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CHAPTER I 

INTRODUCTION 

1.1 Introduction to Voltage Stability 

Voltage stability is the system’s ability to control its voltage following small 

disturbances or big disturbances, which is a challenging problem in the design and 

operation of power systems, including terrestrial and shipboard power systems. In 

terrestrial power systems, voltage stability is gaining importance as the trend of operating 

power systems closer to their limits continues to increase. Voltage instability and collapse 

can be related to stresses on the power system, caused by lack of sufficient reactive 

power reserves to compensate for the increased loading level. The economic and societal 

consequences of voltage collapse and blackout are significant, compounded with 

deregulation and emerging competition in the electric utility industry. Therefore, voltage 

instability has become a serious concern in the planning and operation of power systems. 

Voltage collapse incidents have prompted the investigation of various techniques, such as 

PV and VQ curves, modal analysis, and dynamic analysis, to minimize the potential of 

voltage instability. Knowledge of voltage stability can help system operators to estimate 

the limits of power systems, which have major service quality and economic 

implications. 

On the other hand, the integrated shipboard power system with a DC Zonal 

Electric Distribution System (DC ZEDS) is under investigation for possible 

implementation on the next generation of surface combatants. Though significant gains 
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can be realized in terms of survivability, weight, manning, and cost, voltage stability is a 

big concern for the integrated shipboard power system with a DC zonal architecture, 

since such a system has power electronic devices, which may result in a reactive power 

shortage and voltage instability. Understanding the voltage stability and working to 

maintain the integrity of this system’s operation is vital. 

1.2 Introduction to Hybrid AC/DC Power Systems 

DC links are widely recognized as being advantageous for long-distance, bulk 

power delivery, and asynchronous interconnection. Newer conversion technologies 

permit the wider use of DC links in additional applications. 

1.2.1 DC Links in Terrestrial Power Systems 

Traditionally, DC links have been built as single point-to-point AC/DC 

interconnections, or single-infeed DC systems. However, as the use of DC links 

continues to develop, more links are under construction, and two or more converters have 

been added into AC system locations. Thus, various system configurations, termed as 

multi-infeed DC systems, are expected to be integrated in advanced power systems. 

DC power is independent of the frequency and relative phase of power systems, 

and can be transmitted between two independent AC systems without applying any 

operational restrictions to either system. When updating an AC system with additional 

DC transmission lines, the controllability of DC means that the power delivered can be 

modulated to give improved damping to the AC transmission. The maximum angular 

displacement of voltage vectors between the ends of parallel AC lines can be changed to 

increase the power transmission capacity of the line. However, voltage stability has been 

a limiting factor for the operation of DC links during the weak AC conditions, and multi-
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infeed DC systems make this existing phenomenon more complicated. This necessitates 

the development of appropriate computational tools, which take into account the 

incorporation of DC lines, converters and control equipment for analyzing power flow in 

hybrid AC/DC power systems as well as for assessing voltage stability in AC/DC 

systems. 

1.2.2 DC Links in Shipboard Power Systems 

The U.S. Navy has proposed two alternative distribution architectures for their 

future shipboard power systems [2]. One is based on Medium Voltage DC (MVDC) 

distribution, and the other is based on High Frequency AC (HFAC) distribution. In 

replacing the low voltage AC distribution systems, the implementation of DC Zonal 

Electric Distribution Systems (DC ZEDS) provides several advantages with regards to 

comparisons with its AC counterparts. DC ZEDS facilitates isolating faults to an 

electrical zone. The current sensors and algorithms required to detect fault conditions are 

both simpler and faster. Most of the distribution transformers and AC switchgears may be 

eliminated in DC ZEDS, which offer a considerable benefit in terms of both weight and 

size. The generation frequency is decoupled from the distribution requirements. The 

enhanced performance and improved flexibility motivate the selection of DC ZEDS over 

an AC counterpart. However, DC ZEDS introduces several stability issues related to the 

interconnection of a number of high-bandwidth, nonlinear power converters, which is an 

ongoing research area in terms of system characterization, analysis and control. 

1.3 Voltage Stability Assessment 

The objective of voltage stability assessment is to determine the current system 

state as well as the proximity to instability. If instability occurs, the proper analysis needs 
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to identify the involved areas and contributing factors. Furthermore, the associated 

measures will be applied to mitigate or control instability. In summary, voltage stability 

assessment must provide information on system state, proximity to, and mechanism of 

instability. 

Many aspects of power system problems including voltage stability can be 

effectively analyzed by using steady-state and dynamic approaches. 

1.3.1 Steady-State (Static) Analysis 

Static analysis is concerned with the existence and/or stability of equilibrium 

under small disturbances in power system parameters. Such static approaches are based 

on the steady-state model or on the linearized system model, which only considers 

algebraic equations and time is handled implicitly. 

Static analysis requires much less CPU, and provides much more insight into 

system state, proximity to, and the mechanism of instability. It can be used for 

examination of a wide range of system conditions and a large number of contingencies in 

the bulk of system studies. Though modeling simplifications are usually applied in 

analysis, the essential mechanics are required to retain in this research. In addition, time 

trajectory is not computed, which may cause difficulties to predict certain 

characterizations of instability. 

1.3.2 Dynamic Analysis 

Dynamic analysis is concerned with the stability of the system state and 

equilibrium under large disturbances in system parameters. Consequently, dynamic 

approaches are based on the complete power system models by taking into account the 
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dynamic characteristics of system components. This analysis considers differential 

equations, and uses enhanced time-domain simulations (time is explicitly handled). 

Dynamic analysis captures the events and timeline leading to voltage instability, 

which accurately replicates the actual dynamics of voltage instability. It also provides the 

performance of system and individual devices. However, dynamic analysis is time 

consuming in terms of CPU, even with state-of-the-art techniques, which makes multiple 

contingency analyses impractical. Dynamic simulations do not readily provide sensitivity 

information or the degree of stability. Thus, dynamic analysis is essential for the detailed 

study of special voltage collapse situations, involving the coordination of protection and 

control, and the testing of remedial measures. Dynamic analysis can also provide 

benchmarks for steady-state analysis. 

Therefore, the most effective solution for voltage stability assessment is to use a 

variety of complementary methods to address different aspects of the phenomena or 

analysis requirements. 

1.4 Research Motivation 

A number of methods and tools for studying voltage stability in power systems 

have been proposed. Much of the work has been made focusing in one of two specific 

systems, either a “pure” AC system or a DC system with only the converter AC buses 

connected by the equivalent impedance. However, many aspects of the voltage stability 

problem are similar for both “pure” AC systems and DC systems. This research works to 

develop a comprehensive and systematical analysis method for hybrid AC/DC systems. 

Several methods traditionally applied to AC systems will be extended to voltage stability 

analysis of hybrid AC/DC systems. 
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In addition, though various DC configurations exist, the previous concepts and 

methods were introduced mainly based on the single-infeed DC configuration. There is 

some belief that the interaction phenomena and associated problems for single-infeed and 

multi-infeed configurations are closely related. Many conceptual ideas developed for 

single-infeed DC systems are similar to those for multi-infeed DC systems since the 

multi-infeed evolved from the single-infeed. Although the single-infeed DC systems are 

the most common occurrence in AC/DC interconnections, it is necessary to develop an 

analytical technique which is valid for both single-infeed and multi-infeed DC 

configurations integrated with AC systems scenarios. 

Various voltage stability indicators have been proposed in the previous research 

which will be reviewed in Chapter 2. Most of these indicators were developed for static 

analysis, and are limited for dynamic analysis. Voltage stability indicators for dynamic 

analysis, though affected by system dynamics, preserve the same relationship as their 

static counterparts. This motivates the idea of the development of indicators for dynamic 

analysis, which combines the static indicators with the effects of dynamic components, 

such as synchronous machines and their voltage control. Thus, static assessment 

approaches may be extended to transient voltage stability assessment, and the associated 

dynamic indicators may also be developed. 

Voltage stability of AC systems, whether stiffly connected or following an infinite 

bus assumption, is well understood. Less is known about networks of power converters in 

such a stiffly-connected platform as a shipboard power system. Since the power system 

may be quickly reconfigured because of equipment failure or enemy damage, 

understanding voltage stability is a prime issue to guarantee the integrity and 

survivability of shipboard power systems. Some of the concepts developed for terrestrial 
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power systems can be modified and extended to shipboard power systems. Increasing 

usage of AC/DC systems requires investigation for several issues including voltage 

stability for such a hybrid system. 

1.5 Objectives and Outline of Thesis 

This thesis contains two fundamental, interrelated, and overlapping tasks. The 

first task is to propose a methodology for analyzing hybrid AC/DC power systems 

independent of system configuration. The second task is to develop and implement 

voltage stability indicators for static and transient voltage stability assessment. The goal 

of these two tasks is to develop a systematic method for voltage stability assessment of 

hybrid AC/DC power systems, providing information on system state, proximity to 

instability, and mechanism of the instability. Finally, the assessment method developed 

for terrestrial power systems will be extended to application of integrated shipboard 

power systems with DC zonal architecture. 

Chapter 2 provides background information on voltage stability assessment and 

hybrid AC/DC systems as well as the associated analysis methods. Section 2.1 gives the 

definition and classification of voltage stability. Section 2.2 provides a glimpse of steady-

state and dynamic approaches for voltage stability assessment. The corresponding 

indicators are described in Section 2.3. Section 2.4 provides a review of hybrid AC/DC 

characteristics and load flow methods. Section 2.5 introduces the unique characteristics 

of shipboard power systems. Section 2.6 is a concise statement of problems for voltage 

stability assessment of hybrid AC/DC power systems. 

Chapter 3 provides a detailed description of system model and simulation 

considerations. The overall power system model is given in the form of the basic 
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differential and algebraic equations, and the detailed description of each model follows. 

Section 3.1 describes the network model based on appropriate assumptions. Sections 3.2 

and 3.3 introduce the various static and dynamic models of system devices, including 

generators, loads, DC links and other devices. Section 3.4 describes disturbance and fault 

control. Section 3.5 summarizes the models in the notional E-ship power system. Section 

3.6 provides a numerical solution to the Differential-Algebraic Equations. 

Chapter 4 discusses the generalized guidelines for applying voltage stability 

assessment methods. The basic functions in assessment package are introduced in Section 

4.1, and the main module of voltage stability assessment is also discussed in this section. 

The main steps of static and transient assessment are discussed in Sections 4.2 and 4.3, 

respectively. Section 4.4 introduces the main tools used in this work. 

Chapter 5 discusses two classical indicators for voltage stability assessment and 

proposes the 2nd performance indicator as an improvement. Section 5.1 provides the 

detailed description of modal analysis and loading margin, and presents the development 

of the 2nd order performance indicators. Section 5.2 illustrates two DC configurations, 

and derives the associated Jacobian matrices. Section 5.3 makes a summary and a 

comparison of the discussed indicators. 

Chapter 6 demonstrates the procedure of static voltage stability assessment. 

