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ABSTRACT 

The problem of the voltage stability assessment considering the thermal limit of the transmission 

line has been addressed in this dissertation. Two indicators, namely line voltage stability and line ampacity 

indices, to determine the voltage stability states and line security of power systems under various operating 

conditions have been proposed. Both indices rely on the measured values that are already obtained from 

conventional measurements used in power systems. The identification of weak buses and critical lines based on 

the proposed indices is possible using only voltage magnitude and real power measurements. Numerical 

experimental results on two power networks have been tested under increasing system loading and line outage 

conditions indicate that by considering both line voltage stability and line ampacity indices, power systems could 

mitigate the risks of voltage collapse and excessive current in transmission lines. The influence of the thermal 

states of the transmission line and the power transformer on state estimation of electric power systems has also 

been studied. The three - phase state estimation algorithm based on the weighted least square method has 

also been proposed. The node admittance matrix model of the three - phase transformer and the weather - 

dependent thermal model of the overhead transmission line are integrated into the state estimation problem. 

It is then formulated as a nonlinear optimization with equality and inequality constraints. The estimated state 

variables consist of the bus voltage phasors, the transformer parameters, the transmission line conductor 

temperatures, and the weather states. Then, the top - oil and the hot - spot winding temperatures of 

the transformers can be evaluated using the estimates states. The IEEE 30 - bus and 118 - bus systems have 

been modified as three - phase test systems and the numerical results indicate that the proposed state 

estimation can be used to estimate the thermal states of the transmission line and the power transformers and 

the accuracy of the estimated states is also improved. 
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Chapter I 

 

Introduction 

 

Background and Motivation 

The power system state estimation is a critical process in the analysis and 

management of power systems. This entails utilizing partial measurement data to estimate 

the state variables of a power system that cannot be measured directly [1]. Transmission 

lines are essential components of power grids that are responsible for transmitting 

electrical power over long distances from generating stations to distribution substations and 

end users. The temperature of conductors on transmission lines is directly proportional to 

the current flowing through them and is influenced by various factors for the operation and 

efficiency of power systems. Temperature has a significant impact on the performance and 

lifespan of power transformers that are designed to operate within specific temperature 

limits to ensure optimal performance and longevity. High temperatures can lead to 

accelerated aging and degradation of insulation materials, which are crucial for maintaining 

electrical insulation and preventing electrical breakdown within transformers. 

Monitoring the temperature of conductors in transmission lines and that of power 

transformers [2 - 5], is crucial for ensuring reliable and efficient operation of the power 

system. High temperatures in conductors can lead to increased power loss, thermal 

expansion, conductor sagging, and reduced power transmission capability. Analyzing in  

the power system to determine the safety margin of transmission lines helps to evaluate 

and analyze the system's ability to maintain voltage levels within safe and stable limits 

under various operating conditions. This involves considering potential scenarios that could 

cause the voltage levels to exceed specified limits, which could compromise the overall 

safety and stability of the power system. Determining the safety margin of transmission 

lines involves analyzing and simulating the system using computational modeling software 

to assess power flow equations under various system conditions, using numerical indices 

and indicators to estimate electrical parameters, evaluate voltage levels, and ensure that  

the current flow in transmission lines remains at safe levels. 
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Power system state estimation algorithms assume that transmission lines and 

power transformers operate under normal conditions, and that their thermal limits do not 

exceed [6]. power systems experience higher stress levels and operate closer to their 

thermal limits [7]. This can lead to situations in which transmission lines and power 

transformers operate in states in which their thermal limits are violated, potentially 

compromising the reliability and security of the power system. 

Therefore, there is a need to develop state estimation algorithms that consider  

the thermal states of the transmission lines and power transformers. By incorporating 

thermal constraints into the state estimation process, it is possible to accurately assess in 

the impact of thermal limitations on the operating state of the power system. This 

enhanced state estimation capability can help operators make informed decisions to ensure 

reliable and secure operation of the power system, even under stressed conditions. In 

addition, considering the thermal states of transmission lines and power transformers in 

state estimation can facilitate better asset management and preventive maintenance, 

leading to improved overall system reliability and efficiency. 

 

Literature Review 

Qingwen, et al. [8] presented transmission line parameters, which vary with 

temperature and affect the accuracy of state estimation of the power system, using in 

the principle of electro thermal coordination state estimation (ETC - SE). This study 

introduces two methodologies that consider the temperature variability of the transmission 

lines. Method 1 combines the heat balance equation and least - squares method with  

the Jacobian model. The heat balance equation and the temperature of the transmission 

line are integrated into the state vector. Additional enhancements to the Jacobian matrix 

enable the calculation of the conductor temperature and voltage phasors, providing 

coefficients for the transmission line temperature. This paper presents a two - step 

improvement technique in which the system state estimation and temperature are 

decoupled and solved through iterative procedures. Validation using IEEE 14 - bus,  

39 - bus, and 118 - bus systems demonstrated the effectiveness of the proposed 
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methods in reducing calculation errors and ensuring robust processing performance under 

changing environmental conditions and in cases of ill - conditioned branches. 

Cho, et al. [9] improved the accuracy of a methodology implementing state 

estimation in large - scale power systems with a partial reliance on variable renewable 

energy sources. The proposed state estimation method focuses on determining the state of 

the power system, including those that integrate wind and solar power systems.  

The methodology is a fast - decoupled weighted least - squares approach based on  

the common database of the application. In this methodology, renewable energy modeling 

considers various factors such as the same data, type of renewable energy source, and 

voltage level of the bus connected renewable energy. Additionally, the proposed algorithm 

incorporates precise bad data processing techniques that utilize inner and outer functions. 

The inner function employs the normalized residue method for bad data detection, 

identification, and adjustment, whereas the outer function assesses whether they  

have been identified. To reduce measurement errors associated with transformers,  

a connectivity model has been introduced for transformers employing switching devices. 

Simple method for transformer error processing. The effectiveness of the proposed 

methodology was tested based on the IEEE 18 - bus system, which integrates a large - 

scale power system with renewable energy sources. 

Fulin, et al. [10] presented the impact of measurement errors on the real - time 

thermal rating estimation for overhead lines. Introducing a Monte Carlo based approach to 

model the propagation of measurement uncertainties in estimates has contributed to an 

effective investigation of two weather condition approaches to estimating from inference or 

measurement of conductor temperature, flowing current in the conductor, and weather 

variables, as demonstrated by the name Drake of the conductor specification.  

The accuracy of the model increases with an increase in conductor temperature above  

the ambient temperature. In addition, the effective wind speed and solar radiation were 

adjusted. The proposed methods were tested based on two spans comprising different 

types of conductors, the sensor specification based limits, with an enhanced based 

approach that models transient changes in the conductor temperature in each scenario. 
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Marija, et al. [11] presented a state estimation in modern control centers, serving 

as a crucial tool for enhancing the reliability and effectiveness of power system operations. 

Improved accuracy in state estimation leads to a more reliable representation of the power 

system, and investigates the impact of temperature induced changes in transmission line 

resistance on the performance of state estimation. By integrating the line heat balance 

equation and weather data, this study accounts for this effect in state estimation.  

The findings reveal that temperature induced changes in the transmission line resistance 

have a notable impact on the accuracy of the state estimation. Adjusting the resistance of 

the power transmission grid model to match specific weather and loading conditions can 

enhance the accuracy of state estimation results. The proposed approach offers practical 

implementation potential because it enables a more precise allocation of transmission 

losses and facilitates the accurate determination of power flows and network voltage 

profiles. 

Olav, et al. [12] presented that the significant challenge faced by utilities in 

assessing the remaining life of distribution transformer insulation is the lack of recorded 

load or temperature data, which are essential inputs for remaining insulation life 

algorithms. This absence of critical data impedes the application of such algorithms, 

thereby limiting their ability to accurately predict insulation life. In power flow studies, state 

estimation methods play a crucial role in determining the power flow across a network. 

This article presents a study in which state estimation techniques were employed to 

estimate the load of a specific distribution transformer within a network. By extrapolating 

from this load estimation, it was possible to estimate the insulation temperature and 

remaining life of the transformer. The preliminary results of this study are highly promising, 

indicating the potential utility of employing state estimation techniques for estimating  

the transformer load and, subsequently, the remaining insulation life. Further measures are 

planned to validate and refine this methodology with the aim of enhancing its practical 

applicability in real world utility scenarios. 

Kourosh, et al. [13] presented the critical impact of localized temperature 

elevation, specifically focusing on the hottest spot temperature, which can lead to  

the rapid thermal degradation of insulation and subsequent thermal breakdown in 
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transformers. Accurately estimating the hottest spot temperature of transformer windings 

is imperative for determining both short - term and long - term loading capabilities.  

The research presented in this paper contributes to enhancing the accuracy of the hottest 

spot temperature estimation, thereby enabling more precise assessments of transformer 

performance under varying load conditions. Recognizing that an excessive temperature rise 

resulting from load currents is a primary driver of insulation degradation in power 

transformers, accurate estimation of parameters such as the top - oil temperature and  

hot - spot temperature becomes paramount. Among other standards organizations, IEEE 

and IEC have proposed methodologies for estimating these temperatures, underscoring  

the industry wide recognition of the importance of this issue. By refining existing estimation 

techniques and exploring novel approaches, this study aims to advance the understanding 

of transformer behavior under different loading scenarios and facilitate more informed 

decision making regarding transformer operation and maintenance. 

Almohaimeed, et al. [14] presented the impact of global climate change, 

particularly on distribution transformers, the implications of changing ambient temperatures 

and operating conditions on the performance and longevity of distribution transformers.  

A case study was conducted using real world data from Chicago, Illinois, to investigate  

the effects of the ambient temperature variations and operational temperatures on  

the functionality and lifespan of distribution transformers. This study aims to optimize 

transformer performance under changing environmental conditions. By analyzing in  

the impact of increasing ambient temperatures on the operational lifespan of distribution 

transformers in this specific urban environment, valuable insights are gained into  

the challenges posed by climate change to the transformer infrastructure. Using advanced 

modeling techniques, predictive analytics, and adaptation strategies, this study aims to 

contribute to the development of robust solutions for enhancing the resilience and 

sustainability of distribution transformer networks in the context of evolving climate 

conditions. 

Chawasak, et al. [15] presented a state estimation methodology tailored for three 

phase power systems, where the states included bus voltage phasors, considering  

the conductor temperature of the transmission line. The transmission line admittance 
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parameters, contingent upon the line conductor and ambient temperature, are estimated 

using precomputed data and polynomial interpolations. Incorporate of the temperature 

estimation into the state estimation process, weather environmental variables, and heat - 

balance equations into the measurement functions. In addition, a technique for segmenting 

transmission lines is employed to effectively handle temperature variations in the distance 

between transmission lines. The state estimation problem is a constrained nonlinear 

optimization task based on the weighted least - squares criterion. The solution was 

derived using a predictor–corrector interior point algorithm. Simulation results conducted on 

several three - phase power systems demonstrate that the proposed methodology 

delivers estimations with enhanced accuracy compared with existing techniques. 

