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Abstract

Modeling and Simulation of Custom Power Devices
by Raxit A. Kagalwala

Chairperson of Supervisory Committee: Prof. S. S. Venkata

Department of Electrical Engineering

In the recent years, the utilities are becoming increasingly concerned over the issues
of power quality and power flow control. At the same time, there has been a tremendous
interest in the application of power electronic converters to solve problems such as those
of power quality and power flow control. Due to the complexity of the system with
embedded power controllers, computer aided simulations will play a crucial role in the

evolution of this technology.

The goal of this dissertation is to develop simulation models for three power
electronic converters - (i) a 12-pulse Static Compensator (STATCOM), (ii) a Pulse Width
Modulated (PWM) STATCOM and (iii) a PWM Dynamic Voltage Restorer (DVR). These
converters are also referred to as Custom Power Devices (CPD’s). Their primary function
is to improve the power quality of a distribution system. The models developed in this
dissertation are important for utility engineers to explore possible solutions from both
design, planning and operation point of view. The challenge involved in the development

of the models is two fold.

Firstly, the voltage and current waveforms of power converters are discontinuous.
The discontinuous waveforms, coupled with the large size of a typical power system, pose

a challenge to develop computationally efficient simulation models. In this dissertation, a



new modeling technique is developed. The resulting power converter model, called the
Transient Behavioral Model (TBM), will effectively replace the extensively used Ideal
Switch Model (ISM) for the simulation of many power converters in power systems. The
TBM is almost as accurate as the ISM and, at the same time, its continuous nature makes

it compuationally more efficient than the discontinuous ISM.

Secondly, the design of these devices has to be system specific. Presently, these
devices exist only in their prototype forms. In this dissertation, due to the lack of available
information to develop the models, simulation studies are performed on a realistic
distribution system in order to determine the various design parameters for the models. The

TBM is shown to be extremely effective for these simulation studies.
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1. Introduction

A survey of power systems literature reveals that the Ideal Switch Model (ISM) and
the Variable Impedance Model (VIM) have been used extensively for transient simulation
studies. However, these models are discontinuous in nature and in order to limit the
numerical error during simulation, the simulation time step has to be kept small near the
switching transitions. This reduction in time step results in computational inefficiency. The
problem is worse in the case of simulators that use a fixed time step since the time step has
to be kept small throughout the simulation. The discontinuous nature of these switch models
also leads to problems of numerical oscillations. In this dissertation, a new modeling
technique is developed. This new technique yields a continuous time domain model of a
power converter. The resulting power converter model, called the Transient Behavioral
Model (TBM), is almost as accurate as the ISM. Further, the continuous nature of the TBM
makes it computationally more efficient than the discontinuous ISM. In contrast to the
previously used continuous Average Switch Model (ASM), the TBM accurately simulates
the switching frequency harmonics of the converter. In contrast to the previously used
models for simulating switching frequency harmonics such as the Harmonic Balance
Method (HBM) and the Generalized Average Switch Model (GASM), the TBM is well suited

Sfor implementation in a standard circuit simulator.

1.1 Background

The number of loads involving sensitive electronic circuits such as automated
manufacturing plants and computers has increased tremendously in the recent years. These

loads are extremely sensitive to the quality of electric power. Disturbances in the power



distribution system can result in expensive losses such as the interruption of an automated
manufacturing plant [1]. With the increase in the number of sensitive loads, the
development of Active Power Line Conditioners (APLC’s) has become a very important
area of research for electric power systems [2]. APLC’s are also referred to as Active Power
Quality Conditioners (APQC). They are power electronic converters that perform one or

more of the following functions:

voltage regulation,

uninterrupted power supply,

reactive power compensation,

voltage and current harmonic compensation.

With the increase in the number of sensitive loads, there is also a demand that
utilities provide high quality power. As a result of this demand, the utilities are also
becoming increasingly concerned about power quality. A set of power electronic
converters, referred to as Custom Power Devices (CPD’s) are being developed under the
sponsorship of the Electric Power Research Institute (EPRI) [3] to enable utilities to supply
high quality power to their customers. Note that CPD’s, APQC’s and APLC'’s refer to a set

of similar power electronic converters performing the function of power quality

improvement.

The application of power electronics to power systems is not new. The first
generation of power converters used in power systems are the High Voltage DC (HVDC)
converters [4]. However, an HVDC system is relatively isolated from the rest of the power
system. The interactions between the HVDC converters and the ac power system take place

only at the boundary of the dc and the ac power system [5]. The second generation of power



converters include devices such as the Static Var Compensators (SVC’s) [6] and the
Advanced Series Compensators (ASC’s) [7]. These devices are embedded within the ac
power system and hence their interaction with the ac system is significantly greater than
that of HVDC converters [8]. However, the number of these devices is few and hence their
impact on the power system is not widespread. The third generation of power converters
includes devices such as the CPD’s and the APQC’s. Unlike the first two generations, the
third generation of power converters will be used extensively throughout the power system.
A future power system may be envisioned with multiple power electronic converters on
every transmission line as well as every distribution feeder. Due to such a widespread use,

there will be many complex interactions between the converters and the power system.

In an industry where the cost of failures is extremely high, coupled with the
availability of better computer resources, digital computer simulations will play a key role
in the study of these complex interactions. It should be emphasized that simulation models
developed for power converters in power systems are essential from two perspectives.
Firstly, from the perspective of the designer of a power converter, these models are required
for design purposes. Secondiy, from the perspective of an electric utility, these models are
required for system planning and operation studies. In fact, for devices as sophisticated as
CPD’s, it may not be possible to design a power converter without considering the planning
and operation of the particular system in which the device is to be installed. Hence
simulation models will play a critical role in designing customized power converters to

solve power quality probhlems of a specific power system.

The discussions in this dissertation are mostly with reference to CPD’s. However,
the discussions are equally applicable to other power quality converters such as APQC'’s.
In fact, the discussions are also applicable to power electronic converters used in Flexible

AC Transmission Systems (FACTS) used at transmission level [9].



1.2  Research in Power Electronics Applied to Power Systems

Research in the area of power electronics applications to power systems is
interdisciplinary in nature. It involves the areas of classical power systems, high power
semiconductors, electronic circuits as well as control systems. Research in each of these
disciplines has an impact on the future of power electronics integrated in power systems.

From a power systems perspective, the on-going research can be broadly classified into

four categories:

1.2.1 System Studies

System studies are the most basic requirement. These studies identify the problems
and discuss solutions at a system level. For example in reference [10], the voltage flicker
problem caused by an arc furnace is assessed and various solutions to mitigate the problem
are discussed. In reference [11], the application of different reactive power compensation
systems and their benefits in increasing steady-state loadability, security and transient

stability of a power system are discussed.

1.2.2 Converter Design Studies

Based on the overall requirements determined by system level studies, numerous
converter topologies are being proposed [12-14]. The focus of such research is to develop
converters that can extract maximum benefits (in terms of switching speeds, power

handling capability, etc.) from existing power semiconductor switches.

1.2.3  Control Strategy Studies

Power converters can be controlled in several ways to obtain the desired system
level performance. Development of stable control strategies with a fast response time for

harmonic compensation, reactive power compensation and voltage regulation are active



areas of research [15, 16]. Since the control system is the ‘brain’ of a power converter, the
success of power electronics in power systems will largely depend on the intelligence of
the control systems. In a system with multiple converters, the coordination of their control
systems will be crucial. It has been shown that a radial feeder with multiple SVC’s for
voltage control can become unstable if the control gains of the various SVC’s are not

coordinated [17]. Similar instabilities can be expected in a feeder with multiple APQC’s for

voltage harmonic control.

1.2.4 Modeling and Simulation Studies

Due to the complex nature of the future power system, coupled with the high cost
of prototype testing, digital simulators are becoming essential tools for the analysis and
design of power systems, power converter topologies and control algorithms. Since the
modeling and simulation of power converters in power systems is the focus of the

dissertation, a detailed discussion of ongoing research in this area is given in Sections 1.3

and 1.4

1.3  Survey of Power Electronics Literature

Power electronic switches are discrete (discontinuous) in nature. Their presence
makes power converters different from other electronic circuits. Hence the primary issue in
the modeling of power converters is the technique used to model the switching action.
Several modeling and simulation techniques with different levels of accuracy,
computational efficiency and ease of use, are found in the literature. Some techniques are
significant milestones by themselves, whereas some techniques offer an improvement over

existing techniques.
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Power converter
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Behavioral continued in Figure 1.2

models [19]

Figure 1.1 Overview of the significant developments in the modeling of power
converters.

1.3.1 Power Converter Modeling

An overview of the significant developments in the modeling of power converters
is given in Figure 1.1 and Figure 1.2. An explanation of each block shown in the figures,
along with its merits and demerits, is given in this section. When applicable, the blocks are
also classified as per the five level classification proposed by Budihardjo, Lauritzen et. al.

(19].

For the most detailed models, the turn-on and turn-off characteristics of a switch are
modeled accurately (see block #2 in Figure 1.1). Physically based models (block #5) are
the most accurate. However, they are also computationally the most intensive [20, 21].
These models correspond to the level 2 models described in reference [19]. Certain
behavioral models (block #6) are capable of accurately simulating the switch transition

characteristics without involving the complexities of physically based models. These
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Figure 1.2 Overview of the significant developments in the modeling of
power converters (continued from Figure 1.1).




models correspond to the level 1 models in reference [19]. Simulations using physically

based models and behavioral models are performed with the aid of a circuit simulator such

as SABER [22] or PSPICE [23].

The Ideal Switch Model (ISM) represents a switch by an open circuit during the off-
state and a short circuit during the on-state (block #4). It corresponds to the level 0 models
described [19]. It is simple and, hence useful for studying converter waveforms from the
system point of view. However, the disadvantage of the ISM is that its use results in a
network with variable topology. The techniques used to handle the numerical simulation of
variable topology networks cost additional computational time. Most numerical simulators
formulate a system admittance matrix from the individual circuit elements. The simulators
then solve for the unknown node voltages by multiplying the system admittance matrix
with the injected current matrix [24]. In the presence of an ideal switch, the simplest
method to handle change in network topology is to reformulate the system admittance
matrix. After reformulation, the matrix has to be inverted again in order to solve the system
equations. Sudden changes in topology can also result in numerical convergence problems

in digital simulators (25, 26].

The variable impedance model (VIM) of a switch (block #3) represents the switch
by a high impedance during the off-state and by a low impedance during the on-state [27].
The main advantage of this model, over the ISM, is that the network topology is unchanged.
Thus, when a switching action occurs, the entire system matrix need not be reformulated.
However, due to the change in the impedance of the switch, some the elements of the matrix
have to be modified and the inversion of the matrix has to be repeated. Further, the use of
extreme values of resistance for the on- and off-states results in stiff equations (widely
varying time constants of circuits) [28]. The transition between the off-state impedance and

on-state impedance can be modeled as an instantaneous change, a linear change or an



exponential change. A linear or an exponential transition between the on- and off-states

provides greater numerical stability than an instantaneous change.

Using the ISM, it is possible to develop a state space model for a power converter

(see block #7 in Figure 1.2) [29]:

j_f = fix, u, 1) (1.1)

In general, f{.) is a non-linear, time variant (NLTV) function. An important special
case, from power electronics point of view, is the linear time variant (LTV) state space
model (block #8). The state space model is compact, and forms an excellent starting point
for developing other models useful for analytical studies of a power converter. In 1976,
Middlebrook and Cuk [30, 31] used the averaging technique to convert the LTV state space

model into a non-linear, time invariant (NLTT) averaged state space model (block #12):

Z_‘: = fix, d, u) (12)

where d is the duty ratio of a PWM switch. Middlebrook and Cuk obtained an approximate

small signal model (block #17) by linearizing the state space average model around a fixed

operating point:

%3 = fiX,D, U, % d, &) (1.3)

In equation (1.3), X, D and U are the steady state values of the states, duty cycle and the
inputs respectively. &, d and & are the corresponding small signal perturbations. The small
signal model is linear time invariant (LTI}, and is extremely useful for control design since
the theories of linear control can be applied directly. The advantage of the state space
averaging approach is that it is general and yet simple. However, the approach is not

suitable for large systems with many switches.
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A power converter model using the ISM can also be averaged using the direct
circuit averaging technique (block #13) [32]. The average circuit obtained by this technique
can be linearized around a fixed operating point to yield an approximate small signal model
(block #17) of the converter. The circuit averaging method is more physically intuitive than
the state space averaging method. However, direct circuit averaging involves manipulation
of two or more switched circuit models into their topologically equivalent forms as shown

in Figure 1.3. Such manipulations are difficult even for moderately complex circuits.

In 1990, Vorperian [33, 34] developed an Average Switch Model (ASM) by
performing the process of circuit averaging on a Pulse Width Modulated (PWM) switch
(block #14). The ASM is linearized around a fixed operating point to yield a small signal
ASM (block #15). An approximate small signal model of a power converter (block #17) is
obtained simply by replacing the PWM switch in a circuit by the small signal ASM. The
advantage of this approach is its simplicity. The method is especially convenient for digital
simulation studies since it is easy to replace the PWM switch in a circuit by the equivalent

ASM and then perform simulations in the usual manner

The analysis of the state space model in discrete time domain yields the sampled
data model of a power converter (block #9) [35]. Sampled data models simplify the analysis
by describing the waveforms at only one point in each cycle rather than describing the

waveforms through the entire switching period.

In 1991, Sanders et al. [36] developed the Generalized Averaging Switch Model
(GASM) for power converters (block #11). This model is based on the assumption that a
waveform x(.) can be approximated on the interval (¢-7, t] by its Fourier series
representation. The method is applied to state space models by replacing the state variables

by their Fourier series representations. The result is an equivalent state space model in
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which the Fourier coefficients are the states variables. This approach can be used to study
the harmonics generated by a converter. However, it is more suited for analytical studies of

small systems and is not convenient for large systems with many switches. Linearizing the
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generalized average switch model and retaining only the zero frequency component yields

a refined small signal average switch model (block #16).

In 1986, Kundert and Vincentelli [37] and Gilmore [38] applied the Harmonic
Balance Method (HBM) to transform a set of piecewise, linear time domain equations into
a set of non-linear frequency domain equations (block #19). In this way, a set of differential
equations are transformed into corresponding algebraic equations. The HBM is powerful,
however, it cannot be applied directly to perform time domain simulations using standard
circuit simulators. The HBM has also been used to obtain exact small signal models for

power converters (block #18) {39].

In 1991, Tymerski used a frequency domain approach to develop a time-varying
transfer function for a power converter [40,41]. An exact small signal model is obtained by
extracting the fundamental frequency behavior of this transfer function (block #18). In
1995, Wong and Groves used a combination of the Fourier series representation of
waveforms and time domain simulations to obtain accurate small signal frequency

responses of power converters [42].

