadvantages of 

these methods are the need for a disturbance source and their 

w

remains constant during the measurement interval. Oth

of the methods can be used for the online monitoring of the network harmonic 

impedances. For measurements, both methods need synchronized measurement data and 

also the injecti

 

3
 

In order to 

sensitivity studies were performed and the results are presented. The studies are related to 

the determination of disturbance side, number of points used for calculations and the 

fluctuation index in different substations
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3.2.1   Disturbance Side  

 
The impedance measurement technique uses the naturally occurring load side 

disturbances to calculate the system side impedance parameters. As it was explained in 

Chapter Two, the three point method can be used to determine the disturbance side at the 

substation bus. In this section the disturbance side detection method is used to investigate 

the source of disturbance for different feeders in eight substations. If the source of 

disturbance is the load side then the voltage and current fluctuations can be used to 

monitor the system impedance parameters. In the following sections the percentage of 

load side disturbances which can be used for impedance monitoring are presented. The 

length of data window used for the calculations in this section was from 3 hours to 24 

hours for different feeders.  

 

3.2.1.1   Fundamental or Positive Sequence Component 
Figure 3.1 shows the average percentage of load side disturbances for fundamental 

component in different feeders.  
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Figure 3.1. The percentage of load side disturbance for different feeders 
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This figure reveals that for most of the cases the disturbances come from the load side. 

For some feeders such as the first and last one, almost all the disturbances seen at the 

substation bus come from the load side and the system side remains constant during the 

measurement period. Our studies show that there may be some disturbances coming from 

e system side as well. The data related to this period of time cannot be used for 

 the variation of system background voltage. 

 

3.2.1.2   Harm
The average percentage of load side disturb lso calculated for all the harmonics. 

th

calculation of system side impedance parameters. The disturbance in the system side 

parameters is usually caused by

onic Components 
ances is a

The results related to fifth and seventh harmonics are presented in the following figures. 
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Figure 3.2. The percentage of load side disturbance for fifth harmonic 
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Figure 3.3. The percentage of load side disturbance for seventh harmonic 

 
Figures 3.2 and 3.3 reveal that the percentage of load side disturbance over the 

measurement period is different for different feeders and different harmonics. However 

for almost all the feeders we always have disturbances coming from the load side which 

can be used for monitoring of harmonic impedances. 

 

3.2.1.3   Zero Sequence Components 

L

The average percentage of load side disturbances is also calculated for zero sequence 

components and the results are plotted in Figure 3.4. 
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Figure 3.4. The percentage of load side disturbance for zero sequence 

 
It is seen that the average percentage of load side disturbances for zero sequence 

component is different and always nonzero for all the feeders.  

 

3.2.1.4   Disturbance Side Distribution over 24H 
he distribution of average load side disturbances of the feeders over a 24 hour period is T

plotted in the following figures for fundamental, harmonics and zero sequence 

components.  
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Figure 3.5. Distribution of load side disturbances  

 
Figure 3.5 shows that the percentage of load side disturbances for fundamental and zero 

sequence components vary during the day without any specific pattern.  

 

he distribution for all the harmonic components was also calculated. As an example the 

 

T

distribution of the percentage of load side disturbances for fifth and seventh harmonics 

are plotted in Figure 3.6. 
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Figure 3.6. Distribution of load side disturbances 

 

It is seen that the percentage of load side disturbances for different harmonics are not the 

he studies in this section show that the load side disturbances at the substation bus are 

 

3.2.2   Number of Points Used for Cal ulations 

 

question is how many points are required and are sufficient for calculations. This section 

same. Also this value changes during the day but again the important issue is that it is 

usually large and enough for online monitoring of power system harmonic impedances. 

 

T

usually enough for impedance estimations. This is important information and enables us 

to use the proposed technique for real field applications where we need the system 

impedance data.

 

c

 
Chapter Two explained that the three-point method is not applicable for real field 

measurements. However, the proposed multi-point algorithm is suitable for real 

applications and is less sensitive to noise and transients.  

 

The simulation results in Figure 2.2, Chapter Two, show that increasing the number of 

points used for calculations reduces the sensitivity of the algorithm to the measurement 

noise. This result is obtained while all the system side parameters remain constant. The
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investigates the calculation error for impedance measured from Substations One and 

wo. As will be shown the multi-point impedance measurement method by using six 

waveforms is the best choice and provides 

T

cycles (n=6) of the voltage and current 

accurate and acceptable results. 

 

Figure 3.7 shows the calculation error for the resistance and inductance measured at the 

two feeders in Substation One. 
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 Figure 3.7 the calculated parameters are compared with the PSS/E data. As can be seen 

 is the variation of system side parameters for longer data windows. 

he same procedure was applied for the three feeders in Substation Two and the results 

Figure 3.7. Calculation error vs. number of

 

In

increasing the number of points does not necessarily increase the measurement’s 

accuracy. The reason

T

are presented in Figure 3.8. 
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Figure 3.8. Calculation error vs. number of points, Substation Two 

Our studies in this section reveals that t

by using six

wavefor

 

3.2
 

The ro

calculat

algorith tation bus. In 

ord o

defined ere done in Chapter Two.  

y, the index was chosen to be 0.05% and based on the 

imulation results, since the SNR is high, the accuracy of calculated impedance 

 

he multi-point impedance measurement algorithm 

 measurement points from six consequent cycles of voltage and current 

ms provides the most accurate and acceptable results.  

.3   Fluctuation Index 

 p posed algorithm uses the fluctuations of the loads connected to the system to 

e the system parameters. Therefore, one of the conditions for the input data of the 

m is variation of the active and reactive power of the load at the subs

er t  investigate the relation between the accuracy of the calculated parameters and the 

 index, in noise conditions, some sensitivity studies w
 

The results in Figure 2.3, Chapter Two, show that in noise conditions, the accuracy of the 

algorithm is increased by increasing the load fluctuations. In the case of real field data, 

since the accuracy of instruments used for calculations is very high, the signal to noise 

ratio is also high; therefore, the required index should not be very large, but its magnitude 

should be large enough to filter the measurements that have no variations or contain only 

noise and transients. For this stud

s
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parameters will be sufficient. As an example the fluctuation index versus the accuracy of 

alculated system impedance data is plotted for Substation One and Two in the following 

accuracy of calculated parameters in 

e figures. 

c

figures. The PSS/E data was used to calculate the 

th
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Figure 3.9. Acc n One 

Figure 3.9 reveals that the accuracy of calcu d parameters increases by increasing the 

minimum fluctuation index up to a certain point. For this substation the minimum 0.05 

provides relatively accura sults. The in  versus the uracy of resistance and 

actance in Substation Two is plotted in Figure 3.10. 

uracy of R and X vs. fluctuation index in Substatio

 

late

te re dex  acc
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Figure 3.10. Accuracy of R and X vs. fluctuation index in Substation Two 

 

Figure 3.10 shows that for this substation as well the minimum 0.05% for index provides 

accurate and acceptable results. This study has been done for all the substations and based 

on the results, t propriate data 

r impedance monitoring. 

ltages and currents of the system and the 

results are plotted in the next sections.  

 

3.2.3.1   Fundamental or Positive Sequence Component 
The average fluctuation indices for fundamental voltage and current of all the feeders 

over a period of 3 hours to 24 hours for each feeder are plotted in Figure 3.11. 

he 0.05% fluctuation index is sufficient for selection of ap

fo

 

In the next following sections the fluctuation index is calculated and plotted for twenty 

seven feeders in eight different substations. This index was calculated for positive 

sequence, harmonics and zero sequence vo
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Figure 3.11. Fluctuation index for positive sequence circuit  

 

he fluctuation index was calculated for each harmonic as well and is shown in Figure 

3.12. 

Figure 3.11 reveals that the fluctuation index for different substations is larger than 

0.05%. This means that the system impedance measurement technique is applicable for 

calculation of impedance data seen from all these substations. 

 

3.2.3.2   Harmonic Components 
T
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his index was also calculated for zero sequence voltages and currents and the results are 
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Figure 3.12. Fluctuation index for harmonics  

 

It is seen that the fluctuation index for harmonics is large enough for calculation of 

harmonic impedances as well. 

 

3.2.3.3   Zero Sequence Components 
T

presented in Figure 3.13.  
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Figure 3.13. Fluctuation index for zero sequence circuit  

 
Figure 3.13 reveals that the load fluctuations are enough for calculation of power system 

.2.3.4   Fluctuation Index Distribution over 24H 
The distribution of average fluctuation indices of the feeders over a 24 hour period is 

plotted in the fo ics.  

 

zero sequence impedance parameters. 

 

3

llowing figures for fundamental, zero sequence and harmon
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Figure 3.14. Distribution of fluctuation index during 24 hours 

igure 3.14 shows that the fluctuation indices for fundamental and zero sequence 

 

F

components vary during the day. However it is important that during 24 hour its value is 

more than the minimum required index which is set as 0.05%.  

 

The distribution of this index for all the harmonic components was also calculated. As an 

example the distribution of fluctuation index for fifth and seventh harmonics are plotted 

in Figure 3.15. 
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Figure 3.15

 (%
)

. Distribution of fluctuation index during 24 hours 

It is seen that the fluctuation indices for different harmonics are not the same. Also this 

value changes during the day but again the important issue is that it is usually large and 

enough for online monitoring of power system harmonic impedances. 

 

The sensitivity studies in this section shows that the load fluctuation index for power 

system fundamental, harmonic and zero sequence voltages and currents is sufficient for 

calculation and online monitoring of system side impedance parameters for each circuit. 

 

 

3.3   Additional Applications  

 
In this section, based on the research presented in Chapter Two and [70], an algorithm is 

proposed for the online monitoring of network harmonic impedance parameters and the 

system's back e impedance 

arameters. The proposed method requires neither an external disturbance source nor 

ues are addressed in this section, 

nd the proposed method is verified through real field measurements from different 

 

ground voltage distortion as well as power system zero sequenc

p

synchronized measurement data. For calculations, it uses the naturally occurring load 

disturbances connected to the system. Implementation iss

a
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substations. Field measurements were conducted in August and September 2007 at load-

serving subst n residential 

ansformers and houses were taken in November and December 2008. The data-

pedance measurement method and the field test 

h some modifications, we can use the algorithm explained in 

Chapter Two for harmonic impedance measurement. The algorithm and its 

implementation issues are explained in Chapter Two; therefore, in this chapter, only the 

application of the method for calculating power system harmonic impedances is 

presented. The system model used for the harmonic frequencies is the Thevenin 

equivalent circuit shown in Figure 3.16. 

 

ations in Alberta, Canada, and the field measurements o

tr

processing was performed in the power lab at the University of Alberta to determine the 

systems' harmonic impedance parameters and the results related to two different 

substations are presented in this section. The calculated parameters for the residential 

transformers and houses are presented in Appendix D. 

 

3.3.1   Harmonic Impedance Measurement 

 

This section presents the harmonic im

verification results. 

 

3.3.1.1      The Proposed Algorithm 
The equivalent circuit for the harmonics is the same as that for the positive sequence 

circuit. Therefore, wit

δ∠hE ϕ∠hV

0∠hI
 

Figure 3.16. Power system model used for harmonics seen at the substation bus 

 

For some harmonics, the Thevenin equivalent voltage will be zero when the system side 

does not have any harmonic sources and is not generating any harmonic currents. Zero 

equivalent voltage will not affect the calculation procedure because in this case, the 

estimated value for the voltage source will be zero. Considering the multi-point algorithm 

nd the implementation issues explained in Chapter Two, in this section we propose an a
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algorithm for calculating power system harmonic impedance parameters. The following 

steps sho

 Convert the voltages and currents of each cycle of the 60-Hz waveforms, for each 

phase, to the frequency domain by using Fourier transformation. 

 Assuming that the system impedance matrix is balanced, convert the system's 

three-phase voltages and currents phasors to positive, negative, and zero 

sequences for each harmonic including the fundamental frequency. 

 Apply the multi-point algorithm to the system's harmonic voltages and currents to 

calculate the impedance parameters of each circuit. 

 

Since the system impedance matrix is balanced at the substation point, we can assume the 

system harmonic impedance matrix is also balanced. In this scenario, because of the 

different phase angle properties of the harmonic voltages and currents, they will be 

dominant in different sequences. For example, if the first harmonic with the fundamental 

frequency has positive sequence properties, then the system voltages can be assumed to 

be in the following form

 

uld be taken: 

 

 Capture the three-phase voltages and currents of the system in a continuous 

waveform format by using a 256 sample per cycle data-acquisition system (the 

sampling rate depends on the maximum order of the required harmonic 

impedance). 

at: 

                                                       0

0

( )

( 120 )

( 120 )

a

b

c

V V Cos t

V V Cos t

V V Cos t

ω

ω

ω

=

= −

= +

,                                        (3.1) 

 

and the second harmonic can be shown as follows: 

 

[ ]2 ( ) (2 )aV V Cos t V Cos t= × ω ω=

      0 0 0

0 0 0

2 ( 120 ) 2 240 (2 120 )

2 ( 120 ) 2 240 (2 120 ).

b

c

V V Cos t V Cos t V Cos t

V V Cos t V Cos t V Cos t

ω ω ω

ω ω ω

⎡ ⎤ ⎡ ⎤= × − = − = +⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤= × + = + = −⎣ ⎦ ⎣ ⎦

  (3.2) 
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As (3.2) reveals the second-order harmonic will have negative sequence properties. For 

the third harmonic, we will have 

 

        

[ ]
0 0

0 0

3 ( ) (3 )

3 ( 120 ) 3 360 (3 )

3 ( 120 ) 3 360 (3 ).

a

b

c

V V Cos t V Cos t

V V Cos t V Cos t V Cos t

V V Cos t V Cos t V Cos t

ω ω

ω ω ω

ω ω ω

= × =

⎡ ⎤ ⎡ ⎤= × − = − =⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤= × + = + =⎣ ⎦ ⎣ ⎦

             (3.3) 

 

Equations (3.3) show that the third harmonic has zero sequence properties. The other 

harmonics' properties can be found similarly and are listed in Table 3.1. 

 
Table 3.1. Harmonic order and sequences  

Positive Seq. Negative Seq. Zero Seq. 
1 2 3 
4 5 6 
7 8 9 

10 11 12 
13 14 15 

 

In order to calculate the harmonic impedances for each harmonic, first we have to check 

the sequence in which the 

r calculating the harmonic impedances of a three-phase system has been considered for 

harmonic voltage and currents will show up. This requirement 

fo

all the calculations in this section. The algorithm was applied to real field data, and the 

results are presented in the next sections.  

 

3.3.1.2      Substation One 
The first substation is a 25 kV load-serving substation located in Alberta, Canada. The 

single-line diagram of the substation and feeders and the measurement points are shown 

in Figure 3.17. 
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Figure 3.17. Single line diagram of Substation One 

 

The measurements were taken from both feeders at Site One. The data were collected in a 

five-second data window in every minute for one hour. The three-phase waveforms for 

each feeder were transformed to the frequency domain for every cycle of the 60Hz 

system frequency.  The impedances of the transformers connected to Feeders One and 

Two were 0.040+j1.435 ohms and 0.062+j1.809 ohms, respectively. The RMS of the 

voltage and current at Feeder One at this substation is plotted in Figure 3.18. Each plotted

value is the average of the voltage or cu ents. 
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Figure 3.18. Voltage and current at Feeder One, Substation One 

igure 3.18 reveals that the voltage and current have some variations, which were used 

, for the current system, the magnitude of the harmonic voltages 

f the two feeders are plotted in Figure 3.19. 

 

F

for estimating the system side harmonic impedance parameters. After applying the 

sequence transformation

o
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Figure 3.19. Harmonic voltages at two feeders in Substation One 

 

As Figure 3.17 shows, the two feeders were supplied with two different transformers. 

ce the loads and the feeders' transformer impedance charactSin eristics differed, the 

lar

ha the two feeders are plotted in Figure 3.20. 

feeders' harmonic voltages also differed. Figure 3.19 reveals that the fifth harmonic is the 

gest harmonic component of the voltage at Feeder One at Substation One. The 

rmonic components of the currents for 
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n of Ph and Qh, as stated in (3.4): 

Figure 3.20. Harmonic currents at two feeders in Substation One 

Figure 3.20 shows that the third and fifth harmonic currents are the largest components in 

the current spectrum in Substation One. After calculating the corresponding voltage and 

current for each harmonic, we can use the proposed algorithm to calculate the harmonic 

impedances of the system. The proposed algorithm uses the naturally occurring 

fluctuations of the loads connected to the system, at different harmonics, to calculate the 

system parameters. Therefore, we can define the fluctuation index, as defined in Chapter 

Two for the fundamental frequency. The fluctuation index will represent the level of the 

load fluctuations, and the higher this index, the more accurate the calculated parameters. 

The fluctuation index for the harmonics is defined as the summation of the absolute 

variatio

 

1 2 1 2

1 1

100h h h h

h h

P P Q Q
P Q

⎛ ⎞− −
+                   Fluctuation Index = × ,

thm had 

ore than two sets of measurements, the fluctuation index is the minimum of the 

as ation. The 

⎜ ⎟⎜ ⎟
⎝ ⎠

                               (3.4) 

 

where Ph and Qh are the active and reactive powers of the harmonics and are defined in 

the same way as for the fundamental frequency. Since the data used for the algori

m

summation for the period of the me urements used for the impedance estim
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fluctuation index, which is the mean value of the load fluctuation indices for the period of 

em

 

measur ent (one hour), is plotted in Figure 3.21 for all the harmonics for the two 

feeders.  
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Figure 3.21. Fluctuation index for the feeders in Substation One 

 

Figure 3.21 reveals that the fluctuation index increases as the harmonic order increases. 

The reason is the large variation of the higher-order harmonic voltages and currents, in 

percentages, compared to that of the lower harmonics. For harmonic impedance 

estimation, the minimum required fluctuation index was assumed to be one percent. 