Ossama El - Sayed, et al. [16] presented a method for predicting  

the temperature increase and loss of life in transformers under the influence of harmonic 

load currents. The model considers parameters that affect a transformer’s life expectancy, 

including the hot - spot winding and top - oil temperature. It utilizes a model for the top - 

oil and hot - spot temperature rise over the ambient temperature, as well as a thermal 

model for both linear and non - linear loads. The hot - spot winding, top oil, and loss of 

life of a power transformer under a harmonic load are calculated. The models were 

applied to 25 MVA and 66/11 kV transformer units at varying loads, and the results were 

compared with the measured temperature results. The results obtained by the IEEE model 

are also very good for the hot - spot winding temperature calculation, but less accurate 

for the top - oil temperature. The top - oil and hot - spot winding temperatures with and 

without harmonic loads are calculated under a constant load, which shows that the top - 

oil temperature in a transformer with harmonic current is greater than without by 10, and 

the hot - spot winding temperature by 13. The increase in the transformer temperature 

would lose all of its life in half of its chosen normal life. 

 

Purposes of the Study 

1. To develop an algorithm for state estimation of power systems that considers 

thermal states of the transmission line and the power transformer.  

2. To improve the performance of the state estimation. 
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Research Scope 

The incorporation of the thermal states of the transmission line and the power 

transformer into the algorithm can lead to improved accuracy and effectiveness in power 

system state estimation. 

 

Research Methodologies 

1. Study the power flow problem that considers the thermal states of  

the transmission line and the power transformer. 

2. Study the state estimation problem of three - phase power. 

3. Study the thermal modelling of power components of power system. 

4. Propose the state estimation algorithm which can be used to estimate  

the thermal states of the transmission line and the power transformer. 

5. Develop the state estimation using the MATLAB program. 

6. Test the performance of the proposed algorithm on three - phase test 

networks. 

 

Research Contributions 

The main contributions of this dissertation listed as follows. 

- The line voltage stability and the line ampacity indices have been presented 

based on power flow formulation in order to evaluate the bus voltage stability and  

the transmission line thermal levels in power systems under various operations. Both 

indices can be computed using only bus voltage magnitudes and real power flow 

measurements obtained from the conventional measurements. 

- The three - phase state estimation algorithm for power systems in which state 

variables are the bus voltage phasors, the transformer parameters, and the conductor 

temperatures of lines, has been proposed. The state estimation has been formulated as  

a nonlinear constrained optimization problem based on the weighted least square method. 

The estimated state variables can also be used to estimate the top - oil and the hot - spot 

winding temperatures of power transformer. 
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Dissertation Organization 

The dissertation is organized as follows: 

1. Chapter 1 introduces the importance of state estimation for power systems 

considering the thermal state of the transmission line and the power transformer. Mention 

- related background and motivation, literature review, and stating the purpose of  

the study, research scope, research methodologies, and research contributions. 

2. Chapter 2 establishes research on the assessment of power system voltage 

stability considering transmission line security. Develop equations based on the power 

flow. There are two indices for network testing that determine the voltage collapse points, 

weak buses and security lines. and were compared with the other voltage stability indices. 

3. Chapter 3 explains the transmission line thermal modeling according to  

the IEEE standard 738 - 2012 using the concept of a heat - balance equation.  

The temperature of overhead transmission line varies based on the surrounding 

environmental conditions. The effective value of the current flowing in the transmission line 

affects the temperature change. The thermal modeling of power transformer according to 

IEEE C57.91 - 2011 is also described. The thermal state estimation equations developed 

based on the thermal models of the transmission line and the power transformer are 

presented. 

4. Chapter 4 presents the state estimation method for estimating the thermal 

states of the transmission line and the power transformer of power system. Testing on two 

three - phase power networks are demonstrated. 

5. Chapter 5 concludes the work presented in this dissertation and gives  

the recommendations of further research directions. 

 

 

 

 

 

 

 



 

 

 

Chapter II 

 

Transmission Line Thermal Limit and Voltage Stability  

 

Introduction 

As electrical energy consumption and the integration of renewable sources 

continue to rise, operation of power systems has become a complex task involving both 

economic and security constraints. The disturbances in power systems, such as a sudden 

increase in load, transmission line outage, generator failure, and the intermittent nature of 

renewable energy sources, have the potential to reduce the voltage stability margin. 

Consequently, the maximum power that can be supplied to the load bus without breaching 

voltage limits also diminishes. Without appropriate estimation and mitigation strategies for 

the voltage stability problem, voltage collapse may occur in power systems which can 

result in severe damage to the network [17] and potentially lead to an electrical blackout. 

Thus, the assessment of the voltage stability in power systems under various operating 

conditions has become of the utmost importance. Several voltage stability indicators, which 

play essential roles in identifying critical locations within power networks where voltage 

collapse may originate, have been developed. Voltage stability indices based on  

the maximum loading conditions of a two - bus system have been presented in [18 - 23].  

The transmission line parameters and some system variables such as bus 

voltages and power flow through lines are used to formulate the indices. These indicators 

require minimal computational effort, making them suitable for rapid identification of 

systems operating under changing loads and contingency conditions. However, due to 

some assumptions in these indices, different and unpredictable values can be obtained 

when they are applied to large - scale power networks [24 - 26]. Other indices based on 

the Jacobian matrix of load flow analysis have been presented. An index based on  

the minimum singular value decomposition of the Jacobian matrix has been presented in 

[27].  The maximum singular value of the inverse Jacobian matrix and its derivative has 

been presented in [28]. This index is approximately linear and can determine the voltage 

stability margin. A model analysis - based index based on the minimum eigenvalue and 
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right eigenvector of the Jacobian matrix has been presented in [29]. The voltage stability 

of system occurs when all eigenvalues are positive.  The maximum element of system 

tangent vector, which are the sensitivity of state variables including the bus voltage 

magnitudes and angles with respect to the load variation, has been presented in [3 0 ] .  

The inverse of the maximum element of the tangent vector is close to zero at the voltage 

collapse point. A test function based on the reduction of the Jacobian matrix with respect 

to the critical bus of system has been presented in [31]. This index can be used to predict 

the voltage collapse point by fitting the test function using a quadratic model. Test results 

in [31] also show that the minimum singular value and the eigenvalue of Jacobian matrices 

proposed in [27] and [29 ] are not good indicators due to their nonlinear behaviors when 

the bus voltage magnitude approaches its collapse point.  In addition, these techniques 

require rather time consuming computation steps and may not be suitable for 

implementation in realistic power systems because accurate parameters are required for 

system models. In [32 - 38], indices based on Thevenin equivalent impedance of the rest 

of the power system using the data obtained from the measurement system, have been 

presented for real - time voltage stability assessment. The external Thevenin equivalent 

impedance has the same magnitude as the load impedance at the bus when  

the maximum loading condition occurred.  

The point of voltage collapse is also the system operating point, at which  

the maximum available power can be delivered to the load. A systematic qualitative and 

quantitative comparison of some voltage stability indices based on the Thevenin equivalent 

obtained from estimated states using both conventional and measurements has been 

performed and reported in [39]. Therefore, this chapter develops equations using concepts 

of power flow for voltage stability assessment, considering the thermal limit. Simulation in 

IEEE networks can determine the voltage collapse point, weak buses and security lines. 
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Power Flow Equations 

The power flow equations used to develop the proposed indicators are described. 

Figure 1, shows an equivalent   circuit of transmission line.  The branch current phasor 

flowing from bus s to bus r can be obtained by 

 

 
 

Figure 1 Equivalent circuit of transmission line. 

 

( )1
2s sh se s se rI y y V y V= + −     (1) 

 

where    s s sI I =   is the current phasor at the sending end bus, 

s s sV V =   is voltage phasor at the sending end bus, 

r r rV V =   is voltage phasor at the receiving end bus, 

se se sey g jb= +  is a series admittance of transmission line, 

sh sh shy g jb= +  is a shunt admittance of transmission line,  

It is usually assumed that shg  is zero. 

 

A complex power flowing from the sending bus s to the receiving bus r, sS , can 

be calculated by 

 

s s s s sS P jQ V I = + =     (2) 
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where Ps and Qs are the real and reactive power flow from bus s to bus r, respectively. 

Note that the superscript *  denotes a complex conjugation. Substituting (1) into (2), and 

separating into real and imaginary part, one obtains 

 

( )2
se ses se s s r

g cos b sinP g V V V  += −     (3) 

 

( ) ( )21
se se2s se ssh s r b cos g sinQ b b V V V  −=− + +  (4) 

 

where s r  = −  and shg  is assumed to be zero. Similarly, the power flow from bus r 

to s can be computed by 

 

( )2
se ser se r s r

g cos b sinP g V V V  −= −     (5) 

 

( ) ( )21
se se2r se ssh r r

b cos g sinQ b b V V V  +=− + +   (6) 

 

where Pr and Qr are the real and reactive power flow from bus r to bus s, respectively. 

 

Proposed Indices 

In this section, two indicators are proposed for assessing the voltage stability and 

line security of power networks. They are derived based on the real power flow through  

the transmission line and bus voltage magnitudes.  The maximum loading condition that 

satisfies the limit of either indicator can be considered as a critical loading condition  

[40 - 42]. 

Line Voltage Stability Index 

The line voltage stability index (LVSI) depends on influence of the power loading 

at the load bus. By considering the power flow from bus r to bus s, we can re - arrange 

(5) and formulate a quadratic equation in terms of a variable rV  as 

 
2

se r s r rg V KV V P 0− − =     (7) 

 



 

 

  13 

where se seK g cos -B sin =  The roots of (7) are obtained as, 

 

( )2 2
sessr e rs

V 2gKV K 4g PV=  +     (8) 

 

Since the voltage magnitude rV  is a real number, the discriminant must satisfy  

the following condition, 

 

se r
2 2

sK V 4g P 0+      (9) 

 

Moreover, (5) can be re - arranged as 

 

( ) ( )s
2

se se ss rr re
g b sinV KV g Vco VPs − = −=   (10) 

 

Substituting (10) into (9), then we can define as the follows 

 
2

se r r

2

se r

2

r

4g V P
LVSI 1.

( P )g V

−
= 

−
    (11) 

 

The value of LVSI closes one when the voltage magnitude at the receiving end 

bus approaches the voltage collapse point. The proposed LVSI requires only measurements 

of the bus voltage magnitude and the real power flow to determine voltage stability level 

under various operating conditions of power system. 

