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Abstract

This thesis proposes the small signal model for the Interline Power Flow Controller
(IPFC). Using this model, the damping performance of the IPFC with different power
system configuration is investigated and also compared with the AC Transmission
System (FACTS) based controllers such as the Unified Power Flow Controller (UPFC).

The IPFC and the UPFC in constant power control mode can be viewed as effectively
cutting the connected transmission line. This change on the structure of the network
results in a significant change on the small signal stability.

This thesis also addresses issues regarding the different levels of models that are
required for the investigation of the behavior of FACTS. An effective validation
approach that uses a minimum sized demonstration platform is proposed. This platform is
small enough for detailed EMTP validation, yet large enough to exhibit the range of
transient electrical and electromechanical behavior which is the focus for FACTS devices.
To demonstrate the approach, the small signal models of the system embedded with the
IPFC and the UPFC are developed respectively. The results obtained from small signal

analysis are validated with EMTP-type simulation and show a close agreement.
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Chapter 1

Chapter 1  Introduction

The electrical power industry has gone through tremendous changes since the 1980s.
The power demand has increased rapidly which resulted in the huge expansion of
generation and transmission facilities, and interconnections of individual systems have
never been tighter than today. At the same time the socioeconomic environment has also
experienced dramatic changes with the power industry facing a set of social, economic,
and environmental problems. Increasing public concern about the environment and health,
and the cost and regulatory difficulties in obtaining the necessary ‘right of way’ for new
projects have often prevented or delayed the construction of new generation facilities and
transmission lines.

One of the challenges the power industry faces is deregulation: to build up a
competitive market ensuring the buyers and sellers can transact through a non-
discriminatory, open access transmission service, which requires the separation of the
generation from transmission network. The implementation of deregulation poses
challenges to the present power industry: the main economic emphasis of deregulation is
to reduce the cost of electricity through competition. This requires a large number of
power suppliers in contrast to traditional single-suppler vertically integrated units. The
compulsory accommodation of the least expensive power by the transmission network
will aggravate the loop-flow problem, possibly resulting in equipment overloading,
voltage variation and a decrease of transient stability margin.

The traditional solution for the above problems is the addition of new power flow

control devices such as phase shifting transformers. When such options do not solve the
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problem the next option is to add new lines or to reconstruct the transmission systems to
re-establish voltage limit and transient stability while maintain the line load within
acceptable limits. Apart from the cost, such a large undertaking would be unacceptable
under the present environmental and regulatory constraints. The Flexible AC
Transmission System (FACTS), relying on large scale application of power electronics-
based, real time computer-controlled compensators and controllers, provides a technical

solution to these problems [1].

1.1 Flexible AC Transmission System (FACTYS)

New power electronic circuit configurations have been developed that are very
effective in regulating power flow in AC transmission lines [1]. These configurations are
referred as to Flexible AC Transmission System (FACTS). FACTS controllers are used
to address three main objectives for power transmission: (1) increasing the power flow in
a designated corridor; (2) controlling the precise route of power flow; (3) improving the
dynamic performance.

The first objective implies that power flow in a given line may be increased possibly
up to its thermal limit by changing the series line impedance. Typically, the power
transfer limit of long lines is determined by the stability limit because it is usually lower
than the thermal limit. However, with FACTS equipped with proper controllers could
increase the stability limit, approaching the thermal limit. The second objective implies
that the power flow can be restricted to the selected path. This mitigates the loop-flow of
power. The third objective implies that not only the FACTS itself can act as a controller

and compensator due to its fast response nature, but also when all the FACTS and other
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controllers in the system are combined by appropriate control strategies, they can
implement an optimal control on the overall system [2].

Based on the type of the power electronic technologies used (thyristor controlled or
voltage source converter controlled), FACTS controllers can be classified in two

categories (shown in Table 1-1, Figure 1.1, and Figure 1.2) [2].