 

The harmonic impedances of the system were calculated for this substation by using the 

proposed algorithm. As an example, the variation of Feeder One’s seventh harmonic 

voltages and currents, which appeared in positive sequence after the sequence 

transformation was applied, is plotted in Figure 3.22 for the period of one hour.  
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Figure 3.22. Variation of seventh harmonic voltage and current at Feeder One 

 

The seventh harmonic impedance parameters were calculated by using the proposed 

method, and the results for the period of one hour are shown in Figure 3.23. 
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Figure 3.23. Seventh harmonic circuit parameters of Feeder One 
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Figure 3.23 reveals that in some cases, the calculated background voltage distortion for 

the seventh harmonic is zero, so that in these cases, no background voltage distortion 

occurs from the system side. In these periods, the loads connected to the feeder are 

responsible for all the voltage distortions occurring at the substation bus and associated 

with the seventh harmonic. The other loads connected to the transformer in the substation 

could be the reason for the non-zero background voltage of the seventh harmonic voltage.  

 

The algorithm was applied to all the harmonic voltages and currents of the substation, and 

the average of the results for the period of one hour is presented in Figure 3.24.  
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Figure 3.24. Harmonic impedances of two feeders in Substation One 

 

Figure 3.24 also shows the harmonic impedances calculated by using the real fault data 

recorded by the PML meter at the substation. This figure reveals that the calculated 

harmonic impedances from the proposed method are comparable to those calculated from 

the recorded fault data. The second algorithm uses the pre- and post-disturbance voltage 

and currents to estimate the system harmonic impedances. The recorded fault voltage and 

current waveform station One are 

plotted in F

s used for the harmonic impedance calculations at Sub

igure 3.25.  



Chapter 3. Sensitivity Studies and Additional Applications 
 

62 

0 10 20 30 40 50 60
1.9

1.95

2

2.05

2.1

2.15
x 104

V
ol

ta
ge

 (V
)

0 10 20 30 40 50 60
400

500

600

700

800

Cycles

C
ur

re
nt

 (A
) Disturbance

Disturbance

 Pre - Disturbance Voltage (1)

Pre - Disturbance Current (2)

Post - Disturbance Current (2)

 Post - Disturbance Voltage (1)

 
Figure 3.25. A sample recorded fault at feeder one in Substation One 

 

The two disturbances in the recorded data window can both be used for harmonic 

impedance estimation. By using the pre- and post-disturbance values of the voltage and 

current for each harmonic and inserting them in (3.5), the power system harmonic 

impedances can be calculated:  

 

                                             
_ _

_ _

H pre H post
Hs

H pre H post

V V
Z

I I
−

= −
−

,                                           (3.5) 

 

where HsZ  is the system harmonic impedance, and HV  and HI  are the system's 

harmonic voltages and currents, respectively. The practical considerations and details of 

the algorithm can be found in [11].  
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The harmonic resistance of the sys e 3.26.  The calculated harmonic 

impedances for the one-hour perio  hundred points. Therefore, we 

assumed a normal distribution function for each calculated parameter. The confidence 

interval of the harmonic resistance and inductances, using a 95% confidence level, is 

shown

 

tem is plotted in Figur

d were more than one

 in the figures [71].  
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Figure 3.26. Harmonic resistances of two feeders in Substation One 

f the system is plotted in Figure 3.27. The confidence interval 

s is also shown in this figure. 

 

The harmonic reactance o

of the calculated reactance
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Figure 3.27. Harmonic reactances of two feeders in Substation One 

 

Figures 3.26 and 3.27 reveal that for some harmonics, the confidence interval for the 

ed system impedance is very large. In such cases, although the fluctuation index 

ving substation located in Alberta, Canada. 

he single-line diagram of the substation and feeders and the measurement points are 

shown in Figure 3.28. 

calculat

is high, the magnitude of the voltage and current is very low compared to the 

fundamental voltage and current, as shown in Figures 3.19 and 3.20. Therefore, the 

signal-to-noise ratio for these cases decreases, and this result will reduce the accuracy 

and, consequently, increase the confidence interval for the estimated parameters. For 

online monitoring, this effect will not be a problem because we have access to data at any 

time, and we can use data from different operating times that have smaller confidence 

intervals for the estimated parameters. 

 
3.3.1.3      Substation Two 
The second substation is also a 25 kV load-ser

T
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Figure 3.28. Single line diagram of Substation Two 

 

as a inute for one hour. The three-phase waveforms 

r each feeder were transformed to the frequency domain for every cycle of the 60Hz 

tted value is the average of the voltage or current 

uring five seconds of measurements. 

The measurements were taken from all the feeders at Site Two. The data were collected 

five-second data window in every m

fo

system frequency. The impedance of the transformers connected to the feeders was 

0.066+j1.777 ohms. The RMS of the voltage and current at Feeder One in this substation 

is plotted in Figure 3.29. Each plo

d
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Figure 3.29. Variation of voltage and current at Feeder One in Substation Tw

ure .29 reveals that the voltage and current at this feeder at Substation Two also have 

ariations and are not constant fo
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sequence transformation, for the current system, the magnitude of the harmonic voltages 

and currents of the three feeders was plotted in Figure 3.30.  
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Figure 3.30. Harmonic voltages at three feeders in Substation Two 

 

As Figure 3.28 reveals, all three feeders were supplied with the same transformer. 

Therefore, their fundamental and harmonic voltages should be the same as shown in 

Figure 3.30. The harmonic components of the currents for the three feeders are plotted in 

igure 3.31. F
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Figure 3.31. Harmonic currents at three feeders in Substation Two 
 

Figure 3.31 shows that for this substation as well, the third and fifth harmonic currents 

are the largest component in the current spectrum. The fluctuation index for the feeders at 

Substation Two was also calculated by using (3.4), and the results are plotted in

3
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Figure 3.32. Fluctuation index for the feeders in Substation Two 
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Figure 3.32 reveals that the index differs for different feeders and harmonics. The 

system's calculated h tted in Figure 3.33 

and compared with the calculated results from the real fault data.  

armonic impedances for all three feeders are plo

0 5 10 15
0

10

20

30

40
Fault Data
Feeder 1
Feeder 2hm

s)

Feeder 3

Im
pe

da
nc

e 
(O

0 5 10 15
0

20

100

120

40

60

80

A
e)

Harmonic Order

ng
le

 (D
eg

re

 
Figure 3.33. Harmonic impedances of three feeders in Substation Two 

 

As Figure 3.33 reveals, the harmonic impedances calculated for this substation are also 

comparable to those calculated by using the real fault data. The system's harmonic 

resistance for this substation is also plotted in Figure 3.34.  Here again, the calculated 

harmonic impedances for the one-hour period were more than one hundred points and we 

assumed a normal distribution function for each calculated parameter. The confidence 

interval of the harmonic resistance and inductances, using a 95% confidence level, are 

shown in the figures.  
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Figure 3.34. Harmonic impedances of two feeders in Substation One 

 

The harmonic reactance of the system is plotted in Figure 3.35. The confidence interval 

f the calculated reactances is also shown in this figure. o
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Figure 3.35. Harmonic impedances of two feeders in Substation One 
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 If the waveforms are available continuously, the calculated parameters will be available 

continuously, and by using the two indices, the fluctuation, and the confidence interval, 

we can track the system harmonic impedances. If the loads connected to the feeder 

generate more distortions and inject more harmonics into the system, calculating the 

system harmonic impedances by using the proposed method will be easier and more 

accurate. 

 

3.3.2   Zero Sequence Impedance Measurement 
 

This section presents the zero sequence impedance measurement method and the field 

test verificati

he equivalent for the zero sequence circuit is the same as that for the positive sequence 

plementation issues are explained in Chapter Two; therefore, in 

is chapter the final algorithm for zero sequence impedance estimation is presented. 

 zero sequence 

pedance parameters. The following steps should be taken: 

 

 three-phase voltages and cu

format by using a 256 sample per cycle data-acquisition system (the sampling rate 

could be less since the frequency of the zero sequence voltages and currents is 60 Hz), 

main by using Fourier transformation, 

 Assuming that the system impedance matrix is balanced, convert the system's three-

,  

 While considering the implementation issues, apply the multi-point algorithm to the 

system's zero sequence voltages and currents to calculate the zero sequence impedance 

on results. 

 

3.3.2.1      The Proposed Algorithm 
T

circuit. The only difference is that the equivalent voltage of the Thevenin circuit for the 

zero sequence might be zero. This voltage will not affect the calculation procedure 

because in this case, the estimated value for the voltage source will be zero. 

 

The algorithm and its im

th

Considering the basic algorithm and implementation issues explained in Chapter Two, in 

this section we propose the final algorithm for calculating power system

im

 Capture the system's rrents in a continuous waveform 

 Convert the voltages and currents of each cycle of the 60-Hz waveforms, for each 

phase, to the frequency do

phase voltage and current phasors to positive, negative and zero sequences for each 

cycle of the fundamental frequency
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parameters. 

 

The algorithm was applied to real field data, and the results are presented in the next 

sections. 

 

3.3.2.2      Substation One 
The first substation is a 25 kV load-serving substation located in Alberta, Canada. The 

single-line diagram of the substation and feeders and the measurement points are shown 

in Figure 3.36. 

 
Figure 3.36. Single-line diagram of Substation One 

The variation of the zero sequence voltage and current for Feeder One at Substation One 

is shown in Figure 3.37. 
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Figure 3.37. Zero sequence voltage and curre

 (A
)

nt at Feeder One, Substation One 

 

ations appearing in 

e zero sequence components of the voltages and currents, and the higher this index, the 

m e on index for the zero sequence 

p

(3.6). 

 

          x =

After calculating the corresponding voltage and current for the zero sequence circuit, we 

can use the proposed algorithm to calculate the zero sequence impedances of the system. 

The proposed algorithm uses the naturally occurring fluctuations of the loads connected 

to the system to calculate its zero sequence impedance parameters. Therefore, we can 

define the fluctuation index as it was defined in Chapter Two for the fundamental 

frequency. The fluctuation index will represent the level of load fluctu

th

or  accurate the calculated parameters. The fluctuati

arameters is defined as the summation of the absolute variation of Pz and Qz, as stated in 

1 2 1 2           Fluctuation Inde
1zP⎜ ⎟

⎝ 1

100z z z z

z

P P Q Q
Q

⎛ ⎞− −
+ ×⎜ ⎟

⎠
,                               (3.6) 

same way as they were defined for the fundamental frequency: 

 

 

where Pz and Qz are the active and reactive powers for the zero sequence components and 

are defined in the 
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z xz zP V I= ×
                                                      

z yz zQ V I= ×
,                                                 (3.7) 

where 

 

xzV  and yzV  are the x and y components of the voltage, respectively, when the 

angle of zI  is zero. Since the data used for the algorithm had more than two sets of 

measurements, the fluctuation index is the minimum of the summation for the period of 

 m e fluctuation index, which is 

riod of measurement, 

ctively. The proposed algorithm was 

used to calculate the system's zero sequence impedance parameters. The calculated zero 

value is the raw average of the calculated parameters for the period of five-

second data window. 

the easurements used for impedance estimation. The averag

the mean value of the load fluctuation indices for the one-hour pe

for Feeders One and Two, is %4.38 and %7.13, respe

sequence impedance parameters for Feeder One are plotted in Figure 3.38. In this figure, 

each plotted 
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Figure 3.38. Zero sequence circuit parameters of Feeder One, Substation One  

 

The zero sequence impedance parameters seen from Feeder Two were also calculated. 

The mean value of the calculated impedance parameters for the one-hour measurement 

period for Feeders One and Two are 0.341+j2.181 and 0.386+j2.152, respectively. Since 

the transformer ar, the system's 

ero sequence impedance can be considered as the average of the calculated parameters 

for the two feeders. The calculated parameters are compared in Table 3.2 with the zero 

type and loading conditions for the two feeders were simil

z
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sequence impedance data calculated by using different methods. The other methods 

involved using the real fault data recorded by the PML meters at the substation, and the 

data from the PSS/E circuit program.  

 

Since the measurement data which resulted in a calculated zero sequence impedance 

parameter were more than 100 points, we ass med a normal distribution function for the 

distribution of level for each 

alculated parameter, the confidence interval for the zero sequence impedance parameters 

 
Table 3.2. Zero sequence impedance data for Substation One 

Feeder The Calculated  
Resistance 

The Calculated  
Inductance 

F. index 
(%) 

Real Fault 
 Data 

PSS/E 
Data 

u

each calculated parameter. Using a 95% confidence 

c

are calculated. The results are presented in Table 3.2. 

# 1 0.341 0.312  j2.18± 1± 0.467    4.38 
# 2 0.386 0.209    j2.15± 2± 0.513      7.13        

 0.211+j2.043 0.10+j1.441 

 

Table 3.2 shows that the results calculated by using the proposed algorithm are 

comparable with the results calculated by using the other methods. The slight difference 

could be the result of measurement error or transients in the system. Since the data are 

available continuously, the average of the calculated set of values with smaller 

confidence intervals could be selected as the final values.  

 
 
 

.3.2.3      Substation Two 3
The second substation is also a 25 kV load-serving substation located in Alberta, Canada. 

The single-line diagram of the substation and feeders and the measurement points are 

shown in Figure 3.39. 

 
Figure 3.39. Single-line diagram of Substation Two 
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The zero sequence impedance parameters were calculated for Substation Two as well. 

The variation of e at Substation 

wo is shown in Figure 3.40. This feeder's zero sequence voltage and current are larger 

 the zero sequence voltages and currents for Feeder On

T

compared to those for Feeder One at Substation One. This difference could be the result 

of having a different transformer or grounding conditions or different kind of loads in the 

two substations. 
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Figure 3 n Two 

 

three feeders. The 

average fluctuation index for the zero seque e feeders 

during this period is %9.14, %12.32 and %14.1.  The proposed algorithm was applied for 

estimating the zero se eders. The calculated 

ero sequence impedance parameters for Feeder One are plotted in Figure 3.41. In this 

.40. Zero sequence voltage and current at Feeder One, Substatio

The voltage and current data at substation two were recorded for all 

nce voltages and currents in the thre

quence impedance parameters of the three fe

z

figure, each plotted value is the raw average of the calculated parameters for the period of 

the five-second data window. 
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Figure 3.41. Zero sequence circuit parameters of Feeder One, Substation Two  

hm
s)

 

 period of one hour is 0.491+j2.625, 

e is only one transformer 

ed a normal 

lculated parameter. Using a 95% 

confidence level for each calculated parameter, the confidence interval for the zero 

sequence impedance parameters are calculated. The results are presented in Table 3.3. 

 
Table 3.3. Zero sequence impedance data for Substation Two 

Feeder The Calculated  
Resistance 

The Calculated  
Inductance 

F. index 
(%) 

Real Fault 
 Data 

PSS/E 
Data 

The feeder's average zero sequence impedance for the

0.640+j3.271 and 0.514+j2.898. For this substation, because ther

and the feeders have almost the same kind of loads, the equivalent zero sequence 

impedance could be considered as the average of the three feeders. 

 

The average zero sequence impedance for Substation Two is compared in Table 3.3 with 

the zero sequence impedance data calculated by using different methods. For this 

substation also, since the measurement data which result in a calculated zero sequence 

pedance parameter were more than one hundred points, we assumim

distribution function for the distribution of each ca

# 1 0.491 0.330  j2.62± 5± 0.835    9.14 
# 2 0.640 0.287    j3.27± 1± 0.712      12.32     
# 3 0.514 0.261     j2.89± 8± 0.613      14.10     

0.290+j2.8967 0.3436+j3.002 
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Given the results shown in Tables 3.2 and 3.3, the proposed method could be applied to 

the zero sequence voltages and currents to calculate the zero sequence impedances of the 

power system. This impedance, combined with the positive sequence impedance 

calculated in Chapter Two, can be used for the online measurement of different kinds of 

substation fault levels. 

 
 

3.4   Conclusion 

 
In this chapter, some sensitivity studies are presented which were done to finalize the 

impedance measurement algorithm. The studies were done for twenty seven feeders in 

eight different substations and are related to some practical issues such as the disturbance 

side determ , and the 

fluctuation index criteria. Through these studies, the proposed algorithm was improved 

butions of this research to the field are 

e new proposed algorithm that can be used for online measurements, the consideration 

gh several field tests. Our studies show that 

e 

lgorithm does not depend on the load model and works with the natural variations of any 

kind of loads and synchronized measurements are not required for calculations. 

 

The required information can be obtained from the meters that are already installed at the 

onitoring of power system harmonic and zero sequence impedance parameters. 

ination, the number of points used for the multi-point algorithm

and finalized. Furthermore, by extending the impedance measurement technique, an 

algorithm was proposed for the online tracking of power system harmonic and zero 

sequence impedance parameters. The main contri

th

of practical issues, and the verifications throu

a three-second to five-second data window with sufficient variations is enough for the 

estimation of harmonic and zero sequence impedance parameters. The 256 sample per 

cycle rate of the data-acquisition system is sufficient for the data collection process, 

depending on the maximum frequency of the required harmonic impedance. Th

a

substation buses. The proposed algorithm was verified by using several field 

measurements. The verification results show that the proposed method is capable for the 

online m

 



Chapter 4 

 

Online Measurement of the Load Model 

Parameters 
 

Load model parameters have become critical information for the accurate analysis of 

power systems. In particular, voltage stability limits derived from simulations may be 

highly influenced by the load models used in both static and dynamic analysis. This 

chapter proposes a newly developed algorithm for the online measurement and 

monitoring of power system load model parameters. For this purpose, the existing load 

modeling algorithms in the literature are reviewed, the load parameter measurement 

problem is formulated, and solution algorithms are proposed. An algorithm is proposed to 

detect the tap movement by using the step change in the voltage waveform. Some 

sensitivity studies were done to investigate the characteristics of the tap movements. The 

proposed tap change detection and load modeling algorithms were applied to several field 

measurements from different substations. 