Line Ampacity Index  

Considering Figure 1, the real power loss of the transmission line can be obtained 

as follows 

 
2

s r se seP P I r+ = ,   (12) 
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where seI  is the magnitude of series current phasor of the line, and 2 2
se se se ser g / (g b )= +  

represents line series resistance. 

Substituting (3) and (5) into (12), one obtains 

 

( )2 2 2
se se se s r se s rI r g V V 2g V V cos= + −     (13) 

 

By using trigonometric identity, (5) can be re - written as 

 
2 2

r se r s r se seP g V V V (g cos b 1 cos ) = −  −   (14) 

 

Since r
2
r sse rK ( VV P )g V= − , ( 14)  can be re - arranged into the following 

equation 

 

( )2 2 2
se se s

2
ey K K b 0cos 2b cos − + − =    (15) 

 

where 2 2 2
se se sey g b= +  is the squared magnitude of line’s series admittance. Two values 

of cos  are obtained from (15). The one with larger magnitude is chosen since the phase 

difference of bus voltages phasors of the line is generally small. Hence, we obtain 

 

( ) 22 2
sesese se

c b Kos yg yK = + −     (16) 

 

Substituting (16) into (13), a series current magnitude flowing along transmission 

line can be expressed as 

 

( ) ( )2 2 2 2 2 2
sese se s r s r se seI V bV V V g K Ky 2 y+= −− +   (17) 

 

From (17), we propose a line ampacity index (LAI) as 
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se

cr

1
I

LAI
I

=     (18) 

 

where crI  is the current rating of the transmission line. The value of LAI must be less than 

unity to maintain line security.  The index value reaches one when the transmission line 

operates at its maximum loading condition. The proposed LAI requires only measurements 

of the bus voltage magnitudes and the real power flow to determine the security status of 

each line of power system. Critical line can also be identified based on the proposed index 

for power system operation under variations in loading and contingency. 

 

Case Studies  

In this section, the proposed assessment approach is demonstrated using two test 

systems.  For each transmission line, LVSI and LAI proposed in the previous section are 

computed under various loading conditions. Both real and reactive powers at the base load 

are multiplied by a load scaling factor to simulate loading variation. The scaling factor is 

increased until the voltage collapse state occurs. The operating states of the test systems 

are simulated by using MATPOWER [43]. 

IEEE 2 - bus System 

2 - bus system operated at 500 kV with a double - circuit transmission line.  

The line’ s length is set to 180 km and the phase conductor is assumed to be Hawk 

conductor. The real and reactive power loads at the receiving end are 340 MW and 285 

MVAR, respectively.  The voltage magnitude at the sending bus is fixed to be 1.0 p.u. 

while the voltage magnitude at the receiving bus depends on the loading conditions, as 

shown in Figure 2. 

 

 
 

Figure 2 Single line diagram of 2 - bus system. 
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Figure 3 Voltage and current magnitudes for 2 - bus system. 

 

 
 

Figure 4 LVSI and LAI for 2 - bus system. 
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Figure 5 LAI and current magnitude for 2 - bus system. 

 

 
 

Figure 6 Difference of current magnitudes for 2 - bus system. 

 

Figure 3, illustrates the voltage magnitude at the receiving bus and the series 

current magnitude on the phase conductor as functions of the load scaling factor.  As  

the load increases, the current magnitude rises while the voltage magnitude declines. 

Although, the voltage collapse point occurs when the load scaling factor is 2, the current 

magnitude flowing though the conductor is approaching its current rating, that is 610 A, 

when the load scaling factor closes to 1.796. Therefore, the critical load scaling factor for 
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this situation is 1. 796 to ensure transmission line security, as the current magnitude 

through the phase conductor remains below its current limit. 

Figure 4, shows the bus voltage magnitude, the proposed LVSI and LAI of line 

with increasing load scaling factor. It can be observed that the value of the LVSI increases 

from 0 to 1 as load increases. The LVSI reaches its maximum value of 1.0 at the point of 

voltage collapse. Likewise, the value of the LAI also rises with an increase in loading. At 

the critical load scaling factor of 1.796, the LAI is 1.0 where the current magnitude of  

the phase conductor is equal to the current rating.  

Figure 5, shows the relationship between the LAI and the series current 

magnitude as functions of the load scaling factor for the 2 - bus system. The value of LAI 

approaches unity when the series current magnitude is close to the current rating of  

the transmission line.  

Figure 6, displays the percentage difference between the branch current 

magnitudes ( I12 and I21), which also includes effects of the series and shunt admittances, 

and the series current magnitude ( crI ) , which considers only the series admittance of  

the transmission line. For large loads, where a significant proportion of the branch current 

is contributed by the series current phasors, the difference tends to zero. 

IEEE 30 - bus System  

In this subsection, the standard IEEE 30 - bus system has been modified as  

the test system.  As shown in Figure 7, the system consists of 6 generators, 7 

transformers, 41 lines, and 24 loads. Single - and double - circuit transmission lines are 

employed for 33 kV and 132 kV overhead lines, respectively. One conductor per phase is 

assumed except for line 21 - 22, where two conductors per phase are employed to 

enhance the line’ s carrying capacity.  The phase conductors of the 33 kV and 132 kV 

overhead lines are assumed to be Panther and Hawk conductors, respectively. The line’s 

length is chosen based on positive sequence reactance. 
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Figure 7 Single line diagram of IEEE 30 - bus system. 

 

Three test cases are considered to verify the effectiveness of the proposed 

indices under various loading conditions. 

 Case 1:  This case tests the load variation at a single load bus.  Both real and 

reactive powers at bus 30 are increased until voltage collapse occurs.  

Case 2:  Both real and reactive powers at all load buses are increased until 

voltage collapse occurs. 

Case 3:  This is similar to case 2, however, single transmission lines’  outage is 

also considered.  

From the experimental results, it is found that the critical load scaling factors of 

case 1 and 2 are 3.0021 and 1.8721, respectively.  
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Table 1 LVSI and LAI for IEEE 30 - bus system 

Line 
Case 1 Case 2 

 = 3.0021  = 1.8721 
From to LVSI LAI LVSI LAI 

1 2 0.0979 0.1048 0.3753 0.4795 
1 3 0.2465 0.0976 0.5762 0.2757 
2 4 0.2126 0.0884 0.4287 0.1921 
3 4 0.0574 0.0926 0.1679 0.2597 
2 5 0.2056 0.0659 0.3910 0.1422 
2 6 0.2880 0.1159 0.5379 0.2482 
4 6 0.0935 0.1300 0.1794 0.2573 
5 7 0.1277 0.0747 0.2573 0.1507 
6 7 0.0296 0.0232 0.0384 0.0253 
6 8 0.0793 0.1326 0.1444 0.2540 
8 28 0.0194 0.0156 0.0811 0.0394 
6 28 0.0610 0.0571 0.0729 0.0667 
10 17 0.0217 0.3115 0.0751 0.7007 
10 20 0.1018 0.3060 0.2555 0.7154 
10 21 0.0072 0.1250 0.0770 0.7898 
10 22 0.0252 0.2052 0.0448 0.6180 
12 14 0.1223 0.2565 0.2397 0.5079 
12 15 0.1169 0.4846 0.2408 1.0000 
12 16 0.1534 0.4063 0.2145 0.5789 
14 15 0.0060 0.0156 0.0023 0.0748 
16 17 0.0978 0.2600 0.1126 0.3036 
15 18 0.1662 0.3964 0.2436 0.5993 
15 23 0.1292 0.2935 0.1034 0.4837 
18 19 0.0681 0.2585 0.0874 0.3260 
19 20 0.0217 0.2158 0.0715 0.5270 
21 22 0.0317 0.4516 0.0404 0.8595 
22 24 0.0443 0.2828 0.0570 0.5820 
23 24 0.1770 0.3918 0.1549 0.3535 
24 25 0.0779 0.2055 0.1592 0.2885 
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Table 1 (cont.) LVSI and LAI for IEEE 30 - bus system 

Line 
Case 1 Case 2 

 = 3.0021  = 1.8721 
From to LVSI LAI LVSI LAI 
25 26 0.1085 0.1804 0.2070 0.3514 
25 27 0.0112 0.2582 0.2316 0.5198 
27 29 0.4781 0.7546 0.3610 0.5375 
27 30 0.7646 1.0000 0.5488 0.6154 
29 30 0.4897 0.6383 0.2708 0.3262 

 

Table 1 shows the LVSI and LAI obtained at the critical loading conditions of  

the IEEE 30 - bus system.  It can be seen that line 27 - 30 and line 12 - 15 are  

the critical lines of cases 1 and 2, respectively, because their LAI are 1.0.  A line with  

a high value of the LVSI can be considered as weak line in terms of the voltage stability. 

Such a line poses a risk of voltage instability for the connected buses, potentially leading to 

voltage instability issues. In addition, a line with a high value of the LAI can be considered 

as weak security line because its operating point may be near the thermal limit of  

the phase conductor.  

Figures 8 and 9 show, for case 2, the variation of the LVSI and LAI of line 27 - 

30 and line 12 - 15 under increasing of loads, respectively. From the results in Figure 8,  

it can be seen that the value of the LVSI rises to 1.0 when the voltage magnitude at bus 

30  reaches the point of voltage collapse. However, because the LAI approaches 1 .0  as  

the load scaling factor approaches 3.0, the maximum loading at bus 30 must be restricted 

to 3.0 times of base load. The results in Figure 9, also indicates that the value of LVSI of 

line 12 - 15 is less than 1.0. This implies that the voltage collapse condition cannot occur at 

both bus 12 and bus 15 in this test case. However, because the value of LAI is close to 1.0 

when the load scaling factor closes to 1 .8 70 , the maximum loading is limited to 1 .8 70 

times of base load for case 2. This test result highlights the fact that increasing the load in 

power systems may be limited by transmission line security. The magnitude of the current 

flowing through the phase conductor may reach the current rating of the conductor before 

bus voltage collapse occurs.  



 

 

  22 

 
 

Figure 8 LVSI and LAI of line 27 - 30 for case 2. 

 

 
 

Figure 9 LVSI and LAI of line 12 - 15 for case 2. 