Section 6.1 gives the description of WSCC 3-machine 9-bus system and a small 

disturbance to trigger the assessment. This section also contains the discussion of 

implementation of modal analysis, loading margin and the second order performance 

indicator, and gives a comparison of voltage stability assessment for WSCC with 

different control modes. Section 6.2 describes a benchmark shipboard power system. 
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Modal analysis and loading margin are deployed for base case and the selected 

contingency. 

Chapter 7 demonstrates the procedure of transient voltage stability assessment. 

Section 7.1 gives a description of modified IEEE one-area RTS-96 system, and performs 

load flow and AC contingency analysis to screen the specified list. Modal analysis, PV 

and QV plots, and the second order performance indicator are implemented for base case 

and the selected contingencies. Section 7.2 discusses the dynamic simulation of the most 

critical contingency, and shows the response of dynamic characteristics to voltage 

stability. 

Chapter 8 contains the conclusion and future work regarding this research. 

References and appendices follow. 
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CHAPTER II 

LITERATURE REVIEW 

Voltage stability problems have been known for long time. The first paper related 

to voltage instability by B.M. Weedy was appeared in 1968 [3], and the first criteria for 

detecting the point of voltage collapse was proposed by Wenikov in 1975 [4]. But active 

work involving voltage stability started in the 1980’s [5]. Since then many methods and 

indicators have been proposed and used throughout the world for voltage stability 

analysis. The first commercial application of DC transmission was built between the 

Swedish mainland and the island of Gotland in 1954 [6]. In the later 1990’s a number of 

newer converter technologies boosted the more construction of DC transmissions [7]. 

This increase is likely to continue with advancing solid state technology, increasing DC 

expertise, and lower costs for conversion equipment. Although DC lines can improve the 

transfer capability and performance of AC systems, they make the problem of voltage 

stability even worse because of their requirement of reactive power, especially for the 

weak AC systems. 

This chapter provides the background definition and classification of voltage 

stability, reviews the existing static and dynamic approaches for voltage stability 

assessment as well as the associated voltage stability indicators. This chapter also 

provides a review of the features, modeling and analysis approaches of hybrid AC/DC 

systems. 
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Any change to increase the system stress pattern will trigger the execution of 

voltage stability assessment. It is impractical and unnecessary to analyze the impact of 

every conceivable contingency since only a limited number of contingencies might 

impose an immediate threat to voltage stability. Contingency screening is configured to 
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include or exclude contingencies to be suitable for special regulatory requirements. It is 

required to know whether the system operating conditions meet the voltage stability 

criteria, and how far the system should be from the borderline of voltage instability when 

subjected to any of the selected contingencies. Detailed contingency analysis will be 

executed by a steady-state method associated with the characteristics of interest. In this 

study, two typical methods, namely modal analysis and continuation power flow, will be 

performed for this purpose. If it is found that the system does not have sufficient voltage 

stability margin for one or more selected contingencies, preventive control should be 

determined to move the system state in such a way as to create sufficient margin, and 

corrective control will be taken to maintain voltage stability in case severe contingencies 

happen [21]. 

In theory, either power flow based (static) tools or time-domain simulation 

(dynamic) tools can be used to evaluate voltage stability. The calculated margins using 

different tools should be very close, provided that consistent device models are used in 

both programs. However, because of its high CPU time requirements, it is impractical to 

calculate voltage stability margin for all contingencies by using the time-domain 

simulation. A practical approach is using a power flow based tool to calculate voltage 

stability margin for the base case and all contingency cases, and only using time-domain 

simulation to benchmark power flow results, following a few selected critical 

contingencies. 

4.2 Power Flow Based (Static) Assessment 

Using a power flow based analysis method to evaluate the voltage stability for 

base case or for all contingencies mainly consists of two steps. 
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• Establish a system snapshot. This snapshot closely approximates a point along 
the time domain trajectory, and can be obtained by solving a set of system 
steady-state algebraic equations with appropriate models for controls and 
limits. The related equations which represent the network, steady-state 
generators and loads characteristics have been discussed in Chapter 3. 

• Determine voltage stability and calculate voltage stability margin at the 
snapshot. Modal analysis is used to determine voltage stability at the selected 
snapshot. The flow chart of modal analysis is shown in Figure 4.2, and the 
details are available in [6]. In this method, the reduced steady-state Jacobian 
matrix ( JR ) represents the linearized relationship between the incremental 
changes in bus voltage magnitude ( ∆V ) and bus reactive power injection 
( ∆Q ). The participation factors for buses, branches and generators are 
calculated based on the right and left eigenvectors of JR . The participation 
factors can determine which physical elements are associated with each mode, 
and identify the mechanism of potential voltage instability. 

41 



Initial input / Base load 

Solve load flow 

Convergent No 

Increase loads and Yes 
scale generations 

Reset the base load 

No 

The minimum eigenvalue is near 
or equal to zero 

Yes 

Calculate eigenvalues 
and eigenvectors 

Save Jacobian matrix 
and load flow results 

Calculate the relevant 
participation factors and 

determine the critical locations 

 

 

 

  

 

   

   

 

 

Figure 4.2 Flow Chart of Modal Analysis 

Voltage stability margin can be calculated by computing PV curves (see Figure 

4.3). The power flow is solved for base case at the each loading level. A contingency is 

applied and the power flow is solved to locate the post-contingency critical point. The 

increase in the pre-contingency system load from the initial operating point to the post-

contingency critical point is the voltage stability margin for that contingency. 
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Figure 4.3 Pre- and Post-Contingency PV Curves and VS Margins [21] 

Load and generation in selected areas are increased in a predefined manner to find 

the distance to voltage instability. The full power flow solution is performed at each 

loading level to obtain bus voltages. A voltage limit is reached when the power flow 

solution fails to converge. Continuation power flow method [13] is an alternative to 

overcome the convergence problem at operating conditions near the stability limit so as 

to obtain the power flow solutions for both stable and unstable points. PV plots show the 

sensitivity of bus voltages with loads (slope), the distance to instability (voltage stability 

margin), and the voltage at which instability occurs (critical voltage). QV curves are the 

other classical approach for voltage stability, to obtain the plot of bus voltage vs reactive 

power injection. 

4.3 Dynamic Assessment 

Time-domain simulation is essential for studies of the coordination of controls 

and protection in remedial measures design, especially under the situation of critical 

contingencies. Time-domain simulation involves the solution of two sets of equations: 

differential and algebraic equation sets. Usually numerical integration methods are used 

for the solution of the differential equations while L-U decomposition is used for the 
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algebraic equations. Figure 4.4 is the flow chart of numerical method for time-domain 

simulation. At the beginning of dynamic simulation, the states and variables need 

initialization based on the steady-state simulation. When any fault or switch operation 

occurs, system structure changes or reconfigures and the differential and algebraic 

equations will be modified to update the network solution. Calculations of y(t + ∆t) and 

x(t + ∆t) are the key steps in the time-domain simulation, since it is related to the state 

and variable values accumulated in previous steps as well as the accuracy of numerical 

method applied. Sometimes there is a need for state estimation for the current step. 

Simulation will be terminated at the end of predefined simulation time period or when the 

solution is divergent. 
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In addition, singular values or eigenvalues exhibit large discontinuities in the 

presence of system control limit, which is inadequate to predict proximity to collapse. 

Hence, the additional information embedded in singular values is explored, and a second 

order performance indicator is proposed as an improvement to overcome this weakness. 

The relevant information regarding the aforementioned indicators is summarized 

in Table 5.1 to provide a comprehensive comparison of these indicators. 

Table 5.1 A Comparison of Indicators 

Indicator Base 
Model 

Computation 
Costs Profile Collapse 

Predications 

Singular/Eigenvalues Any Medium Nonlinear 
discontinuous Inadequate 

Loading Margin Any High smooth Exact 
2nd Order 

Performance 
Indicator 

Power 
flow Medium Quasi-linear 

discontinuous Adequate 

5.1.1 Singular Values and Eigenvalues 

The QV mode is defined as “a way of disturbing the system by imposing the 

reactive power injections (in given direction), which results in proportional bus voltage 

change (in the same direction)”. The reduced steady-state Jacobian matrix ( JR ) 

represents the linearized relationship between the incremental changes in bus voltage 

magnitude ( ∆V ) and bus reactive power injection ( ∆Q ). The singular value or 

eigenvalue decomposition for reduced Jacobian matrix can be written as Equation 5.1. 
n 

U T TJ
R 
= WΛ = ∑ µi (5.1) wi vii = 1 
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Where W represents a complex matrix of right eigenvectors, U corresponds to the 

complex matrix of left eigenvectors, and Λ is a diagonal matrix of complex eigenvalues. 

Singular value or eigenvalue is one of powerful indicators for voltage stability 

evaluation in the wide range of power systems, and can be computed with modal 

analysis. The procedure of modal analysis, the singular value or eigenvalue 

decomposition, and the calculation of related participation factors are described in [6]. 

i thIn Equation 5.1, µ i is the eigenvalue of the eigenmode. The incremental modal 

voltage response to an incremental modal reactive power is determined by the eigenvalue 

of the mode. Voltage stability criterion is that all eigenvalues of J R are positive. When 

the eigenvalue of a voltage variation mode is very small or near to zero, an infinitesimally 

small change in the modal reactive power will cause a large or infinite modal voltage 

magnitude change, and the mode is instable. The minimum eigenvalue, which is near to, 

equal to zero, or becomes negative, is the critical one, and it indicates how close a system 

operating point is to voltage instability. The component (bus, branch, or generator) 

participation factors computed based on the critical mode provide additional information 

on the critical system location of voltage instability. The component with the largest 

participation factor means that it has the largest involvement in voltage instability. 

5.1.2 Loading Margin 

Loading margin is the most basic and widely accepted indicator of voltage 

collapse, defined as the amount of additional load in a specific pattern of load increase for 

a particular operating point (pre- or post- contingency), where voltage collapse may 

occur. In PV/QV curves, the loading margin is the change in loading between the 

operating point and the nose of the curve. 
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In principle loading margin can be calculated by starting at the current operating 

point, making small increments in loading and re-computing load flows at each increment 

until the nose of curve is reached [21]. There are several choices in defining the loading 

margin. The change in loading can be measured by 1) the sum of the absolute changes in 

load power; 2) the changes in real power only with constant power factor; or 3) the 

amount of power transferred between two areas when studying the transfer capability. 

Compared to the other voltage collapse indicators, loading margin is 

straightforward, well accepted and easily understood, which is an accurate indicator 

taking full account of power system nonlinearity and limits. Once loading margin has 

been obtained, it is easy and quick to compute its sensitivity with respect to any power 

system parameters or control. However, loading margin is more computationally 

expensive and requires the assumption of a direction of load change, which is not readily 

available sometimes. 