 

 

optim 34]. This chapter describes the development of a useful 

practical technique to measure and track the load model parameters at load-serving 

rbance coming from the 

 side can be used to estimate the parameters in the downstream side, namely the 

for the estimation procedure. The natural disturbances in the system are usually very 

4.1   Introduction  

 

The loads in power systems play an important role in power system planning, control and 

stability analysis [31], [72]-[80]. Having reliable models of the loads is essential for the 

purpose of power system simulation studies, designing automatic control systems and

izing their configuration [

substations. According to electric circuit theories, a distu

upstream

load parameters. Since the algorithm should be capable of online monitoring, a 

disturbance which has a high frequency of occurrence and also is large enough is required 
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small in terms of magnitude, and their source, either from the system or the load side, is 

not easily determined; therefore, they are not appropriate for the online measurement of 

load parameters. One of the disturbances in power systems which is large enough and has 

 high chance of occurrence is the operation of the Under Load Tap Changer (ULTC) of 

the substation transformers, which was chosen in this research to estimate the load 

parameters. 

 

load parameters estimations. This step change in voltage creates 

imilar disturbances in the corresponding active power and reactive power consumed by 

Obtaining detailed ore complicated 

task th g o nents, such achines. The 

problem can be summarized as follows [31], [81]: 

a

To accomplish this project, the characteristics of the tap movements occurring at the 

secondary of the transformers in the substations were investigated. For this purpose, an 

algorithm was developed to detect the tap change and record the corresponding three-

phase voltages and currents by using the Labview program. The data-acquisition systems 

were installed in four different substations across Edmonton and captured all the tap 

movements occurring, at 14 different transformers supplying different types of load 

feeders, for a period of one week. Based on our experiences, tap movement has a high 

chance of occurring and can happen in any loading condition and at any time during the 

day, seven days a week. This fact is very important and enabled us to use the tap changes 

to monitor the load at any required time during the week. 
 

Our study shows that tap movement creates a system side voltage step change with 

sufficient magnitude for 

s

the loads and the load response to this step change in the voltage can be used for 

determining load behavior and estimating the load model parameters. The main focus of 

this chapter is to calculate the static and transient load model parameters by using the 

exponential load model. A set of estimation algorithms was developed accordingly. This 

chapter further presents the implementation of the proposed method and its field 

experiences. 
 

 

4.2   Review of the Existing Load Modeling Algorithms 

 

 and accurate models of power system loads can be a m

an modelin ther power system compo as synchronous m
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• Loads are time-vari nd stoc and their composition changes with the time 

of d d week, the seasons, the her, and ov

• T any diverse load com ts. 

• New load compositions are added to the system. 

• Precise information about the co tion and m ailable. 

• Load m must be verified with actual measurements of the d

• The ownership and location of load devices in customer faciliti

accessible to the electric utility. 

• The characteristics of many lo mponents, pa  voltage or 

frequency variations e uncerta

 

Accurate load modeling has been a challenging problem ngineers for 

decades.  the past 3 ears, two types of methods have been proposed, which are 

presen followin ctions. 

ut the load composition, such as 

e NAICS codes and associated computer models, to compute the parameters [82]-[85]. 

. This approach is theoretically sound but has a number of 

plementation problems. For example, how do we classify the loads into different types 

 What are the valid models for 

ifferent load types and at different times and seasons? The component-based approach 

ant a hastic, 

ay an  weat er time. 

here are m ponen

mposi ix of loads is not usually av

odels ynamic response. 

es are not directly 

ad co rticularly for large

, ar in. 

 for power system e

 Over 0 y

ted in the g se

 

4.2.1   Component-Based Approaches 
 

The component-based approaches use information abo

th

Power system load aggregation can be performed analytically by lumping together 

similar loads based on the load type [31], [35], and using predetermined values for each 

parameter of the load

im

that have similar voltage-dependent characteristics?

d

has also the disadvantage of requiring an extensive survey to collect load composition 

information; however, after deregulation, transmission-system planners may not be able 

to access such information. As well, making an accurate mathematical model is difficult 

for the following reasons [86]: 
 

• Errors always exist in the nominal values given by the manufacturer. 

• Simplifications and assumptions will certainly introduce errors. 

• The load’s characteristics that are ignored for some applications may be 

important for other applications. 
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Therefore, the component-based approaches are not suitable for the online monitoring of 

he difficulties of the component-based approaches have led to the development of the 

second type of method in recent years – direct measurement of the load parameters [87]-

[97]. To be successful, however, this method has to rely on voltage disturbances. Since 

many intentional voltage disturbances cannot be created due to power quality concerns 

and costs, the direct measurement method can be performed only under special 

arrangements. This constraint has made the method expensive to use and has limited its 

application to spot-checking the characteristics of certain load. Some attempts have been 

made to use naturally occurring voltage disturbances to measure the load characteristics. 

For example, [76], [86], [88] showed how to estimate load parameters by using captured 

voltage disturbances. However, these papers never addressed the problem of how often 

such disturbances occur and how representative they are. In fact, the disturbances 

collected and reported by these papers are few in number and irregular in occurrence. As 

a result, the estimated load parameters cannot represent the load behavior at

times and se se of such 

ethods. 

that work 

o its results also suffer from a lack of representativeness. 

 

Based on the above experiences, this chapter proposes a method that can measure 

voltage-dependent load parameters at any given day and on demand. This method uses 

the natural tap movements as the source of voltage disturbances.  Although the concept is 

simple, whether the natural tap movements can indeed yield disturbances with sufficient 

magnitude and frequency that can be used to determine the load parameters adequately 

and continuously must be verified. Through extensive field measurements on 14 

load model parameters.  

 

4.2.2   Measurement-Based Approaches 
 

T

 different 

asons. This lack of representativeness has severely limited the u

m

 

One type of voltage disturbance that occurs frequently, is the disturbance caused by the 

operation of the Under Load Tap Changer (ULTC) transformers. Reference [87] 

performed extensive load tests on the BC Hydro system and found that the load responses 

due to the ULTC disturbances were sufficient to capture the voltage-dependent load 

characteristics. However, the ULTC disturbances were created intentionally in 

s
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transformers serving various loads, the above issue was settled. The results show that the 

disturbances caused by natural tap movement are quite suitable for load parameter 

estimation.  

 

 

4.3   Algorithms for Load Parameter Estimations 

 

This section explains the load response characteristics and the basic form of the propose

algorithms f vestigate 

e effect of magnitude of voltage disturbance on the calculated load model parameters 

periments it is shown that the voltage step change created by 

peration of ULTCs is sufficient for online monitoring of load model parameters. 

 

 

4.3.1   Loa

e-dependent) load models, denote the real and reactive 

ower demands of the loads as affected by their supply voltage. This chapter's main focus 

r one specific model 

he exponential model), we can estimate the parameters for different static load models 

such as the ZIP model [82]. 

 

When a step voltage change such as a tap movement is applied to the load, it generally 

has a response very close to that shown in Figure. 4.1.  

 

d 

or load parameter estimation. Several experiments were done to in

th

and some sensitivity studies are performed in order to finalize the algorithm. In this 

study, the step changes in the voltage caused by the operation of ULTCs were used for 

load parameter estimations. During our field experiences, the time required for tap 

movement was usually a few cycles, with the probability of a disturbance occurring on 

both the system and load side simultaneously being very low. Through extensive field 

measurements and ex

o

d Response Characteristics 
 

In a power transmission system, load refers to the collective power demand of the various 

electricity users served by a feeder or by a substation. The voltage-dependent load 

characteristics, also called (voltag

p

is to investigate the voltage dependency characteristics of the loads in transient and 

steady-state conditions. Once we have the load model parameters fo

(t
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ad response characteristics 

 

ing six variables: 

 Transient load responses ∆Pt and ∆Qt:  They represent how the load’s power demand 

tage change has reached 

the steady-state. 

 Time to recover τp and τq: They represent how long it will take for the load to reach a 

new steady-state.  

  

Extensive research work has shown that these variables are related to the voltage and the 

pre-disturbance power demand according to the following equations: 

 

                            

Qo

τQ

Figure 4.1. The general lo

The responses can be characterized using the follow

will change immediately when a voltage change is applied.  

 Steady-state load responses ∆Ps and ∆Qs: They represent how the load’s power 

demand will change eventually after it’s response to step vol

0
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The above equations (similar for Q) assume that the load demand recovers from its 

transient values to its steady-state values in an exponential function, which is an 

acceptable approximation of the actual situation. Once the above six load parameters are 

determined, a dynamic load model can be established. A variety of equations have been 

proposed for the dynamic load model. No matter what equations are used, these six load 

arameters contain the most important information of the loads and this thesis proposes 

 in a continuous format. 

odel’s parameters are the exponents “a” and “b”. With these exponents equal 

 0, 1, or 2, the model represents the constant power, constant current or constant 

impedance characteristics, respectively. For composite loads, their values depend on the 

aggregate characteristics of the load components. The exponent “a” (or “b”) is nearly 

equal to the slope 

p

algorithms to measure and monitor them

 

 

4.3.2   Estimation of Load Model Parameters 
 

The static m

to

VP ∆∆  or ( VQ ∆∆ ) at 0VV =  , and if 0VV ≠ , the exponents can 

be calculated from (4.2) by assuming P0  and V0  as the initial values or the pre-

disturbance active power and voltage, and assuming P and V as the post-disturbance 

values. 

 

                                             
0 0

log( ) log( )P Va
P V

= .                                                    (4.2) 

 

The same procedure can be used to calculate “b”, α and β . For composite system loads, 

the exponent “a” usually ranges between 0.5 and 1.8, and the exponent “b” is typically 

between 1.5 and 6. A significant characteristic of the exponent “b” is that it varies as a 

nonlinear function of the voltage. This variation is caused by magnetic saturation in the 

istribution transformers and motors. At higher voltages, Q tends to be significantly 

 

d

higher [79].  

 

As shown in Section 4.3, the average tap movement for different transformers is around 

one percent. This one-percent step change in the voltage creates a step change in the 

corresponding active and reactive power. For instance, the active and reactive power step
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changes, caused by the operation of the ULTC, for two different step-up and –down tap 

movements are plotted in Figure 4.2. 
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Figure 4.2. Two sample tap movement active and reactive power transients 

 

Figure 4.2 shows that the transient in the active and reactive power for these cases, and 

also for almost all the tap movements of the transformers, dies out in at most one second.  

 

In order to calculate the load model parameters, we need the steady state and transient 

active and reactive power and the corresponding voltage. The first step in calculating the 

load model parameters is t

ea
ct

iv
r(p

u)

o detect the starting point, or the exact occurrence time of the 

ycles, a moving window can 

etecting it.  

 

red as the starting point of 

e tap movement (Tapsp). DV is calculated from the following equation: 

e 
P

ow
e

step change. Since an entire tap change occurs in around 5 c

be used for d

If the calculated DV is greater than 0.5, then “t” can be conside

th

 

                                       100
)(

)5()(
×

+−
=

tV
tVtVDV .                                               (4.3) 

 

The vector V is constructed out of the 60-Hz component of the voltage of phase "A" for 

each cycle of the waveform. 
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After detecting the tap movement instant, the procedure explained below is applied to 

alculate the load model parameters: c

 

1. Calculation of the pre-tap values as the average of the five cycles before starting the 

tap movement: 
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                                                  (4.4) 

cause we assume the load side parameters do not have a significant 

hange during the five cycle period which is a valid assumption. This fact was verified by 

lts are shown in section 4.3.4. 

0

Tap

Q = ∑
5 5

spt Tap= −

        

The vectors V, P and Q are the positive sequence voltage and active and reactive power 

associated with the 60-Hz component of the waveforms. The reason to average the five-

cycle window is be

c

different tap movements’ data and the resu

 

2. Calculation of steady-state post-tap values as the average of five cycles and 60 cycles 

after starting the tap movement since the transient will die out in at most one second (60 

cycles): 
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                                               (4.5) 

 

Having the pre- and post-tap values for voltage, real and reactive power, the load 

parameters, “a” and “b” can be calculated from (4.1).  

 

3. Calculation of transient post-tap values, Pt and Qt as they are the peak of real and 
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reactive power immediately after the tap movement. They can be easily determined by 

using (4.6). 

 

                                         sp

sp

+

+
                                 (4.6) 

 

Having te

{ ( ), : 10}

{ ( ), : 10}
t sp

t sp

P peak P t t Tap Tap

Q peak Q t t Tap Tap

= =

= =

 α and βPt and Qt we can calcula by using (4.1).  

 

4. Calculate th eters τp ing the actual 

wavefor

to get t the tap movement. Since the moment of tap 

movement and the steady-state and transient values are already known, τp and τq can be 

easily estimated. In the cases that two tap movements occur simultaneously, the 

algorithms are still applicable since the waveforms will be similar with either a larger step 

change or a two-consecutive step changes. 

 

4.3.3   Voltage Disturbance Effects on Load Model Parameters 
 

Although mathematically the load model parameters can be estimated from any voltage 

step change, it is important to verify whether the parameters are sensitive to the 

magnitude of the step change. Through extensive field tests on BC Hydro’s system, 

reference [87] showed that the 1% voltage drop caused by a single tap movement gives 

the same load parameters as a 15% voltage drop.  

 

In this section for further investigation of the issue, several experiments with different 

load oad 

parameters. For these experiments the loads included a 2 hp three-phase induction 

mac r us loading conditions in parallel with a bank of variable resistors, and 

a variable frequency drive supplied b

following steps were taken for calculation of load model parameters: 

 

 De

e param  and τq. They can be estimated by monitor

ms or using (4.1). They will be the required times for the real and reactive power 

o their steady state values after 

s were set up to see how the magnitude of step change will affect the l

hine with va io

y three-phase 208 phase-to-phase voltages. The 

tect the step changes in the three-phase voltage , 
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 Re

u quency, 

 Calculate the positive sequence voltage, active and reactive power for each cycle of 

the captured window, 

 Ca la

 

The res

followin

1. 

2. 

f resistors.  

The experiments were done under the following conditions: 

 

of 1.5%, 2.5%, 5%, 7.5%, and 10%. 

 The disturbance occurs at t = 1 Second 

 disturbance (55-59) 

 The post-disturbance value was the average of 5 cycles 30 cycles after the 

h voltage step value, 10 experiments were done 

 T

 A
 

The tw and the parameters of the models were calculated for 

them. 

 

.3.3.1   Fully loaded induction machine in parallel with resistor bank 
stor bank are 

f active and reactive power after a 5% step change in voltage are plotted in 

Figure

cord the pre and post disturbance three-phase voltage and current waveforms 

sing a window of 5 cycles of the 60Hz system fre

lcu te the load model parameters  

ults shown in this section are related to two different cases which have the 

g loads:  

A fully loaded induction machine working in parallel with a bank of resistors.  

A variable frequency drive powering a loaded induction machine in parallel with a 

bank o

 The voltage disturbance occurred in the steps 

 The pre-disturbance value was the average of 5 cycles before the

disturbance (90-94) 

 For eac

he time difference between each experiment was 10 seconds 

ll the experiments were in three-phase system 

o cases were investigated 

4
In this experiment a three-phase, 2 hp induction machine and a resi

considered as the three phase loads connected to the system. As an example, the 

variations o

 4.3. 
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Figure 4.3. The variation of voltage, active and reactive power 

 

Figure 4.3 shows the averaging window which has been used for getting the pre and post 

disturbance values. The experiments have been done with step changes of 1.5%, 2.5%, 

7.5% and 10%. The calculated load model parameters versus the magnitude of step 

change in the voltage are plotted in the following figures. 
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The required time to recover for this load is also plotted in Figure 4.5. 

 The va of voltage, active an  power 
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The experiments done in t rameters for the induction 

machine operating in parallel with a resistor bank, do n n the magnitude of 

step voltage cha e signif e ma eristics of 

the load itself. 

 

4.3.3.2   Variable frequency drive in parallel with resistor bank 
For this experiment a three-phase variable frequency drive, driving the 2 hp induction 

machine and a resistor ban  

ystem. As an example, the variations of active and reactive power after a 5% step change 

 (s
ec

)

DV (%)  
Figure 4.5. The calculated load model parameters 

his section show that the six load pa

ot depend o

ng icantly and they ar inly dependent on the charact

k were considered as the three phase loads connected to the

s

in voltage are plotted in Figure 4.6. 
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Figure 4.6. The variation of voltage, active and reactive power 

 

Figure 4.6 shows the averaging window which has been used for getting the pre and post 

disturbance values. The calculated load model parameters versus the magnitude of step 

change in the voltage are plotted in the following figures. 
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Figure 4.7. The variation of voltage, active and reactive power 

 

The required time to recover for this load is also plotted in Figure 4.8. 
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Figure 4.8. The calculated load model parameters 

 

The calculated results show that the load model parameters can be determined by using a 

onding active and reactive power. In this project 

k and variable frequency drive in different loading 

onditions. The experiments done in this section show that the six load parameters do not 

depend on the magnitude of step voltage change significantly and they are mainly 

dependent on the characteristics of the load itself. This is very important finding and 

shows t although the step changes in voltage created by the operation of ULTC are not 

very large, they still can be used for calculation of the load model parameter . is issue 

has also been confirmed and reported in [36] and [87]. 

 

 

4.3.4   Sensitivity Studies 
 

In this part some sensitivity studies are presented. These studies were performed in order 

to finalize the load modeling algorithm and apply it to the real field measurements data. 

The parameters to be determined are the length of window used for averaging the pre-tap 

disturbance in the voltage and the corresp

the tap changer will be used to determine the parameters of the loads connected to 

different feeders in the substation. 

 

Further to the cases mentioned above, the lab experiments have were done for the 

induction machine, resistor ban

c

 tha

s  Th
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voltage, real and reactive power, the length of window used for averaging the post-tap 

voltage, real and reactive power, and the time span between pre- and post-tap values.  