 

For case 3, the results of the single line outage analysis of the IEEE 30 - bus 

system are summarized in Table 2.  The maximum load scaling factor for the IEEE 30 - 

bus system under each line outage case is given. The critical lines in this test case are also 

identified based on the LAI, where the series current in phase conductor reaches its line 

ampacity before voltage collapse occurs.  Nevertheless, in some case, a voltage collapse 

occurs before there is excess current in the transmission line. 
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Table 2 Maximum loading and critical line for IEEE 30 - bus system under line 

outage conditions 

Line outage max Critical line LAI LVSI 

1 - 3 1.8949 12 - 15 1.0000 0.2413 
12 - 15 1.0713 21 - 22 1.0000 0.0368 
23 - 24 1.9098 10 - 21 1.0000 0.1011 
27 - 29 1.4701 27 - 30 1.0000 0.7636 

 

The results in Table 2 indicate that as the outage of line 27 - 29 happens,  

the LVSI of line 27 - 30 is high when system loading is increased. Hence, bus 30, which 

is a load bus, can be considered as a weak bus under this test condition. 

Effect of Measurement Noise 

The measured values of the bus voltage magnitude and real power flow obtained from 

each substation typically contain measurement noise.  To investigate the influence of  

the measured values on the proposed indices, both real and reactive powers at all load 

buses are increased by 1. 80 time of the base load.  In this study, even though  

the measured values used to determine the proposed indices can be obtained from both 

PMU and RTU devices, it is assumed that the measuring values are obtained solely from 

RTU devices. 

The maximum uncertainties of the voltage magnitude and power flow 

measurements are assumed to be 0.4% and 1.0% of the reading, respectively. For each 

measurement, zero - mean Gaussian noise with a corresponding standard deviation is 

added. Testing has been performed using 5,000 Monte Carlo simulations.  

From the experimental results in this test case, it is found that the largest LVSI 

occurs at line 1 - 3 while the largest LAI occurs at line 12 - 15.  
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Figure 10 LVSI histogram of line 1 - 3 for IEEE 30 - bus system. 
 

 
 

Figure 11 LAI histogram of line 1 - 3 for IEEE 30 - bus system. 

 

Figures 10 and 11 show histograms of the LVSI and LAI computed using  

the measurements corresponding to line 1 - 3, respectively.  Bus 1 is a generator bus, 

while the load bus 3 can be considered as a weak bus because its LVSI is greater than 

0.50.  However, the line 1 - 3 has a high security level since its LAI value is less than 

0.30. The standard deviations of the LVSI and LAI obtained from line 1 - 3 are 0.19% and 

0.27%, respectively.  
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Figure 12 LVSI histogram of line 12 - 15 for IEEE 30 - bus system. 
 

 
 

Figure 13 LAI histogram of line 12 - 15 for IEEE 30 - bus system. 
 

Figures 12 and 13 show histograms of the LVSI and LAI of line 12 - 15 under this 

test condition, respectively. Bus 15 whose LVSI is less than 0.25 is a strong voltage bus, 

whereas bus 12 is a voltage - controlled bus. However, line 12 - 15 has a low security 

level because its LAI value is near unity. The standard deviations of LVSI and LAI for line 

12 - 15 are 0.25% and 0.28% , respectively. It can be seen that the values of LVSI and 

LAI obtained using the conventional measurements have small percentage of standard 
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deviations. Consequently, the proposed indices can be applied to a real - time system to 

determine or monitor the voltage stability and security levels of each line. 

Comparison with Other Voltage Stability Indices 

In this subsection, the proposed LVSI has been compared with other voltage 

stability indices, that is, FVSI [3] , Lmn [5] , LQP [4 4 ] , and BVSI [9] , under the loading 

conditions of the IEEE 30 - bus system. The testing conditions of case 1 and case 2 are 

used to validate the performance of the indices.  The values of these LVSI must be less 

than 1. 0 to maintain the voltage stability of the corresponding bus.  Line 27 - 30 is  

a critical line and bus 30 is a weak bus for both test cases.  The comparison results for 

case 1 and case 2 of the IEEE 30 - bus system are shown in Figures 14 and 15, 

respectively.  It can be observed that the proposed LVSI and BVSI can successfully 

determine the point of voltage collapse. BVSI can provide voltage stability similar to that of 

the proposed LVSI. Nevertheless, since different phase voltages between the sending and 

receiving buses are also required to compute BVSI, PMU measurements are required. By 

contrast, FVSI, Lmn, and LQP fail to identify the collapse point. In Case 1, voltage collapse 

occurs before the values of FVSI, Lmn, and LQP are close to 1.0.  In Case 2, voltage 

collapse occurs before the values of FVSI and Lmn are close to 1.0, whereas the LQP value 

is 1.0 before voltage collapse occurs. 
 

 
 

Figure 14 Comparison of various voltage stability indices of line 27 - 30 for 

IEEE 30 - bus system (case 1). 
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Figure 15 Comparison of various voltage stability indices of line 27 - 30 for IEEE 

30 - bus system (case 2). 

 

Conclusion 

Two indices which is LVSI and LAI have been proposed in this Chapter.  

The indices are derived based on real power flow and real power loss of a transmission 

line. A technique based on a quadratic equation to estimate phase angle difference has 

been provided to avoid phase angle measurements. Therefore, the proposed indices use 

only bus voltage magnitudes and real power flow measurements obtained from common 

RTUs to assess the voltage stability and line security states of power systems under 

different operating conditions. The results for small and large power networks show that 

the proposed LVSI can determine the voltage collapse point and weak buses whereas  

the proposed LAI can determine the critical and weak security lines.  
 

 



 

 

 

Chapter III 

 

Thermal Modelling of Power Components  

 

This chapter studies the power components of power systems such as  

the transmission line and the power transformer. Considering the thermal states using 

environmental temperature and characteristics conductor of the overhead transmission line 

[45]. According to IEEE standard 738 - 2012, the heat balance equation can calculate  

the conductor temperature by considering ambient temperature, wind speed, wind 

direction, and solar radiation. 

The power transformer in this study [46 - 48] is an oil immersed transformer 

that has a cooling system for the transformer. The thermal in the transformer, caused by 

internal conditions such as load flow in the transmission line in to winding of transformer. 

External conditions such as ambient temperatures, wind speed, wind direction, and solar 

radiation affect the heat dissipation in the transformer. The top - oil and the hot - spot 

winding temperature are important factors in determining the transformer thermal rate [49 

- 52], calculation according to IEEE C57.91 - 2012. Therefore, in this chapter, the thermal 

equations of the state of the transmission line and the power transformer are developed, 

considering the conductor temperature, the top oil and the hot - spot winding 

temperatures. 

 

Transmission Line 

The temperature of conductors in the transmission line varies according to  

the environmental conditions surrounding the conductor and exhibits a temperature change 

proportional to the amount of current flowing through the transmission line. When 

calculating the power flow to match the actual operating conditions of the power system, it 

is analyzed whether the power transmission is adequate to meet the electrical load 

requirements. This analysis of the power flow and power loss values in the transmission 

line ensures that they match the actual losses. This precision is essential for planning an 

appropriate and safe power distribution strategy. 
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According to the IEEE standard 738 - 2012. The effective value [8, 53, 54]. of  

a steady - state current phasor flowing through the conductor, can be calculated by using 

the following heat balance equation 
 

c r s
C,eff

c

q q q
I

R(T )

+ −
=        (19) 

 

where    cq   is the heat loss due to convection,  

rq  is heat due to radiation, 

sq   is the heat gain from the sun,  

cR(T )  is AC resistance per unit length of conductor which is a function of  

conductor temperature. 
 

Weather condition and a conductor’s physical properties [40] can be calculated by 
 

c qcq f ( )=      (20) 
 

where  
T

d s sTa w w Q  =
 

  denotes the vector containing weather 

environment parameters, 

dw   is direction of wind in radian, 

sw   is speed of wind in m/s, 

sQ   is the elevated corrected total solar and sky radiated heat flux rate. 
 

4 4
c a

r 4

(T 273) (T 273)
q 0.0178D

100

+ − +
=     (21) 

 

where    cT   is the conductor temperature in C , 

aT   is the ambient temperature in C , 

D   stands for the conductor diameter in m, 

  is emissivity. 
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( )s sq Q sin A'=      (22) 

 

where       is the solar absorptivity,  

  A '   is the projected area of conductor per unit length,  

   is a solar radiation angle corresponding to the solar altitude and the azimuth 

angle of sun. 

 

The AC resistance and reactance of transmission line per unit length of conductor 

and conductor temperature [15], can be expressed as  

 

( ) ( )( )c 0 R c 0R T R 1 T T= + −     (23) 

 

where  0R  is AC resistance per unit length at the reference temperature of 0T , 

( )cR T  is AC resistance per unit length at the reference temperature of cT , 

R  is the line resistance’s temperature coefficient. 

 

Power Transformer 

A power transformer is a crucial component in an electrical power system. Its 

primary function is to convert voltage levels, both increasing voltage for transmission in  

the power system and reducing voltage for distribution to users. By stepping up  

the voltage for transmission, the power transformer minimizes energy losses during power 

transmission through the network. Conversely, stepping down the voltage before 

distribution ensures that electricity is delivered to users at an appropriate and safe voltage 

level. 

Power transformers play a continuous role in managing voltage levels within an 

electrical system. One key aspect of their operation is the dissipation of heat. Efficient heat 

dissipation is essential to ensure the safe and effective functioning of the power 

transformer. It helps maintain optimal operating conditions and prevents overheating, 

contributing to the overall reliability of the electrical power system. 
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Selecting an appropriate method for heat dissipation is crucial for the efficient 

and safe operation of power transformers. Effective heat dissipation ensures that  

the transformer operates efficiently and remains safe over an extended period. Oil cooling 

involves using oil as a heat transfer medium in the power transformer. Oil has excellent 

heat dissipation capabilities, allowing the transformer to operate for extended periods 

without degradation. The oil is typically stored in a tank or surrounding the transformer. Air 

Cooling of power transformers may incorporate air cooling systems using fans or designed 

air vents to expel heat to the external environment. Water Cooling, in certain cases, water 

can be utilized as a heat transfer medium in the transformer's cooling process. Water is 

introduced into the cooling system and directed through pipes or channels for efficient heat 

dissipation. 

Generally, oil immersed transformers [55, 56] are the transformer with its 

winding and core are immersed in the mineral oil, which has good electrical insulating 

property to block the current flow through the oil and high thermal conductivity. This 

method can be divided into four types  

Oil Natural Air Natural (ONAN): This cooling method may be used for 

transformers up to about 30 MVA. In this method, the heat generated in the core and 

winding is transferred to the oil. The heated oil moves in an upward direction and flows 

from the upper portion of the transformer tank according to the principle of convection.  

The heat from the oil will dissipate into the atmosphere due to the natural air flow around 

the transformer. In this case, the oil in the transformer will keep circulating because of 

natural convection and will dissipate heat into the atmosphere due to natural conduction. 