Various algorithms have also been developed for computationally efficient time
domain simulation of the LTV state space model (block #10) [43,44,45,46]. The main
intent of these algorithms is to develop an efficient technique to handle the boundary
conditions of a piecewise linear state space model. Using these algorithms, it is possible to
perform fast simulations of hundreds of switching cycles of a power converter. However,
state space formulation is difficult for large networks. Further, the implementation of these

algorithms is difficult on standard circuit simulators that use nodal formulation.

The existence function method is a frequency domain approach used by Wood [70]

to analyze the open loop steady state behavior of a power converter. The frequency domain
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Figure 1.4  Typical control system of a power converter.

approach is difficult to use in comparison with the time domain approach. Hence Wood’s
approach has not been applied widely for studying the open loop steady state behavior of
converter waveforms. However, Wood’s concept of representing a power converter as a
switching matrix controlled by an existence function is simple yet powerful. This concept

is similar to the first step (Section 2.1) of the new modeling technique presented in this

dissertation.

The modeling of a converter with voltage and current sources controlled by the
switching function (block #20), shown in Figure 1.2, is a new approach developed in this

dissertation. A detailed discussion of this approach is given in Chapter 2.

1.3.2 Control System Modeling

The control system is also an integral part of a power converter. Hence it is
important to discuss the modeling of the control system. As shown in Figure 1.4, a typical
control system senses the voltage or current that has to be controlled. The sensed signals
are processed by a compensator (G,,,,) to generate an input signal (v;), which is processed
by a non-linear switching function generator (G,,,,,.jineqr) 10 generate the switching function
(h). Usually, the compensator (G,,,) is first designed using linear control theory. This is
used as the starting point for the design procedure. Accurate large signal simulations are
then used to finalize the control system design. In order to apply the techniques of linear
control theory, it is necessary to linearize the control system. For the average power

converter models, the behavior of the switching function generator is averaged (block #B
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Figure 1.5 Modeling of the control systems for power converters.

of Figure 1.5). For example, the closed loop, small signal average state space model

developed by Middlebrook and Cuk [30, 31] is a combination of block #8 in Figure 1.1 and
block #B in Figure 1.5.

Another method to approximate nonlinear switching function generator is the
describing function technique (block C) [48]). Using this technique, it is possible to
approximate a non-linear transfer function by a complex function that includes only the
amplification and phase shift of the fundamental component of the output relative to the
input (block D). The describing function technique can be extended even for the harmonics
of the fundamental frequency (block E). This extension is used by the new switch modeling
technique developed in this dissertation. It should be noted that the process of averaging
the non-linear function is, in fact, the same as retaining only the zero frequency behavior

of the non-linear transfer function.
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1.4  Survey of Power Systems Literature

In this section, the various types of simulation studies found in the power systems
literature are classified based on the time constants involved in the phenomena being

simulated. The modeling techniques used for each of these simulation types are discussed.

1.4.1 Types of simulation studies

Figure 1.6 summarizes the types of simulation studies. The classification of the

simulation studies is based on the time constants involved in the phenomena being studied:

1. Fast transient studies: The time constants are typically in the range of ten to

hundreds of microseconds. The accurate modeling of switch transition is
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necessary.

2. Slow transient studies: The time constants are typically in the range of few
milliseconds. The harmonics in the switching waveforms are important, but the

switch transition waveforms may be approximated.

3. Dynamic studies: The time constants are typically in the range of hundreds of
milliseconds. The harmonics in the switching waveforms are not important and

may be approximated by their average values.

4. Steady state studies: The final steady state reached by the system is of interest
in such studies. The transient response before reaching steady state is not
important.

1.4.2 Modeling techniques available in power systems literature

Due to the large size of a typical power system network, only a few of the modeling
and simulation techniques available in the power electronics literature (shown in Figure 1.1
and Figure 1.2) can be directly applied to the study of power converters in power systems.
Figure 1.6 shows models that have been used for each type of power system simulation

study. The block numbers shown in Figure 1.6 correspond to those shown in Figure 1.1 and

Figure 1.2.

Physically based models and behavioral models that accurately simulate switching
transients have been ‘ised for fast transient studies. The noise interference caused by
converter switching [49], the overvoltages caused by reverse recovery of diodes [50] and

the switching of a solid state circuit breaker [S51] are examples of such studies.

The ISM and the VIM have been extensively used for slow transient studies [52-
55]. In general, simulations using these models are extremely useful when the focus of

study is the overall behavior of the converter and not the detailed switching waveforms.
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However, for a typical numerical integration method, the truncation error is dependent on
the time step size used [56]. The truncation error is also dependent on the time derivative
of the signal being simulated. In the case of a switched network, the time derivative at the
instant of switching is very large. Hence, in order to limit the numerical truncation error,
the simulation time step has to be kept very small during the switching instants. In the case
of variable step simulators [22,23], smaller simulation steps are used during switch
transitions. This reduction in time step results in computational inefficiency. The Electro
Magnetic Transients Program (EMTP) is a simulator widely used in the electric power
industry {57]. This simulator uses a fixed time step algorithm. The penalty of using small
time steps is worse in the case of simulators such as the EMTP, since the time step has to
be kept small throughout the simulation. The discontinuous nature of the ISM and the VIM
also leads to problems of numerical oscillations [58]. The use of numerical snubbers is one
method of avoiding the undesired oscillations [26]. However, besides being an unnecessary
burden on the user, numerical snubbers also introduce inaccuracies [59]. The other
methods, used to solve the oscillation problem, involve reduction of time step size, or the
temporary use of different integration technique, or the use of smooth rather than
instantaneous switching transitions {25,26,52, 59]. All these methods are at the expense of

additional computational times.

The Average Switch Model (ASM) has been used for dynamic studies [60].
However, the ASM is accurate only if the time period of switching is significantly smaller

than the time constants of the phenomena being studied.

The power flow solution of a network is an example of steady state studies. The
Harmonic Balance Method (HBM) has been used to find the steady state harmonic power
flow in a system [61]. The HBM has also been used to develop a steady state model for a

Thyristor Switched Reactor (TSR) [62].
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1.5  Basic Goals and Approach of Dissertation

The basic goal of this dissertation is to develop simulation models for three power
electronic converters - (i) a 12-pulse Static Compensator, (ii) a Pulse Width Modulated
(PWM) STATCOM and (iii)) a PWM Dynamic Voltage Restorer (DVR). The challenge
involved in the development of the model is two fold. Firstly, the current and voltage
waveforms of power converters are discontinuous. The discontinuous waveforms, coupled
with the large size of a typical power system, pose a challenge to develop computationally
efficient simulation models. Secondly, the design of these converters has to be system
specific. Presently, these devices exist only in their prototype forms. Hence the information
regarding the design of the STATCOM and the DVR is not available prior to the
development of the models. Hence the process of model development also involves the

design of the power converters.

1.5.1 Disadvantages of previously used modeling techniques

As mentioned in section 1.4, the ISM and the VIM have been extensively used for
slow transient studies. However these models are discontinuous in nature and the numerical
problems associated with them are solved only at the cost of additional computation time.
The ASM is continuous but it does not simulate the switching frequency harmonics of a
converter and hence it can be used only for dynamic studies. The HBM is continuous in
nature. It is also capable of simulating the switching frequency harmonics of a converter.
However, it cannot be directly implemented on standard circuit simulators. The GASM,
available in the power electronics literature [36], is continuous as well as capable of
simulating the switching frequency harmonics of a converter. However, like the HBM, it
cannot be directly implemented on standard circuit simulators. The other time domain

simulation techniques available in the power electronics literature [43,44,45,46] are based
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on state space formulation. Hence these techniques are incompatible with most standard

circuit simulators [47].

1.5.2 Approach used in this dissertation

Based on the above observations, the specific goals of this dissertation may be

stated as follows:

1. To develop and implement a new modeling technique that has accuracy
comparable to that of the ISM, but does not have the numerical problems
associated with the ISM.

2. To use the new modeling technique to develop simulation models for three

CPD’s - (i) 12-pulse Static Compensator (STATCOM), (ii) Pulse Width

Modulated (PWM) STATCOM, (iii) PWM Dynamic Voltage Restorer (DVR).

In order to achieve the first goal, a new technique to model a power converter is
developed. The resulting converter model is referred to as the Transient Behavioral Model
(TBM) of a power converter. The starting point for developing the TBM is the ISM. In the
TBM, the switches of the power converter are modeled as voltage and current sources
controlled by the switching function (block #14 in Figure 1.1). Then the describing function
method (block #E in Figure 1.5) is used to approximate the switching function generator.
The resulting model is capable of performing slow transient simulations and dynamic
simulations (Figure 1.6) with the accuracy provided by the ISM but without the numerical

problems associated with it.

In order to achieve the second goal, it is necessary to have the information regarding
the various components for the STATCOM and DVR. However, the design of these
converters is system specific and hence the information regarding these models is not

available prior to the development of the models. Hence the design of the converter and the
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development of the model proceed simultaneously. The procedure essentially involves
analytical calculations to determine the component parameters, followed by simulation
studies to refine the analytically obtained parameter values. At the end of the process, a

complete design of the power converter, along with its simulation model, is developed.

All simulations presented in this dissertation are performed using SABER due the
ease of developing models with its Analogy Hardware Description Language (AHDL).

Some of the simulation studies are also performed using EMTP.

1.6  Organization of Dissertation

The rest of the dissertation is organized as follows:

In Chapter 2, the development of a TBM of a converter is described in detail. The
advantages as well as limitations of the TBM are identified. The use of the TBM is
demonstrated with the help of three benchmark power converter configurations - (i) buck
converter in voltage control mode, (ii) buck converter in current control mode and (iii) three
phase dc/ac inverter in phase control mode. The TBM is validated by comparing its results

with those of accurate physical models. The performance of the TBM is compared with that

of the ISM.

In Chapter 3, the TBM technique is used to develop detailed models of two
STATCOM'’s. A STATCOM is a shunt connected CPD, capable of injecting controlled
amounts of current into the power system. Models are developed for two implementations
of the STATCOM - the first using a 12-pulse dc/ac voltage source inverter, and the second
using a high frequency PWM dc/ac voltage source inverter. A practical 15-kV distribution
feeder with power quality problems [50] is simulated to study the performance of the

STATCOM. For the sake of comparison and validation, the STATCOM models are also
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developed using the ISM.

In Chapter 4, the TBM technique is used to develop a detailed model of a Dynamic
Voltage Restorer (DVR). The DVR is a series connected CPD, capable of injecting
controlled amounts of voltage into the power system. The DVR modeled here consists of
three single phase PWM voltage source inverters. The 15-kV distribution feeder is
simulated to study the performance of the DVR. For the sake of comparison and validation,

the DVR modei is also developed using the ISM.

In Chapter S, the summary, contributions and recommendations for future work are

presented.

For the reader’s convenience, a list of abbreviation used in this dissertation is given

in the Appendix A.



2. The Transient Behavioral Model

In this chapter, a new technique to model power electronic converters is described.
The resulting power converter model is referred to as a Transient Behavioral Model (TBM).
The TBM approximates an ldeal Switch Model (ISM) of a power converter by neglecting
the higher order harmonics of the switching frequency. In Section 2.1, basic steps involved
in the development of the TBM are described. In Section 2.2, the TBM is compared with the
Harmonic Balance Method (HBM). The comparison shows that the TBM yields results as
accurate as the HBM, without the cumbersome procedure involved in implementing the
HBM in a time domain simulator. In Sections 2.4 through 2.6, the development of the TBM s
for three benchmark power conve: ier configurations is demonstrated. The three benchmark
converters used for demonstration have been carefully selected so that the TBM for many
other converters can be developed by following the example of one of the three benchmark
converters. The performance of the TBM is compared with that of the Ideal Switch Model
(ISM). For the sake of validation, the simulation results are also compared with those using

accurate physically based switch models. The advantages as well as the limitations of the

TBM are discussed.

2.1  Development of the Transient Behavioral Model

The development of the TBM is heuristic. It involves two simple steps -

1. representing the switching network of a power converter by a set of sources
controlled by its switching function, and

2. approximating the nonlinear switching function generator in the control system
by its describing function.
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Figure 2.1  Typical switch configuration in a PWM power converter.

Figure 2.2 PWM switch modeled by a set of controlled sources.

Consider the typical Pulse Width Modulated (PWM) switch configuration shown in
Figure 2.1. Let h be the switching function such that # = | when S, is closed, and h =0
when S, is closed. If the PWM switch is modeled as an ideal switch, then the currents and

voltages of the switch may be described by the following equation:

(h) (v,5)
(h) (iy)

Based on equation (2.1), the PWM switch can be modeled by a set of controlled sources as

Va2

(2.1)

h

shown in Figure 2.2. Now consider a power electronic converter operated in open loop. If
each PWM switch of the converter is systematically replaced by the model shown in Figure

2.2, then the power converter can be modeled as shown in Figure 2.3.

Next, consider a power converter in closed loop (Figure 2.4). The output (y) is
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processed through a compensator. The output of the compensator (y;) is used as input to a
nonlinear PWM generator that generates the switching function (k). A power converter
model with the switches replaced by controlled sources is obtained by substituting the
model of Figure 2.3 into Figure 2.4. This completes the first step in developing the TBM.

Note that taking an average of the model in Figure 2.3 over the PWM period will yield the

open loop ASM of a power converter.

The next step in deriving the TBM is to approximate the nonlinear PWM generator

using the technique of describing functions [48]. Consider the Fourier approximation of the

switching function (h):

h(t) = Ag+ Y A,cos (wnt) + Y B sin (wnr) (22)
n=1 n=1

where ; is the switching frequency of the converter. For a typical power converter, G,
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Figure 2.5 Transient behavioral model (TBM) of a power converter.

has low pass characteristics due to the presence of an output filter. Also, for a typical control
system, G, has low pass characteristics. Under such conditions, it can be assumed that
the higher order harmonics of & are filtered out such that the input (y;) to the nonlinear block
(Gpwm) contains only the lower order harmonics. Based on this consideration, a describing

function Gy can be used to approximate the behavior of Gpy, as follows:

N N
Ag+ Y A, cos (ont) + ) B, sin (wnr)
~ - N _ n=1 n=1
Gpum =Gy y; y (2.3)

T

where N is the highest order harmonic desired. The resulting model (Figure 2.5) is the TBM
of a power converter. Note that if only the zero frequency (dc) term of the Fourier series is
included in the describing function (Gy), then Ay will reduce to the average value of h.
Since the average value of h is nothing but the duty cycle (d) of the switching function, the
TBM essentially reduces to the ASM. If all the Fourier terms are included in Gy, then the
TBM yields results identical to the ISM. Thus, depending on the number of Fourier terms

included in G, the accuracy of the TBM can be varied from that of the ASM to that of the
ISM.

The number of Fourier terms in the TBM can be varied dynamically during a single
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simulation run. For example, the initial portion of a simulation can be performed using a
TBM with only the dc Fourier term. The TBM with only the dc term has the computational
efficiency of an ASM. In this way, the simulation can rapidly reach a desired operating
point. Once the desired operating point is reached. the higher order Fourier terms of the

TBM are enabled, and the simulation proceeds with a higher level of accuracy.