Table 1-1 The FACTS family

Thyristor-controlled Converter-based
Type SVC
TSC | TCR | TCSC | TCPAR | STATCOM | SSSC | UPFC | IPFC

Compensation | shunt | shunt | series | series shunt series | both | series

1.1.1 Thyristor Based Controllers

SVC

Figure 1.1 Thyristor-controlled FACTS

Thyristor based controllers offer limited controllability because the thyristor device

cannot be ordered to turn off. It turns off naturally when system conditions cause the
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current to reverse direction. However these devices are very robust and have been used
extensively in the past. Examples of thyristor based controllers include the Static Var
Compensator (SVC), the Thyristor-Controlled Series Capacitor (TCSC) and the
Thyristor-Controlled Phase Angle Regulator (TCPAR). Each of them can change one of
the three parameters determining power transmission (line impedance, magnitude and
phase angle of voltages at both ends of the line). The SVC can change the voltage of the
shunt-connected line by controlling the shunt reactors (Thyristor-Controlled Reactor:
TCR) or switching capacitors (Thyristor-Switched Capacitor: TSC). The TCSC can
change the connected line impedance by controlling series-connected reactor or by
switching series-connected capacitors on a transmission line. The TCPAR is similar to a
mechanical tap-changer, but has much faster response. It can change the phase angle of

the connected line by injecting a voltage in series with the line.

1.1.2 Voltage Source Converter (VSC) Based Controllers

Busl l AT LA AT
|_l YT Y
T ‘ |
T ﬁ
¥4 |5
-
STATCOM SSSC ﬁ
DERG PFC — ‘
Bus2 | ?i“f

Figure 1.2 Converter-based FACTS
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Figure 1.2 shows typical configurations of VSC based FACTS devices. VSC based
controllers provide the series or shunt compensation to the system by injecting a series
voltage or shunt current into the connected line via a series or shunt voltage-sourced
switching converter. Combining shunt and series compensation can provide
comprehensive compensation to the system. In contrast to impedance type compensators,
they provide compensations via GTO or IGBT switched VSCs, which operate almost
instantaneously at fundamental frequency, and do not form a resonance circuit with the
transmission network [2]. This group includes the Static Synchronous Compensator
(STATCOM), the Static Synchronous Series Compensator (SSSC), the Unified Power
Flow Controller (UPFC) and the Interline Power Flow Controller (IPFC). The
STATCOM, like the SVC, provides shunt compensation to the system by controlling the
reactive current injected into the shunt-connected line thereby affecting the voltage [3].
The SSSC, like the TCSC, provides series compensation, but it relies on controlling the
voltage across the series-connected line, thereby controlling the ‘effective’ transmission
impedance [4] [5]. The UPFC combines the STATCOM and SSSC by using a common
DC capacitor. It can control all three parameters (voltage, effective impedance and angle)
to realize shunt and series compensation for a single transmission line [6]. The IPFC
combines two SSSCs on the DC side and thus provides series (real and reactive)
compensation and real power balancing between two different transmission lines [7].

In this thesis the IPFC and the UPFC are studied. They are relatively new FACTS
devices and are versatile as they provide real and reactive compensation functions. Hence

they potentially represent the future of FACTS.
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1.2 Small Signal Stability

Power system stability is the ability of an electric power system, for a given initial
operating condition, to regain a state of operating equilibrium after being subjected to a
physical disturbance. The classification of power system stability is mainly based on the
following considerations: the physical nature of the resulting mode of instability, the size
of disturbance, the time span and processes [8]-[11]. A classical classification of power
system stability was given by Kundur [11] (also see Figure 1.3).

As shown in Figure 1.3, the small signal rotor angle stability is a factor in system
stability. It refers to the ability of the power system to maintain synchronism under small
disturbances. These disturbances are considered sufficiently small that the linearization of

the system equations is permissible for purposes of analysis.

Power system stability
Angle stability Frequency stability Voltage stability
Small signal Transient Large disturbance small disturbance
angle stahility stahility woltage stability voltage stability

| — | |

shott tem short term Long term short term Long term

Figure 1.3 Classification of the power system stability [11]

In small signal stability studies, the system is initially modeled using time-domain

differential and algebraic equations around the steady-state operating point. After
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linearization, these equations are transferred to the frequency-domain. Then frequency-
domain methods, such as Lyapunov’s stability criteria [12] and spectral analysis, are
applied in order to obtain the information about the stability and damping by which the
system stability and controllers can be designed and analyzed.