Oil Natural Air Forced (ONAF): generally, this method of transformer cooling is 

useful for large transformers up to about 60 MVA. Heat dissipation can be improved by 

applying forced air to the dissipating surface. The heat dissipation rate is faster and higher 

in the ONAF transformer cooling method than in the in the ONAN cooling system. In this 

manner, fans are mounted near the radiator and can be provided with an automatic 

starting arrangement that turns on when the temperature increases beyond a certain 

value. 
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Oil - Forced Air - Forced (OFAF): cooling methods are provided for higher - 

rated transformers at substations or power stations. In this method, oil is circulated with 

the help of a pump, and then compressed air is forced to pass through the heat 

exchanger with the help of high - speed fans. Furthermore, the heat exchangers can be 

mounted separately from the transformer tank and connected through pipes at the top and 

bottom. 

Oil - Forced Water - Forced (OFWF): occurs when the ambient temperature of 

water is much lower than that of atmospheric air in the same weather condition, water 

may be used as a better heat exchange medium than air. The oil is forced to flow through  

the heat exchanger with the help of a pump, where the heat is dissipated in the water, 

which is also forced to flow. The heated water is taken away to cool in separate coolers. 

Like every existing machine, [57, 58] transformers cannot work without energy 

losses. The transformer has no moving parts, so the mechanical losses are absent. 

Transformer losses are classified as no - load losses and load losses. These types of losses 

are common to all types of transformers, regardless of transformer application or power 

rating. However, there are two other types of losses: extra losses created by the non - 

ideal quality of power and auxiliary or cooling losses, which may apply particularly to 

larger transformers and are caused by the use of cooling equipment such as fans and 

pumps. 

Exponents for Temperature Rise Equations 

The exponent of the temperature rise used in the calculations assists in 

addressing the variation in the temperature changes of the transformer over different time 

periods. This allows for adjustments based on the operational conditions and heat 

dissipation characteristics inherent to the power transformer. In the context of the equation 

for determining the temperature in a power transformer, the exponent of the temperature 

increase may vary according to the transformer's operating conditions and its inherent heat 

dissipation characteristics. Generally, the exponent used in the calculations, known as  

the exponent of temperature rise, is adaptable to the specific working conditions and heat 

dissipation characteristics of the power transformer. The suggested exponents for use in  

the temperature - rise equations are given the effect on the transformer [59]. Working on 
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the load at all times is heating, resulting in loss of life to the transformer. The critical heat 

point is the high heat point that causes the transformer insulation to deteriorate 

prematurely. The insulation life or insulation deterioration depends on the temperature of 

the transformers. According to the IEEE Standard, C57.91 [60, 61]. The calculation method 

for oil temperature considering load variation in power transformers, particularly when 

subjected to varying loads, involves utilizing computational methods with specified 

parameters denoted as m and n. These parameters can be estimated from the load 

variation, and the calculation process is outlined based on the heat - dissipation 

characteristics of the transformer. 
 

Table 3 Exponents of power transformer 

Type of cooling m  n 

Oil Natural Air Natural (ONAN) 0.8 0.8 

Oil Natural Air Force (ONAF) 0.8 0.9 

Oil Forced Air Forced (OFAF)  0.8 0.9 

Oil Forced Water Forced (OFWF) 0.8 0.9 

Oil Directed Air Forced (ODAF) 1.0 1.0 

Oil Directed Water Forced (ODWF) 1.0 1.0 

 

 
 

Figure 16 Heat diagram of mineral - oil immersed transformers.  
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Hot - Spot Winding Temperature  

The hot - spot winding has been the highest temperature area in the transformer 

based on flux leakage from the windings and can degrade the insulating paper making  

the transformer susceptible to failure. Since transformer life is dependent on the insulating 

paper, accurately monitoring temperature conditions is critical. The hot - spot winding 

temperature in a transformer winding is the sum of three components, the ambient 

temperature rise, the top - oil temperature rise, and the hot - spot winding temperature 

rise over the top - oil temperature. 

During a transient period, the hot - spot winding temperature rise over the top - 

oil temperature varies instantaneously with transformer loading, independently of time [7, 

62, 63]. The variation of the top - oil temperature is described by an exponential equation 

based on oil time constant. 

The hot - spot winding temperature is assumed to consist of three components 

given by the following equation: 

 

H A TO H   = + +     (24) 

 

where    H   is the winding hot - spot winding temperature, C , 

A   is the average ambient temperature during the load cycle, C , 

TO  is the top - oil rise over ambient temperature, C , 

H   is the winding hot - spot winding rise over top - oil temperature, C . 

 

Top - Oil Temperature 

The top - oil temperature rise at a time after a step load change is given by   

the following exponential expression containing an oil time constant [64]. The top - oil 

temperature is given by the following equation 

 

TO A TO  = +      (25) 

 

TO TO A  −=      (26) 
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( )
t

TO
TO TO,U TO,i TO,i1 exp

−


   
 

= − − + 
  

  (27) 

 

where  TO   is the top - oil temperature, C , 

TO,U   is the ultimate top - oil rise over ambient temperature, C , 

 TO,i   is the initial top - oil rise over ambient temperature for t=0, C , 

t    is duration of load, hour, 

TO    is the oil time constant of top - oil rise and the initial top - oil rise, hour. 

 

The transient hot - spot winding temperature rise over top - oil temperature is given by 

 

( )
t

w
H H,U H,i H,i1 exp

−


   
 

= − − + 
  

   (28) 

 

where  H,U  is the ultimate hot - spot winding rise over top - oil temperature  

for load L, C , 

H,i   is the initial hot - spot winding rise over top - oil temperature  

for t=0, C , 

w  is the winding time constant at hot - spot location, hour. 

 

For the two - step overload cycle with a constant equivalent prior load the initial 

top - oil rise is given by the following:  

 
n2

i
TO,i TO,R

K R 1

R 1
 

+ 
=  + 

   (29) 

 

For the multi - step load cycle analysis with a series of short - time intervals, 

Equation is used for each load step, and the top - oil rise calculated for the end of  
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the previous load step is used as the initial top - oil rise for the next load step calculation. 

The ultimate top - oil rise is given by the following equation: 

 
n2

U
TO,U TO,R

K R 1

R 1
 

+ 
=  + 

   (30) 

 

The initial hot - spot winding rise over top - oil is given by 

 
2m

H,i H,R iK =     (31) 

 

The ultimate hot - spot winding rise over top - oil is given by 

 
2m

H,U H,R UK =     (32) 

 

Time constant at rated load 

 

TO,R
TO,R

T,R

C

P


 =      (33) 

 

where  TO,R     is the time constant for rated load beginning with initial top - oil 

temperature rise of 0 °C, hour, 

TO,R   is the top - oil rise over ambient temperature at rated load on the tap 

position to be studied, C , 

K     is the ratio of load to rated load, per unit , 

C     is the thermal capacity of the transformer, W-h / C , 

T,RP     is the total loss at rated load, Watt, 

R     Is the ratio of load loss at rated load to no - load loss on the tap position  

   to be studied. 
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Figure 17 Thermal diagram of power transformer. 

 

Thermal model is a component of the IEEE C57.91 which is a standard related to 

the design and testing of power transformers, thermal modeling of power transformers 

within this standard may constitute a section or part that outlines the specifications 

regarding the thermal model of power transformers under various operating conditions. It 

encompasses calculations for the hot - spot winding temperature and the top - oil 

temperature, which serves as the heat - producing medium within the power transformer. 

The power transformer may operate at temperatures exceeding 110 °C for brief 

periods. This heat accumulation process allows for the safe accumulation of heat above  

the hot - spot winding temperature under various conditions, without adversely affecting 

the normal lifespan of the power transformer. The equation provided in IEEE C57.91 is 

employed to calculate the maximum hot - spot winding temperature and the top - oil 

temperature as a function of the transformer's operational loss of life. A discrete thermal 

model transformer refers to a non - continuous temperature model of a power transformer 

that uses temperature values divided into discrete parts. These parts are not continuous 

and can be divided into intervals or discrete points to gather information about  

the temperature of the transformer at different time intervals or under specified conditions. 
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Thermal State Estimation Equations 

This section presents the thermal states estimation equations developed from  

the thermal model for transmission lines and power transformers. These equations are 

utilized to estimate the thermal states of the power system, considering the heat 

conductor of the transmission lines, including the top - oil and the hot - spot winding 

temperature of the power transformers. 

Conductor Temperature of Transmission Line 

The calculation of the overhead transmission line thermal model utilizes 

mathematical equations that depict the relationship between heat generated in  

the transmission line and environmental conditions. These equations are developed from 

assessing heat values, which can be calculated by considering the environmental 

temperature, heat conducted through the transmission line, and heat dissipated by  

the transmission line. The mathematical equations used in the model are derived from 

principles of heat transfer and thermal conduction and can be tested by estimation from 

experimental data or analytical methods. Developing an accurate model to calculate  

the temperature of the transmission line during power flow and load conditions is essential 

for planning and operating electrical systems. Generally, temperature - dependent 

parameters of the transmission line are used in the thermal model to calculate  

the temperature of the transmission line at specified time intervals. This model calculates 

the temperature and thermal state of the transmission line at various points, considering 

different factors that impact heat loss, such as changing environmental temperatures,  

and heat dissipation through the surrounding air. The equation used to calculate  

the temperature of the conductor can be defined as follows, subtracting the sum of  

the heat loss due to convection and radiation, then dividing by the resistance per unit 

length of the conductor, which is a function of the conductor. The conductor temperature of 

line can be estimated using the equation (34) which has to be included into the state 

estimation problem explained in Chapter 4. 

 

2 c r s

c

q q q
I 0

R(T )

 + −
− = 
 

    (34) 
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The temperature of the power transformer changes according to the load 

currents, and the temperature change cannot occur rapidly owing to the temperature of  

the environment and the heat dissipation of the transformer, which are factors in  

the temperature control. However, when estimating the top - oil and the hot - spot 

winding temperatures, the time period in which the load curve changed had different 

values. Therefore, the transformer temperature during the loading period can be 

calculated using the following equation 

Top - Oil Temperature of Power Transformer 

A discrete thermal model allows for the analysis of temperature behavior based 

on various conditions. The equation used to calculate the discrete thermal model of the top 

- oil temperature [65, 66]  is given by 

 

( )

n2

TO TO TO,R
TO TO

TO TO

A
I ( )R 1

( 1)
t t R 1

 
   

   

 + 
= − + +  + + +   

k
k k  (35) 

 

where t  is the time change between any sampling period, minute, 

 I  is operating current / ratted current, A, 

k  is the time step.  