5.1.3 The Second Order Performance Index 

Singular values or eigenvalues discussed in Section 5.1.2 may be inadequate to 

predict proximity to collapse since they exhibit large discontinuities in the presence of 

system control limits such as generator capability or SVC capability. In this section, a 

“second order” performance index is developed and analyzed to find the embedded 

information in singular values to overcome this weakness. 

The minimum singular value is a natural indicator for monitoring how close a 

power system is operating to the voltage instability. It would be interesting to know how 

changes in loading ( p ) affect the minimum singular value (σ min ). Simulations show that 

−1the maximum singular value of the full Jacobian inverse J PF , (i.e., the inverse of the 

52 



 

 

    

  

   

                                                                                       

   

 

  

  

                                                                                              

    

    

   

    

  

 

   

 

                                    

minimum singular value of J PF ), defined as σ max can be approximated with respect to 

the load variations λ , by the function as Equation 5.2 with suitable values of the scalar 

positive constants b , c , and d [21]. 

σ max (λ) = (b − dλ)1/ c (5.2) 

This type of functions has the characteristic that the ratio as Equation 5.3 is linear 

with respect to the varying parameter λ . 

σ max bc 
= cλ − (5.3) 

dσ max / dλ d 

Thus, the following indicator Equation 5.4 is proposed 

1 σ
i = max (5.4) 

i0 dσ max / dλ 

Where i0 is the value of Equation 5.3 at the starting loading point to normalize 

the indicator i . Since the denominator of Equation 5.4 tends to be infinite as the Jacobian 

becomes singular, and the index i approaches zero at the collapse point. Thus, 

appropriate prediction can be made of the distance to voltage collapse point based on the 

linear trend. The calculation of derivative, dσ max / dλ , in Equation 5.4 is described as 

following. 

The net active and reactive power injection at the buses can be expressed as 

Equation 5.5. 

 n 

P = Vi Vk [G cos(δ −δ ) + B sin(δ −δ )]ik i k ik i k
 k=1 
 i ∑ 
 n 

(5.5) 
Qi =∑ Vi Vk [G sin(δ −δ ) − B cos(δ −δ )]ik i k ik i k k=1 
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 n 

P − Vi Vk (G cosδ + B sin δ )ik ik ik ik
 k =1 
 i ∑ 

Assume F (u, λ)∆ , then 
 

n 


Qi −∑ Vi Vk (G sin δ − B cosδ )ik ik ik ik
 k =1 

Pi = PGi − PLi T P Q TF (u,λ) = 0 , where  , u∆[δ ,V ] , λ∆[ , ] . 
Qi = QGi − QLi 

Further, assume p = kλ where k is the scalar parameter representing the loading 

direction. Then, 

F (u, p) = 0 (5.6) 

It is useful to know not only that the system is operating on the stable situation, 

but also how close it is to the bifurcation boundary. The natural extension from 

voltage/power sensitivity is embedded in the singular value of Jacobian Fu , and involves 

the minimum singular value of Fu . 

The first order partial differentiation of Equation 5.6 is described as Equation 5.7. 

∂F (u, p) ∂F (u, p)
∆u + ∆p = 0 (5.7) 

∂u ∂p 

∂F (u, p) ∂F (u, p)As it is know that Jacobian∆J PF = , and is an identity matrix. 
∂u ∂p 

Hence, 

−1J PF ∆u + ∆p = 0 ⇒ ∆u = −J PF ∆p (5.8) 

This is the basic idea of Newton-Raphson power flow. 

The notion of a singular matrix is intimately related to the ability to compute its 

inverse. Given the matrix J PF 0 , the conditions on perturbation matrix ∆J PF are 

determined such that J PF1 = J PF 0 + ∆J PF is singular. 
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−1J PF = J + ∆J PF = J (1+ J PF ∆J PF ) (5.9) 1 PF 0 PF 0 0 

Assume J PF 0 is non singular, to ensure J PF1 has an inverse, namely 

−1 −1 −1 −1 −1 −1J = [J (1+ J ∆J )] = (1+ J ∆J ) J exists. Here, J −1 ∆J < 1 canPF1 PF 0 PF 0 PF PF 0 PF PF 0 PF 0 PF 

−11 −1−1guarantee J PF1 , so, ∆J PF < = . Hence, a measure of the nearness of J PF 0J −1 
PF 0 

−1−1matrix J PF 0 to singularity is the number of . In order to obtain numerical results, J PF 0 

a particular norm must be chosen. The most natural choice is the spectral norm defined as 

Equation 5.10. 

= λ (J T J ) = σ (J ) (5.10) J PF 2 

T

max PF PF max PF

TWhere λmax (J PF J PF ) is the maximum eigenvalue of symmetric matrix (J PF J PF ) , 

σ max (J PF ) is the largest singular value of J PF . 

For a square matrix σ (J T J PF ) = σ (J J T ) ,PF PF PF 

The following extension in Equation 5.11 can be made according to the basic idea 

of Newton-Raphson power flow. 

∂F (u, p) ∂F (u, p)F (u1, p1) = F (u0 + ∆u, p0 + ∆p) = F (u0 , p0 ) + ∆u + ∆p
∂u 0 ∂p 0 

∂F (u, p) ∂F (u, p) 
∆p (5.11) ∆F = F (u1 , p1 ) − F (u0 , p0 ) = ∆u + 

∂u 0 ∂p 0 
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On the other hand, the first order Taylor series on Jacobian is applied as Equation 

5.12 for linearized approximation. 

∂J (u) 
∆u (5.12) J (u ) = J (u + ∆u) = J (u ) + PF 

PF 1 PF 0 PF 0 ∂u 0 

∂J (u)Set H ∆ PF is the Hessian matrix in three dimension ( n × n × n ), Therefore, 
∂u 

∆J PF = J PF (u1 ) − J PF (u0 ) = H 0 ∆u (5.13) 

Furthermore, the Jacobian matrix can be decomposed as J PF = RΣS T , where 

R and S are orthonormal matrices, and Σ is a diagonal matrix whose elements σ are the 

singular values of J PF . Hence, the following relationships exist as RRT = RT R = 1, 

T T −1 −1 T TSS = S S = 1, R = R , S = S . Let J PF1 = R1Σ1S1 = (R0 + ∆R)(Σ0 + ∆Σ)(S0 + ∆S) , 

expanding matrix multiplication, disregarding the second and third order perturbations, 

and Equation 5.14 can be obtained. 

T T T TJ = R Σ S + R ∆ΣS + R Σ ∆S + ∆RΣ S (5.14) PF1 0 0 0 0 0 0 0 0 0 
J PF 0 

Comparing Equation 5.13 and 5.14, Equation 5.15 can be obtained. 

T T TR ∆ΣS + R Σ ∆S + ∆RΣ S = H∆u (5.15) 0 0 0 0 0 0 

Additional constraints are given by orthogonality of R and S as 

RT R = 1T  0 0R R = 1 ⇒  . 
RT R = 1 1 1 

T T T TR R = (R + ∆R) (R + ∆R) = (R + ∆R )(R + ∆R)1 1 0 0 0 0 
T T T T= R R + R ∆R + ∆R R + ∆R ∆R = 10 0 0 0  

≈0=1 
T T T T T T⇒ R0 ∆R + ∆R R0 = 0 ⇒ R0 ∆R = −∆R R0 = [R0 ∆R] . 
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For any matrix A, if A = −AT ⇒ aij = −a ji , when i = j , aii = −a jj = 0 , namely A 

 0 r 
is a matrix with zero diagonal element. So, T  

ij 
 , similarly, R ∆R∆ 0   

r 0  ji  

 0 s ij 
T   .∆SS0 ∆   

s 0  ji  

Equation 5.15 left side is multiplied by R0 
T , and the right side is multiplied by S0 , 

and the left terms can be expanded as Equation 5.16. 

T T T TR (R ∆ΣS + R Σ ∆S + ∆RΣ S )S0 0 0 0 0 0 0 0 
T T T T T T= R R ∆ΣS S + R R Σ ∆S S + R ∆RΣ S S (5.16) 0 0 0 0 0 0 0 0 0 0 0 0 

= ∆Σ + Σ ∆ST S + RT ∆RΣ0 0 0 0 

Since Σ is a diagonal matrix, and the diagonal entries of ∆S T S and RT ∆R are 

zero, by inserting Equation 5.8 into Equation 5.15 and evaluating its entries, Equation 

5.17 can be obtained. 

T T −1∆Σ = R (H∆u)S = −R (HJ ∆p)S (5.17) 0 0 0 PF 0 

The change in the r th singular value of J PF following the change of ∆p is given 

by Equation 5.18. 

T −1∆σ = −[R (HJ ∆p)S ] (5.18) r 0 PF 0 rr 

In particular, for the minimum singular value, Equation 5.19 is obtained. 

∆σ min ≈ cT ∆p (5.19) 

In order to use the σ of −1 , the corresponding increment ∆σ can be max J PF max 

1calculated since σ max = . Therefore, 
σ min 
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T 2 T∆σ max = cmax ∆p ≈ (σ max c )∆p (5.20) 

The entries of c are the partial derivatives of σ with respect to the active and max max 

reactive power injections. Loading changes can be related back to the desired parameter 

λ by p = kλ , associated with Equation 5.20, and the following relation can be obtained 

in Equation 5.21. 

dσ max T≈ cmax k (5.21) 
dλ 

Using the loading and generation pattern k suggested in [68], Equation 5.21 can 

take the following form as Equation 5.22. 

dσ max = ∑ (cP max j + cQ max j tanϕ j )η j − ∑cP max j ρ j (5.22) 
dλ j∈NL j∈NG 

Where NG and N L are the set of generators and load buses, respectively. cP max j 

and cQ max j are the entries in cmax related to the active and reactive power injections. η j 

has the distribution coefficients of the total network load among its N L load buses, and 

tanϕ j is the corresponding power factor; and ρ j is the distribution coefficient of active 

power generation among NG generator buses. 

Computational efficiency of the technique presented here is associated with the 

computation costs of singular values, and singular vectors of power flow Jacobian and 

Hessian matrices. Given the terms of the active and reactive power injections, calculation 

of Jacobian and Hessian is a very straightforward process, albeit an extremely tedious 

one. For completeness, details on the calculation are introduced in the following 

paragraph. 
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The expression of the active power and reactive power injections is given as 

Equation 5.5. The first partial derivatives of the active power and reactive power 

∂Pi ∂P ∂Qi ∂Q
injections , i i are entries of the power flow Jacobian matrix, whose 

∂θ k ∂Vk 

, 
∂θ k 

, 
∂Vk 

detailed expressions can be easily found in previous literature or textbook [69]. The 

second partial derivatives of the active power and reactive power injections which are 

entries of Hessian matrix, are listed as Equations 5.23-5.42. 