2.2  Comparison with the Harmonic Balance Method

The HBM is a powerful method for performing the steady state analysis of a
nonlinear system [61]. However, the procedure required to use the HBM for time domain
simulations is cumbersome and inconvenient to implement on a standard circuit simulator
[37]. In contrast to the HBM, the implementation of the TBM for time domain simulations
is easy and convenient. Since both the TBM und the HBM approximate system equations
by neglecting the higher order Fourier terms, a comparison of the two methods provides a

better understanding of the approximation involved in the TBM.
A power converter can generally be expressed by a non-linear differential equation:

x =G (hx) (2.4)

cony

where x is a vector of system states and h is switching function. The HBM uses the Fourier
representation of the system states so that equation (2.4) is converted into an equivalent set
of simultaneous algebraic equations. The algebraic equations are then solved to obtain the
steady state values of the system states. The HBM does not compute the exact solution of
equation (2.4). In fact, it computes the exact solution of the following equation which is

obtained by neglecting some terms on the right hand side of equation (2.4):

= G(_“m,(h,Z)‘eHBM(h, Z) (2-5)

The solution z of equation (2.5) and is a good approximation of solution x of equation (2.4),
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if ey is small.

In contrast to the HBM, the TBM uses a truncated Fourier series representation of
h. This is done in order to avoid numerical problems due to discontinuities during
numerical simulation of equation (2.4). Hence even the TBM does not compute the exact

solution of equation (2.4), but rather it computes the exact solution of:

z = G('nnv(h’z) ~Erppm (h,2) (2.6)

The difference between the TBM and the HBM arises from the difference between ey,

and €7, used in equations (2.5) and (2.6).

Consider a converter with § PWM switches operating in continuous conduction
mode. Then, each PWM switch has two possible states and the power converter will have
a total of 25 switching states. If h; = 1 when the converter is in the ith switching state and

h; = 0 otherwise, then the state space model of the converter is given by:

2’ 2’
= [ ) hiA‘_]x+( )y hiB‘_ju @7

i=1 i=1

where A;, B; correspond to the converter topology when h; = 1. For the sake of simplicity,
it is assumed that there is only one state variable, hence x is a scalar in equation (2.7).
Further, it is assumed that the forcing function u is constant since its time constants are large

compared to the time constants of h; and x. The Fourier representation of h; and x are given

by:

hy= Y, hy,sin(mo+8, ) (2.8)
m=0

X = Z x,sin (n@+¢,) (2.9)

n=0



28

Substituting equations (2.8) and (2.9) in (2.7) gives:

oo 2S o0
%ansin(nm+¢n) =Y 3 h,sin(mo+6,,)Bu
0

n=1 i=1lm=
¥ e e
hthixn
+2, 2 X5 cos((m-mo+6,,-6,) (2.10)
i=lm=0n=90
25 - - himAixn
- 2 Z 3 cos((m+n)o+06, +9¢,)
i=im=0n=20

In the HBM, the terms of the same frequency are equated. After some algebraic and

trigonometric manipulations, the equation corresponding to the pth order harmonic is:

s

2
d . .
zt(xpsm (p0+9,)) = Zhipsm (po+8, ) Bu

(2.11)

s

2 o0
h, Ax
+ z z l(P+;) i1 os (pm+9i(p+n) _¢n) p=0to e

i=ln=0
2 =
h. Ax
i(p-n)""i"n
-3y —ES——cos (p0 +6,(,_, +9,)

i=1ln=0

Equation (2.11) is a set of infinite simultaneous equations. Also note that each equation in
(2.11) yields two equations, by equating the cos and sin terms. In some physical systems,
such as a power converter, the magnitude of Fourier coefficients decreases as the order of
the harmonic increases. Under such conditions, a reasonable approximation would be to
neglect all x, for (n > N). This leads to a system of infinite equations with 2N unknowns (N
unknowns for magnitude x,, and N unknowns for phase ¢,). In order to make the number
of equations same as the number of unknowns, all equations for (p > N) are neglected. Note

that neglecting the equations for (p > N) is consistent with the assumption that the
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harmonics of order greater than N are negligible. The remaining equations are used to solve
for the magnitude and phase of first N harmonics of x. The error in the solution results from

the equations for (p > N) that are neglected. From equations (2.10) and (2.11) the following

error term is obtained:

o
Eypy = 2 Z h;,sin (mw+9,,)

i=lm=N+1

2 N oo
h, Ax
+ Z 2 2 %cos((m—n)o)+6im—¢n) (2.12)
i=zln=0(m=N+1+n)
2 N = h Ax
_2 Z S ———""2‘ cos ((m+n)®+6, +90,)

O(m=N+1-n)

On the other hand, the error in the TBM is introduced by neglecting the higher order

harmonics in h; (m > N). Thus

Ergm = 2 2 h,,sin (mo+86, )

t-lm N+l

+ z z Z himA ,ncoS((m—n)m+9im_¢") (2.13)

i=ln=0m=N+1
N oo

2
-Z 2 Z i '"cos((m+n)(o+6 +9,)
i=1

It can be seen from equations (2.12) and (2.13) that if the Fourier coefficients of h
are small for the higher order harmonics, then both of €7 and €445, are small. Hence, both
the HBM and the TBM yield good approximations of the original system equations.
However, the process of developing the HBM is cumbersome. Further, in order to use the
HBM for time domain simulations, it is necessary to develop a special simulation
algorithm. In contrast to this, the TBM is developed using a simple procedure. The resultant

model is in a form that can be easily implemented in a standard circuit simulator. Thus, the
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TBM is as accurate as the HBM and it also in a form that is easy to implement in a standard

time domain simulator.

2.2.1 Special Case of Linear Equations

Consider a special case where A; = A for all i. For such cases, the state variable

equation can be rewritten as:

2’ 2
Z [ » h‘.]Ax+( Y h‘.BiJu (2.14)
i=1 i=1

Now, at any given time, only one of the h;’s is | and the other h;’s are equal to 0. Hence

equation (2.14) can be rewritten as:

25
dx
i Ax+[ Zh,.B’)u (2.15)

i=1

Equation (2.15) is a linear differential equation in x and h; Hence by principle of
superposition, it is seen that if h;y (the Nth order Fourier representation of /) is used in
equation (2.15), then the solution x is indeed the Nth order Fourier representation of the
solution x. In other words, it can be said that if the matrix A does not change with each

switching state, then using the TBM gives an accurate Nth order Fourier representation of

the original system.

An important class of converters for which the matrix A does not change with
different switch configurations are dc/ac inverters with an ideal dc voltage source. If the dc
source has an internal resistance, then as long as the resistance is sufficiently low, the
change in matrix A for different switch configurations is negligible. Hence the TBM gives
accurate Nth order Fourier representation of the dc/ac inverter. Even for dc/ac inverters
with a capacitor on the dc side, if the capacitor voltage is fairly constant during a single
switching period, the resulting TBM is an accurate Nth order representation of the original

system. As shown later in Chapters 3 and 4, STATCOM’s and DVR’s consist of dc/ac
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inverters with a capacitor on the dc side. Hence, the TBM for these devices is an accurate

Nth order representation of the original system.

2.3 Selection of Benchmark Converters for Demonstration of TBM

In the rest of the chapter (Sections 2.4 through 2.6) the steps involved in the

development of a TBM are demonstrated using the following benchmark power converter

circuits [71]:

- buck converter in voltage control mode,
- buck converter in current control mode,

- dc/ac inverter in phase control mode.

As described in Section 2.1, the development of the TBM involves two basic steps.
The first step can be easily performed for any converter that has the switch configuration
shown in Figure 2.1. The second step is more involved and has to be performed differently
for different converters. Specifically, each converter will require a diffe.ent describing
function (Gp) depending upon the switching technique used. In order to serve as examples
for future use of the TBM, each converter contiguration selected for demonstration purpose
employs a different switching technique. The buck converter in voltage control mode,
represent a case for which the duty cycle can be explicitly determined in terms of control
signals. The buck converter in current control mode represent a case for which the duty
cycle is implicitly determined in terms of the control signals. Finally, the dc/ac inverter in
phase control mode represent a case for which the duty cycle is kept constant (at 50%)

whereas the phase of the switching function is varied by the control circuit.

2.4  Buck Converter in Voltage Control Mode

Consider the buck converter shown in Figure 2.6. The converter is controlled such
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compensator

Figure 2.6  Buck converter in voltage control mode.

that its output voltage (v3) is maintained at a desired reference value (Vyep) Since the
configuration of the MOSFET (S)) and the diode (S,) is the same as that of the PWM switch
configuration shown in Figure 2.1, it is possible to model them by the controlled sources
shown in Figure 2.2. This completes the first step described in Section 2.1 for developing

the TBM. The next step is to determine the describing function Gy,

2.4.1 Determination of the Describing Function

The switching function (h) is determined by the carrier signal (v.) and the input
signal (v;). For a typical buck converter in voltage control mode, the change in v; within a
single switching period (7)) is negligible. This assumption is consistent with the assumption
made in Section 2.1 regarding the low pass characteristics of G,,,,,,- Under this assumption,
for a given carrier signal v, the switching function can be expressed explicitly in terms the
input signal v;. For a sawtooth carrier signal, with peak voltage of +1 and time period T

(Figure 2.7), the switching function is:

h=1 ., for 0stsv,T (2.16)
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Figure 2.7 Top: saw tooth carrier signal (v;) and input signal (v); bottom:
switching function (h) for generating gate triggering signals.

h=0 ... for vT<t<T 2.17

Using equations (2.16) and (2.17), the following describing function is obtained:

N
Gyv) = v+ Y, (nlnsin(Znnv‘.) cos(u)sm))

n=1

1

(2.18)
N
+ Z (—; [1-cos (27nv)) ] sin ((osnt))
n=1

T
The resulting model of the buck converter is shown in Figure 2.8.

2.4.2 Validation and Performance Evaluation - Variable Time Step Simulator

The purpose of the simulations described in this section is to study the performance
of the TBM of the buck converter in a variable time step simulator such as SABER. The
model described in Section 2.4.1 is developed on SABER. The switching frequency of the
buck converter is 10 kHz. The response of the buck converter to a step in v, from O V to
8 V is simulated using the (a) ISM, (b) TBM with three Fourier terms, and (¢) TBM with
only the dc Fourier term. Note that the TBM with only the dc term reduces to the ASM. For

the sake of validation, the simulation is also performed using physically based models of a
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compensator

Figure 2.8 Model of the buck converter using the TBM.

MOSFET and a diode [63]. The accuracies of the physically based MOSFET and diode
models have been established by comparison with experimental results in [63]. Figure 2.9
shows the voltage across switch S, and current through the inductor simulated using the

physically based models. The results show:

- the turn-on and turn-off characteristics of the switches,
- the harmonics (ripples) in the voltage and current waveforms,

- the dynamics of the voltage and current (i.e. the rise from zero to their respective
steady state values).

Figure 2.10 and Figure 2.11 show the results obtained using the different switch
models. The voltage and current waveforms simulated by the three models differ in the
amount of information that can be extracted from the waveforms. In general, the three
models give results consistent with the physically based model. However, unlike the
physically based model, the ISM approximates the switching waveforms by instantaneous

transitions between the on and off states of the switch. The TBM with three Fourier terms
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approximates the waveforms even more by neglecting the higher harmonic components in
the voltage and current waveforms. The TBM with only the dc Fourier term simulates only
the dynamics of the converter by neglecting all but the average component of the
waveforms. The total CPU time required to simulate the buck converter over a period of 10

ms with the different switch models is shown in Table 2.1.

Table 2.1: Comparison of CPU time for different switch models - simulation of a buck
converter in voltage control mode using SABER.

Switch model CPU time (seconds)
Physically based model 475
ISM 15
TBM with three Fourier terms 7.85
TBM with only the dc Fourier term 1.45

The simulations are performed on an HP Series 700 workstation. The results show
that the TBM with three Fourier terms is almost twice as computationally efficient as the

ISM. The TBM with only dc term (which reduces to the ASM) is 10 times as efficient as
the ISM.

2.4.3 Performance Evaluation - Fixed Time Step Simulator

The simulation of the buck converter in voltage control model is repeated on a fixed
time step simulator. The EPRI-EMTP is used for this purpose. The Transient Analysis of
Control Systems (TACS) feature of EMTP is used for the development of the TBM [64].

The usual procedure for determining the time step size in a fixed time step simulator

is as follows:

1. Simulate the system with a large time step size.
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Figure 2.10 Voltage across switch S2 - (a) ISM, (b) TBM with three
Fourier terms, (¢) TBM with only the dc Fourier term.

2. Reduce time step size by half.

3. Repeat simulation with the reduced time step size.




37

[ )
2

1.9

5.2n 5.5n S.4n 5 .50 S.6m t(m)
<R>
? \\ /
2 o
1
o T T T T
o 2mn qm 6m Bn 10mn t(a>

Figure 2.11 Inductor current - (a) ISM, (b) TBM with three Fourier terms, (c) TBM
with only the dc Fourier term.

4. If results of simulation are significantly different from those using the previous

(larger) time step size, then go to step 2.

5. If simulation results are not significantly different from those in with the
previous (larger) time step size, then the previous time step size is the time step
size to be used for the system being simulated.

The simulation of the buck converter shown in Figure 2.6 is performed using the (a)

ISM, (b) TBM with three Fourier terms, and (c) TBM with only the dc Fourier term. The
steps listed above are used to determine the appropriate time step size for each type of
model. The results of the simulation are shown in Figure 2.12. The results from all the
switch models are consistent. Also, the results obtained by EMTP are consistent with those
obtained by SABER as observed by comparing Figure 2.11 and Figure 2.12. The only

difference observed between the EMTP results and the SABER results is that with the
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Figure 2.12 Simulation of buck converter in voltage control mode using the
EMTP - (a) ISM, (b) TBM with three Fourier terms, (c) TBM with
only the dc Fourier term.

EMTP, the inductor current simulated by TBM with three Fourier terms has a small delay
relative to the inductor current simulated by the ISM as observed in Figure 2.12. This delay
is due to the delay between the EMTP and the TACS network. The observations regarding

the accuracy of the three models is similar to those made in Section 2.4.2.

The time step size used and the corresponding CPU time are summarized in Table
2.2. It is observed that the simulation with the ISM has to be performed using a time step
size of 0.5 ps, whereas the simulation using the TBM can be performed with a time step
size of 5 ps. As a result, the TBM is 3 times as computationaily efficient as the ISM. The
TBM with the only the dc Fourier term can be simulated with a time step of 20 us, hence

it is computationally most efficient amongst the three switch models.

In order to demonstrate the effect of time step size on the accuracy of the results,
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Table 2.2: Comparison of CPU time for different switch models - simulation of a buck
converter in voltage control mode using EMTP.