 

Hot - Spot Winding Temperature of Power Transformer 

The temperature of the hot - spot at the winding inside the power transformer 

varies according to the top - oil temperature, the winding time constant at the hot - spot 

location will be used in this equation, from the discrete thermal model of the top - oil 

temperature (35) can calculation the discrete thermal model of the hot - spot winding 

temperature [67] is given by 

 

( ) ( ) ( )( )
2mw

H TO H HR

w w w

t t
( ) 1 I

t t t

  
   

     

     
= + − + −     

+ + +     
k k k k

 (36) 
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Simulation Results  

This section presents the simulation of the proposed thermal states estimation 

equations by simulating the overhead transmission line, the top - oil temperature, and  

the hot - spot winding temperature.  

Case of Transmission Line 

The simulation testing of the thermal model for the conductor employed 

parameters obtained from the conductor datasheet, specifically for the aluminum conductor 

steel reinforced (ACSR) type named GOAT. The simulation utilized data from [68],  

the wind speed is 0.80 m/s, the angle between the wind direction and the conductor axis 

is 90 and ambient temperature is 40 C . Tested at various levels of irradiance from 400 

to a maximum of 1000 W/m2, tested included current values in the transmission line 

ranging from 50 to 700 A. The results of the overhead transmission line are as shown in 

Figure 18. If the current magnitude is specified, the temperature of the conductor can be 

calculated at any irradiance level. The higher the current magnitude, the higher  

the temperature of the conductor, even under similar ambient temperature conditions. 

Moreover, if the irradiance increases, it will also affect the temperature of the conductor. 

 

 
 

Figure 18 Relationship between current magnitude and conductor temperature. 
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Case of Power Transformer 

In this section describes the simulation of the proposed thermal power 

transformer model simulating the top - oil and the hot - spot winding temperatures.  

The testing was conducted on two case studies of power transformers rated at 25 and 

250 MVA. Physical data and thermal conductivity data were utilized for  

the experimentation. 

Case 1: 25 MVA power transformer 

The modeling using data of transformer 25 MVA, 66/11 kV ONAF cooling 

transformer, the obtainable weather and load data are utilized for calculating the hot - 

spot winding temperature and the top - oil temperature models were tested under various 

load currents [16], based on IEEE standard C57.91 - 2011. The load values are as follows 

Figure 19. The top - oil temperature and the hot - spot winding temperature models were 

tested under various load currents with different load values over varying durations of 

operation. The ambient temperature considered in this calculation to study assume at 28

C  the effect of changing load levels on the transformer data of the testing thermal 

model is as follows: 

 

Table 4 Data of transformer 25 MVA  

Rated data Temperature data 

Power 25 MVA Type of cooling (m, n) 

ONAF 

0.8, 0.9 

Voltage 66 kV Ratio of load loss at rated load 

to no load loss (R ) 

5 

Winding I2R losses 57,390 W Top - oil rise over ambient  

at rated load ( TO,R ) 
38.3 C  

Winding eddy losses 10,690 W Hot - spot rise over top - oil  

at rated load ( HS,R ) 
23.5 C  

Stray losses 32,393 W Ambient temperature ( HS,R ) 28.0 C  

Core losses 0 W   

Weight of oil 10,800 kg   
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Figure 19 Load cycle of thermal model test power transformer. 

 

 
 

Figure 20 The top - oil temperature of transformer 25 MVA. 
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Figure 21 The hot - spot winding temperature of transformer 25 MVA. 

 

Figure 20, the top - oil temperature is calculated using the equation for  

top - oil rise over ambient at rated load, considering an ambient temperature of 28 C . 

Therefore, the top - oil temperature starts at 35 C  and increases when the load value is  

1 p.u. From the calculations. The maximum top - oil temperature is 85 C , when the load 

reaches a maximum of 1.5 p.u.  

Figure 21, the calculation starts at hot - spot rise over top - oil at rated load, 

resulting in an initial value 38.3 C . The maximum hot - spot winding temperature  

is 128 C . when the load reaches a maximum of 1.5 p.u.  

Case 2: 250 MVA power transformer 

Modeling using data from transformer 250 MVA [68, 69], the load values as 

shown in Figure 19. The top - oil and the hot - spot winding temperatures models were 

tested under various load currents with different load values over varying operation 

durations. The ambient temperature considered in this calculation to study assume at  

28 C  the effect of changing load levels on the transformer data of the testing thermal 

model is as follows: 
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Table 5 Data of transformer 250 MVA  

Rated data Temperature data 

Power 250 MVA Type of cooling (m, n) 

ONAF 

0.8, 0.9 

Voltage 118 kV Ratio of load loss at rated load 

to no load loss (R ) 

6 

Winding I2R losses 411,780 W Top - oil rise over ambient  

at rated load ( TO,R ) 
38.3 C  

Winding eddy losses 29,469 W Hot - spot rise over top - oil  

at rated load ( HS,R ) 
20.3 C  

Stray losses 43,391 W Ambient temperature ( HS,R ) 28.0 C  

Core losses 0 W   

Weight of oil 73,887 kg   

 

 
 

Figure 22 The top - oil temperature of transformer 250 MVA. 

 

Figure 22, the top - oil temperature starts at 35 C and increases when the load 

value is 1 p.u. From the calculations, the maximum top - oil temperature is 75 C , when 

the load reaches a maximum of 1.5 p.u.  
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Figure 23 The hot - spot winding temperature of transformer 250 MVA. 

 

Figure 23, the hot - spot winding temperature exhibits a similar pattern to  

the top - oil temperature, but the calculation starts at hot - spot rise over top - oil at 

rated load, resulting in an initial value 38.3 C . From the calculations, the maximum  

hot - spot winding temperature is 115 C , when the load reaches a maximum of 1.5 p.u.  

 

Conclusion 

The thermal state of the transmission line is the conductor temperature while  

the thermal states of the power transformer are the top - oil and the hot - spot winding 

temperatures. The mathematical models of the power components corresponding to those 

thermal states have been explained in this chapter. The thermal state estimation equations 

which can be applied to the state estimation problem have also been given, and some 

simulation testing has been performed. The steady - state thermal model of  

the transmission line is used because its thermal time constant is quite small. However, 

the discrete - time thermal equations of the power transformer are used to calculate  

the top - oil and the hot - spot winding temperatures due to the steady - state thermal 

time constants of the oil and the winding of the transformer are usually large. 

 



 

 

 

Chapter IV 

 

State Estimation Algorithm 

 

Problem Formulation 

The temperature - dependent state estimation in a three - phase network, 

where tap and admittance parameters of transformers are also the state variables, can be 

formulated as the following nonlinear constrained optimization problem based on  

the weighted least square (WLS) criterion: 

 

T

min max min max

1
min r Wr,

2
s.t. r z h( , t),

f( , t) 0,

g( , t) 0,

, t t t ,







  

 =

= −


 
=


    


    (37) 

 

where r represents for the residual vector, W is a diagonal weight matrix containing  

the corresponding standard deviation of each measurement, z denotes the measurement 

vector, h( )  is the measurement function, f( )  and g( )  are the inequality and equality 

constraints, respectively. The state variables x ( ,t)=  consists of abc abc(V , ) = ,  

a vector of magnitude and phase angle of the three - phase voltage phasor at each bus, 

and t, a vector containing transformer tap, ta , leakage reactance of transformer, tx , line 

conductor temperature, To , and weather related variables. The following weather 

variables, i.e. Ta , ambient temperature, ws, wind speed, wd, wind direction, and Qs, 

solar heat flux rate are considered in this formulation. They are required in computing  

the heat - balance condition of each overhead transmission line. The weather parameters 

are assumed to be available and can be obtained from meteorological data. Therefore, 

t tt (a ,x ,To,Ta,ws,wd,Qs)= . 
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The measurement function is composed of, 
 

Pmu Rtu Weah( ,t) (h ,h ,h ) =     (38) 
 

where Pmuh  is the measurement function for the PMUs. It consists of bus voltage and 

current phasors measured in polar coordinate. In this work, a rectangular coordinate of 

current phasor is used as measured value. The standard uncertainty of the current phasor 

in the rectangular coordinate is computed using the uncertainty propagation approach [70]. 

Rtuh  is the measurement function for the RTUs. It consists of the bus voltage magnitude, 

the power injection, and the power flow measurement functions. And Weah  is weather 

related measurements. Accordingly, the measurement vector z comprises the data 

obtained from the corresponding measuring devices; 
 

Pmu Rtu Weaz (z ,z ,z )=      (39) 
 

The inequality constraint consists of 
 

Vm Tr Hb Weaf( , t) (f , f , f , f ) =     (40) 
 

where Vmf  is obtained from the bus voltage magnitude constraints, Trf  contains inequality 

related to transformer parameters, Hbf  denotes inequality constraints derived from heat - 

balance conditions, i.e. equation. (19) in Chapter 3, and Weaf  contains inequality related to 

weather parameters, e.g. To ≥ Ta. For the equality constraint, three sub - constraints can 

be grouped as follows; 
 

Vref Zinj Hbg( , t) (g ,g ,g ) =     (41) 
 

where Vrefg  is obtained from reference bus voltage phasor constraints, Zinjg  represents 

zero injection constraints, and Hbg  denotes equality constraints derived from heat - 

balance conditions of each line where its conductor temperature is estimated, i.e. equation. 

(34). 
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Solving Solution 

By introducing the nonnegative slack variable vectors (s 0)  into inequality 

constraints in (37) and including the slack variables in the logarithmic barrier terms of  

the objective function. The (37) can be transformed into the equation (42). 

 
T 1 p

ln ,i
i 1

s
1

Minimize r R r
2

r z h(x) 0,

Subject to g(x) 0,

f(x) s 0,

−

=

−

 − + =


=
 + =


    (42) 

 

where is  is the ith  element of s, p is the number of rows of f(x), 0   is the barrier 

parameter. The parameter   closes to zero when the solution is found. 

The Lagrangian function of the problem (42) can be defined as 
 

   
p

T 1 T T T
i

i 1

1
L r R r lns f(X) s g(x) r z h(x)

2
−



=

= − − + − − − +  (43) 

 

Karush–Kuhn–Tucker conditions are provided by 
 

0 e s = + ,     (44) 
 

0 f(x) s= + ,     (45) 
 

0 g(x)= ,     (46) 
 

0 r z h(x)= − + ,    (47) 
 

0 r R= −  ,     (48) 
 

T T T0 F G H = + +  ,   (49) 
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where   = diag ( )  denotes a diagonal matrix whose diagonal elements are formed by 

  and  Te 1,...,1= . Here, F, G, and H are the Jacobian matrix of f(x), g(x), and h(x), 

respectively. From (44), since s 0  and 0  , then 0  . Using r R=   and 

s f(x)=−  then (44)–(49) can be written as a system of nonlinear equations as 
 

T T T

f(x) e

g(x)
0R z h(x)

F G H

 

 

= − 
 
  =
− + 

 
+ +   

    (50) 

 

The problem of state estimation is to find , ,   , and x that satisfies (50) and all 

constraints in (42). The solution of the problem formulation of state estimation may be 

obtained by nonlinear constrained optimization solvers, e.g. Ipopt (Interior Point Optimizer) 

[71]. However, due to the state variables, i.e., transformer parameters, line temperatures 

and weather states, are included and the transmission line parameters, i.e. the series and 

the shunt admittance matrices, have to be re - evaluated when the line’s conductor 

temperature is updated, this increases the computational burden to the solver. In this 

work, the method based on Mehrotra’s predictor–corrector interior point [72] is applied to 

solve the constrained optimization problem. 