∂ 2 Pi 
2 = 2Gii (5.23) 

∂Vi 

∂ 2 Pi 
2 = 0 (5.24) 

∂Vk 

∂ 2 Pi = G cos(θ −θ ) + B sin(θ −θ ) (5.25) ik i k ik i k∂Vi ∂Vk 

∂ 2 Pi 
n 

2 = −Vi ∑ Vk [Gik cos(θ i −θ k ) + Bik sin(θ i −θ k )] (5.26) 
∂θ i k =1 

∂ 2 Pi = Vi Vk [G cos(θ −θ ) + B sin(θ −θ )] (5.27) ik i k ik i k∂θ i ∂θ k 

∂ 2 Pi 
2 = Vi Vk [−G cos(θ −θ ) − B sin(θ −θ )] (5.28) ik i k ik i k∂θ k 

∂ 2 Pi 
n 

= ∑ Vk [−G sin(θ −θ ) + B cos(θ −θ )] (5.29) ik i k ik i k∂Vi ∂θ i k =1 

∂ 2 Pi = Vk [Gik sin(θ i −θ k ) − Bik cos(θ i −θ k )] (5.30) 
∂Vi ∂θ k 

∂ 2 Pi = Vi [−G sin(θ −θ ) + B cos(θ −θ )] (5.31) ik i k ik i k∂Vk ∂θ i 
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∂ 2 Pi = Vi [G sin(θ −θ ) − B cos(θ −θ )] (5.32) ik i k ik i k∂Vk ∂θ k 

∂ 2Qi 
2 = −2Bii (5.33) 

∂Vi 

∂ 2Qi 
2 = 0 (5.34) 

∂Vk 

∂ 2Qi = G sin(θ −θ ) − B cos(θ −θ ) (5.35) ik i k ik i k∂Vi ∂Vk 

∂ 2Qi 
n 

2 = −Vi ∑ Vk [Gik sin(θ i −θ k ) − Bik cos(θ i −θ k )]∂θ i k =1 (5.36) 

∂ 2Qi = Vi Vk [G sin(θ −θ ) − B cos(θ −θ )]ik i k ik i k∂θ i ∂θ k (5.37) 

∂ 2Qi = Vi Vk [−G sin(θ −θ ) + B cos(θ −θ )]ik i k ik i k∂θ k 
2 

(5.38) 

∂ 2Qi 
n 

= ∑ Vk [Gik cos(θ i −θ k ) + Bik sin(θ i −θ k )]∂Vi ∂θ i k =1 (5.39) 

∂ 2Qi = −Vk [Gik cos(θ i −θ k ) + Bik sin(θ i −θ k )]∂Vi ∂θ k (5.40) 

∂ 2Qi = Vi [Gik cos(θ i −θ k ) + Bik sin(θ i −θ k )]∂Vk ∂θ i (5.41) 

∂ 2Qi = −Vi [Gik cos(θ i −θ k ) + Bik sin(θ i −θ k )]∂Vk ∂θ k (5.42) 

Compared to other indicators, this indicator is more expensive to compute, as 

several matrix and vector manipulations and products are required, besides the 
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computation of the minimum singular value. However, it seems feasible to extend the 

technique to encompass other system models by removing certain modeling assumptions 

on the derivation process. In addition, the computed singular values and vectors can also 

be used to evaluate certain control actions. 

5.2 Voltage Stability Indicators in DC Systems 

At first, the typical DC configurations are discussed to illustrate the development 

of indicators in DC systems. 

5.2.1 Typical DC configurations 

DC systems are traditionally analyzed based on the single-infeed DC 

configuration. Though simplified, it can capture many of the important phenomena in DC 

systems. In this section, two typical DC configurations, namely a single-infeed DC 

configuration and a single-infeed DC with a parallel AC line, are discussed to obtain the 

basic power flow equations in order to calculate the voltage stability sensitivity, singular 

values or eigenvalues. 

In the following figures, the notation of the symbols is self-explanatory from 

visual inspection. Although impedance angles are represented by generic notation in the 

figures, they are assumed to be 900 in this study to simplify the analytical derivation. 

5.2.1.1 Single-Infeed DC configurations 

The quasi-static model of single-infeed DC configuration is shown in Figure 5.1. 

AC and DC systems are modeled by steady-state algebraic equations. In particular, the 

AC system is represented by a constant Thevenin equivalent. The Thevenin AC voltage 

magnitude is assumed to remain constant throughout the analysis. This assumption is 
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deemed justified by the relatively fast response of the DC controller for small changes 

such that excitation voltage control in the AC system has not yet responded. 

V , I Vti ∠δ V ∠00 

P ,−Q sdi d ac acP + jQ di  d i  ti tiPI Pdi 

z∠θ

 

γ , µ Ti :1 

P + jQ bc ,Qc 

 

 

    

 

 

  

   

 

  

  

  

  

 

  

 

    

 

Figure 5.1 A Quasi-Static Model for the Single-Infeed DC Configuration 

Power flow equations at inverter AC and DC buses are obtained as Equations 

5.43-5.45. 
∆P = P − Pdi I di (5.43) 

∆P = P + P − P ac 
ti di ti (5.44) 

∆Q = Q − Q − Qac + Qti di ti c (5.45) 

The static or quasi-static models can correctly capture and model important 

aspects of voltage stability. To give a correct description of some important issues a 

dynamic model is required. When the dynamic effects of the machine and its excitation 

voltage control are to be factored into voltage stability analysis, the Thevenin voltage 

source is replaced with a synchronous machine and an exciter shown as Figure 5.2. 
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Figure 5.2 A Dynamic Model for the Single-Infeed DC Configuration 

Similar to power flow equations for steady-state analysis, in the dynamic case, the 

machine bus is assigned as a PQ load bus with the machine power injections treated as 

voltage dependent loads. Consequently, the machine ac bus voltage magnitude and angle 

are chosen as state variables in addition to converter terminal voltage. The power flow 

model is therefore derived as Equations 5.46 - 5.50. 

∆P = P − P (5.46) di I di 

∆P = P + P − P ac (5.47) ti di ti 

∆P = P + Pac (5.48) si si ti 

∆Q = Q − Q − Qac + Q (5.49) ti di ti c 

∆Q = Q + Qac (5.50) si si ti 

5.2.1.2 A Single-Infeed DC Configuration with a Parallel AC Line 

The other typical DC configuration is a single-infeed DC configuration with a 

parallel AC line shown as Figure 5.3. 
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diV siV ψ∠
a  c  
ti 

a  c  
ti jQP + 

d id i  jQP − 
dd IP , 

rrz θ∠

 

  

  

  

  

  

                                                                                              

  

Figure 5.3 A Single-Infeed DC Configuration with A Parallel AC Line 

Based on the model above, the power flow equations for rectifier and inverter can 

be obtained as Equations 5.51- 5.54. 

0 = P + P ac + P + P (5.51) dr tr ri Lr 

0 = Q + Qac + Q + Q − Q (5.52) dr tr ri Lr cr 

P = Pac + P + P (5.53) di ti ir Li 

0 = Q + Q ac + Q + Q − Q (5.54) di ti ir Li ci 
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5.2.2 Voltage Stability Concepts in DC Systems 

Table 5.2 Concept Comparison between AC and DC Systems 

Concept AC systems DC systems Expression 

Short Circuit Ratio 
(SCR) 

The ratio between AC 
short circuit capacity 
and nominal power 
level of equipment, 

such as large motor, DC 
converter, and SVC 

the ratio between the 
short-circuit capacity of 
the AC network at the 
commutation bus and 

the nominal DC power 
level 

1SCR = 
Z 

Effective Short Circuit 
Ratio (ESCR) 

SCR and take shunt 
reactive equipment at 

the device location into 
account, especially with 

HVDC 

SCR but reducing the 
short circuit capacity of 

the AC network with 
the capacitive shunt 
compensation at the 

commutation bus 

1ESCR = − cQ
Z 

Maximum Power 

Power is maximum 
when the magnitude of 
load impedance equals 

the magnitude of source 
impedance 

Analogous 
characteristics of direct 

current vs. dc I d 

power Pd 

= E / 2Vcrit 

Tap changer instability 

Tap changing to reflect 
additional load 

conductance to the 
primary system results 

in reduced power 

The sensitivity of dc 
voltage to the change in 
converter transformer 

tap ratio 

--

Voltage Sensitivity/ 
Stability Factor 

Predict voltage control 
problems in generator 

QV curves 

Measure AC/DC 
voltage control and 

stability 

Refer to [21] for AC 
system, [1] for DC 

system 

Additional insight on voltage stability can be gained by exploring these concepts 

which have parallels in purely AC systems. The concept comparison [1] between AC and 

DC systems is shown in Table 5.2. 

Two classical indicators of AC systems introduced in Section 5.2.1 and 5.2.2 have 

their counterparts in DC systems, but with different explanation from physical viewpoint. 

In purely AC systems, voltage stability margins are quantified as system loadability, and 

VQ or PV plots are typically used for such an evaluation. However, in DC systems, 

voltage stability is investigated in the context of decreasing the system strength of its 
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constituent AC/DC systems and not a continual increase in system load. Thus, VQ and 

VP plots are not relevant. Hence, only the application of singular values and eigenvalues 

is extended for voltage stability assessment of AC/DC systems in this study. 

5.2.3 Jacobian Matrix in AC/DC Systems 

To obtain the full/reduced Jacobian matrix of hybrid AC/DC systems, the 

eliminated variable method [56] is introduced in this study, which treats the real and 

reactive power consumed by inverters as voltage dependent loads so that the effect of DC 

links can be included in the existing AC Jacobian. The additional insight into the 

interaction between AC and DC parts of the system can be gained with this method. 

5.2.3.1 Quasi-Static Single-Infeed DC Configuration 

For the Quasi-Static single-infeed DC configuration shown as Figure 5.1, and 

power flow equations given as Equations 5.55-5.58, P and Q are not related to δ , and di di i 

P and Q are not voltage-dependent inputs, namely, not relevant to δ i and Vti , hence, 

∂Pdi / ∂δ i , ∂Qdi / ∂δ i , ∂P / ∂δ i , ∂Q / ∂δ i ∂P / ∂Vti , and ∂Q / ∂Vti are all zero. Therefore, 

ac∂Pti ∂PtiJ Pδ = = − (5.55) 
∂δ i ∂δ i 

∂P ∂P ∂P ac 
ti di tiJ PV = = − (5.56) 

∂V ∂V ∂Vti ti ti 

∂Q ∂Qac 
ti tiJ Qδ = = − (5.57) 

∂δ i ∂δ i 

ac∂Qti ∂Qdi ∂QtiJ QV = = − − (5.58) 
∂Vti ∂Vti ∂Vti 
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∂Pdi ∂QdiWhere, the calculation of and refers to Appendix A: Partial Derivatives 
∂V ∂Vti ti 

of AC/DC Systems. 
ac ac ac ac∂Pti ∂Qti ∂Pti ∂QtiAC partial derivatives , , and can be solved, based on the 

∂δ ∂δ ∂V ∂Vi i ti ti 

power flow equations for AC lines given as Equation 5.59. 