In small signal analysis, due to the requirement of linearization, the system is usually a
reduced model. The corresponding simulation program permits a large time step. Using
such a large time step saves computer time. The frequency-domain methods used are also
conceptually clear and efficient for stability analysis and controller design. However,
reduced models can lead to misleading results. It is important that the reduced models are
validated by comparing results from field measurements or by comparing with results
obtained from simulations employing more detailed representation of the power system
and related equipment. This is especially the case for systems containing complicated

dynamic components, such as FACTS devices.

1.3 Electromagnetic Transient Simulation

In all power system simulation programs, the power system is modeled by a set of
mathematical equations; the main differences between the programs lie in the detail of
modeling and the methods used to solve them [13]. Different levels of detail are required
for different research objectives. Hence it is critical to choose the proper approach to
analyze and simulate the system according to the desired objective.

Power system simulation programs can be sorted into two main types in terms of the
modeling detail and the time span studied: electromechanical transient type programs and

electromagnetic transient type programs.
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Electromechanical transient type programs are usually used for transient stability
studies. These programs represent the network with simple phasor models (compared to
EMT programs) and only model the differential equations of equipment such as
generators. They allow longer simulation time steps and are suitable for ‘large network’
studies.

In EMT-type programs (of which PSCAD/EMTDC is an example), the system can be
modeled in significant detail, resulting in simulation results which are more accurate.
However, due to the high level of detail, the computation is quite time-consuming
especially for large systems. Using longer time steps can speed up the process, but at the

expense of reduced accuracy.

1.4 Main Objectives of the Research

This thesis has three main objectives: to develop an IPFC small signal moddl, to
investigate the small signal performances of the IPFC in the power system and to
develop a general approach for validation of the IPFC small signal model that can
be applied to other FACTS.

In the FACTS family of devices, the UPFC and the IPFC are the representatives which
have the most complicated configurations and can potentially provide the most
comprehensive compensation. A lot of studies on the UPFC have been carried out since
Hingorani proposed the concept of FACTS [1], [14]-[23]. The UPFC has been shown by
these studies to be a reliable solution that addresses the opposing requirements of
increasing power transmission capacity and maintaining the environmental and economic

balance. However, very few studies have reported on the IPFC for similar purposes [24]-
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[29]. This thesis investigates the performance of the IPFC for increasing power flow and
improving controllability while maintaining stability. In order to achieve this, a small
signal model for the IPFC had to be developed and validated [30].

As stated in section 1.3, a detailed EMT type simulation provides sufficient credibility
for validation, but requires a smaller sized network. Researchers using the method of
validating the small signal studies using EMTP have carried out their studies partially and
also used very simple systems (such as a single machine infinite bus system) or very
simple models of dynamic devices (such as using voltage sources to represent generators)
[31]. To address the problems in studying FACTS, an IEEE working group in 2001
(IEEE PES WG 15.05.02, spearheaded by Annakkage and Gole) proposed the creation of
a benchmark system for FACTS study. This system is large enough to demonstrate
typical problems which can be addressed using FACTS, while being small enough for
detailed EMT simulation programs validation [32]. Another important objective of the
research in this thesis is to use this test system to validate the IPFC model as well as to

demonstrate its typical use.

1.5 ThesisOverview

The thesis discusses the approach employed to achieve the above objectives:

Chapter 2 introduces the operating principles of the IPFC and the UPFC. The control
algorithm for these devices is also described in detail. The small signal models for these
devices are derived.

Chapter 3 introduces the test network, which was specially designed to exhibit

behavior that can be improved with FACTS devices. The IPFC and UPFC are embedded
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into this network at different locations. The IPFC and the UPFC models developed in
Chapter 2 are combined with the small signal model of the test system to derive the
overall small signal model.

Chapter 4 discusses validation aspects. In this research, the simulations for the small
signal models derived in Chapter 2 and 3 are initially run using an analytical formulation
in MATLAB. Then the results are compared with a detailed EMT simulation. Using the
results of the simulation, the small signal models are further refined and the accuracy is
enhanced.