 

4.3.4.1   Averaging the Pre-tap Values 
In order to reduce the effect of noise and transients in the calculated parameters, the pre-

tap values are built up from averaging a data window. Several sensitivity studies were 

done to find the best data window length for averaging. For this purpose the load 

parameters of different kind of loads were plotted versus the length of data window used 

for averaging. Our studies show that a five-cycle data window for averaging provides 

accurat esults. As an example the calculated “a” and “b”  plotted 

versus the length of data window for a sample tap movement in Figure 4.9. 
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igure 4.9 shows that increasing the length of window more than five cycles will not 

affect the parameters and this confirms the appropriate selection of five-cycle data 

window for averaging the pre-tap values. 

 

4.3.4.2   Averaging the Post-tap Values 
The same procedure was applied to determine the length of window used for veraging 

the post-tap values. Our studies on several tap movements captured from different 

 
Figure 4.9. Load parameters versus length of pre-tap averaging window  

 

F

 a
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transformers show that the five-cycle data window provides accurate and acceptable 

results. As an example for a single tap movement, the results are shown in Figure 4.10. 
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Figure 4.10. Load parameters versus length of post-tap averaging window 

 

It is seen that by increasing the length of averaging window more than five cycles, the 

results will not change significantly and this value was selected for averaging the post-tap 

values. 

 

4.3.4.3   Time Span between Pre- and Post-Tap Values 
The ta ment usually occurs in a few cycles. However, its effect on real and reactive 

power will continue for a while. In order to calculate the post-tap values for es

load parameters, we need to select the time span between the pre- and post-tap values. 

For this purpose several sensitivity studies were performed and several cases were 

investigated. The filed test transformers, the transients 

 real and reactive power will die out after one second. As an example the results related 

p move

timation of 

results show that for almost all the 

in

to a specific tap movement are plotted in Figure 4.11. 
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Figure 4.11. Load parameters versus time span 

"b
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post ccurate results.  

The 

para  to 

4.4   Characteristics of the ULTC Movement  

In a 

elect e proposed measurement scheme 

for calculating the load model parameters is shown in Figure 4.12. This system uses the 

Figure 4.11 reveals that selection of one second for the time span between the pre- and 

-tap values is an appropriate choice and provides a

 

sensitivity studies performed in this section helped us to determine the required 

meters for the proposed load modeling algorithm. These parameters were used

calculate the load model parameters for all the transformers in this and the next chapter. 

 

 

 

power transmission system, the load is the collective power demand of the various 

ricity users served by a feeder or by a substation. Th

disturbance responses recorded at substation meters to estimate the load characteristics of 

the downstream system.  
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Figure 4.12. The proposed measurement system 

 

The data needed for this system are the substation bus voltages and feeder or the 

transformer line currents. The data are recorded in the waveform format with a sample 

rate of at least 16 samples per cycle. The data are collected in a continuous stream, and 

the system’s outputs are the load model parameters as functions of time. According to 

electric circuit theories, when a disturbance occurs at the system side, the voltage and 

current waveforms can be used for estimating the load side parameters.  The disturbance 

can be any kind of distortion in the voltage or current waveforms, such as continuous 

the load voltage and current, or step changes caused by transformers’ taps. 

y that variations or disturbances will occur on both the system and 

 is, practically, very low, it is reasonable to assume that the 

arameters on the non-disturbance side are constant for the disturbance period. Once the 

list of transformers and their load types are presented in Table 4.1. 
 

variations of 

Since the probabilit

load side simultaneously

p

disturbance side is determined, the measurement data can be used to calculate the system 

or load side parameters. 
 

This project is based on the use of the tap movement effect on voltages and currents for 

calculating load model parameters. In this section, the characteristics of the ULTC 

movements are explained. For this purpose, the measurement devices were installed in 

four different substations to capture the tap movements occurring in 14 transformers 

during a one-week period. The data are captured from the city of Edmonton transformers 

identified in Table 4.1. These substations are 15 kV substations supplying commercial 

and residential loads. The loads are classified as mostly commercial, which has roughly 

70% commercial loads; mostly residential, which has roughly 70% residential loads; and 

the substations that have roughly equal amounts of commercial and residential loads. The 
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Table 4.1. List of transformers and substations under study 

Substation 
Transformer 

No. 

Transformer 

Name 

Transformer load 

types 

1 M1.1 Commercial and residential 

2 M2.1 Commercial and residential 
One 

(14.4 kV) 
3 M3.1 Commercial and residential 

4 P1.1 Commercial and residential 

5 P1.2 Mostly Residential 

6 P2.7 Mostly Residential 

Two 

(14.4 kV) 

7 P2.8 Mostly Residential 

8 J3.1 Mostly Commercial 

9 J3.3 Mostly Commercial 

10 J3.8 Mostly Commercial 

11 J4.2 Mostly Commercial 

Three 

(14.4 kV) 

12 J4.7 Mostly Commercial 

13 C1.2 Mostly Residential Four 

(14.4 kV) 14 C2.8 Commercial and residential 

 

As Figure 4.12 reveals, each transformer supplies several feeders, and the measurements 

are taken at the secondary side of the transformers. Therefore, the collection of feeders 

connected to each transformer is considered as a load.  
 

Some characteristics of the tap changes such as the voltage step change, frequency of 

occurrence, time of occurrence, and the time required for tap movement are explained in 

e following sections. 

 

manufacturers of the ULTC, the total range of the regulation and size of 

the tap movement step will be around 42 volts. This value was used only to detect the 

th

 

4.4.1   Voltage Disturbance Characteristics  

According to the 

the individual steps for tap movements are most often specified as 10% voltage in 33 

steps of 0.625% voltage per step [98]. Exact information about the transformers in the 

substations is not always available to detect the operation of the ULTC and to adjust the 

recordings. Thus, to remain in a safe margin, the step change can be assumed to be 0.5% 

of the initial voltage. In a 15kV line-to-line voltage, or an 8.4 kV line-to-ground voltage, 
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operation of the ULTC; however, for load parameter estimations, the actual step change 

was calculated from the real recorded waveforms.  

 

Figure 4.13 s f the voltage 

disturbance, cause tion of the ULTC, du he period of measurement. 
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Figure 4.13 shows that mo  t a m av il ax  an nimum 

values. Since the voltage c  c ic Tr rm  O wo ight to 

Twelve are similar, we grouped them together  gr ed re tran ers as 

another group. Tran e e F which each reside in a rent p were 

elected for further illustrations. The magnitude of the step change in the voltage caused 

y the tap change for Transformers One and Five are presented in Figure 4.14.  
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During the one-week measurem e  4 d tap ve occurred for 

Transform One a v p l gu 14 als t for Transformer One, 

some tap movements have values greater than the others. Since the m itud he step 

change in the voltage is alm a w  a e n su ses the 

tap moved for two steps. As an examp o movemen ith ffere ps, are 

shown in Figure 4.1
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Figure 4.15 shows that the voltage change properties in terms of the transient time look 

the same. The only difference is the magnitude of the step change, which is two times 

larger for one o

 

 The d  of t itude of th ge in the v ltage caused by the tap 

change for Transform  On d

 

f the movements. 

istributions he magn e step chan o

ers e an  Five are presented in Figure 4.16. 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

2

4

6

8

10

12

14

16

18

Voltag nge

N
um

be
r o

f T
ap

s

15

0.2 0.6 0.8 1 1.2 1.4
e Step Cha  (%)  

0 0.4 1.6 1.8 2

10

5

0

Voltage Step  (%)

N
um

be
r o

f T
ap

s

 
Figure 4.16 rib  o ag tu s, o  O d Fi

 

Figure 4.16 shows that the distributio tion is s ar he normal ibution 

function with the mean valu se
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As Figure 4.17 rev  e  e er u   fo online 

tracking of load parameters. Also, the r ap em  f eekd usually 

exceeds the numbe  w nd h aso  lik  related to the degree of the 

variation of the loads on w e er ti  l ken sults in 

less need for voltage regula nd eration of the ULTC.  

 

4.4.3   Times of Tap Movement  
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As Figure 4.18 rev ta t oc at st  ti f th . This 

property could be he  i s g loa d ra rs in an online 

format. For the hours of the day in which we do not have any ents, the load 

model parameters c es u terpolatio thods. 

 

4.4.4   Required Moment for Tap Movement  
 

Tap movement usu ta pla re el ickl or in of the 

fundame que s xa le ste an n ol cau y a tap 

movement for two different step-up and n em ar w igu 9. 
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Figure 4.19. Two sample tap movement voltage transients 
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Figure 4.19 shows that the voltage has almost no transient. This result was checked by 

xamining all the tap movements from the different substations. In some cases, two tap 

changes occurr s uently, almost 

occurred twice. In these cases, as shown in Figure 4.15, the tap movement characteristics 

in term the tap movement and the transients associated with the 

step change in the voltage are alm  t v c stics. 

This property of tap m e is  l  w  e the side is 

constant during this process; therefore, odeling becom ss  and ingful. 

This prop also   develop  recording procedure, w  is ined in 

the next sections. 

 

 

4.5   Data Recording and the Final Algorithm 

 

The characteristics of tap v ts are ine  on . K e 

characteristics of tap move a   o  sy 's g  can lop an 

algorithm to detect and record the tap changes. In this section, the data-recording 

procedure and how p em  c e u for del the ds in system 

are prese his n lu  b se  the flowchart o  fin orithm 

proposed for calculating lo d ra rs

 

4.5.1   Data Coll n c e
 

The national instrument NI-6020E 12-bit da qui n em h a 6 kHz 

sampling rate for e a c ll y a laptop computer, was used to record the 

ree-phase voltages and currents at the point of metering in the substations for  a period 

f four weeks. All the measuring points were at 15 kV systems; therefore, CTs and PTs 

e

ed simultaneously, so that the step change in voltage, con eq

s of the time required for 

ost the same as the single ap mo ement har teriac

ov ment  very usefu since e can assum  that  load 

load m es po ible mean

erty helped us to  our hich expla

 mo emen expla d in Secti  4.4 nowing th

ment nd its effect n the stem  volta e, we  deve

the ta  mov ent an b sed  mo ing  loa  the 

nted. T sectio  conc des y pre nting f the al alg

ad mo el pa mete . 

ectio  Pro edur  

ta-ac sitio syst  wit  15.3

ach ch nnel, ontro ed b

th

o

were used to step down the recorded current and voltages, respectively, to measurable 

values. Two different recording procedures were used simultaneously to record the data, 

as is explained in the following sections. 
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4.5.1.1      Auto Snapshot Recording 
In order to obtain the load profile data, we had to monitor and capture the three-phase 

es and 

urrents per hour.  

 

4.5.1.2      Tap Movement Recording 
T ich had to be ca d si e

waveforms. In order to record this type of data, the labview program

tap movement was capt a  th  

moveme a step ch e i olt ith cr r an ase, and this 

step change occurs within  c  che  th age ase “A” every second 

and comparing it to the voltage at the p s  h  us tec ap 

movement. If the step change in the volta s l ha , then tap m nt 

had o  three- ase es a rre re ed for a period of five 

or twelve seconds, which i ed o n ata tap ment instant. 

A twelve-second period w used ec the lo  a ic response, 

which would last for this p d e. O ld on ur tions and 14 

transform h dyna spo of d  by p m nt 

were very small and died o , a  on nd efo  tw econ od 

was sufficient for capturing e ta eme  e ing ans d s ad 

odel parameters. 

eginning, the following procedure 

as applied: 

 

1. Thre n fferent time 

instants were recorded: 
 

V1 = 

voltages and currents during the measurements. For this purpose, the labview program 

was used to capture 12 cycles of the waveforms in every 12 seconds. Therefore, we 

obtained five snapshots per minute and 300 snapshots of the three-phase voltag

c

he other data wh pture multaneously were the tap movem nt instant 

 was used, and the 

ured b sed on e variation of the voltages. Since the tap

nt causes ang n the v age, e er a de ease o  incre

a few ycles, cking e volt  of ph

reviou second elped  to de t the t

ge wa arger t n 0.5% oveme

ccurred, and the ph voltag nd cu nts we  record

nclud  four t ten seco ds of d  after  move

as  to ch k whe r the ad had dynam

erio of tim ur fie  tests  the fo substa

ers showed that t e mic re nses the loa caused  the ta oveme

ut in t most, e seco . Ther re, the elve-s d peri

 th p mov nt and stimat  the tr ient an tatic lo

m

 

For the five-second recordings, the snapshot was recorded as a five-second snapshot or 

300 cycles. In order to determine whether the snapshot should be considered as a tap 

change and to detect the instant of the tap movement's b

w

e different voltages and the active a d reactive power at three di

10 ( )V t∑ , V  = 
1 10t=

2

110 ( )V t∑ ,   V  = 
71 10t=

3

12 ( )V t∑ ,                                         
0

111 10t=

   (4.7) 
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The vector V is constructed of the 60-Hz component o  the voltage of phase “A” 

for each cycle of the waveform. 
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Figure 4.20. The step change in v ltage caused by tap movement 

 

2. The variation of the voltage for (V ,V ) and (V ,V ) is calculated as follows:  

 

o

1 2 2 3

 

       DV1 = 2 1 100V V−
× , 

1V

       DV2 = 3 2

2

100V V
V
−

× .                                                                                      (4.8) 

3. According to the transformers' manufacturers, the minimum tap change is a step 

chang ropriate for 

determining tap change occurrence. The follow ng c ld be satisfied 

for a snapsh nsidered  t an

 

 DV1 > 0.5. 

e cases where the voltage 

fluctuates. In such cases, the data recorder will assume the ULTC has operated, 

but, in fact, the tap has not moved, and the changes in the system loading 

e around 0.625%; therefore, an index of 0.5% is app

i onditions shou

ot to be co  as a ap ch ge: 

 DV2 < 0.3.                                                                                                  (4.9) 

  

The reason for the second condition is to avoid th
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conditions have caused the voltage to change, and the first condition becomes 

true. 

 

 

e is greater than 

0.5%, a tap movement has been occurred, 

Step   2. If a tap movement occurred, go to step 3; otherwise, go to step 1. 
 

Step 3. Record the pre- and post- disturbance three-phase voltage and current waveforms 

as follows: 

Step 3.1. Record the transformer's three-phase voltage and current for the period of 

20 cycles before to 10 seconds after the tap movement. 
 

Step   4. Calculate the load model parameters by using the algorithm explained in Section 

4.4, 
 

Step  5. Save od is over, 

rting period is over, calculate the load model parameters as the 

average of the parameters that have been calculated so far. 
 

Step  7. Go to step 1. 

 
 
 

 

4.5.2   Flowchart of the Final Algorithm 
 

The proposed algorithm can be implemented in the following steps: 
 

Step 1. Detect the step changes in the three-phase voltage through the following 

procedure, 

Step 1.1. Record the transformer's three-phase voltage and current for two 

consecutive seconds in a sliding window format, 

Step  1.2. Calculate the 60-Hz component of the voltage of phase "A" for the first 

six cycles of each second,  

Step  1.3. Calculate the step change in voltage; if the step chang

 

 the calculated parameters and keep them until the reporting peri
 

Step  6. If the data-repo
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4.6  Field Measurement Results  
 

Field measurements were conducted in June and July 2009 at different substations in the 

city of Edmonton, Alberta. The data processing was performed in the power lab at the 

University of Alberta to determine the load model parameters of the transformers.  

 

4.6.1   The Substations and Transformers under Study 
 

Four substations were studied for this project. Measurements were done for two to five 

ation. The substations' names and the measured transformers, 

e load types are presented in Table 4.2. 

                                                                   
Table 4.2. List of measured transformers and the average loads 

Substation 
Transformer 

Name 

ransformer load  

types 

Average Transformer 

Load per day (S = P + jQ) 

transformers at each subst

nominal voltage, average load per day, and th

  

T

M1.1 Commercial and residential 22.5 MW + j8.1 MVar 

M2.1 Com ercial and residential 20.5 MW + j7.5 MVar m
One 

(14.4 kV) 
M3.1 Com ercial and residential 21.8 MW + j4.1 MVar m

P1.1 Com ercial and residential 18.3 MW + j5.1 MVar m

P1.2 Mostly Residential 27.5 MW + j7.8 MVar 

P2.7 Mostly Residential 26.2 MW + j7.1 MVar 

Two 

(14.4 kV) 

P2.8 Mostly Residential 22.8 MW + j6.2 MVar 

J3.1 Mostly Commercial 38.6 MW + j14.4 MVar 

J3.3 Mostly Commercial 32.1 MW + j11.9 MVar 

J3.8 Mostly Commercial 18.8 MW + j9.5 MVar 

J4.2 Mostly Commercial 24.1 MW + j10.6 MVar 

Three 

(14.4 kV) 

J4.7 Mostly Commercial 25.2 MW + j10.1 MVar 

C1.2 Mostly Residential 21.8 MW + j5.1 MVar Four 

(14.4 kV) C2.8 Com rcial and residential 16.8 MW + j5.3 MVar me

 

The average transformer load per day is esented as only a rough value in order to allow 

the different transformers' loads to be compared. 

 

 

pr
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4.6.2   Grouping Similar Loads 
 

All the measured transformer loads in the substations were grouped into four groups 

based on the load profiles, the load levels of the transformers, and the information 

received from technicians at the substations. Table 4.3 shows the four constructed groups.  
 

Table 4.3. List of different load groups 

Group Members Description 

I M1.1,  M2.1, M3.1 
(larg

Commercial and residential 

er loads) 

II P1.1, C2.8 
Commercial and residential 

(smaller loads) 

III C1.2, P1.2, P2.7, P2.8 Mostly residential 

IV J3.1, J3.3, J3.8, J4.2, J4.7 Mostly commercial 

 

In order to show the load profiles of the transformers, the power profiles of the members 

of each group are plotted in the following Figures 4.21-4.24. 