P = [V cosθ −V V cos(δ +θ )] / z ti
ac 

ti 
2 

i ti si i i
 (5.59) 

2Q ac = [Vti 
2 sin θ i −VtiVsi sin(δ +θ )] / z − bcVti ti i i 

JPδ JPV Thus, the full Jacobian matrix J =  and the reduced Jacobian matrix PF J J Qδ QV  
of hybrid AC/DC systems J = J − J J −1 J can be obtained, and eigenvalue R QV Qδ Pδ PV 

decomposition can be performed. 

5.2.3.2 Dynamic Single-Infeed DC Configuration 

A comparison of the models between quasi-static and dynamic single-infeed DC 

configurations shows that the differences lie in Equations 5.11 and 5.13 due to the models 

of machine AC bus. Consequently the machine AC bus voltage magnitude Vsi and phase 

angle δ si are chosen as state variables in addition to [Vti ,δ ti ]. Similar to the calculation 

process for quasi-static single-infeed DC configurations, the partial derivatives based on 

power flow model given by Equations 5.46-5.50 can be obtained as Equations 5.60-5.63. 

∂P  ∂P ∂Pac si si ti+   ∂δ i ∂δ i ∂δ iJPδ =   =  
ac 

 (5.60) 
 ∂Pti   ∂Pti − ∂δ    i   ∂δ i  

∂P  ∂P ∂Pac si si ti+   ∂Vi ∂Vi ∂ViJPV =   =  ac 
 (5.61) 

 ∂Pti  ∂Pdi ∂Pti − ∂V    i   ∂Vi ∂Vi  
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acQti ∂ 
i 

acQti 

i 

 
 
 


δ∂ 

δ∂ 

acQti+ 
∂ 

Vi 
acQti− 

 
 
 


∂ 
∂ 

V∂ 

i 

−
∂ 

δ∂  
 


Qsi∂ 
Vi 

Qdi 

∂
∂ 

 
 
 


= 

V∂ 

iJQ Qti 

i 

= 
 
 
 


δ 

δ

∂ 
∂
∂

 
 
 


= δ

Qsi ∂ 
ViJQV Qti 

 
 
 


∂ 
∂

 
 
 


= 

Vi ∂

(5.62) 

(5.63) 

, 

, which depend on the machine model chosen for dynamic simulation, 

refers to [39]. Thereby, eigenvalue decomposition and modal 

(5.64) 

i 

, 
i 

, and 

∂ Qi 
 
 


∂ 
∂
 
 


= V 
Qr 

∂ V 

∂ Qi 
 
 


δ∂ 
∂
 
 


= δ , JQVQr 

δ∂

∂ Pi 
 
 


∂ 
∂
 
 


= VJ , JPV QPr 

∂ V 

assessment. 
∂ Pi 
 
 


δ∂ 
∂
 
 


= δJ ,P Pr 

δ∂

, and 

, 

∂Psi 

∂δ i 

, 

∂Qsi 

∂ 

analysis can be applied for dynamic single-infeed DC configuration. 

5.2.3.3 A Single-Infeed DC Configuration with A Parallel AC Line 

In fact, the calculation of partial derivatives based on the model given as 

Equations 5.51-5.54 is the same as the procedure introduced in Section 5.3.3.1, but taking 

both rectifier and inverter terminals into account. So, it is easy to obtain the following 

entries for Jacobian matrix. Then, modal analysis is performed for voltage stability 

δ 
∂Psi 

∂δ 

and will affect some results of voltage stability assessment. The calculation of 
Qsi∂∂ 

Where all entries have been computed in Section 5.3.3.1, except 
∂ 

ii 

Vi∂ 

Qsi 

Vi∂ 

Psi 

Vi∂ 
Qsi 

∂ iδ 
∂ 

Psi 

Vi∂
∂ 
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5.3 Summary 

In this chapter, two classical indicators, singular values/ eigenvalues and loading 

margin, have been introduced as a compromise for voltage stability assessment. The 

second order performance indicator is proposed as an improvement for singular values/ 

eigenvalues. Concepts involving in voltage stability of DC systems have been explored 

by comparing their parallels in purely AC systems, so as to extend the application of 

modal analysis for voltage stability assessment of hybrid AC/DC systems. Quasi-static 

and dynamic single-infeed DC configurations and a single-infeed DC with a parallel AC 

line configuration are illustrated in details and given their power flow models. The 

calculation procedure of partial derivatives of power flow modals is described to obtain 

Jacobian matrix of hybrid AC/DC systems for modal analysis. 
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CHAPTER VI 

SYSTEM STUDY AND STEADY STATE SIMULATION 

The previous chapters have discussed the modeling and simulation considerations 

of static and dynamic simulation of hybrid AC/DC systems, illustrated the procedure of 

voltage stability assessment, and shown the development of voltage stability indicators. 

This chapter describes steady-state simulation of the Western System Coordinating 

Council (WSCC) system with three different study cases to demonstrate the procedure of 

static voltage stability assessment and to explain how the previously discussed indicators 

are jointly used for voltage instability prediction. The next chapter will describe the 

modified IEEE one-area RTS-96 system to demonstrate the procedure of transient 

voltage stability assessment for base case and all contingencies. 

Additional information on the system data is available in Appendix B: Test 

System Data. 

6.1 System 1: WSCC 3-Machine, 9-Bus System 

The Western System Coordinating Council (WSCC) model, consisting of nine 

buses, three generators and three loads [62], is a popular system widely used in the 

literature, which is considered to investigate the static voltage stability for three cases of 

study, including the system with 1) only AC system; 2) DC link in power control mode; 

and 3) DC link in current control mode. In this work, a gradual loading change is set to 

trigger the procedure of static assessment. Load flow is performed to get a snapshot of 

system initial status. The critical location and contributing factors are identified and a 
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rough margin is obtained by using modal analysis. The loading margin is calculated 

accurately by PV plots. The prediction of minimum eigenvalues is improved by using the 

developed second order performance indicator. 

6.1.1 Description of System 

The WSCC system without DC link is shown as Figure 6.1. Loads are assumed to 

have constant power factor. The loading level is scaled by a fixed factor, which 

represents the percentage of actual load with respect to the base load, namely 

actual load = λ × base load . The generators are scaled by the same factor 

correspondingly.  

18.0KV 230KV 100MW 13.8KV 

G1 

G2 G3 
`163MW 85MW 

Slack Bus 

125MW 
50MVAR 

90MW 
30MVAR 

35MVAR 

230KV 

16.5KV 
1.04pu 

230KV 

230KV 

230KV 230KV 1.025pu 1.025pu 

2 7 
8 

9 3 

5 6 

4 

1 

Figure 6.1 WSCC 3-Machine 9-Bus System with only AC system 

To investigate the effect of DC link on the voltage stability, a two-terminal DC 

link is added between buses 4 and 9 shown as Figure 6.2. The parameters of the DC line 

are set as the followings. 
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P=100MW, I=250A, Vsckedule = 400kV , rectifier firing angle α ∈ [100,250 ] , inverter 

extinction angle γ ∈ [150,250 ] , and control mode is “Power” and “Current”  respectively. 

Figure 6.2  WSCC 3-Machine 9-Bus System with DC49  Link  

Load flow calculation, modal analysis, PV plot and the second order performance 

indicator are implemented on both systems to show the static assessment procedure. 

6.1.2 Load Flow of Base Case 

The load flow is calculated in PSS/E. The obtained results of base case are 

summarized as Tables 6.1, 6.2, and 6.3. Table 6.1 is the bus voltage magnitude and phase 

angles, and Table 6.2 is the generator output for three cases of study. Table 6.3 is the 

comparison of DC link transmission capability with different control modes. It shows that 

DC link without any reactive power compensation impairs voltage stability, because both 

rectifier and inverter are consumption points, absorbing reactive power. In this case, 

current control mode is better than power control mode, given the conditions of the same 
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setting value, as the former provides higher bus voltage magnitude, and less transmission 

power loss. However, power control mode can provide more transmission capability, 

which means it can transmit more active power than current control does. In practice, 

power control is often considered with the appropriate local reactive power compensation 

to improve the voltage stability. 

Table 6.1 Bus Voltages of WSCC Base Case 

Bus # Type Only AC system 
DC49 in service, No shunt 

Power control Current control 
1 (Swing) 1.04 1.04 1.04 
2 (P-V) 1.025 9.280∠ 1.025 14.590∠ 1.025 14.040∠ 
3 (P-V) 1.025∠4.660 1.025 13.770∠ 1.025 12.830∠ 
4 (P-Q) 1.0258∠ − 2.220 0.9979∠ − 2.520 1.0012∠ − 2.470 

5 (‘’) 0.9956∠ − 3.990 0.9668∠ − 2.550 0.9703∠ − 2.690 

6 (‘’) 1.0127∠ − 3.690 0.9793∠ − 0.870 0.9835∠ −1.150 

7 (‘’) 1.0258 3.720∠ 1.0147 8.970∠ 1.0162 8.420∠ 
8 (‘’) 1.0159 0.730∠ 1.0015 7.510∠ 1.0035 6.810∠ 
9 (‘’) 1.0324 1.970∠ 1.0145 11.030∠ 1.0168 10.090∠ 
40 Rectifier -- 0.9979∠ − 2.520 1.0012∠ − 2.480 

90 Inverter -- 1.0145 11.030∠ 1.0168 10.090∠ 

Table 6.2 Generator Output of WSCC Base Case 

Bus 
# Type 

Only AC system 
DC49 in service, No shunt 

power control Current control 

PG (pu) QG (pu) PG (pu) QG (pu) PG (pu) QG (pu) 

1 (Swing) 0.716 0.27 0.791 0.777 0.78 0.717 
2 (P-V) 1.63 0.067 1.63 0.249 1.63 0.225 
3 (P-V) 0.85 -0.109 0.85 0.205 0.85 0.163 

Total 3.196 0.228 3.271 1.231 3.26 1.105 
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Table 6.3 Transmission Capability of DC49 Link of WSCC Base Case 

Control 
mode 

Control 
setting 
Value 

Vschedule 

(kV) 

P (MW) Q(MVAR) 

40->90 90->40 40->90 90->40 
Power P=100MW 400 100 -99.5 26.3 32.3 
Current I=250A 400 90 -89.6 23.7 28.6 

6.1.3 Modal Analysis 

The eigenvalues and eigenvectors of the system Jacobian matrix, as well as the 

associated participation factors are calculated in modal analysis with the user-defined M-

files in MATLAB. The minimum eigenvalues at the different loading levels are 

summarized as Table 6.4. 

Table 6.4 Minimum Eigenvalues at Different Loading Levels 

Load factor ( λ ) 
Minimum Eigenvalues 

Only AC system DC49 in service, No shunt 
Power control Current control 

1.0 5.957341 5.824135 5.849111 
1.1 5.881292 5.708734 5.738398 
1.2 5.791532 5.574953 5.609984 

…… …… …… …… 
1.9 4.561902 3.597905 3.745106 
2.0 4.225344 2.886257 3.109206 
2.1 3.795877 1.519947 2.035590 
2.13 N/A 0.422221 N/A 
2.15 N/A N/A 0.707844 
2.2 3.209587 13.221030 7.371165 
2.25 0.592559 N/A N/A 
2.3 2.272621 16.33776 3.183091 
2.4 6.105680 31.323630 16.14360 

Critical mode 4 4 4 

The load factor is defined as Equation 6.1. 