Chapter 5 investigates the damping performance of the IPFC and the UPFC. Small
signal analysis shows that the IPFC and the UPFC have a large impact on the
electromechanical modes of the network. A simple explanation based on viewing the
IPFC as a link that divides the entire network into two independent disconnected parts is
proposed. It perfectly explains the observed phenomena.

Finally, in Chapter 6 conclusions are presented and suggestions for future work are
given.

The thesis concludes with the list of references cited throughout the thesis and
appendices which present the details of the small signal models of the IPFC, the UPFC

and the test network.
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Chapter 2 Small Signal Modelling of the Interline
Power Flow Controller (IPFC) and the
Unified Power Flow Controller (UPFC)

This chapter presents the operating principle for the IPFC and the UPFC, and

introduces their small signal models which are validated later in Chapter 4.

2.1 FACTSDevicesand Modélling

In order to effectively investigate the impact of FACTS devices on the power system,
their modeling and implementation in power system software is essential. The modeling
methods for FACTS devices vary in terms of different study objectives and detail levels.
Generally speaking, there are three levels of modeling: (i) the Electro-Magnetic
Transients (EMT) type models for detailed equipment level investigation [33] [34]; (ii)
steady-state models for system steady-state operation evaluation [2] [15], such as power
flow program; (iii) dynamic models for stability studies [15] [35], such as transient
stability program. The small signal model linearizes the system and provides an
analytical framework for determining resonance and damping. It can be used to design
controllers for power apparatus employing frequency domain method. Of course, unlike
the EMT method, it is valid only for small disturbances around a given operating point.
The small signal model considers a detailed representation of the mechanical systems, but
uses the approximate small signal representation for the electrical network. It is useful for
stability studies on very large systems.

A convenient method to validate small signal models is to compare with the most

11
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detailed model possible, i.e. the EMT model. One purpose of this work is to validate the
small signal model against the accurate EMTP-type model.

The Unified Power Flow Controller (UPFC) and Interline Power Flow Controller
(IPFC) are two modern Voltage Source Converter (VSC) based devices for controlling
power flow in a network. Their operation will be discussed in the following section.

There is a significant body of work about the UPFC. Since the earliest pioneering
concept was proposed [1] [14], the UPFC has been fully demonstrated and proven, from
its modeling [14] [17], stability and control [17]-[22], power flow [36]-[40], to its field
experience [23] [41]. Literature on the IPFC has been relatively sparse in comparison.
The majority of earlier contributions consider only the power flow and operating
constraints [24]-[26]. The studies on IPFC’s small signal stability performance are even
rarer and highly simplified. In these studies, either highly simplified test systems are used
[27] [28], or the validation process is entirely omitted [29].

One objective of the research is to investigate the small signal performance of the IPFC
in a comprehensive way. The small signal model of the IPFC including the decoupled
controller is developed. In this type of controller, the d, q components of the transferred
power are decoupled and independent, which reduces the interaction between the real and
reactive power controllers [19] [42]. Small signal analysis can be applied to investigate
applications of the IPFC for providing damping in realistic power networks and for
comparison with other FACTS devices such as the UPFC. This subject will be discussed

in Chapter 5.
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2.2 Operation of the UPFC and the IPFC

The UPFC consists of both series and shunt VSC branches. The IPFC only contains
two series branches whose mechanisms are similar with the series branch of the UPFC.
Hence the UPFC operating principles will be explained in detail, and the IPFC will be

briefly discussed later.

2.2.1 Operation of the UPFC

Ve  Vb=Vbd+jVbq Vieft Vr y-axis
- Ps+jOQs | A
e M ' (-axis Vel Vo d-axis
| e g
1 Le=Ted+jleq « Ibd+jIbg X | ,:’ b ;
% PR LYY
wt Aol
0 )
X-axis
exciter booster