 

A. Group I - Commercial and Residential 
This group of loads has both commercial and residential load gure 4.21 

reveals, the peaks of the loads occur in the evening, and the loads during working hours 

are also high.  
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Figure 4.21. Load profile of Group I 

 

 

B. Group II - Commercial and Residential 
This group of loads also has both commercial and residential load types. The peaks of the 

loads here occur in the evening and during working hours. The differences between this 

group loads and Group I are that Group II has less load variation and much less load 

peaks. 
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(b) 
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Figure 4.22. Load profile of Group II 

 

C. Group III - Mostly Residential 
han commercials loads. The peaks of the loads 

occur in the evening, and the loads during working hours are also high. As Figure 4.23 

shows, the difference between Group III and the previous groups is its higher peaks in the 

evenings and its larger average power factor. The higher peaks could be caused by larger 

residential loads in the evenings. 
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Figure 4.23. Load profile of Group III 

 

D. Group IV - Mostly Commercial 
This group of loads is constructed mainly from commercial loads. Figure 4.24 reveals, 

that the peak of the loads occurs during working hours. The difference between Group IV 

and the previous groups is Group IV's higher peaks during the day, larger loads, lower 

power factor, and small peaks in the evening. 

 

(a) 

 

J3.1 

0 5 10 15 20 25
20

25

30

35

40

45

50

P
 (M

W
)

Time (24H) 
0 5 10 15 20 25

6

9

12

15

18

Q
 (M

V
ar

)

 

0 5 10 15 20 25
20

25

30

35

40

45

P
 (M

W
)

Time (24H) 
0 5 10 15 20 25

6

9

12

15

(b) 

Q
 (M

V
ar

)

 

 

J3.3 



Chapter 4. Online Measurement of the Load Model Parameters 
 

112

0 5 10 15 20 25

(c) 

3

 

J .8 
10

15

20

25

P
 (M

W
)

Time (24H) 
0 5 10 15 20 25

6

9

12

Q
 (M

V
ar

)

 

(d

J4.2 

40

0 5 10 15 20 25

30
) 

 

15

20

25

35

P
 (M

W
)

Time (24H) 
0 5 10 15 20 25

6

9

12

15

Q
 (M

V
ar

)

J4.7 

 

(e) 

 

0 5 10 15 20 25
10

15

20

25

30

P
 (M

W
)

Time (24H) 
0 5 10 15 20 25

6

9

12

Q
 (M

V
ar

 
Figure 4.24. Load profile of Group IV 

 

Although some of the Four groups are similar and could be merged together, for better 

differentiation and observation of the load parameter variations, the groups have been 

kept separate.  

 

 

4.7   Conclusions 

 

This chapter presented a practical and effective method for the online monitoring of 

voltage-dependent load model parameters. The method was verified through several 

experiments and extensive field test results. The data collected from the tests were 

analyzed to show the various characteristics and sensitivities of the tap movements. The 

)
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main advantages of using natural tap movements for load parameter estimation are 

summarized as follows: 

 

• Tap movements occur on a daily basis, so load parameters can be collected 

consistently, frequently, and predictably. 

• Tap movements cause a step voltage change. If no other disturbances occur at the 

same instant, as is commonly the case, the load parameters can be estimated by using 

simple and reliable algorithms. 

• Pre-established disturbance signatures uniquely suitable to detect tap movements can 

be used to detect and capture these disturbances. 

• Since many such disturbances occur, if one misses some of them because of various 

uncertainties, the accuracy of the calculations will not be decreased. In fact, selecting 

only high-quality disturbances improves t y of the results. 

• System operators can create these disturbances intentionally with a desired 

disturbance severity (i.e., by varying the amount of DV produced by the tap 

changer). As a result, the proposed technique can estimate load parameters ‘on 

demand’.  

 Finally, the results do not need to be "verified", for the load parameters are actually 

measured from the step-change disturbances rather than with sophisticated 

algorithms using complex disturbance waveforms.  
 

meters can be obtained many times a day, their online tracking 

ecomes possible, and real-time power system applications such as dynamic security 

ssessment can use the measured load parameters as input.     

he reliability and qualit

•

Since the load para

b

a

 



Chapter 5 

 

Characteristics of Load Data Parameters 

 
This chapter presents the characteristics of the load data parameters. For this purpose, the 

basic load model parameters calculated for four different substations’ transformers are 

presented. Then the typical load parameters for different load types are calculated and 

shown. The load parameters are investigated while considering the load profiles. The 

effect of a step change in the voltage on the load model parameters and the variation of 

the load parameters through the variation of the pre-tap values is studied. The pre-tap 

values are the pre-tap voltage, the pre-tap active power, and the pre-tap reactive power. 

Finally, some abnormal tap movement results that should not be considered for load 

modeling are presented. 

.1   Introduction  

ifferent loads respond differently to the variation of their supply voltage. Their response 

 to investigate the load responses to variations 

 the voltage is to investigate the characteristics of the load data parameters. In this 

apter, several sensitivity studies are presented to explain the characteristics of load 

arameters and to modify the final load modeling algorithm. As an example, the effect of 

e magnitude of a step change in the voltage on the load parameters is investigated. The 

sults show that the magnitude of the step changes or tap movement does not 

gnificantly affect the calculated parameters, so that any step change in the voltage 

 tap movement, regardless of its magnitude, can be used to estimate the load 

arameters. As well, the pre-tap values of the voltage and the active and reactive power 

d their effects on the estimated load parameters were studied, and the observations 

owed that the pre-tap values did not affect the load parameters. This important fact 
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shows that the estimated load parameters depended on only the load types and not their 

size, just as they do in reality. 

 

Moreover, our research shows that not all tap changes can be used for load estimation, 

because of the variation of the loads connec er while the ULTC is 

operating. For this reason, the tap movement detection algorithm was modified to capture 

only the tap changes that could be used for online measurement and, consequently, to 

improve the accuracy of the algorithm. 

 

Through a sensitivity analysis of several field measurements, the final algorithm for the 

online measurement of load model parameters was developed. The measured 

transformers are from four different substations serving different types of loads. These 

transformers are classified into four groups o mercial and residential transformers. 

Of the transformers under study, the residential transformers had the lowest, and the 

commercial transformers had the highest values for the load model parameters.  

 

The sensitivity studies show that the tap movements occurring in the secondary side of 

power transformers in load-serving substations 

e used for estimating load model parameters. A tap change can happen at any time and 

 any loading conditions, and the disturbance magnitude of the step change in the 

oltage is large enough for calculating the load model parameters. Therefore, the 

ethodology developed in this research fulfills the requirement for the online 

easurement of load model parameters. 

.2   The Basic Load Model Parameters of the Transformers 

odeling procedure explained in Chapter Four was used to calculate the load 

odel parameters of all the transformers in the substations. Table 5.1 to 5.6 present the 

alculated load model parameters for the transformers for weekdays and weekends 

eparately. Since the load variation is considerable during a 24-hour period, the 24 hours 

s each. The tables also show the substation, 

ted to the transform

f com

created a system side disturbance that can 

b

in
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transformer, and bus numbers. The average of the load model parameters during a 24-

hour period is shown in the table's last column. 
 

Table 5.1. Load model parameters for different transformers (“a”) 

“a” Transformer 
& Day 

AM PM  
Substation 

F. D. 0 to 4 4 to 8 8 to 12 12 to 4 4 to 8 8 to 12 Average 
WD 1.44 1.19 0.95 1.03 1.06 1.17 1.14 

M1.1 
WE --- 1.18 1.41 1.54 --- --- 1.37 
WD 1.32 1.36 1.33 1.39 1.23 1.27 1.32 

M2.1 
WE --- --- 1.16 --- --- --- 1.16 
WD 1.48 1.34 1.09 1.12 1.29 1.22 1.26 

One 

M3.1 
WE 1.53 1.27 --- --- --- 0.93 1.25 
WD 0.78 1.06 0.60 0.46 0.86 0.67 0.74 

P1.1 
WE 0.62 0.45 0.79 --- --- --- 0.62 
WD 1.11 1.09 1.04 1.37 1.08 0.98 1.11 

P1.2 
WE 0.87 0.89 1.11 0.79 --- --- 0.91 
WD 0.85 1.05 0.98 1.01 1.11 0.93 0.99 

P2.7 
WE 1.34 0.74 1.01 0.78 1.06 1.09 1.00 
WD 1.24 1.26 1.29 1.16 1.02 1.13 1.18 

Two 

P2.8 
WE --- 1.05 1.04 --- 0.84 --- 0.98 
WD 0.85 0.80 0.71 0.52 0.70 0.85 0.74 

J3.1 
WE --- --- 0.64 --- --- --- 0.64 
WD 1.01 0.91 0.69 0.88 0.93 0.94 0.89 

J3.3 
WE --- 1.00 1.04 --- --- --- 1.02 
WD --- 0.72 0.48 --- 1.02 1.28 0.88 

J3.8 
WE --- 2.21 --- 0.45 --- --- 1.33 
WD 1.09 0.83 0.85 0.98 0.91 0.84 0.92 

J4.2 
WE --- --- 0.77 --- --- --- 0.77 
WD 0.75 1.02 0.95 0.37 0.81 0.91 0.80 

Three 

J4.7 
WE --- --- 0.63 --- --- --- 0.63 
WD 1.14 1.08 1.09 1.29 --- 1.12 1.14 

C1.2 
WE --- --- 1.37 --- --- 1.05 1.21 
WD 0.89 0.91 0.87 0.96 --- 0.98 0.92 

Four 
C2.8 

WE 1.12 --- 1.03 --- 0.81 1.03 1.00 
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The calculated “b” parameter is shown in Table 5.2. 
 

Table 5.2. Load model parameters for different transformers (“b”) 

“b” Transformer 
& Day 

AM PM 
Substation 

T. D. 0 to 4 4 to 8 8 to 12 12 to 4 4 to 8 8 to 12 
Average 

WD 6.39 5.34 5.21 4.85 4.52 5.31 5.27 
M1.1 

WE --- 5.11 5.80 5.37 --- --- 5.43 
WD 6.05 5.13 5.06 4.29 4.01 5.18 4.95 

M2.1 
WE --- --- 5.45 --- --- --- 5.45 
WD 8.74 8.26 7.95 7.42 6.41 8.41 7.87 

One 

M3.1 
WE 7.94 7.92 --- --- --- 8.63 8.16 
WD 3.69 3.60 3.10 3.12 3.48 3.44 3.40 

P1.1 
WE 3.91 3.37 3.34 --- --- --- 3.54 
WD 6.67 5.70 5.55 5.59 4.91 5.56 5.66 

P1.2 
WE 6.49 5.89 3 4.82 --- --- 5.51 4.8
WD 5.19 4.96 5.45 5.02 5.68 5.23 5.25 

P2.7 
WE 6.25 5.13 4.91 4.14 4.46 4.26 4.86 
WD 6.29 5.93 5.90 5.22 5.11 5.74 5.70 

Two 

P2.8 
WE --- 6.35 5.55 --- 4.30 --- 5.40 
WD 5.32 4.83 3.86 3.48 4.01 4.60 4.35 

J3.1 
WE --- --- 4.06 --- --- --- 4.06 
WD 6.11 5.39 4.70 4.21 5.01 5.97 5.23 

J3.3 
WE --- 5.46 6.70 --- --- --- 6.08 
WD --- 5.72 5.63 --- 5.23 5.48 5.52 

J3.8 
WE --- 8.84 --- 4.71 --- --- 6.78 
WD 6.13 5.45 2 4.26 4.54 5.07 5.06 4.9

J4.2 
WE --- --- 1 --- --- --- 4.21 4.2
WD 5.23 4.95 4.52 4.04 4.08 5.22 4.67 

Three 

J4.7 
WE --- --- 4.19 --- --- --- 4.19 
WD 5.99 6.34 5.40 4.33 --- 5.64 5.54 

C1.2 
WE --- --- 5.30 --- --- 5.10 5.20 
WD 4.94 5.06 4.28 3.97 --- 4.47 4.55 

Four 

4.29 
C2.8 

WE 4.37 --- 4.31 --- 4.07 4.39 
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The calculated α  parameter is shown in Table 5.3. 

 

Table 5.3. Load model parameters for different transformers (α ) 

α  Transformer 
& Day 

AM PM 
Substation 

F. D. 0 to 4 4 to 8 8  12 12 to 4 4 to 8 8 to 12 
Average 

to
WD 3.69 3.13 4.20 4.18 2.63 3.26 3.52 

M1.1 
WE  --- 3.25 4.32 4.51  --- ---  4.03 
WD 2.96 3.00 3.78 4.72 2.31 3.00 3.30 

M2.1 
WE ---   --- 3.92 ---   --- ---  3.92 
WD 4.07 4.28 3.86 4.50 3.41 3.81 3.99 

One 

M3.1 
WE 4.12 4.38  --- ---   --- 3.9 4.13 
WD 1.51 2.02 1.46 1.08 1.64 1.60 1.55 

P1.1 
WE 1.53 2.5 1.35  --- ---   --- 1.79 
WD 2.40 3.32 2.41 2.37 2.15 2.02 2.44 

P1.2 
WE 2.43 3.56 2.91 2.84  ---  --- 2.94 
WD 2.16 2.21 2.15 2.12 2.09 1.78 2.08 

P2.7 
WE 2.09 2.36 2.24 2.05 2.13 1.93 2.13 
WD 2.93 3.72 2.79 2.79 2.47 2.41 2.85 

Two 

P2.8 
WE  --- 3.16 3.01  --- 2.84  --- 3.00 
WD 2.06 2.19 2.16 1.29 1.73 1.83 1.88 

J3.1 
WE  ---  --- 2.38 ---  ---  --- 2.38 
WD 1.70 1.87 1.62 1.58 1.72 1.70 1.70 

J3.3 
WE  --- 1.93 2.01 ---   --- ---  1.97 
WD  --- 2.07 3.12  --- 1.46 1.88 2.13 

J3.8 
WE  --- 2.21  --- 1.66     1.94 
WD 2.03 2.36 1.81 1.61 1.73 1.74 1.88 

J4.2 
WE ---   --- 1.79  ---  --- ---  1.79 
WD 1.85 2.77 1.49 1.55 1.48 1.57 1.78 

Three 

J4.7 
WE  --- ---  1.54 ---   --- ---  1.54 
WD 3.28 4.75 3.27 2.59  --- 2.67 3.31 

C1.2 
WE ---   --- 3.65 ---   --- 2.98 3.32 
WD 2.63 4.17 3.12 2.36 --- 2.44 2.78 

Four 
C2.8 

WE 2.75  --- 3.15  --- 2.08 2.35 2.58 
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The calculated β  parameter is shown in Table 5.4. 

 

Table 5.4. Load model parameters for different transformers (β ) 

β  Transformer 
& Day 

AM PM  
Substation 

F. D. 0 to 4 4 to 8 8 to 12 12 to 4 4 to 8 8 to 12 Average 
WD 9.61 7.68 7.98 8.60 7.30 8.78 8.23 

M1.1 
WE  --- 7.85 8.02 8.65  ---  --- 8.17 
WD 8.54 7.66 8.11 8.05 6.96 8.63 7.86 

M2.1 
WE ---   --- 7.93  --- ---   --- 7.93 
WD 11.63 11.78 11.73 13.40 11.54 13.60 12.02 

One 

M3.1 
WE 11.32 11.35 ---   --- ---  11.65 11.34 
WD 7.00 7.88 6.75 6.19 7.24 6.91 7.01 

P1.1 
WE 6.95 6.59 6.59  ---  --- ---  6.71 
WD 9.16 9.91 7.87 7.86 7.64 7.78 8.49 

P1.2 
WE 9.32 10.24 7.26 8.05  ---  --- 8.72 
WD 8.16 8.92 8.43 8.18 8.07 7.84 8.35 

P2.7 
WE 8.73 9.18 8.42 7.93 8.12 8.06 8.48 
WD 9.23 9.81 8.78 7.99 8.19 8.74 8.80 

Two 

P2.8 
WE  --- 10.02 9.31 ---  8.35  --- 9.23 
WD 7.64 7.04 6.87 5.34 6.27 7.43 6.63 

J3.1 
WE ---   --- 6.97 ---   --- ---  6.97 
WD 10.13 8.76 7.78 6.80 8.09 9.51 8.31 

J
---  8.55 

3.3 
WE  --- 8.96 8.14 ---  ---  
WD --- 7.20 8.10 --- 6.14 7.66 7.15 

J3.8 
WE  --- 7.24  --- 6.1  --- ---  6.67 
WD 8.26 7.65 6.30 5.58 6.31 7.42 6.82 

J4.2 
WE  ---  --- 6.21 ---   --- ---  6.21 
WD 7.47 8.08 6.00 5.62 6.23 6.89 6.68 

Three 

J4.7 
WE  ---  --- 5.96 ---   --- ---  5.96 
WD 11.04 11.79 9.07 8.23 --- 9.42 10.03 

C1.2 
WE  ---  --- 9.38  ---  --- 9.33 9.38 
WD 7.68 8.02 7.56 6.11 6.72 6.89 7.22 

Four 
C2.8 

WE 7.86  --- 8.01  --- 6.84 7.16 7.57 
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The calculated pT  parameter is shown in Table 5.5. 