 

Numerical Results 

The proposed method has been implemented in MATLAB environment. All 

simulations are performed on a personal computer with an Intel Core i7 - 7700 CPU at 

3.60 GHz and 16 GB of main memory. The standard deviations of the measurements are 

shown in Table 6. The Gaussian noise with zero mean are added to the corresponding true 

values obtained from the temperature - dependent three - phase optimal power flow 

algorithm [73] for measurement uncertainty simulation. The convergence tolerance is set to 

10−4 for the bus voltage, line temperature, and transformer state variables.  

The convergence tolerance is set to 10−2 for the weather states using data scaling in  

the solving of the state estimation optimization problem. 
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Table 6 The standard deviations of the measurements 

Measurement Standard deviation 

 Voltage phasor   0.1 % 

 Current phasor   0.1 % 

 Phase angle   0.097 ◦ 

 Voltage magnitude   1.0 % 

 Power   2.0 % 

 Temperature   0.17 ◦C 

 Wind speed   0.17 m/s 

 Wind direction   1.15 ◦ 

 Solar radiation   3.16 W/m2 

 

Description of the three - phase test systems 

The standard IEEE 30 - bus and 118 - bus systems have been modified and 

used as three - phase test networks. The line data of the standard IEEE 30 - bus and  

118 - bus systems are considered as positive sequence parameters and the length of  

the overhead line is obtained based on the positive sequence reactance. The physical 

geometry, conductor data, and earth resistivity of the transmission line are used to 

compute the three - phase series and shunt parameters of each transmission line in both 

test networks. It is assumed that the average temperature of each phase conductor is 

equal. The average temperature of each earth wire conductor equals the estimated 

ambient temperature. The variation of sag at the mid - span dependent on the line 

temperature is considered. Three - phase representation of each transformer is done 

based on the available transformer parameters obtained from the standard systems. While 

transformer winding connections are assumed. Additionally, the weather data, 

untransposed transmission lines and three - phase unbalanced load conditions are 

simulated. 
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The Modified IEEE 30 - bus System 

A single - line diagram of the modified IEEE 30 - bus system as show in Figure 

24, operated at 132 - and 33 kV nominal voltage levels. The phase conductors of the 132 

- and 33 kV overhead lines are chosen to be Panther and Leopard conductors, 

respectively. Two earth wires are employed for the 132 kV overhead line, while one earth 

wire is used for the 33 kV overhead line. The transformers connecting buses 4 - 12, 6 - 

9, 6 - 10, and 28 - 27 are simulated as the three - phase wye - delta grounding 

transformers. They are the tap changing transformers where their tap and leakage 

admittance parameters are the estimated state variables. The three - phase grounded 

wye - wye interconnection transformers are used for the transformers connecting buses 9 

- 10, 9 - 11, and 12 - 13. For the state estimation, the parameters of the wye - wye 

transformers in this test system are known. The simulation results obtained from the three 

- phase optimal power flow [72] determines that maximum temperature of conductor is 

88◦C for the modified IEEE 30 - bus system case. 

The Modified IEEE 118 - bus System 

The modified IEEE 118 - bus system operates at 345 - and 138 kV nominal 

voltage levels. It consists of 171 overhead lines and 9 transformers. The phase conductors 

of the 345 - and 138 kV overhead lines are chosen to be Goat and Panther conductors, 

respectively. Two earth wires are employed for all overhead lines. All three - phase 

transformers are tap changing transformers in which their configurations are grounded 

wye - delta winding connections. The tap and leakage admittance parameters are  

the estimated state variables for each three - phase transformer. The three - phase 

optimal power flow simulation results indicate that maximum temperature of conductor is 

99◦C for this test system. 
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Figure 24 A single - line diagram of the modified IEEE 30 - bus system 

including transformer winding configuration. 
 

Effects of Line Conductor’s Temperature 

To demonstrate the influence of line temperature on the state estimation 

considering transformer parameters as the estimated state variables, two cases have been 

conducted on the modified IEEE 30 -  bus systems and 118 - bus systems as follows, 

Case 1: Two tests using the conventional method have been performed and  

the obtained results are compared with the proposed method. In these tests, each line 

temperature is fixed at 20◦C and 90◦C, respectively, while the true values of 

measurements are employed for the state estimation in this case. 

Case 2: Each line temperature is fixed at 90◦C for the conventional method, and 

the obtained results are compared with the proposed method. The Gaussian noise are 

added to the measurement data and 100 Monte - Carlo simulations have been performed. 

The types and the positions of the measurement systems of the both test 

systems are provided in Table 7. Those measurements give three - phase measured 

values for the two test cases.  
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Table 7 The types and the positions of the measurement systems 

Measurement 

type 

Measurement location 

IEEE 30 - bus IEEE 118 - bus 

Voltage phasors 1, 4, 5, 6, 9, 11, 13, 15, 

16, 19, 21, 25, 26, 27, 

28, 29, 30 

1, 4, 6, 8, 10, 11, 12, 15, 19, 23, 24, 

25, 26, 27, 31, 33, 35, 40, 43, 46, 49, 

54, 55, 57, 61, 64, 66, 69, 70, 72, 77, 

80, 85, 87, 90, 92, 100, 102, 103, 

105, 112, 114 

Current phasors 1 - 2, 1 - 3, 4 - 2, 4 - 3, 

4 - 6, 5 - 2, 5 - 7,  

6 - 28, 15 - 12, 15 - 14, 

15 - 18, 15 - 23, 16 - 

17, 19 - 18, 19 - 20, 21 

- 22, 25 - 24, 26 - 25, 

28 - 6, 28 - 8, 29 - 27, 

30 - 29, 

1 - 2, 1 - 3, 4 - 5, 4 - 11, 6 - 5,  

6 - 7, 8 - 9, 10 - 9, 11 - 5, 12 - 2,  

12 - 7, 12 - 11, 12 - 14, 12 - 16,  

12 - 117, 15 - 13, 15 - 14, 15 - 17,  

19 - 15, 19 - 18, 19 - 20, 19 - 34,  

23 - 22, 23 - 24, 23 - 25, 23 - 32, 

24 - 70, 24 - 72, 25 - 23, 26 - 30, 

27 - 25, 27 - 28, 27 - 115, 31 - 29, 

31 - 32, 33 - 15, 33 - 37, 35 - 36, 

35 - 37, 40 - 39, 40 - 41, 40 - 42, 

43 - 44, 46 - 45, 46 - 47, 46 - 48, 

49 - 42, 49 - 45, 49 - 47, 49 - 48, 

49 - 51, 49 - 54, 49 - 66, 54 - 53, 

54 - 55, 54 - 56, 54 - 59, 55 - 56, 

55 - 59, 57 - 56, 61 - 59, 61 - 60, 

61 - 62, 64 - 63, 64 - 65, 66 - 62, 

66 - 67, 69 - 47, 69 - 49, 69 - 70, 

69 - 75, 70 - 24, 70 - 71, 70 - 74, 

70 - 75, 72 - 71, 73 - 71, 77 - 75,  

77 - 76, 77 - 78, 77 - 82, 78 - 79,  

80 - 96, 80 - 97, 80 - 98, 80 - 99, 

85 - 83, 85 - 84, 85 - 86, 85 - 88, 
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Table 7 (cont.) The types and the positions of the measurement systems 

Measurement 

type 

Measurement location 

IEEE 30 - bus IEEE 118 - bus 

Current phasors  87 - 86, 90 - 89, 92 - 91, 92 - 93, 

92 - 94, 92 - 100, 92 - 102, 100 - 94, 

100 - 98, 100 - 99, 100 - 101,  

100 - 103, 100 - 104, 100 - 106,  

102 - 101, 103 - 104, 103 - 110,  

105 - 104, 105 - 106, 105 - 107,  

105 - 108, 112 - 110, 114 - 32,  

114 - 115 

Voltage 

magnitude 

7, 10, 12, 17, 18, 24 3, 5, 17, 21, 30, 33, 34, 37, 38, 39, 43, 

45, 51, 56, 59, 60, 63, 65, 73, 74, 76, 

83, 86, 94, 96, 106, 109, 110 

Power flow 

measurement 

7 - 6, 8 - 6, 10 - 17, 

10 - 20, 10 - 21,  

12 - 14, 12 - 16,  

24 - 22, 24 - 23,  

27 - 30, 4 - 12,  

12 - 4, 6 - 9, 9 - 6,  

6 - 10, 10 - 6, 9 - 10, 

10 - 9, 9 - 11, 11 - 9, 

12 - 13, 13 - 12,  

27 - 28, 28 - 27 

3 - 5, 3 - 12, 11 - 13, 17 - 16, 17 - 18, 

17 - 31, 17 - 113, 21 - 20, 21 - 22,  

23 - 24, 24 - 70, 24 - 72, 28 - 29,  

32 - 113, 32 - 114, 33 - 15, 33 - 37, 

34 - 36, 34 - 37, 34 - 43, 39 - 37,  

45 - 44, 50 - 49, 50 - 57, 51 - 52,  

52 - 53, 56 - 58, 56 - 59, 58 - 51,  

59 - 60, 62 - 67, 65 - 38, 65 - 68,  

68 - 81, 68 - 116, 71 - 72, 74 - 75,  

76 - 118, 80 - 77, 82 - 83, 82 - 96, 

83 - 84, 89 - 88, 94 - 93, 94 - 95, 

96 - 94, 96 - 95, 96 - 97, 106 - 107, 

109 - 108, 110 - 111, 5 - 8, 8 - 5,  

25 - 26, 26 - 25, 17 - 30, 30 - 17, 

38 - 37, 37 - 38, 59 - 63, 63 – 59, 

61 - 64, 64 - 61, 66 - 65, 65 - 66, 
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Table 7 (cont.) The types and the positions of the measurement systems 

Measurement 

type 

Measurement location 

IEEE 30 - bus IEEE 118 - bus 
 

 69 - 68, 68 - 69, 80 - 81, 81 - 80 
 

Power injection 

measurement 

10, 17, 24 39, 43, 101, 118 

 

In case 1 of the modified IEEE 30 - bus system, the difference of bus voltage 

phasors (phase A, B and C) between the estimated state variables and their actual values 

is shown in Figures 25, 26, and 27, respectively. The results obtained through  

the proposed method, show the estimation errors of the bus voltage magnitudes and  

the phase angles close to zero. In contrast, the conventional method yields the estimation 

errors under the true measurement data. The errors of tap and leakage reactance of each 

transformer are shown in Figure 28. It can be seen that the estimation transformer 

parameters obtained by the conventional method is larger than of the proposed method. 