Predicted Load Load Factor = (6.1) 
Base Load 
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The increase step of the load factor ( ∆λ ) is set as 0.1 initially. After the critical 

zone is found, this step is narrowed to 0.01 in order to calculate the minimum eigenvalue 

more accurately, shown as yellow highlight in Table 6.4. It can see that the critical 

loading levels are 2.25× base load , 2.13× base load , and 2.15× base load for the cases 

with DC out of service, DC in power control, and DC in current control, respectively. 

The critical mode can also be identified in modal analysis as the minimum 

eigenvalue is near or equal to zero at the collapse. In this study, the critical modes of 

three study cases are all mode 4. After identifying the critical mode, the stressed bus and 

the weak branch can be investigated by the calculation of their associated participation 

factors. The bus participation factors are summarized in Table 6.5, and the branch 

participation factors in Table 6.6. 

Table 6.5 Bus Participation Factors at the Critical Mode 

Bus No. 
Bus participation factors 

Only AC DC49 in service, No shunt 
system Power control Current control 

4 0.476759 0.498712 0.493680 
5 0.070304 0.060696 0.060840 
6 0.244333 0.231463 0.235650 
7 0.028856 0.026990 0.028799 
8 0.155782 0.135032 0.110866 
9 0.023982 0.047119 0.070212 

From Table 6.5, it can conclude that mode 4 is a localized mode since buses 4, 6, 

and 8 have large participation factors while the other buses with values close to zero 

participation factors. Bus 4 is the most stressed bus, and an effective remedial action may 

be considered at this bus to stabilize the critical mode. It should be noted that there is 

usually more than one weak mode associated with different parts of the system, and the 
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mode associated with the minimum eigenvalue may not be at risk as the system is 

stressed. 

From Table 6.6, it can be seen that branch #1 (from bus 1 to bus 4) consumes the 

most reactive power in response to an incremental change in reactive load, which means 

branch #1 is a weak link or highly loaded. The other two weak links are branch #2 (from 

bus 4 to bus 5) and branch #3 (from bus 4 to bus 6). All of these three branches are 

connected with bus 4, the most stressed bus. Hence these branches may be considered for 

the contingency selection and for remedial measures to alleviate voltage stability 

problem. 

Table 6.6 Branch Participation Factors at the Critical Mode 

Branch No. 
Branch participation factors 

Only AC system DC49 in service, No shunt 
Power control Current control 

1 (from bus 1 to bus 4) 1 1 1 
2 (from bus 4 to bus 5 ) 0.496089 0.516802 0.520405 
3 (from bus 4 to bus 6) 0.303738 0.403551 0.397623 
4 (from bus 5 to bus 7) 0.168777 0.202984 0.182327 
5 (from bus 6 to bus 9) 0.131590 0.208157 0.188201 
6 (from bus 7 to bus 8) 0.021446 0.033196 0.037817 
7 (from bus 8 to bus 9) 0.030669 0.009007 0.013228 
8 (from bus 2 to bus 7) 0.106846 0.128486 0.119614 
9 (from bus 3 to bus 9) 0.073702 0.118329 0.106845 

6.1.4 Loading Margin 

In modal analysis, bus 4 has been identified as the most stressed bus, and the 

critical loading levels have been predicted approximately. It is required to verify the 

results by using PV plots, which can measure the loading margin more accurately. The 

continuation power flow method specified in the M-files is used to trace the PV curves at 

the most stressed bus, namely bus 4. The voltage magnitude profiles with different 
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a) With 200% Base Load 

b) With 300% Base Load 

c) With 400% Base Load 

Figure 6.3 Voltage Magnitude Profiles at Bus 4 of WSCC with only AC system 

 

loading levels, namely 200%, 300%, and 400%, at bus 4 are shown as Figures 6.3-6.5 

below. 

77 



 

 

 
  

 
  

 
  

     
 

 

a) With 200% Base Load 

b) With 300% Base Load 

c) With 400% Base Load 

Figure 6.4 Voltage Magnitude Profiles at Bus 4 of WSCC with DC49 in Power 
Control 
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a) With 200% Base Load 

b) With 300% Base Load 

c) With 400% Base Load 

Figure 6.5 Voltage Magnitude Profiles at Bus 4 of WSCC with DC49 in Current 
Control 

    

 

  

  

Figures 6.3-6.5 are voltage magnitude profiles at bus 4 for WSCC with different 

cases of study, namely only AC system, DC in power control, and DC in current control. 

Each figure includes three PV plots, namely plots a), b) and c) corresponding to the 

loading level at 200%, 300%, and 400% base load, respectively. 
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The margin loading factor is defined as Equation 6.2. 

Maximum Load - Base Load Margin Loading Factor = (6.2) 
Base Load 

From Figure 6.3-6.5, the margin loading factors can be calculated and 

summarized as Table 6.7, where Error = ValueinTable6.4 − Average . 

Table 6.7 Margin Loading Factors at Bus 4 

Loading level 
(* Base Load) 

Margin loading factor 

Only AC system DC49 in service, No shunt 
Power control Current control 

200% 1.225 1.013 1.039 
300% 0.627 *2 0.506*2 0.520*2 
400% 0.418*3 0.338*3 0.347*3 

Average 1.244 1.013 1.040 
Value in Table 6.4 1.25 1.13 1.15 

Error 0.006 0.117 0.110 

In Table 6.7, the averages of loading margin are1.244 × Base Load , 

1.013× Base Load , and 1.040 × Base Load for the three different study cases, 

respectively. The results are matched with the corresponding loading factors of 2.25, 

2.13, and 2.15 in modal analysis method as Table 6.4. In addition, although the predicted 

loading levels are different at each PV plot, bus loadability (bus load limit) should be the 

same, given the same network configuration and the operating condition. 

6.1.5 The Second Order Performance Index 

The minimum eigenvalues obtained from the modal anlaysis summarized in Table 

6.4 can be plotted as Figure 6.6. It shows that the trend of minimum eigenvalue with the 
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increase of loading level is nonlinear, and it is difficult to predict the voltage stability 

margin from the current operating snapshot. 
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Figure 6.6 Modal Analysis Results of WSCC 

Therefore, the developed second order performance indicators are calculated as an 

improvement. The polynomial of degree 1.0 is also tried to fit the calculated value in a 

least squares sense. The calculated values and the polynomial fitting values are shown in 

Figures 6.6- 6.8. 
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Figure 6.7 The 2nd Performance Indicator of WSCC with only AC system 
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     Figure 6.8 The 2nd Performance Indicator of WSCC with DC49 Power Control 
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The 2nd performance index with DC49 in current control 
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Figure 6.9 The 2nd Performance Indicator of WSCC with DC49 Current Control 

Figures 6.6-6.8 show that based on the 2nd performance indicator, loading margins 

are 1.30 × Base Load 1.10 × Base Load and 1.20 × Base Load for the cases of WSCC , , 

with only AC system, with DC49 in service power control, and with DC49 in service 

current control, respectively. The second order performance indicator starts from 1.0 at 

the initial loading point, then decreases and is close to zero at the critical point with the 

loading level increases. The second order performance index shows the approximate 

linearity and the associated prediction can be made based on this linear trend. This 

approximation introduces an error which is specified as Equation 6.3. 

(6.3) Error = CalculatedValue − PolyfittingValue 

The maximum errors based on Figures 6.7-6.9 are 0.1695, 0.1749 and 0.1632 for 

three cases of study. It occurred to the initial loading level. These errors may be caused 

by the factors, which have been discussed in the development of indicator in Chapter 5. 

• Assumption is made in the linearity of the second order performance 
indicator. 

• The approximation is introduced in the manipulation of matrices.  
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The second order performance indicator is less accurate than modal analysis since 

it has introduced some assumption and approximation in its development. It may cost 

more computational time in the calculation at the beginning several point to find the 

appropriate fitting polynomial. Once the fitting function has been built, it can be 

straightforward to predict its proximity to voltage instability by its linear feature. 

6.2 System 2: Integrated Shipboard Power System 

The integrated AC/DC power system architecture used in this work is the 

benchmark naval-ship power system given in Figure 6.10. The architecture consists of 

five generators, five AC to DC rectifiers, one DC to AC inverter, five propulsion motors, 

one AC load, six AC cables and six DC cables. There is no DC load in this architecture, 

since it is difficult to tap power off along the DC line in PSS/E. The system data refers to 

Appendix B: Test System Data. 

Figure 6.10 Benchmark Integrated Shipboard Power System 
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6.2.1 Load Flow Analysis 

This model has been built in PSS/E. Load flow analysis has been performed for 

base case and for the contingency, where the rectifier between buses 10 and 17 is 

blocked. The similar results can be obtained when the other four rectifiers are blocked 

individually. If the inverter is blocked, the whole DC line will be blocked, and the AC 

terminals will become five independent subsystems. DC power, voltage and current have 

been set to 1.0 p.u, and the inverter DC bus (bus 18) has been set as the voltage 

regulating bus. The load flow results for base case and the contingency are summarized 

as Tables 6.8 and 6.9. 

Table 6.8 Voltages at DC Buses of Integrated Shipboard Power System 

Operating Condition 
Voltages at DC Line (p.u.) 

Bus 13 Bus 19 Bus 18 

Base Case Power 1.0653 1.0544 1.0 
Current 1.0696 1.0580 1.0 

Contingency 
Power 1.0550 1.0440 1.0 
Current 1.0580 1.0464 1.0 

Table 6.9 Transmission Capability of DC Links of Integrated Shipboard Power 
System 

Operating Condition 
Rectifier Inverter 

P (p.u.) I (p.u.) Q P (p.u.) I (p.u.) 
19->18 Q (p.u.) 13->19 19->13 13->19 (p.u.) 19->1818->19 

Base 
Case 

Power 1.0 -0.99 0.938 0.290 4.949 -4.693 4.694 2.413 
Current 1.07 -1.058 1.0 0.292 5.290 -5.0 5.0 2.639 

Continge 
ncy 

Power 1.0 -0.99 0.948 0.291 3.958 -3.792 3.792 1.862 
Current 1.058 -1.046 1.0 0.296 4.186 -4.0 4.0 2.032 

Based on Table 6.8, it can see that current control provides higher voltages at DC 

buses than power control. From Table 6.9, it shows that current control provides higher 

transmission capability and higher current. But there is a tradeoff that higher current 
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Modal Analysis of Integrated Shipboard Power System 
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Figure 6.11 Modal Analysis Results of Integrated Shipboard Power System 

  

    

 

 

means higher line loss, and higher voltage means higher reactive power consumption at 

converters. Both of control modes do not cause voltage stability problem, and power 

control has an advantage in terms of cable requirements and reactive power 

compensation. 