Switch model Time (::3’ (Cq':SO:('i’:‘)’
ISM 0.5 8.2
TBM with three Fourier terms 5 2.6
TBM with only the dc Fourier term 20 03

the simulation using the ISM is repeated with a larger time step size of 10 us. The results
are shown in Figure 2.13. The voltage across the capacitor and the current through the
inductor show an irregular variation. This irregular behavior is the result of the inaccuracies
caused by the large time step size. For a typical numerical integration method, such as the
trapezoidal method used in the EMTP, the truncation error is dependent on the time step
size used [56]. The truncation error is also dependent on the time derivative of the signal
being simulated. In the case of a switched network, the time derivative at the instant of
switching is very large. In order to limit the truncation error, the time step has to be reduced
during the switching instants. The irregular behavior observed in Figure 2.13 is due to
numerical problems and does not represent the true behavior of the circuit. This is

confirmed by the simulation result shown in Figure 2.12, where a time step of 0.5 ps is used.

2.4.4 Variation of Accuracy of TBM During a Single Simulation Run

An interesting property of the TBM is that its accuracy can be easily varied by
merely varying the number of Fourier terms used to approximate the switching function.
Also, the lower the level of accuracy the higher is the computational efficiency of the TBM.
This property is can be exploited in situations where the simulation has to be run for a long
period of time for the system to reach a desired operating point. With a TBM, the initial part
of the simulation can be performed with only the dc Fourier term so that the system rapidly

reaches the desired operating point. Once the desired operating point is reached, the higher
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Figure 2.13 Simulation of the buck converter in voltage control mode using
the EMTP - top: inductor current; bottom: capacitor voltage.
The ISM with a time step of 10 us is used.

order Fourier terms of the TBM are enabled and the simulation proceeds with a higher level
of accuracy. This technique is especially useful since there are many cases where it is
difficult, or even impossible, to manually set the desired initial conditions for the
simulation. However, it should be noted that use of the dynamic variation of accuracy

requires knowledge regarding the approximate time required to reach steady state.

Consider the simulation of the buck converter in voltage control mode. Consider a
simulation to study the ripple in the inductor current during steady state. For such studies,
the rise of the inductor current from O A to 2 A is not of interest. Hence, it is desirable that
the simulation proceeds with the fastest possible computation speed from t =0 to t = 8 ms.
To achieve this, the TBM is modified such that only the dc Fourier term is used till = 8 ms.

After t = 8 ms, the higher order Fourier terms are activated. The simulation results are
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Figure 2.15 Inductor current - simulation using TBM with only the dc Fourier term
up to 8 ms, and three Fourier terms from 8 ms to 10 ms.

shown in Figure 2.14 and Figure 2.15. The CPU time for this study, along with the CPU

times summarized in Table 2.3. As expected, the TBM with dynamically varied accuracy
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is faster than the TBM with three Fourier terms, but slower than the TBM with only the dc

Fourier term.

Table 2.3: Comparison of CPU time for different switch models - simulation of a buck
converter in voltage control mode using SABER.

Switch model CPU time (seconds)
Physically based model 475
ISM 15
TBM with three Fourier terms 7.85

TBM with only the dc Fourier term up to 8 ms 2.81
and three Fourier terms from 8 ms to 10 ms.

TBM with only the dc Fourier term 1.45

2.5 Buck Converter in Current Control Mode

Consider a buck converter operated in current control mode (Figure 2.16). The
control system consists of two loops. The outer loop is the voltage control loop and the
inner loop is the current control loop. The outer loop senses the error (v,) in the load voltage
and generates the necessary current reference (i*). The inner loop controls the switching
function (h) such that the inductor current (i; ) tracks the desired reference value (i*). There
are various methods available to implement a current control loop [65]. In this discussion,
the constant frequency current control method is considered. In this method, switch S is
turned on at the positive edge of a constant frequency clock. This results in a positive
voltage across the inductor and hence causes the current i; to build. When the current
reaches the desired reference value, S, is turned off and switch S, is turned on (Figure
2.17). At the next positive edge of the clock, switch S2 is turned off and the cycle is

repeated. For stability reasons, a ramp signal (i) is subtracted from the actual current

reference (i*).
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Figure 2.17 Constant frequency current control for buck converter.

2.5.1 Determination of the Describing Function

In the case of a current controlled converter, h is an implicit function of the current
and the output filter inductance. Hence, in order to determine the describing function, it is

necessary to consider the output filter inductor with the PWM switch (Figure 2.18).



Figure 2.18 Typical configuration of switch and filter inductor in a current
controlled PWM converter.

The current through the inductor (i;) is controlled by the voltage across the
inductor. If d is the duty cycle, and T is the time period, then the voltage across the inductor
will be (v;-v;) during the period dT and (v,-v;) during the period (1-d)T. Due to the
presence of the output filter capacitor (not shown in Figure 2.18), it can be assumed that the
voltage at node 3 is almost constant within a single PWM cycle. The voltage between nodes
1 and O can also be assumed to be constant within a single PWM cycle due to the presence
of a voltage source between nodes | and 0. Then, for known values of the stabilizing ramp
magnitude (k), the filter inductor (L) and the voltages at nodes 1, 2 and 3, an implicit

expression for the duty cycle can be obtained as below:

d*T (v, -vy) —d [KL=T(v;-vp)] -LAi, = 0 (2.19)

The switching function for a duty cycle of d is given by:

h=1 ... for 0<t<dT (2.20)
h=0....convenne. for dT<t<T (2.21)
Using equations (2.19) through (2.21), the Fourier coefficients of the describing function
can be easily constructed. The resultant TBM is shown in Figure 2.19. Note that the
dependence of the describing function on the output filter inductor, corresponds to the use

of constraint equations that are incorporated in the ASM for converters in current control
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Figure 2.19 Transient behavioral model of a PWM converter in
current control mode.

mode [66].

2.5.2 Validation and Performance Evaluation

The buck converter in currznt control mode is simulated first with the accurate
physically based models. Then the simulations are performed using the (a) ISM, (b) TBM
with only three Fourier terms and (c) TBM with only the dc Fourier term. The simulations
are performed in SABER. The results are shown in Figure 2.20 and Figure 2.21. The
simulation times required on a HP series 700 workstation are summarized in Table 2.4. The
observations regarding the accuracy of the waveforms and the simulation speeds are similar
to those for a buck converter in voltage control mode. It should be noted that in the case of
the buck converter in voltage control mode, the TBM with three Fourier terms is twice as
fast as the ISM. However, in the case of the buck converter in current control mode, the
TBM with three Fourier terms is only 50% faster than the ISM due to the additional

computation burden of the constraint equation.
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Figure 2.20 Inductor current - simulation of a buck converter in current control
mode using physically based switch models.

Table 2.4. Comparison of CPU for different switch models - simulation of buck converter
in current control model.

Switch model CPU time (seconds)
Physical models 507
ISM 16.9
TBM with three Fourier terms 11.0
TBM with only dc term 1.22

2.6 DC/AC Inverter in Phase Control Mode

Consider a six-pulse, three phase dc/ac inverter in phase control mode (Figure
2.22). To make the example more interesting, the inverter control is configured similar to
that of a Static Compensator (STATCOM) [15]. The output of the inverter is tied to a three
phase voltage source through inductors. The three phase ac source corresponds to the

power system and the inductors correspond to the impedance of the transformer that ties a
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Figure 2.21 Inductor current - simulation of a buck converter in current control
mode using (a) ISM, (b) TBM, (c) ASM.

STATCOM to the power system. The phase of the inverter output voltage is controlled such
that the inverter output currents (i, iy, i.) are always 90° out of phase with the respective
power system voltages (v, v, v.). In order to achieve such a control, the inverter output
currents arc transformed from the abc coordinates to the rotating dq coordinates. The dg
reference axes are selected such that the ¢ component of the power system voltage is zero.
With such a reference, the desired control is achieved simply by ensuring that the d
component of the inverter current is zero. The error in the d component of the current is
processed through a compensator. The output of the compensator is given as input to three
voltage controlled oscillators (VCO’s). The outputs of the oscillators provide the phase

references for the gate trigger generators.
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Figure 2.22 Six-pulse, three phase dc/ac inverter in phase control mode.

2.6.1 Determination of the Describing Function

In this case, there are three switching functions, one for each phase. The switching

function for phase A is given by:

ha
where sgn(.) is the sign function, and

!

sgn (vco,)

veo (1) = sin(j(m0+v,.)dr+¢a]

0

(2.22)

(2.23)

where @y is the base frequency and ¢, is the phase of the VCO. The describing function
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Figure 2.23 TBM of dc/ac inverter in phase control mode.

2.6.2 Validation and Performance Evaluation

can be easily determined from equations (2.22) and (2.23). The resulting TBM is shown in
Figure 2.23.

The dc/ac inverter in phase control mode is simulated first with the accurate

physically based models. Then the simulations are performed using the (a) ISM and the (b)
TBM with up to 7th Fourier term. The simulations are performed in SABER. The SABER
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Figure 2.24 Phase A inverter voltage (top) current (bottom) - simulation using
physically based models.

input files are given in D.3. The results are shown in Figure 2.24 and Figure 2.25. The
simulation times required on a HP series 700 workstation are summarized in Table 2.5. The
observations regarding the accuracy of the waveforms and simulation speeds of the ISM
and the TBM are similar to those of the buck converter in voltage control mode. The
efficiency of the TBM is 20% higher than the efficiency of the ISM. This is lower than in
the case of the buck converter in voltage control mode because the number of switching
transitions in the case of a dc/ac inverter are significantly lower than in the case of the buck
converter. It should be noted that the TBM with only the dc Fourier term or the ASM cannot
be used for this study since the dynamics of the converter depend on the frequency changes

in the switching function while keeping the duty cycle ratio constant at 0.5.

2.7 Conclusions

A new modeling technique has been introduced. The resulting model is referred to
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Figure 2.25 Phase A inverter voltage (top) and current (bottom) - simulation using
(a) TBM, (b) ISM.

Table 2.5. Comparison of CPU for different switch models - simulation of dc/ac inverter
in phase control mode.

Switch model CPU time (seconds)
Physical models 692
ISM 31.8
TBM with up to 7th harmonic 26.0

as a Transient Behavioral Model (TBM). The TBM of a power converter is obtained by
systematically replacing the switches by controlled sources and the non-linear switching
function generator by its approximate describing function. The number of Fourier terms
included in the describing function approximation determine the accuracy of the TBM.
When only the dc Fourier term is included, the TBM reduces to the ASM. When all the

Fourier terms are included, the TBM yields results identical to those of an ISM. Thus the
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accuracy of the TBM can be varied easily from that of an ASM to that of an ISM. In fact,
the change in the level of accuracy can be made dynamically during a single simulation run.
As shown in the case of the buck converter in voltage control mode, a simulation can be
started with a TBM using only the dc Fourier term so that the simulation proceeds with a
high computational efficiency. When the circuit reaches the desired state, the number of
Fourier terms in the TBM can be increased to give more accurate results. In the case of the
buck converter, the transition of the model from a low accuracy level to high accuracy level
did not cause any numerical stability problems. However, it should be noted that the step

change in accuracy may lead to numerical instability.

The power of the TBM lies in its ease of use and implementation in standard circuit
simulators such as SABER and EMTP. Thus the TBM is superior to other methods that use
Fourier series representation (such as the HBM and the generalized average switch model).
The TBM is also superior to the ISM. With the ISM, it is necessary to use small time steps
near discontinuities. With the TBM, there are no discontinuities in the current and voltage
waveforms. Hence the TBM uses larger time steps and is computationally more efficient
than the ISM. The computational efficiency of the TBM is twice that of the ISM in the case
of the buck converter in voltage control mode. In the case of the buck converter in current
control mode, the efficiency of the TBM is 50% more than that of the ISM. Hence it can be
concluded that constraint equations reduce the efficiency of the TBM. In the case of the dc/
ac inverter in phase control mode, the TBM is about 20% more efficient than the ISM.
Hence it can be concluded that the TBM is more efficient when the number of switching
transitions are large. The simulation of the buck converter in voltage control mode shows

that the higher efticiency of the TBM is even more significant in the case of simulators that

use a fixed time step algorithm.

Even though the TBM requires considerably less modeling effort than techniques
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such as the HBM and the GASM, it should be noted that the TBM requires more modeling
effort than the ISM. Further, since the TBM models only up to a limited number of
harmonics, the use of the TBM requires the user to exercise judgement over the number of
Fourier terms that need to be included in the model. Omission of essential Fourier terms

can lead to erroneous results.

It should also be noted that the TBM is valid only for switch configu: ations shown
in Figure 2.1. Further, it assumes that at any instant of time, exactly one of the two switches
(Sy or Sy), is closed. Thus the TBM assumes continuous operation of the converter and
cannot be used for studies which involve discontinuous current conduction, or an abnormal

switching condition.



3. Static Compensator (STATCOM) -
Models and Simulation Studies

A Static Compensator (STATCOM) is a recently proposed shunt connected, solid
state device that injects currents into the system in order to improve the power quality of
the system. A brief description of its basic structure and functions is given in Section 3.1.
Various circuit topologies and control schemes can be used to implement a STATCOM. In
Sections 3.2 and 3.3, the proposed TBM is developed for two implementations of a
STATCOM, namely, (i) 12-pulse and (ii) PWM. The 12-pulse implementation consists of a
low switching frequency converter capable of compensating load reactive power. The PWM
implementation consists of a high switching frequency converter capable of regulating the
voltage at the tie point as well as compensating load harmonic currents. It is important to
note that the design of these devices is specific to the svstem in which they are installed. In
this chapter, it is shown that in order to design the various parameters such as the size of
filter components, the voltage and current ratings, the impedance of the coupling
transformer and the control system parameters it is necessary simulate the STATCOM
along with the entire power system. The TBM's for the two STATCOM's are extremely
effective for these simulation studies. The studies are performed on a practical 15 kV
distribution feeder having serious power quality problems. A comparison is made between

the use of the TBM's and the ISM's for such simulation studies.

31 Introduction

A Static Compensator (STATCOM) is a shunt connected, solid state device capable
of providing variable var support without the use of large reactive components like
capacitors and inductors. It is also known as an Advanced Static Var Compensator (ASVC)

[67], an Advanced Static Var Generator (ASVG) [68], or a Static Condenser (STATCON)
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Figure 3.1  Basic functional modules of a STATCOM implemented as a
solid state dc/ac voltage source inverter connected to the
system through an inductive impedance.

[69]. Its primary functions include one or more of the following:

- reactive power compensation,
- voltage control (by reactive power management),
- harmonic voltage and current compensation.

A STATCOM can be implemented using a Current Source Inverter (CSI), or a
Voltage Source Inverter (VSI) in current control mode. Due to the difficulties involved in
implementing a high power rating CSI, practical implementations of a STATCOM have
been developed using a VSI connected to the power system through the inductive
impedance of a coupling transformer as shown in Figure 3.1.  For the configuration shown
in Figure 3.1, the current injected into the system depends on the voltage across the
coupling inductance (X;). By controlling the output voltage of the inverter (V,.g7), the
current injected into the system can be controlled as:

- (VacST) - (Va('LN)
acST ij

3.1
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Figure 3.2 Phasor diagram showing var generation and
absorption by a STATCON.