(a) (b)
Figure 2.1 Operating principle of the UPFC

Figure 2.1 shows a simple system consisting of two buses connected by a transmission
line and a UPFC. Each of the shunt (exciter) and series (booster) branches of the UPFC
can be recognized as controllable voltage sources whose magnitude and phase angle can
be adjusted. Both of these sources generate the injected AC voltage by converting the DC
voltage on the common DC bus capacitor. The voltage sources are not completely
independent because the real power balance dictates that the real power entering the
shunt converter must be the same as the real power leaving the series converter (ignoring
losses). Assume that the injected voltages in the series and shunt branch are V» and Ve

respectively, and that the currents in the series and shunt branch are /» and /e respectively.
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In the absence of the injected voltage Vb, the transmitted real power Ps and reactive
power Qs are described by the well known power flow equations (2.1):

po=lslr sin(0s —6r)
X

2.1)
_ Vs2 —Vs‘Vr'COS(es—er)

X

Os

With the UPFC placed at the sending end, its series injected voltage V» boosts the
sending end voltage to Vsey as shown in Figure 2.1 (b). The sending end power Ps and Qs
are then determined by the “effective” sending voltage magnitude |Vses| and angle Ose
instead of by |Vs| and 6s. It can be readily shown that Ps is more sensitive to fsef change
and Qs is more sensitive to Vsey change. For analysis purposes, the voltage (or current)
vectors can be resolved into components in phase with (d) and in quadrature with (q) of
the sending end voltage Vs. Because the d, q components of the injected voltage (Va, V)
mainly affect |Ves| and Oep respectively, the variations of Ps and Qs are mainly determined
by V4 and Va respectively. In the UPFC, the aims of the shunt exciter are to support the
sending end voltage Vs and to keep the DC link voltage constant. The former aim can be
implemented by injecting reactive current leq into the sending bus from the exciter (by
controlling Ve), while in order to keep the DC link voltage constant, the real power
flowing into the exciter must be equal to the real power injected into the line from the
booster (neglecting UPFC losses). Therefore there are three independent variables in the

UPFC: Ps, Os, and Ieq, and one dependent variable: /ed.

2.2.2 Operation of the IPFC

The principle of the IPFC is similar to the UPFC which is illustrated in Figure 2.2. The
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IPFC consists of two series VSCs injected into two separate transmission lines. The two
VSCs are connected back-to-back by a DC link. Since the IPFC can control the
magnitude and phase angle of the injected voltage in both lines, it has 4 degrees of
freedom in control. As in the UPFC, one degree is used to keep the DC-link voltage
constant and the remaining three degrees are used to control the real and reactive power

in one line, and the real or reactive power in another line.

: Imd+jImg |
Lme 1 @ } : » 1
(master line) | - £ 0 . | 71 |

Isdtjlsq

P
>

1
i
| "
i
T
i

Line 2
(slave line) |

Z2

Figure 2.2 Principle of the IPFC

With such an arrangement, the series injection of voltage allows the IPFC to improve
the transfer capacity of the transmission line in a similar manner to the UPFC. As the
series sources are in two lines, the power flow in each line can be controlled, allowing
more equitable use of the transmission capacity. In addition, the individual VSCs of the
IPFC can be decoupled and operate as independent Static Synchronous Series
Compensators (SSSCs), without any hardware change [43]. The SSSC can not absorb
any steady state real power. Although not as versatile as the UPFC and the IPFC, it can

introduce a shunt voltage in quadrature with the line current and acts like a variable series
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capacitor.

2.2.3 Control Method for the UPFC and the IPFC

The control strategy plays an important role in the UPFC and IPFC. Decoupled control
theory is one popular method for controlling VSC based FACTS devices.

The main principle of decoupled control theory is as follows: any set of three-phase
instantaneous variables that sum to zero can be represented by a vector in an orthogonal
coordinate system, in which the vector is described by means of its d-axis and g-axis
components. This transformation from three-phase variables to d-q vectors is the well

known Park’s transform [44], which applies to both voltage and current.

ldrcf—:-@—}:b . 5 > Ja

Idei’ror i
|
Z s
Iq e;'ror i :
Lo @)+ [FRAT - -
/ il
/ /

compensator’ cross-coupling  cross-coupling in the AC network

Figure 2.3 Principle of the decoupled controller
As seen in Figure 2.1, changing the d, q components (V3q4, Vi,) of the injected voltage
(V) affects both the d, q components ({4, I54) of the line current (/). This is due to the

fact that there is a strong cross-coupling between the d, ¢ components introduced by the

connected network. This cross-coupling is represented by the shaded area of Figure 2.3
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[19].