 

Table 5.5. Load model parameters for different transformers ( pT ) 

pT  Transformer 
& Day 

AM PM  
Substation 

F. D. 0 to 4 4 to 8 8 to 12 12 to 4 4 to 8 8 to 12 Average 
WD 0.15 0.17 0.13 0.16 0.15 0.13 0.15 

M1.1 
WE ---  0.17 0.12 0.15  --- ---  0.15 
WD 0.11 0.17 0.12 0.13 0.13 0.12 0.13 

M2.1 
WE ---   --- 0.12  ---  --- ---  0.12 
WD 0.19 0.16 0.17 0.13 0.16 0.16 0.16 

One 

M3.1 
WE 0.19 0.15  --- ---   --- 3.9 1.41 
WD 0.09 0.11 0.10 0.11 0.10 0.08 0.10 

P1.1 
WE 0.1 0.1 0.11 ---  ---   --- 0.10 
WD 0.13 0.14 0.13 0.13 0.09 0.13 0.13 

P1.2 
WE 0.13 0.12 4 0.13 ---   --- 0.13 0.1
WD 0.13 0.13 0.12 0.11 0.11 0.11 0.12 

P2.7 
WE 0.13 0.12 0.13 0.11 0.12 0.11 0.12 
WD 0.12 0.17 0.15 0.15 0.13 0.13 0.14 

Two 

P2.8 
WE  --- 0.16 0.14 ---  0.13  --- 0.14 
WD 0.09 0.11 0.13 0.08 0.11 0.10 0.10 

J3.1 
WE  ---  --- 0.13 ---   --- ---  0.13 
WD 0.08 0.11 0.09 0.09 0.09 0.10 0.09 

J3.3 
WE ---  0.12 0.09  --- ---  ---  0.11 
WD --- 0.08 0.10 0.18 0.10 0.09 0.11 

J3.8 
WE  --- 0.09  --- 0.17  --- ---  0.13 
WD 0.10 0.13 0.10 0.12 0.10 0.09 0.11 

J4.2 
WE  --- ---  0.11  ---  --- ---  0.11 
WD 0.09 0.11 0.09 0.07 0.09 0.10 0.09 

Three 

J4.7 
WE  ---  --- 0.08 ---   --- ---  0.08 
WD 0.16 0.20 0.14 0.17 --- 0.15 0.16 

C1.2 
0.13  --- ---  0.15 0.14 WE  ---  --- 

WD 0.14 0.18 0.15 0.16 0.13 0.14 0.15 
Four 

C2.8 
WE 0.14  --- 0.14 ---  0.13 0.15 0.14 
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The calculated  parameter is shown in Table 5.6. 

 

Table 5.6. Load model parameters for different transformers (

qT

qT ) 

qT  Transformer 
& Day 

AM PM  
Substation 

F. D. 0 to 4 4 to 8 8 to 12 12 to 4 4 to 8 8 to 12 Average 
WD 0.13 0.18 0.19 0.25 0.17 0.16 0.19 

M1.1 
WE  --- 0.18 0.18 0.24  ---  --- 0.20 
WD 0.14 0.20 0.14 0.15 0.20 0.15 0.17 

M2.1 
WE  --- ---  0.15  --- ---  ---  0.15 
WD 0.17 0.21 0.16 0.18 0.22 0.20 0.19 

One 

M3.1 
WE 0.18 0.23  --- ---   --- 11.65 0.21 
WD 0.24 0.26 0.25 0.29 0.29 0.25 0.27 

P1.1 
WE 0.23 0.24 0.25 ---  ---   --- 0.24 
WD 0.18 0.17 0.18 0.12 0.17 0.14 0.16 

P1.2 
WE 0.18 0.18 0.19 0.13 ---  ---  0.17 
WD 0.19 0.22 0.23 0.21 0.18 0.20 0.21 

P2.7 
WE 0.18 0.22 0.22 0.21 0.19 0.19 0.20 
WD 0.21 0.17 0.19 0.17 0.18 0.17 0.18 

Two 

P2.8 
WE  --- 0.15 0.18  --- 0.19  --- 0.17 
WD 0.13 0.14 0.20 0.19 0.16 0.17 0.16 

J3.1 
WE  ---  --- 0.21  ---  ---  --- 0.21 
WD 0.17 0.21 0.18 0.19 0.17 0.17 0.18 

J3.3 
WE  --- 0.2 0.19  --- ---  ---  0.20 
WD --- 0.14 0.14 0.15 0.11 0.14 0.14 

J3.8 
WE  --- 0.15 ---  0.16 ---  ---  0.16 
WD 0.12 0.15 0.14 0.16 0.15 0.15 0.14 

J4.2 
WE  ---  --- 0.13  ---  --- ---  0.13 
WD 0.11 0.21 0.18 0.13 0.16 0.17 0.16 

Three 

J4.7 
WE  ---  --- 0.18  --- ---   --- 0.18 
WD 0.13 0.19 0.17 0.21 --- 0.18 0.17 

C1.2 
WE  ---  --- 0.18 ---   --- 0.19 0.18 
WD 0.18 0.19 0.17 0.17 0.13 0.16 0.17 

Four 
C2.8 

WE 0.18  --- 0.17 ---  0.12 0.17 0.16 
 

 

The presented load model parameter for each segment is the average of the parameter 

during the four-hour segment. In some cases where no tap movement occurred, the value 

is shown as ‘---‘. In practice, the parameter for this segment could be estimated by 

interpolating from the other segments. Therefore, we can obtain the load model 

parameters for any time during the day. 
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5.3   Typical Load Parameters for Different Load Types  

 

As was explained in Chapter Four, the measured transformers are grouped into four 

different types. In order to compare the load parameters in the different groups, in this 

section the average of the load parameters in each group is presented in Table 5.7. 
 

Table 5.7. The calculated load parameters for different groups 

                   Hour of Day 

Transf
0 to 4 4 to 8 8 to 12 12 to 16 16 to 20 20 to 23 

ormer Type 

“a” 1.193 1.119 1.027 1.008 1.046 1.070 
Alpha 2.974 3.322 3.287 3.369 2.391 2.821 

Tp 0.137 0.159 0.132 0.139 0.135 0.125 
“b” 5.891 5.415 5.259 4.822 4.459 5.341 
Beta 8.891 8.604 8.424 8.469 7.953 8.961 

Commercial and 

Residential 

Tq 0.171 0.208 0.181 0.209 0.204 0.183 
“a” 1.055 1.068 1.092 1.054 1.047 1.035 

Alpha 2.691 3.500 2.653 2.467 2.232 2.221 
T 0.134 0.160 0.132 0.142 0.111 0.127 p

“b” 6.112 5.734 5.378 4.920 5.195 5.442 
Beta 9.401 10.105 8.539 8.065 7.965 8.447 

Mostly Residential 

Tq 0.178 0.189 0.194 0.174 0.174 0.172 
“a” 0.944 1.002 0.771 0.681 0.894 0.911 

Alpha 1.910 2.251 2.040 1.538 1.624 1.744 
Tp 0.091 0.108 0.099 0.107 0.096 0.096 
“b” 5.710 5.367 4.736 4.228 4.588 5.243 
Beta 8.375 7.746 7.010 5.890 6.610 7.780 

Mostly Commercial 

Tq 0.133 0.170 0.166 0.165 0.150 0.161 
 

The tabulated load parameters are related to three groups, commercial and residential, 

ma ly residential, and mainly commercial. As Table 5.7 shows, the calculated 

parameters for the residential loads are almost larger than those for the commercial loads. 

This finding is more clear in Figures 5.1, 5.2 and 5.3.  

 

in
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Figure 5.1. Typical calculated “a” and α  for different groups of loads 
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Figure 5.2. Typical calculated “b” and β  for different groups of loads 

 

Figures 5.1 and 5.2 show that the transient load parameters α  and β , for all the three 

groups of loads, are larger than “a” and “b”. It is also seen that the commercial loads 

have the lowest values for the four load parameters, α , β ,“a” and “b”. The calculated 

“a” and “b” are the highest for the residential loads during the day. 
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Figure 5.3 shows the calculated τp and τq for different groups of loads. 
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Figure 5.3. Typical calculated τp and τq for different groups of loads 

  

It reveals that the recovery time for reactive power is longer than the one for real power. 

It also reveals that the commercial loads have the shortest recovery time while the longest 

recovery time varies for residential and “commercial and residential” load types. 

 

The variation of load parameters in percentage of the mean values during the day, for 

different load types, is presented in Table 5.8.  

 

Table 5.8. Average variation of load parameters during the day (%) 

Group a b α  β  τp τq  
Commercial and 

residential 4.1 10.1 4.9 7.2 2.8 6.6 

Mostly residential  1.6 11.2 8.2 5.6 7.6 4.1 
Mostly commercial  10.9 11.7 5.3 9.3 10.1 6.7 

 

Table 5.8 reveals that the load parameters “a”, “b”, τp and τq have more variations for 

commercial loads, while from the other two parameters, variation of α  and β   is 

maximum for residential and commercial loads, respectively. 

 

The studies in this section show that the load parameters are varying during the day and 

their daily variations are not similar for different types of loads, which makes the online 

monitoring of the load parameters more reasonable.  
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5.4    Load Parameters versus Load Profiles 

 

This section presents the load profiles and the calculated load model parameters for the 

substations. Figures 5.4-5.7 show the time of the tap change and the load variation 

simultaneously. In order to see the time of tap movement, only the parameters “a” and 

“b” are shown in the figures. The calculated parameters are for a period of one week. 

Since more than one parameter was calculated for each hour, the average for each hour is 

shown in the figures. As they reveal, the tap movements occurred at different load levels, 

even at the peak of the load. The calculated results for only two transformers from each 

substation are presented here, and the rest are presented in Appendix E. 
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Figure 5.4. Transformers M1.1 & M2.1–Commercial and Residential 
 

B.   Substation Two  
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Figure 5.5. Transformers P1.1–Commercial & Residential & P1.2–Residential 
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C.   Substation Three  
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Figure 5.6. Transformer J3.1 & J3.3–Mostly Commercial  

 

D.   Substation Four  
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Figure 5.7. Transformers C1.2-Residential & C2.8-Commercial & Residential 

 

The load profiles and calculated load parameters for all the transformers were studied, 

and Figures 5.4-5.7 show that the load profiles of each group are similar and that the 

calculated load parameters are almost the same for the transformers in the same group. 

Tap movement can occur at any time. Thus one can obtain accurate load models for every 

hour of the day. The load model parameters vary during each 24-hour period, based on 

the type of loads connected to the system. 
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5.4.1    Load Classifications According to Groups 
 

The load profiles and calculated load model parameters for the different groups defined in 

Chapter Four are plotted together in Figures 5.8-5.11. 
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Figure 5.8. Power profile, Load model parameters during 24H 
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B.   Group II – Commercial and Residential 
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Figure 5.9. Power profile, Load model parameters during 24H 
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C.   Group III – Mostly Residential 
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Figure 5.10. Power profile, Load model parameters during 24H 
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D.   Group IV – Mostly Commercial 
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Figure 5.11. Power profile, Load model parameters during 24H 

 

Figures 5.8-5.11 show that the load profiles of each group are similar and that the 

calculated load parameters are almost the same for transformers in the same group. Since 

the load types and load profiles of the transformers are similar, we expected to have 

similar model parameters for the loads in each group, and the plotted graphs confirm this 

expectation.  

 

The following are the conclusions for this study: 

• A tap movement can happen at any time during the day. 

• The load parameters vary during each 24-hour period. 

• The parameters vary based on the type of load. 

• Similar loads have similar transformer load profiles. 

• Similar loads have similar load parameters. 
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5.5   Load Parameters as Affected by Voltage Step Change   

 

The load model parameters versus the step change in the voltage caused by tap movement 

are plotted in Figures 5.12-5.15 for the weekdays. For each plot, the taps occurring during 

a one-week period are shown. These entire tap movements were used to calculate the load 

model parameters. The calculated results for only two transformers from each substation 

are presented here, and the rest are presented in Appendix E. 
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Figure 5.12. Transformers M1.1 & M2.1–Commercial and Residential 
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B.   Substation Two  
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Figure 5.13. Transformers P1.1-Commercial, Residential & P1.2-Residential 
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C.   Substation Three  
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Figure 5.14. Transformer J3.1 & J3.3–Mostly Commercial 
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D.   Substation Four  
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Figure 5.15. Transformers C1.2-Residential & C2.8-Commercial, Residential 
 

 

Figures 5.12-5.15 show that almost all the step changes are around one percent of the 

initial voltage and that the step-up and –down tap changes did not affect the calculated 

load model parameters for all the measured transformers. This very important 

information doubles the number of tap movements that can be used for load modeling 

and therefore increases the accuracy of the calculated results. 
 

The following are the conclusions from this study: 

• Almost all the tap changes cause a step change in voltage of around one percent. 

• The step-up or step-down tap movements are the same in terms of the parameters' 

calculations. 

• Both the step-up and step-down tap movements provide the same load data 

parameters.   

• The tap movements can happen at any time in each 24-hour period. 

• The step change in the voltage does not depend on the time of tap movement. 
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5.6   Load Parameters as Affected by Pre-tap Values of the Loads  
 

In this section, the effects of the pre-tap voltage and the active and reactive power on the 

load model parameters are investigated. All the calculated parameters shown in Figures 

5.16-5.19 are for the weekdays. The calculated parameters for only one transformer from 

each substation are presented here, and the rest are presented Appendix E. 
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Figure 5.16. Transformer M1.1–Commercial and Residential 
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B.   Substation Two  
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Figure 5.17. Transformer P1.1–Commercial and Residential 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5. Characteristics of Load Data Parameters 137

C.   Substation Three  
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Figure 5.18. Transformer J3.1–Mostly Commercial  
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D.   Substation Four  
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Figure 5.19. Transformer C1.2–Mostly Residential 

 

The results show that the calculated parameters are not functions of pre-tap values and do 

not depend on them.  Since the plots for a period of one week, the small deviation in the 

calculated parameters could be the result of variations in the load kinds for different days 

and different times of the day. 

 

Our conclusions are presented as follows: 

• The tap movements can occur at any initial voltage. 

• The tap movements can occur at any initial active or reactive power. 

• The load model parameters do not depend on the pre-tap voltage. 

•  The load model parameters do not depend on the pre-tap active or pre-tap 

reactive power. 
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5.7   Abnormal Cases 

 

The load modeling algorithm is based on the fact that the system side changes while the 

load side is constant. In this condition, if the load and system change at the same time, the 

load side parameters cannot be identified. Therefore, for the load modeling procedure, the 

cases in which the load varies during the tap movement cannot be used for calculating the 

load model parameters and should be omitted from the calculations. This section 

investigates the abnormal cases where the tap movement data cannot be used for 

estimating the load model parameters. For this purpose, all the tap data captured from all 

the transformers were investigated. The results show that if the load was not constant 

during a tap movement, then the step change in the voltage and the corresponding 

changes in the active and reactive power were not useful for load parameters estimation.  

 

As an example from three of the substations, one transformer was selected, and the 

voltage and active and reactive power for one case where the values of “a” and “b” were 

suspicious were plotted.  

 

5.7.1   Substation One, Transformer M1.2 

 
Figure 5.19 shows the variation of the load for a 24-hour period. As figure 5.20 shows, 

the calculated parameters have large variation even within a one-hour period.  
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Figure 5.20. Transformer M1.2–Commercial and Residential 

 

As an example, one of the most severe cases is presented in detail in Table 5.9. 
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Table 5.9. An example of an abnormal case for Transformer M1.2 

Calculated  

Parameter 
Value 

DV 0.84% 

DP 4.24% 

DQ 6.71% 

Load Power Factor 0.943 

Time of Day 8:03 am 

Calculated “a” 4.96 

Calculated “b” 7.76 
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The calculated “a” and “b” for this case are very different from the others. The snapshot 

reveals the reason, which is the variation of the load during and right after the tap 

movement. This case should be omitted from calculations. 

 

5.7.2   Substation Two, Transformer P2.7 
 

In this substation, we have the same problem, which is investigated below. The variations 

of the load model parameters are plotted in Figure 5.21. 
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Figure 5.21. Transformer P2.7–Mostly Residential 

 

In Figure 5.21, some of the calculated parameters seem strange. One of these cases was 

further investigated, and the results are presented in Table 5.10. 
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Table 5.10. An example of an abnormal case for Transformer P2.7 

Calculated  

Parameter 
Value 

DV 0.96% 

DP 0.38% 

DQ 4.30% 

Load Power Factor 0.963 

Time of Day 7:31 am 

Calculated “a” 0.39 

Calculated “b” 4.38 
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Here again, the variation of the load right after the tap movement leads to an inaccurate 

calculation of the load model parameters.  

 

.7.3   Substation Three, Transformer J4.7 

 
The next substation is Substation Three, and the transformer is J4.7. The variation of the 

load model parameters for a 24-hour period is plotted in Figure 5.22. 
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Figure 5.22. Transformer J4.7–Mostly Commercial  

 

ses is presented in detail in Table 5.11. 

 

 

As an example, one of the most severe ca
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Table 5.11. An example of an abnormal case for Transformer J4.7 

Calculated  

Parameter 
Value 

DV -0.85% 

DP -0.04% 

DQ 1.93% 

Load Power Factor 0.881 

Time of Day 6:34 am 

Calculated “a” 0.051 

Calculated “b” 2.26 
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The load modeling algorithm is based on the fact that the system side changes while the 

load side is constant. In this condition, if the load and system change at the same time, the 

ad and system parameters cannot be identified. Therefore, for the load modeling 

rocedure, the cases in which the load varies during a tap movement cannot be used for 

calculating the load model parameters and should be omitted from the calculations. 

 

A simple algorithm for detecting these kinds of tap movements is to detect the variation 

in the load after the tap movement for the period of 300 cycles. Since we already know 

the tap movement instant from the variation of the voltage, the step change in the power 

can be detected. For a snapshot to be valid, the step change in the power at the tap 

movement instant should be much larger (300%) than the load variation during 300 

cycles. By using this criterion, the load modeling procedure will be improved, and the 

calculated parameters will be more accurate. This method has been already used for the 

calculated load parameters in the previous sections. 

 
 

5.8    Conclusions 

 

In this chapter, the characteristics of load data parameters are presented. Several 

sensitivity studies were done, and the load data parameters of several transformers in four 

different substations were investigated. The following conclusions are drawn: 

lo

p
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• Tap movement can happ y. 

• The load parameters vary d their variation is based on 

the type of load. 

• Similar loads have similar transformer load profiles and load parameters. 