If the output voltage (V,.¢7) is synchronized with ac system voltage (V. n), then
the current injected into the system (/,.gp) is purely reactive. Further, by varying the
magnitude of V,.¢r the reactive power supplied/absorbed is controlled. The phasor

diagram showing the reactive power generation and absorption is given in Figure 3.2 [69].
In this chapter, the TBM’s are developed for two types of STATCOM's:

(1) 12-pulse (non-PWM): for reactive power compensation,
(ii) PWM: for voltage regulation and current harmonic compensation.

The development of the TBM’s for the 12-pulse and the PWM STATCOM is
described in sections 3.2 and 3.3 respectively. The effectiveness of the TBM in simulation
studies for the design of these converters is demonstrated. It should be emphasized that the
design of a STATCOM is not independent of the specifics of the system in which the
STATCOM is to be installed. Hence a practical 15-kV distribution feeder with serious

power quality problems is considered for the simulation studies presented in this chapter.

3.2  12-Pulse STATCOM

The main feature of a 12-pulse STATCOM is that the VSI consists of two 6-pulse

inverters connected by a combination of delta-wye and wye-wye transformers to give a 12-
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pulse output as shown in Figure 3.3 [68]. The VSI is operated in phase control mode such
that the STATCOM output current leads the system voltage by 90°. The magnitude of the
output current is controlled by controlling the STATCOM output voltage, which in turn is
controlled by the dc capacitor voltage [15]. Under steady state conditions, the only real
power absorbed by the STATCOM is to supply its losses. In steady state, the dc capacitor
voltage is constant and hence the output current injected into the system is constant. The
STATCOM senses the reactive current demand of the load and adjusts its dc capacitor
voltage by exchanging real power with the system. This type of a STATCOM is capable of
providing reactive power compensation or voltage compensation. Due to its low switching

frequency, it is not capable of providing harmonic compensation.

3.2.1 Configuration of the Power Converter

The 12-pulse VSI consists of two 6-pulse VSI's connected to a common dc
capacitor as shown in Figure 3.3. The first 6-pulse VSI leads the second 6-pulse VSI by 30°.
The outputs of the two VSI's are added by a combination of a wye-wye and a delta-wye
transformer. Note that the mid-point of the dc capacitor is connected to the ground, whereas
the neutral on the ac side is floating. The resultant inverter output voltage consists of a 12-
pulse waveform with associated (12nx1 ) harmonics. The output filter consists of two series
LC circuits tuned to the 11th and the 13th harmonic. The coupling transformer is a wye-
delta transformer with a turns ratio of l:ﬁ. The turns ratio is selected such that the

magnitude of the line to line voltages on the primary side is same as that on the secondary

side.

3.2.2 Configuration of the Control System

When the STATCOM output voltage is kept in phase with the system voltage, then

the STATCOM output current is purely reactive. Under such conditions,'there is no real
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Figure 3.4  Control system of a 12-pulse STATCOM.

power exchange and hence the dc capacitor voltage is held constant. If the STATCOM
output voltage is made to lag the system voltage, then the STATCOM will absorb real
power and hence the dc capacitor voltage will increase. Thus the dc capacitor voltage can
be controlled by the phase angle of the output voltage. The dc capacitor voltage will in turn
control the reactive current injected into the system. This is the basic control strategy of the
12-pulse STATCOM as shown in Figure 3.4. The g-axis component of the load current
(ij_4» and the STATCOM current (i;_,) are used as a measure of the instantaneous reactive
power absorbed by the load and the STATCOM respectively. The error in the reactive

current (i, ) is computed and processed through a compensator. The output of the
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compensator (v;) controls the phase of six voltage controlled oscillators (VCO’s). Under
steady state conditions, i, , and v; are zero, and the output of the VCO is at constant
frequency, locked in phase with the system voltage. Upon an increase in i, 1» vi becomes
positive and the output of the VCO lags the system voltage. As a result of this lag, the dc
capacitor charges up, which in turn causes an increase in i, . The STATCOM reaches a
new steady state when i, ; becomes equal to the new i, ;. The outputs of the VCO’s are

converted into gate triggering signals by gate trigger generator modules.

3.2.3 Design of the STATCOM Components

For the development of a model, it is necessary to know the various design
parameters of the STATCOM such as the filter size, the coupling transformer impedance
and the control system parameters. However, in the case of the 12-pulse STATCOM
described here, the information regarding the parameters is not available prior to the model
development. Hence, a systematic step by step procedure is followed in order to develop
the model. The procedure essentially involves analytical calculations to determine the
STATCOM parameters, followed by simulation studies to refine the calculated parameter

values. The various steps in the design procedure are:

1. Analytically calculate the following parameters - the voltage and current
ratings of the dc/ac inverter, the dc voltage level, the size of the filter
components, leakage impedance of the coupling transformer and the gains of

the PI block for inverter current control.

2. Develop the TBM for the STATCOM using the parameters determined in step
1.

3. Perform simulation studies with STATCOM in open loop and refine the
parameters determined in step |, namely, the dc voltage level, size of filter

components and leakage impedance of transformer.
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4. Perform simulation studies with STATCOM in closed loop and refine the

control system parameters for load reactive power compensation.

Note that in the above listed steps, the design of the snubber circuits is omitted. The
selection of the snubber circuits involves simulations using switch models that accurately
simulate the switch turn-on and turn-off characteristics. Such simulations are beyond the

scope of this dissertation and hence the issue of snubber design is not addressed here.

The TBM developed for the 12-pulse STATCOM is described in Section 3.2.4. The
various analytical calculations involved in step 1 are shown in Appendix B.l. The
simulation studies involved in steps 3 and 4 are described in Section 3.2.6 and 3.2.7
respectively. The TBM is used for these simulation studies. Comparisons are made with the
corresponding use of the ISM for such simulation studies. The simulations are performed
with the STATCOM installed at node 3 of the 15-kV distribution feeder shown in Figure

3.5. The detailed description of the system is given in Section 3.2.5.

3.2.4 Model Description

The basic functional blocks of the 12-pulse STATCOM are the same as shown in
Figure 3.1. A modular approach to modeling is used, i.e. each functional block is modeled
as a separate module. The complete model is obtained by appropriately connecting the
individual modules. It should be noted that the TBM of the 12-pulse STATCOM differs
from the ISM of the 12-pulse STATCOM only in the VSI module and the control system

module. The other modules are common to the TBM and the ISM of the STATCOM.

The SABER simulator [22] is used for developing the various modules. The TBM
for each 6-pulse inverter is similar to that of the phase controlled dc/ac inverter described
in Section 2.6. The coupling transformer module is modeled by standard SABER library

models. The output filter module consists of series L.C elements tuned to the 11th and 13th
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Figure 3.5 One line diagram of 15 kV distribution feeder.

harmonics. The sensing module consists of ideal current and voltage sensors with low-pass

noise filters. The describing function approximation of the switching function generator is

similar to that given in section 2.6.

3.2.5 Description of the 15 kV Distribution Feeder

The model of a 15-kV distribution feeder is used to demonstrate the STATCOM
models (Figure 3.5). This distribution feeder is located in Oregon and supplies a veneer mill
[50]. The veneer mill includes linear loads such as synchronous motors. The load varies
rapidly and hence causes voltage flicker problems. The veneer mill also includes a
nonlinear load in the form of a rectifier-fed dc motor. This nonlinear load is a source of
current harmonics and causes severe harmonic distortion in the system. The 8.1 mile long
line feeding the load has a relatively high impedance and worsens the power quality

problems.

3.2.6 Simulation Study - Output Filter Design

This study is performed to refine the filter component sizes determined analytically

in Appendix B.1. For this study, the STATCOM is operated in open loop. The control
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Figure 3.6  Simulation of 12-puise STATCOM in open loop using the TBM.

system is given a command to inject a fixed amount of reactive current starting at 30 ms.
The system load is turned off. The simulations are performed using the TBM. The
describing function used to approximate the switching function, as described in Section 2.6,

includes the fundamental, 11th and 13th Fourier terms.

The first simulation is performed using the parameters determined in Appendix B.1.
The simulation results are shown in Figure 3.6. A Fast Fourier Transform (FFT) of the
voltage and current waveforms shows that the waveforms have 11th and 13th harmonic
distortion of 1.78% and 1.01% respectively, as shown in Table 3.1. It should be noted that
the level of harmonic distortion is significantly high for the system under consideration due
to the fact that the system voltage is not stiff. Based upon the planning and operation
requirements of the power system in which the STATCOM is installed, such levels of
harmonic distortion may or may not be ucceptable. If such levels of harmonics are not
acceptable, then the simulation study reveals that the parameters determined in Appendix
B.1 are not satisfactory. This situation reflects the need for the STATCOM design to be

customized for the particular system in which it is installed.

In order to decrease the harmonic distortion due to the current injected by the
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Table 3.1: Harmonics in STATCOM voltage and current: simulation using TBM with the
parameters determined in Appendix B.1.

Voltage (magnitude) Current (magnitude)
Harmonic
Volts %o Amps %o
Fundamental 11530 100 195.9 100
11th 205.5 1.78 2.32 1.18
13th 116.9 1.01 1.11 0.57

STATCOM, one method is to modify the design of the output filter. However, the
impedance of the 8.1-mile line from the substation to node 3, in Figure 3.5, is
approximately 15 mH (inductive) and 9 € (resistive). This impedance is of the same order
as the combined impedance of the STATCOM voltage summing transformer (L, = 10.6
mH) and coupling transformer (L,5, = 10.6 mH). This makes the voltage at node 3 very
sensitive to the distortion in the STATCOM current. Hence, rather than re-designing the
output filter, the inductor L,y is increased to 30 mH. An important consequence of this
modification is that for the same amount of injected current, the dc voltage rating of the

STATCOM has to be increased.
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The open loop simulation is repeated with the modified values of the inductors. The
results are shown in Figure 3.7. Table 3.2 summarizes the results of an FFT analysis of the
current and voltage waveforms. A comparison of Figure 3.6 and Figure 3.7 as well as Table
3.1 and Table 3.2 shows that the harmonic distortion in the voltage and current waveforms
is significantly reduced after the modifying the STATCOM design.

Table 3.2: Harmonics in STATCOM voltage and current: simulation with L., increased

to 30 mH.
Voltage (magnitude) Current (magnitude)
Harmonic
Volts %o Amps %
Fundamental 11510 100 194.2 100
11th 81.33 0.71 0.90 46
13th 4261 0.37 0.40 21

Table 3.3: Harmonics in STATCOM voltage and current: comparison of simulation using
TBM with simulation using ISM.

Voltage (magnitude in V) Current (magnitude in A)
Harmonic
TBM ISM TBM ISM
Fundamental 11510 11510 194.2 194.1
11th 81.33 79.68 0.90 0.94
13th 42.61 35.44 0.40 0.40
23rd 0.10 98.48 0.01 0.55
25th 0.32 91.3 0.01 0.46

Table 3.4: Comparison of simulation times using TBM with simulation using ISM.

Model

CPU time (s)

TBM

268

ISM

333

For the sake of comparison, the simulation with the modified inductor values is
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Figure 3.8  Simulation of 12-pulse STATCOM in open loop using the ISM
- Lysr1 is increased to 30 mH.

repeated using the ISM. The corresponding results are shown in Figure 3.8. A comparison
of Figure 3.7 and Figure 3.8 shows that the results of the TBM are consistent with those of
the ISM. Table 3.3 shows that the TBM accurately simulates up to the 13th harmonic
component. This is due to the fact that the describing function approximation used for the
TBM includes Fourier terms up to the 13th harmonic frequency. This example illustrates a
potential source of error in the use of the TBM. Since the TBM requires the user to
predetermine the number of harmonics to be included in the model, it is necessary for the
user to exercise judgement over the number of Fourier terms to be included in the model.

Table 3.4 shows that the TBM is computationally 20% more efficient than the ISM

3.2.7 Simulation Study - Reactive Power Compensation

The response of the STATCOM to a step increase in the load reactive current is
studied in this simulation. The linear load is switched on at 70ms. Simulations are
performed using the TBM with the switching function approximated by the fundamental,
11th and 13th fourier terms. Figure 3.9 shows the system phase A line to neutral voltage,

the phase A source current and the phase A load current. The load current lags the voltage
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Figure 3.10 Phase A system line to neutral voltage, load current and source
current - simulation using ISM.

whereas the source current is in phase with the system voltage, thus showing that power
drawn from the source is at unity power factor. The response of the STATCOM is within
two 60 Hz cycle. For the sake of comparison, the simulations are repeated using the ISM.

The results are shown Figure 3.10. Comparing Figure 3.9 and Figure 3.10, it can be seen
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that the results of the TBM are consistent with those of the ISM. However, the CPU times
required by the two models on a HP 700 series workstation shows that the TBM is 20%

more efficient than the ISM as indicated in Table 3.5.

Table 3.5: CPU times with different switch models for a simulation period of 150 ms.

Model CPU time (s)
ISM 349
TBM (up to 13th Fourier term) 280

33 Pulse Width Modulated STATCOM

The main feature of a PWM STATCOM is that the VSI consists of a 6-switch, high
frequency, H-bridge inverter. The primary control functions of the STATCOM modeled
here are -- (i) to regulate the fundamental voltage at the coupling point by injecting
appropriate amounts of fundamental reactive current and (ii) to inject harmonic currents to
compensate the load harmonic currents. The reactive current injected into the system is
controlled by varying the modulation index while keeping the dc capacitor voltage constant

[15]. The load current harmonics are compensated by injecting equal and opposite amounts

of harmonics into the system.

3.3.1 Configuration of the Power Converter

Figure 3.11 shows the topology of the power converter part of PWM STATCOM
under consideration. The dc/ac inverter consists of 6 switches in an H-bridge configuration.
On the dc side of the inverter, the mid-pdint of the capacitor is connected to the ground. On
the ac side of the inverter, the neutral is floating. The output filter consists of a two inductors
and one capacitor in each phase. Inductor Ly, and capacitor Cyare selected so as to give a
cut off frequency sufficiently lower than the switching frequency. The inductor Ly, and

capacitor Cyare tuned to the switching frequency in order to provide a low impedance path
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Figure 3.11 Topology of power converter part of the PWM STATCOM.

for the switching frequency component of the inverter output current. The coupling
transformer is a wye-delta transformer with a turns ratio of I:ﬁ so that the line-to-line

voltages on the primary and secondary of the transformer are of the same magnitude.

3.3.2 Configuration of the Control System

Figure 3.12 shows the control system of the STATCOM. The control is
implemented using two loops - the outer loop determines the amount of current to be

injected into the system. The inner loop controls the inverter so as to inject the currents
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Figure 3.12 Control system of a PWM STATCOM.
determined by the outer loop [65]. The outer loop converts the sensed voltages (v,,.) from

abc to dq0 coordinates [15]. The error in the d component is processed through a PI block
to generate the amount of instantaneous reactive current i * required. The error in the
capacitor voltage (v,,.) is processed through a PI block to determine the amount of
instantaneous real current i/* required. The i;* and i * are transformed into the abc
coordinates to determine the amount of fundamental current (i*; ;) to be injected. The
outer loop also computes the amount of harmonic current in the load (i*, ,4.). The total

current to be injected by the STATCOM (i* ;) is supplied as input to the inner control loop.
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Based on the current demand, the inner control loop generates the input signals inp ;. for

the gate trigger generator. In the gate trigger generator module, these signals are compared

to a triangular carrier wave to generate the PWM gate triggers.