6.2.2 Modal Analysis 

Similar to Section 6.1.3, a gradual change in loading level is assumed, and the 

loading factor is defined as Equation 6.1. Modal analysis is performed for base case with 

power control, and the results are shown as Figure 6.11, where it shows that the critical 

loading level of base case with power control model is around 22.5× BaseLoad . 

6.2.3 Loading Margin 

Bus 19 is a bus connected to all of the converter links, where loading margin is 

measured. The voltage magnitude is calculated for base case with power control shown as 

Figures 6.12. 
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a) With 10 * Base Load 

b) With 20* Base Load 

   
 

   

  

  

  

  

   

 

   
 

 

    
 

     

Figure 6.12 Voltage Magnitude Profiles at Bus 19 of Integrated Shipboard Power 
System  

The margin load factor is defined as Equation 6.2. 

In Figure 6.12 a) Margin loading factor = 2.37*(10-1) = 21.23; 

In Figure 6.12 b) Margin loading factor= 1.12*(20-1) = 21.28. 

Hence, the average critical loading level for base case with power control is 

22.25, corresponding to the result obtained from modal analysis (22.5) in Section 6.2.2. 

Two points have to be noted in voltage stability assessment for the integrated 

shipboard power system. 

• If any DC link in this configuration is blocked, it will make the generator 
connected to this link “island”. How to handle this “island” is expected to be 
investigated in the future work. 

• The Hessian matrix is the key factor in second order performance indicator. 
The calculation of Hessian matrix for multi-infeed DC configuration is also of 
interest for future work. 
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In addition, more information regarding the shipboard power system is expected 

to be available. 

6.3 Summary 

This chapter describes the static voltage stability assessment procedure of WSCC 

system. Firstly, load flow analysis is performed for three study cases, namely with only 

AC system, with DC links in  power control, and with DC links in current control, to 

obtain the snapshots for initializing voltage stability assessment. Modal analysis is used 

to identify the critical mode, the most stressed bus and the weak linked branch by 

minimum eigenvalues and maximum participation factors. Then, the continuation power 

flow method is used to trace PV curves at the most stressed bus to measure the loading 

margin accurately. At last the second order performance indicator is deployed to estimate 

the critical point by the linear trend as the improvement to the modal analysis. 

DC links can degrade the voltage stability of power systems without reactive 

power compensations. The DC link with power control can provide more active power 

transfer capability, but can cause more transmission loss and a lower voltage stability 

level. In contrast, DC link with current control can provide the higher voltage stability 

level and less transmission loss, but less active power transfer capability. In practice, the 

reactive power compensation is considered properly to take advantages of various control 

modes. The simulation results of three methods have been compared by each other. 

The static voltage stability assessment procedure is also applied for the 

benchmark shipboard power system with multi-infeed DC configuration. The load flow, 

modal analysis and loading margin are performed to predict the critical loading level. The 
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obtained results are consistent for the base case. More research work is expected to solve 

some technical problems regarding “islanding” and Hessian matrix for contingencies. 
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CHAPTER VII 

SYSTEM STUDY AND DYNAMIC SIMULATION 

This chapter describes the modified IEEE one-area Reliability Test System – 

1996 (RTS -96) [66] to demonstrate the procedure of transient voltage stability 

assessment. Load flow analysis will be performed for the base case, AC contingency 

analysis will be implemented to select the critical ones in the specified list, and PV and 

QV plots will be calculated for base case and the selected contingencies. How the 

dynamic simulation is used to bench mark the steady-state simulation results will be 

explained, and the coordination of controls, compensation or protections in remedial 

measures will be studied. 

The data of RTS-96 are available for download from the webpage maintained by 

the University of Washington [67]. 

7.1 System 2-1: Modified IEEE One-Area RTS-96 Static Simulation 

The Reliability Test System was proposed to provide a basic system sufficiently 

broad for testing or comparing methods for reliability analysis of power systems. In this 

study several modifications are introduced in power flow data to make it more suitable 

for voltage stability analysis. These changes and underlying assumptions are considered 

to highlight the aspects of problems related to voltage control and reactive power 

compensation.  
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7.1.1 Description of Modified RTS-96 

RTS-96 corresponds to the IEEE 1976 Reliability Test System [68], and was 

extended to represent multi-area systems in 1996 version by interconnecting copies of 

one-area RTS-96. The system presented here is the so-called “one-area RTS-96”, 

equivalent to the 1979 Reliability Test System, whose single-line diagram in PSS/E is 

shown as Figure 7.1. 

Figure 7.1 The Single Line Diagram of Modified IEEE One-Area RTS-96 in PSS/E  

The introduced modifications are summarized below. 

• Synchronous condenser at bus 114 was replaced by an SVC with the same 
nominal range (-50/+200MVar), so that the reactive power output of this 
device becomes voltage dependent. 

• Shunt at bus 106 was replaced by an SVC with a range of (-50/+100MVar), 
which introduces an additional voltage control capability and is required to 
avoid voltage collapse during dynamic simulation. 
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• Step-up transformers of generators and SVCs are represented assuming 5 tap 
positions, and no OLTC. All other transformers are represented with +/-10% 
OLTC transformers with 33 steps (0.625% per step). 

• Loads are no longer connected to the 138kV or 230kV but to 13.8kV by step-
down transformers with OLTC control. 

Table 7.1 A List of System Components 

Buses Plants Machines Machine 
owners 

Total 75 32 32 32 
Maximum 4000 1200 1440 2880 

Switched 
Shunts Loads Transfers Mutuals Facts 

Devices 
Total 2 17 0 0 0 

Maximum 500 8000 500 2000 20 
Transformers 

Branches Two-
Winding 

Three-
Winding 

Zero 
Impedance 

Branch 
Owners 

Total 90 56 0 0 90 
Maximum 10000 1600 400 200 20000 

Multi-Section Line 

Groupings Sections 2-Term DC N-Term 
DC VSC DC 

Total 0 0 0 0 0 
Maximum 400 1000 30 5 20 

Table 7.1 lists the components in the modified IEEE one-area RTS-96 system and 

the maximum simulation capacity provided by PSS/E simulation environment. The load 

flow analysis and AC contingency analysis are performed by using PSS/E. 
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7.1.2 Load Flow Analysis of the Base Case 

Table 7.2 RTS-96 Base Case Summary 

Total Generation PQ 
Load 

I 
Load 

Y 
Load Shunts Charging Losses Swing 

MW 3200.2 3135.0 0.0 0.0 0 0 65.2 398.7 
MVAR 1349.9 638.0 0.0 0.0 -39.1 547.7 1298.6 182.7 

Load flow is analyzed to initialize the system status for dynamic simulation. The 

load flow results for the base case are summarized as Table 7.2, which provides an idea 

of system current loading level. The voltage information of the base case will be 

discussed with the voltage information of contingencies in Section 7.1.3. 

7.1.3 AC Contingency Analysis 

The large disturbances instead of a small disturbance, such as the outage of 

generators and opening circuits, have been set to trigger the procedure of transient 

voltage stability assessment. Before AC contingency analysis is performed to screen 

contingencies for transient voltage stability assessment, subsystems and contingency lists 

need to be specified and different solution options need to be compared. 

7.1.3.1 Description of Subsystems and Solution Options 

To calculate the distribution factor, two subsystems, namely “138kV only” and 

“230kV only”, are defined, which only include the buses at 138kV or 230kV, and 

exclude the buses at 18kV and 13.8kV. The contingency list is specified as “open the 

single circuit in the subsystem of ‘138kV only’ and ‘230kV only’” and “decrease 

generation by 100 percent”, which means the contingencies of generation outage and 
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opening single circuit at high voltage side are considered, and the other contingencies are 

beyond the scope of this work. 

Different solution options of load flow analysis have been set up for all specified 

contingencies. When the divergence happened, the largest mismatch at the bus and total 

mismatch of system have been recorded and compared as Table 7.3 to obtain the optimal 

solution. 

The largest mismatch is the convergence criterion for power flow model. It should 

be less than a preset tolerance, typically 1×10−5 p.u. if the solution is convergent. From 

Table 7.3, it shows that the most optimal solution can be obtained by using a full Newton 

Raphson solution and the non-divergent power flow solution. The transformer taps are 

locked, but the switched shunts are allowed to respond during contingency analysis. QV 

and PV plots will be calculated by using the same solution. 
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Table 7.3 A Comparison of Different Solution Options for Divergent Contingencies 

Solution options 

Contingency 
#4 

From 112 
to123 

Contingency #6 
From 114 to 

116 

Contingency 
#10 

From 115 to 
124 

Contingency #30 
From 106 to 110 

Lock shunt 

Largest 
Mismatch 

(MW) 
83.28 118.93 115.69 130.40 

Total 
Mismatch 
(MVA) 

373.10 450.09 549.18 820.22 

Lock shunt 
+ Non 

Divergent 

Largest 
Mismatch 

(MW) 
38.99 67.58 50.70 65.31 

Total 
Mismatch 

(MVA) 
158.19 379.33 394.43 286.95 

Enable 
shunt 

Largest 
Mismatch 

(MW) N/A 

90.97 851.72 4.01 

Total 
Mismatch 

(MVA) 
468.18 8051.10 13.34 

Enable 
shunt+ Non 
Divergent 

Largest 
Mismatch 

(MW) N/A 

29.33 48.70 13.79 

Total 
Mismatch 

(MVA) 
247.04 353.13 56.33 

7.1.3.2 Results of AC Contingency Analysis 

Voltage range and deviation in subsystems “230kV only” and “138kV only” have 

been monitored to screen the contingencies. The solutions of four opening-single-circuit 

contingencies are divergent, but no divergent solution for generator outages. Hence, four 

opening-single-circuit contingencies do not meet the stability criterion, and will be 

selected for voltage stability assessment. Although all generator-outage contingencies can 

satisfy the requirements of stability, three of them with the lowest voltage range still have 

been selected to compare with the opening-single-circuit contingencies. These seven 

selected contingencies have been defined as contingency #4 (230kV circuit between 
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buses 112 and 123), contingency #6 (230kV circuit between buses 114 and 116), 

contingency #10 (230kV circuit between buses 115 and 124), contingency #30 (138kV 

circuit between 106 and 110), Gen1017, Gen30123, and Gen40102. 

7.1.4 Modal Analysis 

Modal analysis is performed for the base case, four selected opening-single-

circuit contingencies and three selected generator-outage contingencies, in order to obtain 

the general information regarding voltage stability margin. The critical loading levels for 

the base case and for the selected contingencies are summarized in Table 7.4. The 

minimum eigenvalues at the different loading levels are shown in Figure 7.2. 