The results show very accurate estimation in both approaches. 

In case 1 of the modified IEEE 118 - bus system, the difference of bus voltage 

phasors (phase A, B and C) between the estimated state variables and their actual values 

is shown in Figures 29, 30, and 31, respectively. While the errors of tap and leakage 

reactance of each transformer are shown in Figure 32. It can be seen that using  

the proposed method, the estimation errors close to zero similar to the case 1 of  

the modified IEEE 30 - bus system when there is no measurement noise.  
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Figure 25 The voltage errors (phase A) for the 30 - bus network in case 1. 
 

 
 

Figure 26 The voltage errors (phase B) for the 30 - bus network in case 1. 
 

 
 

Figure 27 The voltage errors (phase C) for the 30 - bus network in case 1. 
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Figure 28 The transformer parameter errors for the 30 - bus system in case 1. 
 

 
 

Figure 29 The voltage errors (phase A) for the 118 - bus network in case 1. 
 

 
 

Figure 30 The voltage errors (phase B) for the 118 - bus network in case 1. 
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Figure 31 The voltage errors (phase C) for the 118 - bus network in case 1. 
 

 
 

Figure 32 The transformer parameter errors for the 118 - bus system in case 1. 

 

In case 2 of the modified IEEE 30 - bus system, an example of the difference of 

bus voltage phasors (phase A, B and C) between the estimated state variables and their 

actual values in one simulation is shown in Figures 33, 34, and 35, respectively.  

The errors of tap and leakage reactance of each transformer obtained from the simulation 

is shown in Figure 36. The parameters no. 1 to 4 in Figure 36, corresponding to the three 

- phase wye - delta grounding transformers connecting buses 4 - 12, 6 - 9, 6 - 10, and 

28 - 27, respectively. The histograms of the objective function and the largest normalized 

residual, rn, max, are shown in Figure 37. It should be noted that the largest normalized 

residual test [74] is usually applied to WLS state estimation to detect bad data. These 
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results show that 9 percent of the estimations using the conventional method provides 

unreliable estimated states for the modified IEEE 30 - bus system since it is determined 

that bad measurement data is detected, i.e. rn, max > 4. In contrast, the proposed 

method can provide the reliable estimations for all Monte - Carlo simulations in this test 

case. The percentage error of the average temperature of line obtained from the proposed 

method is shown in Figure 38. 

 

 
 

Figure 33 The voltage errors (phase A) for the 30 - bus network in case 2. 
 

 
 

Figure 34 The voltage errors (phase B) for the 30 - bus network in case 2. 
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Figure 35 The voltage errors (phase C) for the 30 - bus network in case 2. 
 

 
 

Figure 36 The transformer parameter errors for the 30 - bus system in case 2. 
 

 
 

Figure 37 Histograms of  and n,maxr  for the 30 - bus system in case 2. 
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Figure 38 The errors of line temperatures for the 30 - bus system in case 2. 

 

In case 2 of the modified IEEE 118 - bus system, the difference of bus voltage 

phasors (phase A, B and C) between the estimated state variables and their actual values 

in one simulation is shown in Figures 39, 40, and 41, respectively. The errors of tap and 

leakage reactance of each transformer is shown in Figure 41. The parameters no. 1 to 9 in 

Figure 42, corresponding to the three - phase wye - delta grounding transformers 

connecting buses 8 - 5, 26 - 25, 30 - 17, 38 - 37, 63 - 59, 64 - 61, 65 - 66,  

68 - 69, and 81 - 80, respectively. Additionally, the histograms of the objective function 

and the largest normalized residual, rn, max, are shown in Figure 43. It can be seen that 

the conventional method gives unreliable estimated states for the modified 118 - bus 

system since its solution is detected as bad data occurs in all simulations, while only 1 

percent of the estimations obtained by the proposed method is unreliable. 
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Figure 39 The voltage errors (phase A) for the 118 - bus network in case 2. 
 

 
 

Figure 40 The voltage errors (phase B) for the 118 - bus network in case 2. 
 

 
 

Figure 41 The voltage errors (phase C) for the 118 - bus network in case 2. 
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Figure 42 The transformer parameter errors for the 118 - bus system in case 2. 
 

 
 

Figure 43 Histograms of  and n,maxr  for the 118 - bus system in case 2. 

 

Table 8 The average computation time in seconds 

Test system Conventional method Proposed method 

IEEE 30 - bus 3.74 10.53 

IEEE 118 - bus 12.36 32.17 
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The average computation time required for the conventional and the proposed 

methods in case 2 is summarized in Table 8. It can be seen that the proposed method 

requires larger computation time because including the weather base model of  

the transmission line into the proposed state estimation yields a complexity optimization 

problem. The accurate estimated states are typically important than the computation effort 

as the computation time can be enhanced by high performance computer and efficient 

programming. 

Estimation of The Top - Oil and The Hot - Spot Winding Temperatures 

of Transformer 

The estimated states obtained from the proposed method in case 2 of  

the modified IEEE 30 - bus system are used to evaluate the top - oil and the hot - spot 

winding temperatures of the power transformers connecting buses 4 - 12, 6 - 9, 6 - 10, 

and 28 - 27. The estimated ambient temperatures which correspond to the transmission 

lines 3 - 4, 10 - 17, 10 - 17, and 25 - 27, and the estimated three - phase power on 

the primary sides of those transformers are employed. The rated power of each 

transformer is 25 MVA and its essential data is given in Table 4 of Chapter 3. It is 

assumed that the variation of the data due to changing of the tap and the reactance 

values of the transformer is ignored. The time step of each state estimation is assumed to 

be 30 seconds. Therefore, the interval time is 50 minutes obtained from the 100 Monte - 

Carlo simulations. The estimated thermal states, which are the top - oil and the hot - spot 

winding temperatures, of the three - phase wye - delta grounding transformers 

connecting buses 4 - 12, 6 - 9, 6 - 10, and 28 - 27, are shown in Figures 44, 45, 46, 

and 47, respectively. True values of the top - oil and the hot - spot winding temperature 

are calculated from equation (35), and (36) using the true values of power and ambient 

temperature. It can be observed that the estimated temperatures are close to the true 

values. 
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Figure 44 The thermal states of transformer connecting buses 4 - 12. 
 

 
 

Figure 45 The thermal states of transformer connecting buses 6 - 9. 
 

 
 

Figure 46 The thermal states of transformer connecting buses 6 - 10. 



 

 

  66 

 
 

Figure 47 The thermal states of transformer connecting buses 28 - 27. 

 

In case 2 of the modified IEEE 118 - bus system, it is assumed that the rated 

power of the power transformers connecting buses 65 - 66 and 81 - 80 is chosen to be 

25 MVA while the rated power of other power transformers is 250 MVA. In addition,  

the estimated ambient temperatures of some transmission lines linked with  

the transformers are used. The top - oil and the hot - spot winding temperatures of all 

power transformers are estimated using the proposed method and the results are shown 

in Figures 48, 49, 50, 51, 52, 53, 54, 55, and 56. It can be observed that the estimated 

temperatures are close to the true values similarly to the modified IEEE 30 - bus test 

case. 

 

 
 

Figure 48 The thermal states of transformer connecting buses 8 - 5. 
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Figure 49 The thermal states of transformer connecting buses 26 - 25. 
 

 
 

Figure 50 The thermal states of transformer connecting buses 30 - 17. 
 

 
 

Figure 51 The thermal states of transformer connecting buses 38 - 37. 
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Figure 52 The thermal states of transformer connecting buses 63 - 59. 
 

 
 

Figure 53 The thermal states of transformer connecting buses 64 - 61. 
 

 
 

Figure 54 The thermal states of transformer connecting buses 65 - 66. 
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Figure 55 The thermal states of transformer connecting buses 68 - 69. 
 

 
 

Figure 56 The thermal states of transformer connecting buses 81 - 80. 
 

Conclusion 

The state estimation strategy for estimating the thermal states of the transmission 

lines and the power in the three - phase power networks has been proposed. Firstly,  

the temperature - dependent state estimation of which the conductor temperatures of  

the transmission lines, the weather environment, and the transformer parameters are also 

considered as the estimated states, is performed. Then, the estimated states are used to 

estimate the transformer’s thermal states, which are the top - oil and the hot - spot 

winding temperatures. The proposed state estimation method uses a set of measurements 

obtained from RTUs and PMUs devices without the tap position and the line temperature 
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measurements. The formulation of the state estimation as a constrained nonlinear 

optimization problem has been described. Two three - phase test systems have been 

used to demonstrate, and the results obtained from the proposed method has been 

compared with the conventional method in which all line temperatures are fixed. 

Comparison results show that the proposed method can improve the accuracy of  

the estimated state variables and successfully provides the estimated thermal states of 

both the transmission line and the transformer. 

 



 

 

 

Chapter V 

 

Conclusions and Further Research  

 

Conclusions 

Two algorithms have been proposed in this dissertation. First, an algorithm can 

be used to assess the voltage stability in the power systems when the thermal limit of  

the transmission line is also considered. The line voltage stability and the line ampacity 

indices which can be estimated using the same conventional measurements have been 

proposed. Their values should be less than unity in order to maintain the voltage stability 

and the line security of the buses and the line corresponding to the indices. By considering 

both line voltage stability and line ampacity indices, power systems could mitigate the risks 

of voltage collapse and excessive current in transmission line. The second algorithm is  

a temperature - dependent state estimation for three - phase power systems.  

The conductor temperatures of transmission lines, the transformer parameters, and  

the weather parameters are included as the estimated state variables. The estimation of 

top - oil and the hot - spot winding temperatures can be done using the proposed state 

estimation algorithm. Comparison results indicate that the proposed method outperforms  

the conventional method, which does not consider the transmission line temperature - 

dependency, in terms of accuracy and bad data detection. 

 

Recommendations of Further Research 

Although the state estimation method of power systems including the thermal 

states of the transmission line and the power transformer have been presented in this 

dissertation, the work may be further developed in some subjects as the follows. 

 -  The thermal states of the power transformer may be added to the estimated 

state variables of the constrained state estimation problem. 

 -  The practical transformer data for each tap position should be used. 

 -  The underground cable temperature. 
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 -  Effect of harmonics propagation on the thermal modelling of the power 

system components. 

 -  Bad data identification. 
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