3.3.3 Design of the STATCOM Components

As in the case of the 12-pulse STATCOM, the information regarding the parameters
of the PWM STATCOM is not available prior to model development. Hence, the procedure
to develop the PWM STATCOM model is similar to that of the 12-pulse STATCOM model.

The various steps in the design procedure are:

1. Analytically calculate the following parameters - voltage, current and
frequency rating of the dc/ac inverter, size of the filter components, leakage

impedance of the coupling transformer, gains of the PI block in the inner
current control loop.

2. Develop the TBM for the STATCOM using ti.e parameters determined in step
1. Note that only the inner loop of the control system is modeled at this stage,
the outer loop is yet to be modeled. Also note that the dc capacitor size has not
been determined as yet, hence a dc voltage source of appropriate magnitude is
connected to the dc side of the dc/ac inverter.

3. Perform simulation studics to refine the parameters determined in step 1.

4, Analytically calculate the following parameters - size of dc capacitor required,
gains of the PI block for dc voltage control. Modify the model to include the dc

capacitor and the dc voltage control loop.
5. Perform simulation studies to refine the parameters determined in step 4.

6. Analytically calculate the gains of the PI block for system voltage regulation
and harmonic current compensation. Modify the model to include the system

voltage control loop and the harmonic current compensation loop.
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7. Perform simulation studies to refine the parameters determined in step 6.

The TBM developed for the STATCOM is described in Section 3.3.4. The various
analytical calculations involved in steps I, 4 and 6 are shown in Appendix B.2. The
simulation studies involved in steps 3, 5 and 7 are described in Section 3.3.5, 3.3.6 and 3.3.7
respectively. The TBM is used for these simulation studies. Comparisons are made with the
corresponding use of the ISM for such simulation studies. It should be noted the TBM of
the PWM STATCOM differs from the ISM of the PWM STATCOM only in the VSI module

and the control system module. The other modules are unchanged.

The simulations are performed with the STATCOM installed at node 3 of the 15-kV

distribution feeder shown in Figure 3.5. The detailed description of the system is given in

Section 3.2.5.

3.3.4 Model Description

As in the case of the 12-pulse STATCOM, a modular approach is used for model
development. The models have been developed using the SABER simulator. The TBM of
the inverter is developed by replacing the PWM switches by a set of controlled sources
(section 2.6). The coupling transformer is developed using a wye-delta transformer from
the standard model library. No saturation effects have been included in the transformer
model. The output filter module is also developed using stundard components from the
model library. The sensing module is developed using ideal transformers and low-pass
noise filters. The approximate switching function necessary for the TBM is similar to that

described for the buck converter in voltage control mode (section 2.4).

3.3.5 Simulation Study - Output Filter Design

The purpose of this simulation is to study the current control loop and the inverter
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current ripple. The response of the current control loop depends upon the magnitude of the
dc side voltage. Proper selection of dc voltage level is necessary in order to obtain the
desired response in the current control loop. The magnitude of the ripple depends upon the
switching frequency and the size of the filter inductor Ly,. Proper selection of switching

frequency and filter inductor is necessary in order to keep the ripple within tolerable limits.

The STATCOM is operated in open loop so that it injects a predetermined amount
of current into the system. The system load is kept off for this study. Starting at 20 ms, the
STATCOM current controller is given a command to inject fundamental (60 Hz) reactive
current of magnitude 100 A. An 11th harmonic (660 Hz) current of magnitude 10 A is
added to the reference current at 40 ms. The simulation is performed using the TBM with
the switching function approximated by 3 Fourier terms. The system reaches the desired
initial steady state condition at about 18 ms. Hence the time period from O to 18 ms is not
of any interest in this simulation study. In order to reach the desired initial steady state
condition with least possible CPU time, only the dc Fourier term is used from O to 18 ms.

At 18 ms, the Ist and 2nd Fourier terms of the TBM are enabled.

The first simulation is performed using filter components and dc voltage level
determined analytically as shown in Appendix B.2. The phase A inverter current and
current reference are shown in Figure 3.13. The maximum ripple observed in the inverter
current is very high (40%). Figure 3.13 also shows that the inverter current does not
respond fast enough for the 11th harmonic component in the reference current. Hence the
simulation results show that the filter size and the dc voltage level determined analytically
are not satisfactory. The next simulation is performed with the dc voltage level increased to
28.2 kV in order to improve the current controller response for the I1lth harmonic
component. Increasing the dc voltage level would result in an increase in the ripple. Hence

Ly, and Ly are increased to 10.6 mH in order to reduce the current ripple. The filter
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Figure 3.14 Phase A inverter current and inverter current reference -
simulation using TBM with L;= L, = 10.6 mH, C;= 0.255 uF,
Ly =28mH, V=282 kV.
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simulation using ISM with L;= L,;, = 10.6 mH, C;=0.255 puF, Ly,
=2.8mH, V, . =28.2kV

capacitor (Cy) size is reduced to 0.255 pF so as to maintain the cut-off frequency of the filter

at 3060 Hz. Ly, is increased to 2.8 mH in order to maintain the resonance frequency of C¢

and Ly, at 6060 Hz. As shown in Figure 3.14, the ripple content is reduced to 20% and the

response of the current controller to the 11th harmonic component is also satisfactory. For

the sake of comparison, the simulation is repeated with a STATCOM model using an ISM.

The results are shown in Figure 3.15. A comparison of Figure 3.14 and Figure 3.15 shows

that the TBM and the ISM give consistent resuits, thus validating the results of the TBM.

Table 3.6 shows the CPU time required for the two models on an HP series 700 workstation.

The TBM yields significantly a faster simulation speed than the ISM.

Table 3.6. CPU time for simulation of STATCOM in open loop.

Switch model CPU time (s)
TBM 434
ISM 1530
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Figure 3.16 Ripple in voltage across dc capacitor due to a voltage
unbalance of 5% at the inverter output.

3.3.6 Simulation Study - DC Capacitor Design

In Appendix B.2, a dc capacitor of 110 uF is selected based on a 0.1% ripple
tolerance for an unbalance of 5% in the phase A voltage. The purpose of this simulation
study is to verify the design of the dc capacitor. The TBM with 3 Fourier terms is used in
this study. The STATCOM 1s operated in open loop so that it injects a reactive current of
magnitude 130 A (rated current). For the sake of simplicity, the system load is kept off.
Phase A source voltage at the substation is reduced to 0.93 p.u. This unbalunce results in a
phase A voltage of 0.95 p.u. at the inverter. Figure 3.16 shows the voltage across the dc
capacitor. A ripple of 48 V (0.1%) is observed. This result is in agreement with the
analytical calculations shown in Appendix B.2 and hence confirms the design of the dc
capacitor. Note that there are two types of ripples in the capacitor voltage - the switching
frequency ripple (6 kHz) and the 2nd harmonic ripple (120 Hz). The simulation shown in

Figure 3.16 is performed with a TBM that includes 3 Fourier terms. Hence the simulation
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results show both the ripple contents. If the TBM with only dc fourier term is used, then the
simulated capacitor voltage will show only the 120 Hz ripple. Since the dc capacitor design
is based on the 120 Hz ripple, a TBM with only the dc term is sufficient for this simulation

study. However, a TBM with 3 Fourier terms is used to show the switching frequency ripple

in the capacitor voltage.

3.3.7 Simulation Study - Voltage Regulation and Current Harmonic Compensation

In this study, the voltage regulation and current harmonic compensation capabilities
of the STATCOM are simulated. Both the linear and nonlinear components of the load are
used. The linear load is switched on at 100 ms. The nonlinear load is switched on at 200 ms

and switched off at 250 ms.

In this case study, the phenomena of interest are the voltage sag caused by the loads
and the harmonic currents injected by the non-linear load. The time constants involved in
both these phenomena are sufficiently smaller than the switching period of the STATCOM

(0.1667 ms). Hence it is sufficient to use the TBM with only the dc term approximation of

switching function.

Simulations are performed first with the control loop disabled and then with the
control loop enabled. Figure 3.17 shows the direct axis component (v,) of the phase
voltages (Figure 3.12). With the control disabled, v, dips when the linear load is switched
on. v, also shows the harmonics in the voltage when the non-linear load is switched on.
With the control enabled, the STATCOM regulates the voltage at the tie point. It responds
to the voltage dip by boosting the voltage within 10ms. The voltage harmonics are also
reduced. Figure 3.18 shows the load current and the source current for the case with the
STATCOM control enabled. A Fast Fourier Transform (FFT) analysis of the current

waveforms during the period of the 130 ms to 136.667 ms is performed. The results of the



78

harmonics in
voltage

non-linear load is
switched on

linear load is
switched on

& \

/ :T_

RN KRR AR
I PG
B Ve

10k [N

S
> '3 Y LY ™

@ i 100n 155n 20bn 25bn 300n t(s)
STATCOM responds harmonics in voltage
by boosting voltage are reduced
l;;’ \ \ / :,,A A_f
10K _’&—“‘—'\/\m— \
- T . TR TR e
(b) &u 100n 150n 200n 28bn 30bn t(a)>

Figure 3.17 Direct axis component (v,) of phase voltage - (a) controls disabled, (b)
controls enabled.

non linear load is switched on

(G
100

source current

T

load current

pd

=100

rd

154

200n

Figure 3.18 Phase A load current and source current, case with STATCOM
control enabled - source current is free of harmonics.

2% t(s)

FFT analysis are shown in Table 3.7

It is observed that the 5th and 7th harmonic components in the source current are

significantly lower than those in the load current. Thus the STATCOM successfully
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Table 3.7. Magnitudes of harmonics in phase A load current and phase A source current.

Harmonic Load current Source current
Amperes % of fund. Amperes % of fund.
Fundamental 66.31 100 90.26 100
Sth 5.305 8.0 0.141 0.2
Tth 2.482 37 0.343 0.4
I1th 0.705 1.0 0.897 1.0
13th 0.530 0.8 0.358 0.4

compensates the 5th and 7th harmonic components of the load current. However, the
percentage of the 11th and 13th harmonic components of the source current are same as that
in the load current. The reason for this is that the design of the STATCOM filter is such that
the response for the 11th and 13th harmonic component is not satisfactory. One possible
method to correct this problem is by modifying the filter design. Another method is to
modify the control circuit to account for the influence of the filter for 11th and 13th
harmonic compensation. These modifications are mentioned for the sake of completeness,

they have not been implemented in the STATCOM model.

34 Conclusions

Models have been developed for two types of STATCOM’s - the first using a 12-
pulse dc/ac inverter and the second using a PWM dc/ac inverter. The designs of each
STATCOM has to be system specific. Hence the STATCOM’s along with the entire power
systems is simulated in order to design the various parameters such as the filter component
size and the control system gains which are not known prior to model development. Hence

a systematic procedure is followed in order to design both the STATCOM'’s discussed in

this chapter.

The TBM is used for the modeling and simulation studies. The number of Fourier
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terms used in the TBM is varied depending upon the level of accuracy desired for a
particular simulation study. Higher order Fourier terms are included in the TBM for the
study of the switching frequency ripple and harmonics generated by the 12-pulse and the
PWM STATCOM. The TBM is especially useful in the case of the 12-pulse STATCOM,
where the switching frequency is as low as the 12th harmonic frequency (720 Hz). The
TBM is also useful for the study of ripples in the voltages and currents of the PWM
STATCOM. For the study of voltage regulation by the PWM STATCOM, where the
phenomena of interest involves time constants larger than the switching time period, only
the dc Fourier term is included in the TBM. The results of the TBM are consistent with
those of the ISM. The TBM is 20% faster than the ISM in the case of the 12-pulse
STATCOM and almost 3 times faster than the ISM in the case of the PWM STATCOM.

The number of Fourier terms in the TBM are also varied dynamically during a
single simulation run. For the study of ripples in the voltages and currents of the PWM
STATCOM, the initial portion of the simulation is performed using TBM with only the dc
Fourier term. In this way, the simulation reaches the desired oper- .ing point with the least
amount of computational time. Once the desired operating point is reached, the higher order

Fourier terms of the TBM are enabled.

From Table 3.3, it is observed that the ISM predicts significant amount of 17th and
19th harmonic components in voltage and current. However, the TBM does not predict
these harmonics since the TBM included only up to the 13th harmonic. This result indicates
that the TBM requires the user to exercise judgement regarding the number of Fourier
terms that should be included in the model. This requirement on the part of the user can be

viewed as a limitation of the TBM since omission of essential Fourier terms can yield

erroneous results.
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The simulation of the 12-pulse STATCOM shows that it is capable of compensating
the load reactive power demand. The response time is less than one 60 Hz cycle. The 12-
pulse STATCOM inverter current has a significant content of (12nt1) harmonics. Hence

tuned filters are required to reduce the harmonic content in the STATCOM current that is

injected into the system.

Simulations of the PWM STATCOM show that it capable of regulating the voltage
at the tie point. Simulation results show also that the 5th and 7th harmonic components in
the load current are compensated effectively. However, the compensation of the 11th and
13th harmonic components is not as effective. This is because the output filters affect the
response of the STATCOM near higher harmonic frequencies. The response can be

improved either by redesigning the filter, or by improving the control system.



4. Dynamic Voltage Restorer (DVR) -
Model and Simulation Studies

A Dynamic Voltage Restorer (DVR) is a recently proposed series connected solid
state device that injects voltage into the system in order to regulate the load side voltage.
A brief description of its basic structure and functions is given in Section 4.1. As in the case
of a STATCOM, there are various circuit topologies and control schemes that can be used
to implement a DVR. In Section 4.2, the proposed TBM is developed for a DVR
implemented by three independent single phase PWM VSI'’s. The primary function of this
DVR is to regulate the load side voltage. As in the case of the STATCOM, it is shown that
in order to design the various parameters such as the size of filter components, the voltage
and current ratings, the impedance of the coupling transformer and the control system
parameters, it is necessary simulate the DVR along with the entire power system. The TBM
is found to be extremely effective for such simulation studies. The studies are performed on
a practical 15 kV distribution feeder with serious power quality problems. A comparison is

made between the use of the TBM and the ISM for such simulation studies.