Table 7.4 RTS-96 Critical Loading Levels 

Critical Loading Level 
(*Base Loading) 

Base Case 1.72 
Contingency #4 1.66 
Contingency #6 1.70 
Contingency #10 1.49 
Contingency #30 1.40 

Gen10107 1.66 
Gen30123 1.69 
Gen40102 1.67 
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Modal Analysis of Opening-Single-Circuit Contingencies 
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a) Base Case and four Opening-Single-Circuit Contingencies 
Modal Analysis of Generator-Outage Contingencies 
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b) Base Case and three Generator-Outage Contingencies 

Figure 7.2 The Minimum Eigenvalues at Different Loading Levels of RTS-96 

From Table 7.4, it can see that contingency #30 has the lowest critical loading 

level (1.4*Base Load). In Figure 7.2, the minimum eigenvalues at the different loading 

levels for contingency #30 are nearest to zero. Therefore, the worst contingency is 

contingency #30, namely opening the circuit between buses 106 and 110, since this cable 

has a large charging capacitor (2.459 p.u.), and no line reactors are connected to it at the 

initial data. In order to make this system more realistic, line reactors were added at each 
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terminal of the cable (0.75 p.u. in each end) to decrease over-voltage during energization 

and load rejection. 

7.1.5 QV and PV Plots 

QV plot at bus 110 is calculated for the base case and the selected contingencies 

to obtain the reactive power margin shown as Figure 7.3. 
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a) Open Single Circuit 

Figure 7.3 QV Plot at Bus 110 
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b) Generator Outage 

Figure 7.3 (Continued) 

Figure 7.3 shows that the reactive power margin in the base case is around 

116MVar, dropping to 10.65MVar for contingency #4. Voltage collapse is identified for 
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contingency #6, contingency #10 and contingency #30, where the reactive power 

deficiencies are 112.84MVar, 160.86MVar and 27.21MVar, respectively. In fact, the QV 

curve associated with contingency #30 is incomplete, since the power flow solution 

cannot converge at voltages below 0.98 p.u.. The reactive power margins are 34.66Mvar 

for Generator10107, 49.08MVar for Generator 30123, and 56.72MVar for Generator 

40102. 

PV plot analysis considers the transfers from generation (230kV) to load (138kV) 

network, which means that the generation connected to 230kV area is increased with the 

additional power being transferred to the loads connected to 130kV area. PV plots at bus 

110 are calculated for the base case and the selected contingencies as Figure 7.4. 
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Figure 7.4 PV Plot at Bus 110 

Figure 7.4 shows that the maximum transfer calculated is 87.5MW for the base 

case, and contingency #4 resulted in a maximum incremental transfer of just 6.25MW. 

There are no curves for contingencies #6, #10, and #30, which means that no incremental 

transfer is possible for these contingencies. 
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7.1.6 The Second Order Performance Indicator 

The second order performance indicator is implemented to provide a complement 

for modal analysis in Section 7.1.4. The results for the base case and four opening-single-

circuit contingencies are shown in Figure 7.5. 

The 2nd order performance indicator of RTS-96 
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Figure 7.5 The 2nd Order Performance Indicators of RTS-96 

Figure 7.5 shows the similar tendency of proximity to voltage collapse for the 

base case and the selected contingencies, which is corresponding to the results obtained 

from modal analysis. This proximity is quite rough, but shows linearity. More work 

regarding polynominal fitting is needed if this indicator is applied for voltage stability 

prediction. 

7.2 System 2-2: Modified IEEE One-Area RTS-96 Dynamic Simulation 

The typical models and data for all the elements in dynamic simulation are 

proposed as described in the following. The additional explanation of parameters and the 

associated block diagrams are available in [61]. 
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• Generators: Hydro turbines are represented by the salient pole machine model 
(GENSAL); thermal units are represented by the round-rotor machine model 
(GENROU). 

• Excitation systems: 1968 IEEE type 1 excitation system model (IEEET1) and 
1981 IEEE type AC1 excitation system model (EXAC1) models correspond to 
AC rotating exciters. There is other bus-fed static exciter (SCRX). 

• Turbine/Speed governors: The hydro turbines are represented by the hydro 
turbine governor model (HYGOV), while the steam units are represented by 
the 1981 IEEE type1 turbine governor model (IEEEG1) and the parameters 
for the steam turbines consider a single reheater. Those machines without such 
model are simulated with constant mechanical power. 

• Static VAR Compensators: Two static VAR compensators (SVC) are involved 
in this case. One is connected to bus 10114, and rated -50/+200MVar. The 
other is connected to bus 10106 and rated -50/+100MVar. Both of them are 
represented by the SVC model for switched shunts (CSSCS1). 

In order to investigate of dynamic characteristics of single component, the 

response of the individual component to disturbance needs to be studied so that the 

simulation time can be set properly for dynamic simulation. Typically the response of 

excitation system and speed governor is considered for dynamic simulation. Buses 

10101, 10107, 10121 and 10122 are chosen to represent the different types of excitation 

systems or speed governors in this test system. 

7.2.1 Response of Excitation System 

The test system consists of three types of excitation systems (EXAC1, IEEET1, 

and SCRX). The open circuit step test has been used to test the control tuning of 

excitation systems. The machine terminal voltages (seen in Figure 7.6) and generator 

main field voltages (in Figure 7.7) at buses 10101, 10121, and 10107 are shown to 

present the response of EXAC1, IEEET1 and SCRX, respectively. It can be seen that the 

voltage regulator provides a fast response with the minimal overshoot. 
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Figure 7.6 Machine Terminal Voltages at Buses 10101, 10121 and 10107 

Figure 7.7 Generator Main Field Voltages at Buses 10101, 10121 and 10107 
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7.2.2 Response of Speed Governor 

The test system consists of two types of speed governors (IEEEG1and HYGOV). 

A sudden change in the load demand has been applied to show the reaction of speed 

governor. The turbine mechanical power (in Figure 7.8) and the machine speed deviation 

from nominal (in Figure 7.9) at buses 10121 and 10122 are shown to present the response 

of IEEEG1 and HYGOV, respectively. It can be seen that speed (frequency) reaches a 

new steady state in about 15 seconds without restoring to its nominal value. This 

deviation is proportional to the steady state droop in the model and the magnitude of the 

step change in load. In addition, the response of the hydro units is slower. 

Figure 7.8 Turbine Mechanical Power at Buses10121 and 10122 
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Figure 7.9 Machine Speed Deviation at Buses 10121 and 10122 

There are other dynamic characteristics of components which may take longer 

time to be active in the response to voltage stability. For example, the maximum 

excitation limiter becomes affected at around t = 50s and reduces the field voltage, 

resulting in a reduction in reactive power output. 

The most critical contingency identified in AC contingency analysis will be 

applied for transient voltage stability assessment, whose results will be compared with 

those of static voltage stability assessment. The dynamic simulation of pre-contingency 

system will run to 1.0 second before the circuit between buses 106 and 110 is open to 

trigger the simulation of post-contingency system. The dynamic simulation will continue 

to 120 seconds so that the system can reach the stable status after being subjected to 

disturbance, taking the possible dynamic characteristics into considerations. 
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7.2.3 Extend Modal Analysis to Dynamic Simulation 

An attempt has been made to extend modal analysis to dynamic simulation, where 

the static model of generator is incorporated with the representation of synchronous 

machine and its voltage control. Dynamic voltage stability indicator here follows the 

concept of modal analysis, which has been discussed in Chapter 5. Basically, the machine 

buses are assigned as PQ loads with the machine power injection treated as voltage 

dependent loads. Table 7.5 gives an example to summarize the system pre- and post-

contingency conditions, where the effect of dynamic characteristics has been included. In 

Table 7.5, bus 106 is the concerned critical point, bus 1106 is a load bus, and buses 

10101, 10107, 10121 and 10122 are generator buses representing the different excitation 

systems or speed governors. 

Based on Table 7.5, it can be seen that generator active power outputs at buses 

10101, 10107, 10121 and 10122 remain the values for both pre- and post-contingency 

cases with or without SVC dynamics, but reactive power outputs increase for post-

contingency case. The active and reactive power consumed at load bus 1106 decrease for 

post-contingency case without SVC dynamics, but recover to the initial status with the 

support of SVC dynamics. The voltages at generator terminal buses remain constant for 

all discussed cases, the voltage at the load bus drops, and the voltage at the critical bus 

drops even more. 
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Table 7.5 A Summary of System Pre- and Post-Contingency Conditions 

Voltage 
( p.u.) 

Active Power 
( MW) 

Reactive Power 
( MVar ) 

Pre- Post- Pre- Post- Pre- Post-

Bus 106 No SVC 1.025 0.891 -- -- -- --SVC 0.978 
Bus 
1106 

No SVC 1.035 0.962 149.6 139.02 30.8 26.60 
SVC 1.028 148.58 30.38 

Bus 
10101 

No SVC 1.029 1.027 10 9.99 7.34 10.48 
SVC 1.028 10 9.28 

Bus 
10107 

No SVC 1.037 1.041 80 79.99 49.15 51.69 
SVC 1.037 80 51.57 

Bus No SVC 1.047 1.046 398.66 398 182.74 192.98 
10121 SVC 398.63 400 191.65 
Bus 

10122 
No SVC 1.003 1.003 50 49.87 3.75 4.42 

SVC 49.99 50.2 4.36 

Modal analysis is extended to the applications of the system in the conditions of 

pre-contingency and post-contingency with or without SVC support, to predict the 

voltage stability for these four cases of study. The analysis results are summarized in 

Table 7.6. 

The results in Table 7.6 show the decreasing trend of the minimum eigenvalues 

with the increasing loading levels. It also shows that the voltage stability level is even 

higher after the contingency occurred, because of the combined effect of excitation 

system, speed governor, load reduction, OLTC, and SVC dynamic. In addition, based on 

the analysis in Section 7.3.1, it can conclude the excitation is a fast response while the 

governor is a slow response, MEL is slower. However, it is very hard to differentiate 

these effect of dynamic characteristics on voltage stability without referring to any 

assessment results. Therefore, the time domain simulation comes to application. 
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Table 7.6 The Results of Modal Analysis Extended to Dynamic Simulation 

Loading level 
(*Base Load) 

Minimum Eigenvalue 
Pre-Contingency Post-Contingency 

No SVC SVC No SVC SVC 
1.0 8.383008 8.383152 8.424100 8.424128 
1.1 8.0306967 8.030629 8.087635 8.087725 
1.2 7.5270954 7.526713 7.607723 7.607723 
1.3 6.7801722 6.779235 6.900581 6.900579 
1.4 5.5418913 5.539631 5.750243 5.750183 
1.5 2.2404548 2.226122 3.063616 3.064147 
1.6 0.5545889 0.021486 0.026007 21.07059 

7.2.4 Time Domain Simulation of Outage of the Cable between Buses 106 and 110 

The most critical contingency and the time sequence mentioned in Section 7.2.3 

are implemented in the time domain simulation. The voltages at buses 106 and 1106, as 

well as the active and reactive power at bus 1106 are shown as Figures 7.10 through 7.12. 

Figure 7.10 Voltages at Buses 106 and 1106 
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