Consequently, it is very difficult to independently control the real power without
affecting the reactive power or vice versa. Nevertheless, the independent control of active
and reactive power is an important desirable feature of the UPFC and the IPFC. In order
to achieve this independence, a cross-coupling compensator is introduced by the
controller to cancel the cross-coupling of the transmission system [19] [42]. With this
compensator, the system resembles two Single Input Single Output (SISO) systems (see
Figure 2.3 and equation (2.2)).

((arer —1a)- K(1+1/sT)—wlg+ wlg)-G(1+sT) = la N la/ larer =1/(1+sT / KG)
((]qref—]q)'K(1+1/ST)+COId—a)]d)‘G(1+ST):]q ]q/]qrele/(l-i-ST/KG)

(2.2)

With this modification, control references 4.5, I,or only affect I; and I, respectively
which realizes the independent control for the real and reactive power.

Another benefit of the decoupled control is on the modeling and analysis. Without
decoupled control, the voltage-current relation has to be described by a set of coupled
equations with bus voltages and phase angles as variables. The trigonometric equations
with the cross coupled items results in a more complicated linearized model. It usually
makes both the derivation and the analysis much harder. Using decoupled control not
only simplifies the model, also the straightforward SISO relations between the inputs and
outputs can make analysis and controller design much easier.

The EMTP-type models for the UPFC and IPFC are detailed and include power
electronic switches to represent the series and shunt converters. They also include the

decoupled control method discussed above. They are discussed in more detail in Chapter

4.
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2.3 Small Signal Moddl of the IPFC

The nonlinear differential equations are the foundation for developing the small signal
model. These same equations can also be directly used in transient stability studies. The
difference in the two studies lies in the treatment of these equations. In transient stability
studies, the equations are directly integrated numerically to yield the time evolution of the
response. In small signal stability studies, they are linearized around the operating point
and analyzed using a classical analytical approach to stability: that of examining the
system’s eigenvalue in the complex plane.

The procedure to form the small signal model is summarized in two main steps:

(1) Describing the dynamics of each dynamic device in the system in the form of
differential equations, and describing their interactions with the system in form of
algebraic equation;

(2) Linearizing each set of differential/ algebraic equations, and combining them.

The IPFC’s two back-to-back inverters can be represented by two voltage sources [7].
The line possessing two degrees of freedom (see Figure 2.2) is called master line, and the
other line is called the slave line. All variables related to the master line and slave line are
denoted with the subscripts ‘m’ and ‘s’ respectively. Three coordinate systems are
adopted in this model. Master line and slave line sending end voltage vectors (Vmi, Vsi)
are selected as d-axis of master line’s and slave line’s coordinate systems separately,
thus the real and reactive power (Pm, Om, Ps, and Qs) can be represented by their
corresponding d, q current components (Imd, Img, Isd and Isg). The other coordinate system
is the network’s coordinate system (x-y system) which takes the infinite bus voltage as its

x-axis. All vectors of the network are finally expressed as x-y components.
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The dynamics of the IPFC are represented by two groups of state equations. One

represents the dynamics of its DC capacitors; the other group represents the control

strategy which plays an important role in FACTS. A well designed controller ensures

better performances (such as improved stability and speed of response) of the device. In

this research, the decoupled control is used for its simplicity in theoretical analysis.

Figure 2.4 shows the equivalent representation of the IPFC and the phasor relationships

between key variables in the small signal model. The derivation of the various quantities

1s listed below:

ml

DC link

sl

i
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f | »
N Yma e
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“Vmd
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0 Vinfinite (Bus 9)
y q Vs2
A »
\Vsd e
p 5™ _.—"'
i“‘ ”/
“Vsd
sl
Os a8
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Figure 2.4 Circuit structure and principle variables for the IPFC

The DC link is modeled by:

Vie’

Rac

CdC'VdC'%VdcZ—Sb'(Ps+Pm)—

Where:

Cac: the capacitance of the dc bus capacitor.

Vae: the voltage of the dc bus.