4.1 Introduction

A Dynamic Voltage Restorer (DVR) is a series connected device that injects a
voltage into the system. It is the series dual of a STATCOM. It consists of a solid state ac
voltage source connected in series with the power system as shown in Figure 4.1. The real
and reactive powers injected into the system are controlled by the phase displacement of
the injected voltage (v,.pyg) and the load current (i;,,,). Depending upon the ratio of
VacDVR 10 144 the DVR can behave as a series capacitance, a series inductance, a series
positive resistance or a series negative resistance. Figure 4.2 shows the phasor diagram for

a DVR [69]. The primary functions of a DVR include one or more of the following:
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Figure 4.2 Phasor diagram showing supply generation and absorption
of real power (P) and reactive power (Q) by the DVR.

voltage regulation (by series compensation),

line voltage harmonics compensation,

reduction of sags, swells and transients in voltage,

fault current limitations.

Figure 4.1 shows the basic functional blocks of a DVR. Each block can be
implemented in a number of ways. The model of one such implementation, using three

independent single phase PWM VSI’s is described in this chapter. A modular approach to
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modeling is used, i.e. independent modules are developed for each functional block. The

complete model is obtained by appropriately connecting the individual modules.

4.2  Pulse Width Modulated DVR

The main feature of the DVR modeled here is that the VSI consists of three
independent single phase PWM inverters. Each single phase inverter consists of four
switches in the H-configuration as shown in Figure 4.3. The control function of the DVR
modeled here is to regulate the load side voltage by injecting voltages in quadrature with
the line currents. The injected voltage is controlled by the modulation index of the PWM
inverter, while keeping the dc capacitor voltage constant. Since the voltages are in
quadrature with the line current, the DVR behaves like a series capacitor and exchanges
only reactive power with the system. A small amount of real power is drawn by the DVR
to maintain the voltage of the dc capacitor. Independent single phase inverters are used for
the DVR so that it can compensate unbalanced voltages. This type of a DVR is capable of

compensating source side voltage transients and thus regulating the load side voltage

4.2.1 Configuration of the Power Converter

The VSI consists of three independent single phase VSI's as shown in Figure 4.3.
The dc side to each inverter is connected to a common dc capacitor with the mid-point
grounded. Each single phase inverter consists of four switches connected in an H-bridge
type configuration. The output filter for each inverter consists of an LC combination. The

output of the DVR is tied to the system through three single phase transformers.

4.2.2 Configuration of the Control System

The control scheme is implemented as shown in Figure 4.4. The line currents

(i;_abc) sensed by the sensing module are used to generate the reference sin and cos waves
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Figure 4.3  Topology of the Power Converter for the PWM DVR (only one phase
shown - other phases are identical).

using a phase locked loop (PLL). The cos wave is locked in phase with the phase A line
current. The load side voltage (v, ) is transformed into the dq coordinates (v, 4,,). The
magnitude of the load side voltage (v;_,,,) is computed from v, , and v, .. The error in
V2_mag 18 generated by comparing it with a reference voltage (v;_,.p). The error is processed
through a PI block to compute the amount of reactive voltage (inp,), in quadrature with line
current, required to be injected into the system. The dc capacitor voltage (v,.) is compared
to the desired reference value (v, ). The error in the capacitor voltage is used to determine
the amount of real voltage (inp,), in phase with the line current, to be injected into the
system. In order to avoid excessive voltage drop across the DVR during the charging of the

dc capacitor, inp is limited to 0.1. These input signals (inp,,) are transformed into the abc
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coordinates, and are used by the triggering module to generate the necessary triggering
signals. The gate signals are generated by comparing the input signals (inp,,.) to a

triangular carrier wave.

4.2.3 Design of the DVR Components

As in the case of the 12-pulse STATCOM and the PWM STATCOM, the
information regarding the parameters of the PWM DVR is not available prior to model
development. Hence, the procedure followed to develop the model is similar to that of the

12-pulse STATCOM. The various steps in the design procedure are:

1. Analytically calculate the following parameters - voltage, current and
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frequency rating of the dc/ac inverter, filter component sizes, coupling
transformer impedance.

2. Perform open loop simulations, with a battery on the dc side of the inverter, to

determine if the parameters selected in step | are satisfactory.

3. Analytically estimate the gains required for the dc voltage control loop and the
load voltage control loop. Perform closed loop simulations to refine these

parameters.

As in the case of the 12-pulse STATCOM and the PWM STATCOM, the design of
snubber circuits involves accurate simulation of the switching waveforms. Such studies are

beyond the scope of this dissertation and hence not addressed here.

The TBM developed for the PWM DVR is described in Section 4.2.4. The various
analytical calculations involved in the design are described in Appendix C.l. The
simulation studies involved in step 2 are described in Sections 4.2.5. In Section 4.2.1, a
simulation is described to study the response of the DVR to a three phase to ground fault
on the source side. The TBM is used for these simulation studies. Comparisons are made
with the corresponding use of the ISM for such simulation studies. The simulations are
performed with the DVR installed in the 15 kV distribution feeder described in Section

3.2.5. The model of the DVR is inserted between nodes 2 and 3 in the 15-kV distribution
feeder (Figure 4.5).

4.2.4 Maodel Description

As in the case of the STATCOM models, a modular approach is used to develop the
PWM DVR model. Each functional block of the DVR is modelled as a separate module.
The complete model is obtained by appropriately connecting the individual modules. Also,

the DVR models developed using the TBM and the ISM differ only in the VSI module and
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Figure 4.5 One-line Diagram of 15 kV Distribution Feeder.

the control system module. The rest of the modules are unchanged. The SABER simulator
is used to develop the models. The TBM for each single phase inverter is developed by
replacing the PWM switches by controlled voltage and current sources as described in
section 2.6. The inverters are tied in series with the system, using three single phase
coupling transformers. These transformers are modeled with standard EMTP library
models. Saturation effects are not considered. The output filter module is implemented
using series LC clements. The sensing module consists of ideal transformers and low-pass
noise filters. The describing function approximation of the switching function generator is

similar to that of a buck converter in voltage control mode as described in section 2.4.

4.2.5 Simulation Study - Output Filter Design

The purpose of this simulation study is to verify the design of the DVR output filter.
The DVR is operated in open loop for this study. The dc capacitor is replaced by a battery.
The dc voltage control loop is kept open. Starting at 20 ms, the load voltage control loop is
given a command to inject a voltage of magnitude 0.2V, in quadrature with the line

current. The simulation is performed using the TBM with the filter parameters determined
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DVR - simulation using TBM.

in Appendix C.1. Figure 4.6 shows the phase A line to neutral voltage on the load side (node
3) of the DVR. The voltage waveform shows very small switching frequency ripple, hence
it can be concluded that the DVR filters are sufficient to mitigate switching frequency
harmonics in the DVR output voltage. For the sake of comparison, the simulations are also

performed using the ISM. The results are shown in Figure 4.7.

A comparison of Figure 4.6 and Figure 4.7 shows that the results of the TBM and
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Figure 4.7 Phase A Line to Neutral Voltage on load side (node 3) of DVR
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the ISM are not consistent. The ISM shows high frequency oscillations riding on top of the
fundamental 60 Hz voltage waveform at node 3. Such oscillations are not observed in the
simulation results using the TBM as shown in Figure 4.6. Two explanations are possible -
(1) the oscillations are present in the actual system and the TBM has failed to predict these

oscillations; (ii) the oscillations are not present in the actual system and the numerical
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simulation using ISM. The simulator is forced to use a small time
step of 0.5 ps.

errors in the ISM has introduced these oscillations. In order to confirm the correct
explanation for the observed oscillations, the simulation using the ISM is repeated, but this
time with a fixed small time stcp of 0.5 ps. Note that in the previous simulation using the
ISM, the variable time step feature of the simulator is used. In contrast, the next simulation

using the ISM is performed by forcing the simulator to take a small time step. The results
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are shown in Figure 4.8. The oscillations observed in Figure 4.7 are not observed in Figure
4.8. Hence it can be concluded that the oscillations are introduced due to numerical errors.
Table 4.1 shows the CPU time required for the three simulations on an HP Series 700
workstation. It is clearly seen that the numerical errors in the ISM are eliminated only at
the expense of computational time. In this simulation study, the TBM is 10 times more
computationally efficient than the ISM. It should be pointed out that ideally it is desirable
that the simulator automatically selects a time step size necessary to avoid such numerical
errors. In the case described here, the SABER simulator failed to automatically avoid the
numerical errors and hence a fixed time step size had to be forced upon the simulation
algorithm to avoid the errors. However, even if the simulator had succeeded in avoiding the
errors, the results would be computationally more expensive than that of the TBM.

Table 4.1. CPU time for simulation of the study of DVR filter parameters.

Model Type CPU time (s)
TBM 310

ISM (simulator automatically selects time step size) 1570

ISM (time step size forced to 0.5 ps) 2929

4.2.6 Simulation Study - Response to a Three Phase to Ground Fault

The purpose of this simulation is to study the capability of the DVR to regulate the
load side (node 2) voltage in the event of a three phase to ground fault on the source side
(node 2). Since the time constants involved in the phenomena are much lower than the
switching period of the DVR, the TBM with only the dc Fourier term is used for this
simulation. Both the dc voltage control loop and the load voltage control loop are kept
closed. The system linear load is switched on at 50 ms. The fault is initiated at 100 ms and
is cleared at 150 ms. Figure 4.9 shows the simulation results. When the linear load is

switched on at 50 ms, the voltage on the source side (node 2) is observed to sag by 0.03 p.u.
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During the period of the fault the voltage at node 2 sags by 0.27 p.u. In response to these
voltage sags, the DVR injects a voltage into the system such that the load side voltage is
maintained at its nominal value. Figure 4.10 shows the results at the instant of fault clearing
in more detail. These results show that the oscillatory transients that occur at the time of
fault clearing are too fast to be compensated by the DVR. It should also be noted that the
node 3 voltage leads the node 2 voltage. This lead is due to the fact that the DVR injects a
voltage that is in quadrature with the line currents so that it exchanges only reactive power
with the system. If such a phase lag is not desirable for the load, then the DVR controls have

to be modified so that it injects a voltage in phase with the source side voltage. The penalty
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for such a modification is that the DVR also has to exchange real power with the system.

4.3 Conclusions

As in the case of the STATCOM models, the DVR model is developed by a
systematic procedure. The resulting TBM of the DVR is complete with the power converter
and its control system. The TBM is extremely effective for simulation studies of the DVR.
The observations regarding the efficiency of the TBM are similar to those in the case of the
STATCOM (see Section 3.4). In the simulation study for the output filter design, the ISM
is observed to introduce oscillations in the voltage waveform. These errors are corrected at
the expense of small simulation time steps. In contrast, the TBM does not introduce any
such numerical errors and hence it requires a significantly smaller CPU time for simulation.
The DVR model is used to study the performance of the DVR in the event of a three phase
to ground fault. The simulation results show that the DVR is capable of maintaining the
load voltage in the event of the fault. However, the DVR is not capable of compensating
the oscillatory transients that occur at the instant when the fault is cleared. Also, due to the
control method used, the phase of the load voltage is different from that of the source

voltage. Such controls may be undesirable for phase sensitive loads.



5. Conclusions, Contributions and
Recommendations for Future Work

The conclusions of this dissertation are presented in this chapter. The contributions

of the new switch modeling technique are stated. Recommendations are made for future

work.

5.1 Conclusions

The electric power industry is undergoing a revolutionary change. Future power
systems may be envisioned as a complex network of classical power system apparatus
along with a large number of embedded power electronic converters for power flow control
and power quality improvement. For the successful planning and operation of such
systems, digital simulations will become essential tools. Even though the speed of
computers is increasing rapidly, the demand for faster computational speed is also
increasing rapidly. Thus the computational efficiency of simulation models is a critical
issue. Due to the wide variety of components that will need to be modeled and simulated,
general purpose time domain simulators such as EMTP, SABER and NETOMAC will
become standard platforms for performing the simulation studies. This in turn leads to the
issue of ease of model implementation in a general purpose time domain simulators. Yet
another issue will be the flexibility of the models. Models will find wider applications only
if they are flexible as well as easy to maintain. A modular approach to modeling is
extremely desirable from flexibility and maintenance point of view. A review of power
electronics literature reveals that not all the techniques available in the power electronics
literature are useful for the analysis of power converters installed in power systems. A new
modeling technique has been presented in this dissertation. The technique yields a

Transient Behavioral Model (TBM) of a power converter. The philosophy behind the
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development of the TBM has been influenced by the above mentioned issues in the
modeling of a future power system. Previously, the Ideal Switch Model (ISM) and the
Variable Impedance Model (VIM) have been extensively used for power system transient
simulation studies. Due to the discontinuous nature of these models, the simulation time
step has to be kept very small during the switching transitions. This reduction in time step
results in computational inefficiency. The continuous nature of the TBM overcomes this
limitation of the ISM. At the same time, the TBM retains most of the desirable features of
the ISM. This makes the TBM more attractive than other techniques available in the power
electronics literature, such as the Harmonic Balance Method (HBM) and the Generalized
Average Switch Model (GASM), for time domain simulation of large systems using
standard circuit simulator. The TBM also allows dynamic variation of accuracy of
simulation by simply varying the number of Fourier terms included in the model. For
example, a simulation can be staried with the TBM using only the dc Fourier term. When
the systemn reaches the desired steady state condition, the simulation can be performed with
the TBM using higher order Fourier terms. This feature is extremely useful for power
systems simulations where a large amount of computational time is spent in bringing the

system to a desired steady state condition.

The most important limitation of the TBM is that it can only be used for circuits
which include the PWM configuration shown in Figure 2.1. Secondly, the TBM involves
the burden of the computing the describing function. Further, even though the development
of the TBM involves only two simple steps, it is still not as easy to implement as the ISM.
On the other hand, the use of the ISM may involve additional work on the part of the user
to climinate numerical problems associated with the discontinuous nature of the ISM. Also,
since the TBM simulates only up to a predetermined number of harmonics, it requires a the

user to exercise judgement over the number of Fourier terms to be included in the model.
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Thus, the decision between choosing the TBM or the ISM for a particular modeling

application will depend on the trade-offs hetween computational efficiency, accuracy and

ease of implementation.

This dissertation also describes the development of TBMs for three Custom Power
Device (CPD) models - (i) a 12-pulse STATCOM, (ii) a Pulse Width Modulated (PWM)
STATCOM, (iii) a PWM Dynamic Voltage Restorer (DVR). The 12-pulse STATCOM is
capable of compensating the reactive power demand of a load. The PWM STATCOM is
capable of regulating the voltage at the coupling point and also compensating the load
current harmonics. The PWM DVR is capable of regulating the load side voltage.
Presently, only prototypes of such devices have been reported in literature. Further, the
design of these devices has to be system specific. A device that may be suitable for one
power system, may not be adequate for another system. Hence, for the purpose of model
development in this dissertation, a practical 15 kV distribution systein with severe power
quality problems has been considered. The three devices and their models have been
systematically designed using simulation studies of the 15 kV distribution system. The
process of model development reveals the sensitivity of these devices to the specifics of the
power system in which they are installed. These CPD models are complete with the dc/ac
inverter module, sensing module, control module and coupling transformer model. Thus
they can be used for detailed analysis of the impact of the devices on a distribution system.
The models are modular in nature, hence utility engineers can easily modify the models to

investigate different topologies and control techniques.