• The step-up or step-down tap movements are the same in terms of the parameters' 

calculations, and both provide the same load data parameters.  

ctive and reactive power. 

• The load model parameters do not depend on the pre-tap voltage and pre-tap 

e load parameters are almost the same; however, 

he proposed algorithm was verified by using several measurements taken from different 

ns, with different loading c sults show that 

orithm can fulfill the load modeling requirements.  

 

en at any time during the da

 during a 24-hour period, an

• The step change in the voltage does not depend on the time of the tap movement. 

• A tap movement can occur at any initial voltage and a

active and pre-tap reactive power. 

• For the same hour of the day, th

the pre-tap voltage and the active and reactive power could be dissimilar. 

 

T

substatio onditions. The field test verification re

the proposed alg
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Conclusions and Future Work 

  
mmarizes the main ggestions for 

roving its research

 

onclusions an

In this thesis, a set of algorithms was proposed for the online measurement and 

monitoring of some power system parameters. These parameters are power system 

impedance, harmonic impedance, zero sequence impedance, as well as power system load 

model parameters. The main conclusions and contributions of the thesis can be 

summarized as follows: 

 

 A new algorithm was proposed for the online tracking of power system impedance 

parameters. The main contributions of the research to the field are the new proposed 

algorithm; the consideration of practical issues; and the verifications through 

computer simulations, lab experiments, and several field tests. The research results 

show that a three-second to five-second data window with sufficient variations is 

enough for estimating impedance parameters.  The algorithm proposed for this 

purpose does not depend on the load model and works with the natural variations of 

any kind of loads. Synchronized measurements are not also required for our 

calculations, and the method is not sensitive to changes in system frequency and 

harmonics. 

 

The proposed algorithm was verified by using simulations, experiments, and real 

field data. The verification results show that the proposed method can be 

implemented for the online monitoring of power system impedance parameters, for 

This chapter su findings of the thesis and provides su

extending and imp . 

 

6.1   Thesis C d Contributions 
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which no other appropriate and reliable method has yet been proposed. The required 

information can be obtained from the meters that are already installed at the 

substation buses. 

 

 A s monic 

and zero seque of this part of the 

thesis to the r  can be used for 

online measurements; the consideration of practical issues; and the verifications 

through several field tests. The studies done in this part illustrate that a three-second 

to five-second data window with sufficient variations is enough for estimating 

ce impedance parameters. The 256-sample-per-cycle rate 

of the data-acquisition system is sufficient for the data-collection process, depending 

cy of the required harmonic impedance. The algorithm does 

ethod fulfills the requirement for the online monitoring of 

power system harmonic and zero sequence impedance parameters. 

 

 A practical and effective method for the online monitoring of voltage-dependent 

load model parameters was proposed. The method was verified through several 

experiments and extensive field test results. The data collected from the tests were 

analyzed to show the various characteristics of tap movements, and their 

sensitivities. Using natural tap movements for load parameter estimation has several 

advantages. The tap movements occur on a daily basis, so the load parameters can be 

collected consistently, frequently, and predictably. They cause a step voltage change. 

If no other disturbances occur at the same instant, as is commonly the case, load 

parameters can be estimated by using simple and reliable algorithms. Also, pre-

established disturbance signatures uniquely suitable for detecting them can be used 

uncertainties, the accuracy of the 

calculations will not be decreased. In fact, selecting only high-quality disturbances 

improves the reliability and quality of the results.  

econd algorithm was proposed for the online tracking of power system har

nce impedance parameters. The main contributions 

esearch area are the new proposed algorithm, which

harmonic and zero sequen

on the maximum frequen

not depend on the load model and works with the natural variations of any kind of 

loads, and synchronized measurements are not required for our calculations. The 

proposed algorithm was verified by using real field data. The verification results 

show that the proposed m

to detect and capture these disturbances. Since many such disturbances occur, if one 

misses some of them because of various 
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System operators can create these disturbances intentionally with a desired 

e can estimate load parameters ‘on-

demand’.  Finally, the results do not need to be "verified" for the load parameters are 

actually measured from step-change disturbances and not with sophisticated 

algorithms using complex disturbance waveforms. Since the load parameters can be 

obtained many times a day, their online tracking becomes possible, and real-time 

power system applications such as dynamic security assessment can use the 

measured load parameters as input. 

 

 Lastly, the characteristics of load data parameters were investigated. Several 

sensitivity studies were done, and the load data parameters of several feeders in four 

different substations were investigated. The research done in this area shows that tap 

movement can happen at any time during the day and that the load parameters vary 

during a 24-hour period, and their variation is based on the type of load. 

Similar loads have similar feeder load profiles and load parameters, and the step-up 

or step-down tap movements are the same in terms of the parameters' calculations, 

and both provide the same load data parameters. As well, the step change in the 

voltage does not depend on the time of the tap movement. It can occur at any initial 

voltage and active and reactive power, and the load model parameters do not depend 

on the pre-tap voltage and pre-tap active and pre-tap reactive power. 

 

The proposed algorithm for load modeling was verified by experiments and by using 

several measurements taken from different substations, with different loading 

he field test verification results show that the proposed algorithm can 

 

6.2   Suggestion for Future Work 

 

The research work performed and presented in this thesis can be extended in the 

following directions: 

disturbance severity (i.e., by varying the amount of DV produced by the tap 

changer). As a result, the proposed techniqu

 

conditions. T

fulfill the online load modeling requirements.  
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 The power system impedance measurement method can be improved and extended 

to estimate the system impedance and equivalent voltage source of multi-phase 

systems. When the system impedance matrix is not symmetric, the symmetrical 

components method cannot be used, and instead of one value for the system 

impedance, the whole system impedance matrix should be estimated. Practical 

considerations such as the choice of the disturbance side detection method and the 

definition of the fluctuation index, should be dealt with accordingly. 
 

 The harmonic impedance measurement method can be used to calculate the system 

side harmonic impedances and estimate the harmonic contribution of harmonic 

generating loads at the point of common coupling. The algorithm can also be 

improved to be applied for the systems where the harmonic impedance matrix is not 

symmetric, to calculate the harmonic impedance matrix of the system.  
 

 The impedance estimation method is capable of determining the Thevenin equivalent 

circuit parameters of the loads as well. The next step then would be to determine the 

fundamental and harmonic impedances of the loads connected to the system. In this 

case, the load model parameters where the load could be modeled as a Thevenin 

circuit could be estimated by using the proposed method. In harmonic studies, the 

proposed method could be used to determine the harmonic impedances of the loads. 

This process would lead to the determination of the system's and load's harmonic 

contributions at the interfacing point. 

hm could be improved to detect other kind of disturbances 

n the voltages and currents in 

residential transformers and in houses could also be detected and used to estimate 

the load parameters seen from residential transformers and houses. The algorithms 

also could be extended to measure and monitor the frequency-dependent load model 

parameters.  

 

 

 

 The load modeling algorit

such as capacitor switching in the system and to use the disturbance for load 

parameter estimations. The effect of tap change o
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Appendix A 

The Gauss–Newton algorithm is a method used to solve non-linear least squares problem. 

It can be seen as a modification of Newton's method for finding a minimum of a function. 

Unlike Newton's method, the Gauss–Newton algorithm can only be used to minimize a 

sum of squared function values, but it has the advantage that second derivatives, which 

can be challenging to compute, are not required. Non-linear least squares problems arise 

for instance in non-linear regression, where parameters in a model are sought such that 

the model is in good agreement with available observations. The method is named after 

the mathematicians Carl Friedrich Gauss and Isaac Newton. In this section the method is 

described and convergence properties are explained. 

 

 

A.1   Description 

 
Given m functions r1, …, rm of n variables β = (β1, …, βn), with m ≥ n, the Gauss–Newton 

algorithm finds the minimum of the sum of squares 

 

                                  ( ).
m

S r

 

The Gauss-Newton Algorithm 
 

        ( ) 2
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i
β β=∑                                                               (A.1) 

=

 

Starting with an initial guess (0)β for the minimum, the method proceeds by the iterations

 
( 1) ( )s sβ β+ = + ∆                                                                                               (A.2) 

      

where the increment ∆ is the solution to the normal equations: 

 

                                                                                            (A.3) 

 

( )T T
r r rJ J J r∆ = −  
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Here, r is the vector of functions ri, and Jr is the m×n Jacobian matrix of r with respect 

to β, both evaluated at βs. The superscript T denotes the matrix transpose. In data fitting, 

where the goal is to find the parameters β such that a given model function y = f(x, β) fits 

best some data points (xi, yi), the functions ri are the residuals

 

                                        ( ) ( ),i i ir y f xβ β= −                                              (A.4) 

 

Then, the increment ∆ can be expressed in terms of the Jacobian of the function f, as 

 

                                         .                                                  (A.5) 

 

The assumption m ≥ n in the algorithm statement is necessary, as otherwise the 

matrix Jr
TJr is not invertible and the normal equations cannot be solved. The Gauss–

Newton algorithm can be derived by linearly approximating the vector of functions ri. 

Using Taylor's theorem, at each iteration we can write: 

 

                                    ∆                                          (A.6) 

 

With 

( )T T
f f fJ J J r∆ = −  

 ( ) ( ) ( )s s
rr r Jβ β β≈ + .

.sβ β∆ = −  The task of finding ∆ minimizing the sum of squares of the right-hand 

side, i.e., 

 

                                       
2

2
min ( ) ( ) )s s

rr Jβ β+ ∆ ,                                       (A.7) 

 

is a linear least squares problem, which can be solved explicitly, yielding the normal 

equations in the algorithm. The normal equations are m linear simultaneous equations in 

the unknown increments, ∆. They may be solved in one step, using Cholesky 

decomposition, or, better, the QR factorization of Jr. For large systems, an iterative 

method, such as the conjugate gradient method, may be more efficient. If there is a linear 

dependence between columns of Jr, the iterations will fail as Jr
TJr becomes singular. 
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A.2   Convergence Properties 

 
It can be shown that the increment ∆ is a descent direction for S , and, if the algorithm 

converges, then the limit is a stationary point of S. However, convergence is not 

guaranteed, not even local convergence as in Newton's method. The rate of convergence 

of the Gauss–Newton algorithm can approach quadratic. The algorithm may converge 

slowly or not at all if the initial guess is far from the minimum or the matrix T
r rJ J is ill-

conditioned. For example, consider the problem with m = 2 equations and n = 1 variable, 

given by 

 

                                                  
( )
( )

1

2
2

1

1.

r

r

β β

β λβ β

= +

= + −
                       (A.8) 

 

The optimum is at β = 0. If λ = 0 then the problem is in fact linear and the method finds 

the optimum in one iteration. If |λ| < 1 then the method converges linearly and the error 

decreases asymptotically with a factor |λ| at every iteration. However, if |λ| > 1, then the 

method does not even converge locally. 

 

 

  



Appendix B 
 

Instruments Specifications 
 

In this section the characteristics of the Data-Acquisition Device and voltage and current 

probes that were used for the measurements are presented. 

 

B.1   Data Acquisition Device 

The data were collected by using the National Instruments’ NI DAQPad-6020E USB 

data-acquisition system, which has the following characteristics: 

 
Inputs: 8 differential BNC analog inputs (12-bit) 

Sampling Rate: 100 KS/s 

Maximum Quantization Error  

10/1, Voltage Probe & 

100mV/A, Current Probe 12

1 1 10
2 2
× ×  = 0.00122 (A/V) 

100/1, Voltage Probe & 

10mV/A, Current Probe 12

1 1 100
2 2
× ×  =  0.0122 (A/V) 

 
 

B.2   Current Probes 

The used current probes are the Fluke 80i-110s AC/DC Current Clamp, manufactured by 

Fluke. This type of probes has the following specification: 

 

Current Range: 0.1 to 100A DC or 0.1 to 70A AC 

Basic Accuracy (DC to 1kHz): 100mV/A setting: 50mA to 10A +/- 3% of reading + 50mA 

10mV/A setting: 50mA to 40A +/- 4% of reading + 50mA 

40A to 80A +/- 12% of reading + 50mA 80 to 100A +/- 15% of 

reading 

Output Signal: 10A range: 100mV/A | 100A range: 10mV/A 

Bandwidth: 1Hz to 20kHz 
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B.3   Voltage Probes 

The voltage probes are the Differential Probe for the Power Management, Model 4232, 

manufactured by Probe Master. This type of probes has the following specification: 

 

Bandwidth:     DC to 25 MHz (-3dB) 

Accuracy: ±2% 

Attenuation Ratio: 1:10 and 1:100 

Input Voltage: +70V (DC + Peak AC) or 50Vrms for 1/10 

Max. Differential: +700V (DC +Peak AC) or 500Vrms for 1/100 

Max. Common Mode +700V (DC + Peak AC) or 500Vrms 

Output Voltage  

Max. Amplitude: +7V (into 2K OHM load) 

Offset (Typical): <+5mV, -10°C to 40°C 

Noise (Typical): 1.5 to 2mV 

  



Appendix C 

 

Thevenin Impedance Measurement at 

Different Points of System 
 

 

C.1   Substation Level 

 

C1.1   Substation Three 
The single-line diagram of Substation Three and the feeders selected for measurements 

are shown in Figure C.1. The measurements are taken at the metering points of the 

feeders. The Feeders One, Two, Three and Four were chosen to calculate the system 

equivalent circuit parameters. 

 

 
Figure C.1. Single-line diagram of Substation Three  

 

The equivalent circuit parameters of the system seen from the selected feeders are 

calculated and presented in the following sections. 
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1. Feeder One 
The variations of RMS values of positive sequence voltage and current of this feeder 

during the measurements are shown in Figure C.2. 
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Figure C.2. Voltage and current of Feeder One in Substation Three 

 

The positiv ence parameters of the system are calculated and shown in Figure C.3.  

 

e sequ

0 5 10 15 20 25 30 35 40 45
0

2

4

R
s 

(O
hm

s)

0 5 10 15 20 25 30 35 40 45
0

5

10

X
s 

(O
hm

s)

0 5 10 15 20 25 30 35 40 45
26

27

28

Minute

E
s 

(k
V

)

 
Figure C.3. Circuit parameters of Feeder One in Substation Three 
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2. Feeder Two 
The variations of RMS values of positive sequen and current of this feeder 

during the measurements are shown in Figure C.4. 
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Figure C.4. Voltage and current of Feeder Two in Substation Three 

 

The positive sequence parameters of the system are calculated and shown in Figure C.5.  
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Figure C.5. Circuit parameters of Feeder Two in Substation Three 
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3. Feeder Three 
The variations of RMS values of positive sequence voltage and current of this feeder 

during the measurements are shown in Figure C.6. 
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Figure C.6. Voltage and current of Feeder Three in Substation Three 

 

The positive sequence parameters of the system are calculated and shown in Figure C.7.  
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Figure C.7. Circuit parameters of Feeder Three in Substation Three 

 

Figure C.7 reveals that for t > 38, the system voltage has a large variation, which could be 

caused by nsformer tap changer, the algorithm does not provide any results.  

 

 

 

 the tra
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4. Feeder Four 
The variations of RMS values of positive sequence voltage and current of this feeder 

ring the measurements are shown in Figure C.8. du
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The positive sequence paramet f t u and shown in Figure C.9.  
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Figure C.9. Circu am r st h

 

The results show that, in spite of different voltage and current variations at the feeders, 

the equivalent circuit parameters of the substation seen from them are almost equal. The 

slight difference could be the result of accuracy of different CTs and PTs and data-

acquisition systems used for measurements. 
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168 

 

In this section the average of calculated system impedance for each feeder in Substation 

Three is tabulated and compared with that of the other methods. Table C.1 shows the 

alculated impedance for each feeder and the average of the fluctuation index for the 

s.  

 
Table C.1. Calculated system impedances for Substation Three 

Substation Feeder 
Calculated 

Impedance 

dex 

 (%) 
Real Fault 

 Data 
PSS/E 
Data 

 Summary and Comparison 

c

period of measurement

F. In

# 1 0.719+j2.679 0.1490 

# 2 0.689+j2.623 0.0805 

# 3 0.755+j2.843 0.1575 
Three 

# 4 0.571+j2.572 0.1515 

0.296+j2.833 0.589+j1.697 

 

As can be seen the proposed algorithm provides acceptable results and the little 

difference could be the result of measurement errors. 

 

 

C1.2   Substation Four 
The single-line diagram of Substation Four and the feeders sele d for measurements are 

shown in Figure C.10. The measurements are taken at the met g point of the feeders. 

The Feeders One, Two and Three were chosen to calculate the system equivalent circuit 

parameters. 

 

 
Figure C.10. Single-line diagram of Substation Four  
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1. Feeder One 
The variations of RMS values of positive sequence voltage and current of this feeder 

during the measurements are shown in Figure C.11. 
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Figure C.11. Voltage and current of Feeder One in Substation Four 

 

The positive sequence parameters of the system are calculated and shown in Figure C.12.  
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Figure C.12. Circuit parameters of Feeder One in Substation Four 
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2. Feeder Two 
The variations of RMS values of positive sequence voltage and current of this feeder 

during the measurements are shown in Figure C.13. 
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Figure C.13. Voltage and current of Feeder Two in Substation Four 

 

The positive sequence parameters of the system are calculated and shown in Figure C.14.  
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Figure C.14. Circuit param ters of Feeder Two in Substation Four 
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2. Feeder Three 
The variations of RMS values of positive sequence voltage and current of this feeder 

during the measurements are shown in Figure C.15. 
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Figure C.15. Voltage and current of Feeder Three in Substation Four 

 

The positive sequence parameters of the system are calculated and shown in Figure C.16.  
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Figure C.16. Circuit parameters of Feeder Three in Substation Four 
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Summary and Comparison 
In this section the average of calculated system impedance for each feeder in Substation 

Four is tabulated and compared with that of the other methods. Table C.2 shows the 

calculated impedance for each feeder and average of fluctuation index for the period of 

measurements.  

 
Table C.2. Calculated system impedances for Substation Four 

Substation Feeder 
Calculated 

Impedance 

F. Index 

(%) 
Real Fault 

Data 
PSS/E 
Data 

# 1 0.749+j2.572 0.0729 

# 2 0.450+j1.726 0.0687 Four 

# 3 0.631+j2.492 0.1305 

0.164+j2.403 0.585+j2.115 

 

Table C.2 shows that the proposed algorithm provides acceptable results and again the 

little difference could be the result of measurement errors. 

 

 

C.2   Residential Transformer Level 

 

This section presents the application of the multi-point system impedance measurement 

method for estimation of system Thevenin impedance seen from residential transformers. 

Residential transformers are single-phase double-circuit transformers, located all around 

the city near the customers and supply the residential customers with two different 

voltage levels, 240V and 120V. The primary voltage of these transformers is usually 

supplied directly from 15 kV substations using underground cables. For this research the 

measurements were taken as five seconds every minute with the resolution of 256 

samples per second. Variation of the voltage and current at the measurement point are 

plotted in Figure C.17. 
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Figure C.17. Voltage and current at the residential transformer 

 

The fluctuation index, defined in Chapter Two, is 1.453% for the period of 

measurements. The multi-point algorithm was used to calculate the system side 

parameters and the results are shown in Figure C.18. 
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Figure C.18. Impedance parameters seen at the residential transformer 

 

The average calculated impedance for this transformer is 0.0292+j0.0619 ohms. As 

Figu s of time, t  The 

reason is the variation of system side parameters during the measurements. For further 

illustrations, Table C.3 is provided for a sample 5 second snapshot captured at different 

system’s voltage levels. 

 

re C.18 reveals, for some period he parameters are not calculated.
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Table C.3. Disturbance source detection at different points of the system 

Disturbance
Measurement                    Source       
        Level 

Load Side 
only 

System Side 
only Both Sides 

House 18.64% 45.76% 35.59% 
Residential Transformer 16.61% 64.74% 18.64% 
Substation Transformer 62.37% 36.09% 1.53% 

 

Table C.3 shows that at the residential transformers, the system side is mainly the 

disturbance source while at the substation transformer the disturbance side is the load 

side. The load disturbance only which will result in calculation of system side impedance 

parameters is maximum at the substation level and minimum in residential transformer 

level. This is the reason that makes the impedance estimation more difficult at the 

residential transformers. However, it is not still impossible; with using more data we can 

get more accurate and reliable results.  

 

 

C.3   House Level 

 

This section presents the application of the multi-point system impedance measurement 

method for estimation of system Thevenin impedance seen from house level. For this 

research the measurements were taken as five seconds every minute with the resolution of 

256 samples per second. Variation of the voltage and current at the measurement point 

are plotted in Figure C.19. 
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Figure C.19. Voltage and current at the house level 

 

The fluctuation index, defined in Chapter Two, is 3.191% for the period of 

measurements. The multi-point algorithm was used to calculate the system side 

parameters and the results are shown in Figure C.20. 
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Figure C.20. Impedance parameters seen at the house level 

 

The average calculated impedance for this transformer is 0.52+j1.20 ohms. As Figure 

C.20 reveals, for some periods of time, the parameters are not calculated. The reason is 

again, the variation of system side parameters during the measurements as presented in 

Table C.3. 

 

  



Appendix D 

 

Harmonic Impedance Measurement at 

Different Points of System 
 

D.1   Residential Transformer Level 

In this section the modified multi-point algorithm was used to calculate the system side 

harmonic impedances seen at the residential transformers. Residential transformers are 

single-phase double-circuit transformers, located all around the city near the customers 

and supply the residential customers with two different voltage levels, 240V and 120V. 

The primary voltage of these transformers is usually supplied directly from 15 kV 

substations by using underground cables. The average harmonic voltages for one-hour at 

the measurement point are plotted in Figure D.1. 
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Figure D.1. Harmonic voltages at the residential transformer level 

 

The average harmonic currents for the measurement period are also plotted in Figure 

D.2. 
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Figure D.2. Harmonic currents at the residential transformer level 

 

Figure D.2 shows that the harmonic voltage and currents are different for different 

harmonics. For example the harmonics 11, 13 and 15 have very low magnitudes of 

voltages and currents (less than 1% of fundamental component) which may affect the 

calculation results. Applying the multi-point algorithm we will have the following values 

for the harmonic impedances.  
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Figure D.3. Calculated harmonic impedances using multi-point algorithm 
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Some of the calculated results seemed to be incorrect. To look further into the problem 

we needed the average fluctuation index for the period of measurements. The average 

fluctuation indices, defined in Chapter Three, for each harmonic was calculated and 

plotted in Figure D.4. 
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Figure D.4. Fluctuation index at the residential transformer point 

 

It is seen that the fluctuation index for some harmonics are very high and for some is low. 

The reason to have high fluctuation index is the low magnitude of harmonic voltages and 

currents especially for the 11th, 13th and 15th harmonic order. In order to have accurate 

and reliable results, the ma  and then the 

fluctuation index should be high. Therefore in this case, the 9th, 11th, 13th, and 15th 

calculated harmonic impedances are not reliable, and we should check other data 

windows for calculating them. If we consider the reliable impedances and plot the trend 

of impedances we will have the following graphs for Rh, Xh and Zh.. 

 

 

 

gnitude of harmonic voltages and currents firstly
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Figure D.5. Calculated resistance at the residential transformer point 

 
 
The calculated system’s harmonic inductance is plotted in Figure D.6. 
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Figure D.6. Calculated reactance at the residential transformer point 
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The calculated system’s harmonic impedance for different harmonics is plotted in Figure 

D.7. 
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Figure D.7. Calculated impedance at the residential transformer point 

 

As can be seen by using the magnitude of harmonic voltages and currents and the 

fluctuation index, the reliable calculated parameters from each snapshot can be selected 

and the rest can be estimated from the other data windows. 

 

 

D.2   House Level 

In this section the modified multi-point algorithm is used to calculate the system side 

harmonic impedances seen at the house level. The average harmonic voltages for one 

hour at the measurement point are plotted in Figure D.8. 
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Figure D.8. Harmonic voltages at the house level 

 

The average harmonic currents for the measurement period are also plotted in Figure D.9. 

1.03

0.46

0.09
0.24 0.24 0.18 0.25

0.0

0.3

0.6

0.9

1.2

1.5

H-3 H-5 H-7 H-9 H-11 H-13 H-15

Harmonic Order

C
ur

re
nt

 (A
)

 

Figure D.9. Harmonic voltages at the house level 

 

It can be seen that the harmonic voltage and currents are different for different harmonics. 

Harmonics 7 to 15 have very low values for voltages and currents comparing to 3rd and 

5th harmonic. This may affect the accuracy of calculated results. Applying the multi-point 

algorithm we will have the following values for the harmonic impedances.  
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Figure D.10. Calculated harmonic impedances using multi-point algorithm 

 

The average fluctuation indices, defined in Chapter Three, for each harmonic is 

calculated and plotted in Figure D.11. 
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Figure D.11. Fluctuation index at the house point 

 

Figure D.11 reveals that the fluctuation index for some harmonics is very high and for 

some is low. The reason to have high fluctuation index is again the low magnitude of 

harmonic voltages and currents especially for the 11th to 15th harmonic. In order to have 
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accurate and reliable results, the magnitude of harmonic voltages and currents firstly and 

then the fluctuation index should be high. If we consider the reliable impedances and plot 

the trend of impedances we will have the following graphs for Rh, Xh and Zh.. 
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Figure D.12. Calculated resistance at the house point 

 

The calculated system’s harmonic inductance is plotted in Figure D.13. 
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Figure D.13. Calculated inductance at the house point 

 

The calculated system’s harmonic impedance for different harmonics is plotted in Figure 

D.14. 
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Figure D.14. Calculated impedance at the house point 

 

As can be seen by using the magnitude of harmonic voltages and currents at any 

measurement point in the power system and the fluctuation index, the reliable calculated 

parameters from each snapshot can be selected and the rest can be estimated from the 

other data windows. 

  



Appendix E 
 

Characteristics of Load Parameters for all 

Substations 
 

E.1   Load Profiles and Average Load Parameters  

In the following tables the load profile and the average of calculated load power factor for 

the weekdays of each group is presented. 

 

1. Group I - Commercial and Residential 
This group of loads has both commercial and residential load types.  
 

Table E.1. Load profiles and load parameters of Group I 
Load Parameters Load Profile 
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Table E.1 shows that the load active power profile is almost the same for all the 

transformers, the reactive power profile is almost the same for M1.1 and M1.2 but 

different from M1.3. Transformer Three has less reactive load and larger power factor 

than the other two and as presented in the table the corresponding load model parameter, 

“b”, is different from the others. 

 

2. Group II - Commercial and Residential 
This group of load has also both commercial and residential load types with lesser load 

variation and peaks comparing to the loads in Group I. 

 
Table E.2. Load profiles and load parameters of Group II 

Load Parameters Load Profile 

P1.1 
Power 

Factor 
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The calculated load model parameters for this two groups and the average load power 

factor before tap movement is presented in the table. It can be seen that the load power 

factor is almost the same which correspond to the same load type and the load model 

parameters are close to each other.  

 

3. Group III - Mostly Residential 
This group of load has more residential loads than commercials. The average power 

factor of this kind of loads is also larger than the other two groups. 
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Table E.3. Load profiles and load parameters of Group III 

Load Parameters Load Profile 
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Table E.3 shows that the more similar load profiles, leads to closer calculated load model 

parameters. 
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4. Group IV - Mostly Commercial 

This group of load is mostly constructed from commercial loads. 

 
Table E.4. Load profiles and load parameters of Group IV 

Load Parameters Load Profile 
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E.2   Load Power Factors of Transformers 

Table E.5 presents the average calculated load power factors for the transformers. 

  
Table E.5. The transformers’ loads’ power factors  

Transformer & 
Day Load Power Factor 

Substation 

T. D. 0 to 4 4 to 8 8 to 12 12 to 16 16 to 20 20 to 23 

WD 0.924 0.938 0.944 0.938 0.952 0.944 
M1.1 

WE 0.925 0.938 0.942 0.954 0.953 0.943 

WD 0.934 0.941 0.947 0.941 0.948 0.944 
M2.1 

WE 0.935 0.942 0.951 0.947 0.952 0.948 

WD 0.983 0.983 0.987 0.987 0.989 0.988 

One 

M3.1 
WE 0.986 0.984 0.989 0.989 0.99 0.992 

WD 0.938 0.948 0.943 0.94 0.946 0.944 
P1.1 

WE 0.944 0.942 0.945 0.949 0.948 0.945 

WD 0.96 0.967 0.964 0.967 0.965 0.963 
P1.2 

WE 0.96 0.963 0.964 0.956 0.966 0.964 

WD 0.954 0.957 0.959 0.957 0.961 0.957 
P2.7 

WE 0.952 0.951 0.959 0.955 0.959 0.951 

WD 0.956 0.967 0.964 0.959 0.966 0.966 

Two 

P2.8 
WE 0.96 0.964 0.964 0.962 0.959 0.967 

WD 0.915 0.932 0.932 0.929 0.915 0.917 
J3.1 

WE 0.922 0.935 0.935 0.931 0.919 0.92 

WD 0.928 0.95 0.953 0.948 0.937 0.933 
J3.3 

WE 0.932 0.928 0.948 0.95 0.938 0.935 

WD 0.931 0.94 0.956 0.947 0.91 0.895 
J3.8 

WE 0.935 0.902 0.958 0.948 0.912 0.901 

WD 0.902 0.935 0.942 0.939 0.925 0.921 
J4.2 

WE 0.911 0.936 0.935 0.942 0.926 0.923 

WD 0.879 0.903 0.921 0.921 0.903 0.888 

Three 

J4.7 
WE 0.91 0.908 0.887 0.933 0.908 0.89 

WD 0.967 0.97 0.971 0.966 0.973 0.971 C1.2 
WE 0.968 0.973 0.971 0.97 0.971 0.975 
WD 0.941 0.943 0.947 0.95 0.959 0.95 

Four 
C2.8 

WE 0.951 0.95 0.947 0.953 0.945 0.955 
 

The 24 hour day has been split to six segments. Each segment includes four hours which 

makes the comparisons easier. It also shows the substation name, transformer and bus 

number.  
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E.3   Load Parameters versus Load Profiles 

The load profiles and the calculated static load model parameters are shown in this 

section. 
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Figure E.1 Load parameters vs. load profiles - Substation One 
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2. Substation Two  
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Transformer P1.1 – Commercial and Residential Transformer P1.2 – Mostly Residential 

 

Transformer P2.7 – Mostly Residential Transformer P2.8 – Mostly Residential 

Figure E.2. Load parameters vs. load profiles - Substation Two 

 

3. Substation Three  
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Transformer J3.1 – Mostly Commercial Transformer J3.3 – Mostly Commercial 
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Transformer J3.8 – Mostly Commercial Transformer J4.2 – Mostly Commercial 

Transformer J4.7 – Mostly Commercial 

Figure E.3. Load parameters vs. load profiles - Substation Three 

 
4. Substation Four  
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Figure E.4. Load parameters vs. load profiles - Substation Four 
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E.4   Load Parameters as Affected by Voltage Step Change 

The step change in voltage caused by tap movement is plotted in the following figures for 

the weekdays.  
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Figure E.5. Load parameters vs. voltage step change - Substation One 
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2. Substation Two  
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Figure E.6. Load parameters vs. voltage step change - Substation Two 
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Figure E.7. Load parameters vs. voltage step change - Substation Three 
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4. Substation Four  
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Figure E.8. Load parameters vs. voltage step change - Substation Four 
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E.5   Load parameters as Affected by Pre-Tap Values of Loads  

In this section the load model parameters are plotted versus the pre-tap voltage, active 

and reactive power.  
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Figure E.9. Load parameters vs. pre-tap values of loads - Substation One 
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2. Substation Two  
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Figure E.10. Load parameters vs. pre-tap values of loads - Substation Two 
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3. Substation Three  
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Figure E.11. Load parameters vs. pre-tap values of loads - Substation Three 

 

4. Substation Four  
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Figure E.12. Load parameters vs. pre-tap values of loads - Substation Four 


	Abstract
	Acknowledgements
	CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	Chapter 1
	Introduction
	Power System Impedance Measurement
	Power System Load Parameters Measurement
	The Measurement Scheme
	Thesis Contributions and Outline

	Chapter 2
	Online Measurement of Power System Impedance Parameters
	Introduction
	2.2   The Proposed Algorithms for Impedance Estimation
	2.3   Practical Considerations
	The Proposed Algorithm for Three-Phase Systems
	Simulation and Experimental Verifications
	2.6   Implementation and Field Test Verification
	2.7   Conclusion

	Chapter 3
	Sensitivity Studies and Additional Applications
	3.1   Introduction
	3.2   Sensitivity Studies
	3.2.1.1   Fundamental or Positive Sequence Component
	3.2.1.2   Harmonic Components
	3.2.1.3   Zero Sequence Components
	3.2.1.4   Disturbance Side Distribution over 24H
	3.2.3.1   Fundamental or Positive Sequence Component
	3.2.3.2   Harmonic Components
	3.2.3.3   Zero Sequence Components
	3.2.3.4   Fluctuation Index Distribution over 24H


	3.3   Additional Applications
	3.3.1.1      The Proposed Algorithm
	3.3.1.2      Substation One
	3.3.1.3      Substation Two
	3.3.2.1      The Proposed Algorithm
	3.3.2.2      Substation One
	3.3.2.3      Substation Two


	3.4   Conclusion

	Chapter 4
	Online Measurement of the Load Model Parameters
	4.1   Introduction
	4.2   Review of the Existing Load Modeling Algorithms
	4.3   Algorithms for Load Parameter Estimations
	4.3.3.1   Fully loaded induction machine in parallel with re
	4.3.3.2   Variable frequency drive in parallel with resistor
	4.3.4.1   Averaging the Pre-tap Values
	4.3.4.2   Averaging the Post-tap Values
	4.3.4.3   Time Span between Pre- and Post-Tap Values


	4.4   Characteristics of the ULTC Movement
	4.5   Data Recording and the Final Algorithm
	4.5.1.1      Auto Snapshot Recording
	4.5.1.2      Tap Movement Recording


	4.6  Field Measurement Results
	4.7   Conclusions

	Chapter 5
	Characteristics of Load Data Parameters
	5.1   Introduction
	5.2   The Basic Load Model Parameters of the Transformers
	5.3   Typical Load Parameters for Different Load Types
	5.4    Load Parameters versus Load Profiles
	5.5   Load Parameters as Affected by Voltage Step Change
	5.6   Load Parameters as Affected by Pre-tap Values of the L
	5.7   Abnormal Cases
	5.8    Conclusions

	Chapter 6
	Conclusions and Future Work
	6.1   Thesis Conclusions and Contributions
	6.2   Suggestion for Future Work

	Chapter 7
	References
	Appendix A
	The Gauss-Newton Algorithm
	A.1   Description
	A.2   Convergence Properties

	Appendix B
	Instruments Specifications
	B.1   Data Acquisition Device
	B.2   Current Probes
	B.3   Voltage Probes

	Appendix C
	Thevenin Impedance Measurement at Different Points of System
	C.1   Substation Level
	C.2   Residential Transformer Level
	C.3   House Level

	Appendix D
	Harmonic Impedance Measurement at Different Points of System
	D.1   Residential Transformer Level
	D.2   House Level

	Appendix E
	Characteristics of Load Parameters for all Substations
	E.1   Load Profiles and Average Load Parameters
	E.2   Load Power Factors of Transformers
	E.3   Load Parameters versus Load Profiles
	E.4   Load Parameters as Affected by Voltage Step Change
	E.5   Load parameters as Affected by Pre-Tap Values of Loads