52 Contributions

The following are the contributions made by this dissertation:

Identification of the relative merits and demerits of various power electronics
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modeling techniques from the perspective of a power systems engineer: The dissertation
provides a systematic review of the various modeling techniques available in power
electronics literature. Emphasis has been placed on the usefulness of these techniques to a
power systems engineer. The merits and demerits of using different techniques for different

types of power system simulation studies have been identified.

Development of the Transient Behavioral Model: A new modeling technique has
been introduced. This technique yields a continuous model of a power converter which is
superior to previously used discontinuous models due to its computational efficiency. The
TBM is superior to the previously used continuous models due to its ease of

implementation in standard time domain simulators.

Concept of dynamically varying the accuracy of simulation in a single simulation
run: Previously, such changes in accuracy and speed of a model would involve starting
simulation using one model, stopping the simulation, transferring the simulation data into
another model and then restarting of the simulation. Using the TBM, such changes in
accuracy and speed can be conveniently made by simply varying the number of Fourier
terms included in the describing function approximation of the switching function
generator. This concept is extremely powerful in the case of power systems simulations
where a considerable amount of CPU time is spent in bringing the model to the desired

initial steady state operating point.

Development of the TBM of a 12-pulse STATCOM and a PWM STATCOM: The
TBM technique has been used to develop detailed models for two types of STATCOM’s.
The performance of the STATCOM's in a practical 15 kV distribution feeder is simulated.
The simulations show the critical dependence of the design parameters on those of the

system. The performance of the 12-pulse STATCOM for reactive power compensation, and
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the performance of the PWM STATCOM for voltage regulation and current harmonic

compensation are demonstrated through the simulation studies.

Development of the TBM for a PWM DVR: The TBM technique is used to develop
a detailed model of a PWM DVR. As in the case of the STATCOM s, the DVR is simulated
in a practical 15 kV distribution feeder. The performance of the DVR in compensating the

voltage sag due to a three phase to ground fault is demonstrated.

53 Future Work

The TBM technique can be applied to any converter having the switch
configuration shown in Figure 2.1. So far, only the continuous conduction mode of the
power converters has been demonstrated. Further, only the TBM for force commutated
converters has been demonstrated. The technique can be extended to both discontinous as
well as naturally commutated converters. However, such an extension requires the
inclusion of constraint equations which implicitly determine the on and off periods for the
switches. After such an extension, the TBM can also be applied to the modeling of rectifiers

and thyristor controlled reactors.

The TBM is a continuous representation of a switched circuit network. Hence it is
possible to linearize it around a fixed operating point and perform small signal analysis.
Several small signal models are already available in literature. However, the ease of
implementing the TBM in a circuit simulator can be exploited even for small signal
analysis. Thus the TBM of a power converter can be conceived as a single model that can

be used for both small signal frequency domain analysis as well as time domain

simulations.

The TBM uses the describing function to approximate the switching function
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generator. The direct correspondence between the describing function and the frequency
domain behavior of the converter makes the describing function technique attractive for the
TBM. However, approximation of the switching function using functions such as

Legendre’s polynomial, or the Chebychev series can also be investigated from the point of

view of computational efficiency.
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Appendix A - Abbreviations Used

Abbreviations Used

AHDL - Analog Hardware Description Language
APLC - Active Power Line Conditioners
APQC - Active Power Quality Conditioner
ASM - Average Switch Model

ASVC - Advanced Static Var Compensator
ASVG - Advanced Static Var Generator

AVC - Adaptive Var Compensator

CPD - Custom Power Device

CSI - Current Source Inverter

DVR - Dynamic Voltage Restorer

EMTP - Electro Magnetic Transients Program
EPRI - Electric Power Research Institute
GASM - Generalized Average Switch Model
HBM - Harmonic Balance Method

HVDC - High Voltage Direct Current



ISM - Ideal Switch Model

PWM - Pulse Width Modulation / Pulse Width Modulated
STATCOM - Static Compensator

STATCON - Static Condenser

SVC - Static Var Compensator

TBM - Transient Behavioral Model / Transient Behavioral Modeling
TCSC - Thyristor Controlled Series Capacitor

TSR - Thyristor Switched Reactor

VIM - Variable Impedance Model

VSI - Voltage Source Inverter
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Appendix B - STATCOM Parameters

B.1  12-Pulse STATCOM

The analytical calculations for the following parameters are shown in this section:

voltage and current rating of dc/ac inverter,

dc voltage level,

size of filter components,

leakage inductance of coupling transformer,

control system parameters for current control.

For the 12-pulse configuration shown in Figure 3.3, the peak value of the
fundamental component of the line to neutral voltage at the output of the inverter is
1273V, Assuming a 0.1 p.u. drop across the inductance of the adding transformers (L)

and the coupling transformers (L,,), the following value for V. is obtained:

Y —1.1vaNJ§ 8797.2V B.1
= "q2;3 0" ®B.1)

where V5 = 7.2 kV is the RMS value of the system line to neutral voltage.

For a 2 Mvar capacity STATCOM, the rated current of the inverter is:

S

lraled = 3VLN

= 924 (B.2)
For 0.1 p.u. voltage drop across the L, and L, the total impedance of L,g,; and

L,s> should be 0.1 p.u. Assuming that L5, and L,g,5 are each 0.05 p.u.:

vV
forl = for2 = 005 xl L,Nd = 5.3mH ®.3)
rate
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The output tilter consists of tuned series LC elements. Lfl and Cf1 are tuned to the
10.9 (close to 11th) harmonic frequency. Lf2 and Cf2 are tuned to the 12.9 (close to 13th)

harmonic frequency. Selecting the size of the filters to be 100 kvar each, the following

values are obtained:

Ly =348mH  C, = LIpF ©4
Ly =249mH  Cp = LTuF

The design of the dc side capacitor depends upon the expected unbalance in the
system voltage and the acceptable ripple in the dc voltage of the inverter. Under normal
steady state operation, the STATCOM currents are 90 out of phase with the system line to

neutral voltages. If the system voltages and the STATCOM currents are given by:

v, = kVsin (@0 v, = Vsin| or-120") o= vsin{ or+120° )

(B.5)
i, = lsin(mt—900) i, = lsin(mt—ZlO()) i = Isin((ot+300)

where k is the unbalance factor in the phase A voltage. The instantaneous power transferred

from the system to the STATCOM is:

Pins! = vaia + vbib + vcic = (k - l) _‘;_ISin (2(1)!) (B6)

Thus, in the event of a voltage unbalance, the instantaneous power transfer from the
system to the STATCOM will have a 2nd harmonic ripple. The ripple in the instantaneous
power wi'l result in charging and discharging of the dc capacitor. The net energy transferred

to the capacitor during the charging is found by integrating equation (B.6) fromt=0tot=
(”/20):

AE = (k- 1)5‘%’) (B.7)

If r is the ripple factor in the capacitor voltage, then the charging and discharging of the

capacitor will result in a voltage ripple from V,. to (1+r)V,. Equating the energy
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transferred (AE) to the change in stored energy of the capacitor, the following relation is

obtained:

VI
2(orVdc

C,. = (1-k) (B.8)

The value of V. is obtained by equation (B.1). The simulation study described in
Section 3.3.5 shows that the value of V,. obtained by equation (B.1) is inadequate. The
refined value of V. determined in Section3.3.5 is used for determining the value of C,,.

For V= Viyn2, 1= 14,442, © = (2*1*60), r = 0.001, k = 0.95:

C = 1134pF (B.9)

The gains of the PID block in Figure 3.4 determine the input voltage applied to the
VCO’s. Assuming that the increase (decrease) in the frequency of the VCO output is
limited to +10 Hz (-10 Hz) and that the maximum current error (iy,) is equal to /,,,.4, the

gain for the proportional block is selected as:

Kk = 10
P
“/ilrated

After repeated simulations in time domain, the gain of the derivative block is

= 0.04 (B.10)

selected as:
k, = 0.0003 (B.11)
The integral block of the PID block is not used, hence its gain (k;) is set to 0.

B.2 PWMSTATCOM

The analytical calculations for the following parameters are shown in this section:

- voltage, current and switching frequency rating of dc/ac inverter,

- dc voltage level,
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- size of the filter components,
- leakage inductance of tie transformer,
- control system parameters for the current and voltage loops.

The line to line voltage at the output of the inverter takes values +V,, 0 or -V,
depending on the status of the inverter switches (see Figure 3.11). If V;; is the magnitude
of the system line to line voltage, then the maximum voltage that appears across the
combination of the filter inductor (Lf) and the leakage impedance (LAf,) is given by (V. -
VLD

The magnitude (peak) of the line to line voltage at the inverter output is V.

Assuming a 0.1 p.u. voltage drop across the coupling transformer and the filter inductor, the

desired dc voltage level is given by:

Ve = LIX2Vyx 3 = 19.4kV (B.12)

where V; = 7.2 kV is the rms value of the system line to neutral voltage and J3 is the

turns ratio of the coupling transformer. The current rating of inverter is same as the current

rating of the STATCOM:

I = =
rated — 3VLN -

924 (B.13)
where S = 2 Mvar is the three phase var rating of the STATCOM. V. and /,,,,4 determine
the minimum voltage and current ratings of the power electronic switches of the inverter.
Using a safety margin of 50%, the switch voltage and current ratings for the 15 kV, 2 Mvar
STATCOM are 28.1 kV and 138 A respectively. In practice, the choice of switching
frequency (f;) of the inverter depends on the speed of the power electronic switches

available at the desired current and voltage ratings. For the sake of this discussion, it is

assumed that Insulated Gate Bipolar Transistors (IGBT’s) rated 28.1 kV and 138 A are
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available and that these IGBT's are capable of switching at a 6060 Hz frequency.

For 0.1 p.u. voltage drop across the filter inductor (L) and the coupling transformer

(Lysy), the total impedance of Ly, and L,g, should be 0.05 p.u. Assuming that L¢; and L, are
each 0.05 p.u.:

Vin
Ly =L, = 0.05x = 53mH (B.14)

rated

The selection of Crdepends on the desired cut off frequency of the filter. The cut off

frequency (f,) of the output filter should be sufficiently lower than the switching frequency
(fs). At the same time, f,. should be sufficiently larger than the frequency of the highest
harmonic that is to be compensated by the STATCOM. Hence, an f. of 3060 Hz is selected.

The corresponding filter capacitor value is:

= — L =2.pF (B.15)

(2nf) L,
In order to provide a low impedance path to the switching frequency currents, a

¢

small inductor (Lp) is added in series with Cy. Ly, is selected such that the combination of

Lp, and Cyresonate at the switching frequency:

1
Lj2 = — = 1.4mH (B.16)

(2nf) "C,
Equation (B.8) is used to determine the size of the dc capacitor required. The value

of V. is obtained by equation (B.1). The simulation study described in Section 3.3.5 shows
that the value of V. obtained by equation (B.1) is inadequate. The refined value of V.
determined in Section3.3.5 is used for determining the value of C,.. For V=V, y2, 1=

Lreq /2 . © = (2*1*60), r = 0.001, k = 0.95:

C = 110uF (B.17)

The selection of the parameters for the control system has been done by making an
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initial estimate of each parameter and then refining the value by observing the time domain
response. For gain of the proportional block of the current controller determines the
magnitude error in the current controller. Assuming that the duty cycle of the switch should
be 1 for a current error approximately 10%, the initial estimate of the gain for the
proportional block for the current control loop is selected as k, = 0.01. The initial estimate
for the gain for the integral block is selected as k; = 50. After repeated simulations in time

domain simulations, the final values selected for kp and k; are 0.01 and 500 respectively.

Open loop simulation of the systems shows that injecting a reactive current of
magnitude 100 A gives a voltage boost of | kV at node 3. Hence the initial estimate of the
gain for the proportional block in the system voltage control loop is selected as k, =

(0.25*100/1000) = 0.025. The initial estimate of the gain for the integral block is selected
as k; = 0.25.

The gain for the proportional block in the dc voltage control loop is selected such
that for a 10% drop in the nominal value of V., the STATCOM responds by absorbing real
current of magnitude 21,4 Using this criteria, k, = 0.05 is selected. A small gain of

0.005 is selected for the integral block (k).



Appendix C - DVR Parameters

Ci1 PWMDVR

The analytical calculations for the following parameters are shown in this section:

voltage, current and switching frequency rating of dc/ac inverter,

dc voltage level,

size of the filter components,

leakage inductance of tie transformer,

control system parameters voltage control loop.

The DVR is a series connected device, hence the power electronic switches of the
DVR are expected to carry the line currents. Assuming that the system load is of 2 Mvar,
the maximum line current is 92 A (rms). Providing a 50% safety margin, the power
electronic switches of the DVR must have a current rating (/,,,,.4) of 138 A. In the event of
a single line to ground fault, the entire line to neutral voltage will appear across the switches
of the DVR. Again, providing a 50% safety margin, the switches have to be rated at
1542 Vi = 15.27 kV. In practice, the choice of switching frequency (f;) of the inverter
depends on the speed of the power electronic switches available at the desired current and
voltage ratings. For the sake of this discussion, it is assumed that Insulated Gate Bipolar
Transistors (IGBT’s) rated 15.27 kV and 138 A are available and that these IGBT’s are

capable of switching at a 6060 Hz frequency. Thus a switching frequency (f;) of 6060 Hz

is selected.

The dc voltage level of the inverter is determined by the maximum voltage that is

to be injected into the system. Assuming that the DVR is expected to inject a maximum
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voltage of 0.5V, y, the dc voltage level is given by:

LIxV, X2
Ve = ——5—— = 5600 (C.1)

Since the DVR is inserted in series with the system, it is desirable to have as small
a series impedance as possible. This places an upper limit on the choice of the filter
inductors and the coupling transformers. At the same time, the filter inductor has to be large
enough to filter out the switching frequency harmonics. Based on this, the following values

are selected for the filter inductor (Lp and the coupling transformer (Lysy):

Lf = for = 0.025pu = 2.65mH (C.2)

The filter capacitor is selected so that the cut-off frequency of the filter is 3030 Hz.
Hence Cy= 1.021 uF is selected. The size of the dc capacitor is selected using equation
(B.8). For a worst case unbalance of k = 0.5, and a dc voltage ripple of r = 0.01, the

following value of C,. = 1400 PF is obtained.

The selection of the parameters for the control system has been done by making an
initial estimate of each parameter and then refining the value by observing the time domain
response. In order to avoid excessive voltage drop during the charging of the DVR dc
capacitor, the input signal for real voltage injected (inp,) is limited to 0.1. The gain (k,) of
the proportional block for the control of V. is selected so as to give inp,; = 0.1 for a 10%
error in the dc voltage (V). The gain of the proportional block for the control of load side
voltage is selected so as to give inp, = 1.0 for a voltage error of magnitude V.. As in the
case of the 12-pulse STATCOM, a more extensive method of obtaining the initial estimate
of the control system parameters is by frequency domain analysis. However, the approach
used in this dissertation involves more effort in time domain analysis to obtain the control

system parameters.
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