(2.3)
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Pn: the real power flowing out of the dc link into the master line of the IPFC.
Ps: the real power flowing out of the dc link into the slave line of the IPFC.

The PI Controller that maintains Vac at the reference setting of Vier is modeled as:
Usq = Kpdc . (Vdcr - Vdc) + Kide - J.(Vdcr - Vdc) -dt (24)

Here Usq 1s the reference of the g-axis component of the slave line current. It is the only

non-independent reference in the IPFC’s four references (Umd, Ung, Usd and Usyg).

lmd

b
Uns —~O—Ew TeTa}> O Vau

(lmd ref)

Una @ [E 57— Vu
(Imqref) T

Imq

Figure 2.5 The decoupled controller of IPFC master branch
Isd

{
U [ Tt |~ Ve
(Isdref)
|1/ § ITVI:' Kspro
non-independent

reference Tll/ s I_M._{ Ksporo
sq

N Ve[ - @ v
(Is qref) T

Isq

Figure 2.6 The decoupled controller of IPFC slave branch

The decoupled controllers of the IPFC are shown in Figure 2.5 (master branch) and

Figure 2.6 (slave branch) respectively.
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It should be noted that in the decoupled controller, the controller’s setting should be
based on the instantaneous value of the system frequency (w/2x) instead of the nominal
value (wo/2r). Here wois adopted in the study for the following two reasons:

1. In the small signal study, the low frequency oscillation results in the instantaneous
system frequency fluctuating around the nominal value (wo/2x). The average value
of the frequency is still the nominal value.

2. In the small signal study, in contrast with the system frequency, the magnitude of
the low frequency oscillation is very small, which would not result in a large bias
between the instantaneous value and the nominal value of the system frequency.

For an example, in the simulation Case 3 of Chapter 4 the angular frequency @ changes
between 376.985 and 377.015. Hence this trivial difference between w and wo can be
ignored in the controller.

The decoupled controllers are modeled as:

de :Kmp'(Umd —Imd)'i'TL'Mmd—Kmp'C()O'Mmq (25)
1
qu :Kmp'(Umq-]mq)+T—m'Mmq+Kmp'a)0'Mmq (26)
1
Vsd =Kvp'(Uvd—[vd)-i-F'Mvd—Kvp'&)O'qu (27)

1
Vsq :Ksp'(Usq—Isq)-i-F'qu-FKsp'a)O'Md

(2.8)
Here Mmd, Mmg, Msa and Msq are the integrals of the errors of IPFC’s current
components (Imd, Imq, Isd and Isq) and their references (Umd, Umg, Usa and Usq).

d
— Mmda =Umd — Im 2.9
0 d (2.9)
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d

ZMmqZUmd—Imq (210)
iMd_Ud—I (2.11)
dt ! '
ot =Uso—1 2.12
Z sq = Usq — Sq ( )

Here, Ima and Imq are the d,q components of the master line current; Is@ and Isq are the
d,q components of the slave line current.

Since the IPFC is incorporated in the power system, the voltage and current variables
in the IPFC equations should be expressed with variables in the network x-y plane. Thus

the V-I relation of the IPFC can be represented by following equations:

v v v 7.7 lex —VmZX 0 —Xm Imx 2.13
m——( = m2)+ e ley—VmZy - Xm 0 . Imy ( ' )
Vem—(Va—Viy4 Zee o= | 0 2 [ O 7 [ 2.14
s——( s1— 52)"1‘ s+ ls =— Vsly—Vszy + be 0 : Isy ( . )
Pon=m, Vn)-In=~m, =Vm2)-In, —Vm, =Vm2,)-In, (2.15)
Ps=—(Vat, ~Vs2,)- I, — (Vot, = Vs2)) s, (2.16)

Where:

X

Vimt
Vil = [V j : the sending end voltage vector of the master branch of the IPFC.

mly

X

Vin2
V2 = (V ] : the receiving end voltage vector of the master branch of the IPFC.

m2y

Vsi

Vsi1
Vst = ( xj : the sending end voltage vector of the slave branch of the IPFC.
y
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Vsa2

Vs2
V2= [ x] : the receiving end voltage vector of the slave branch of the IPFC.
y

Vim
Vi = [V x] = Tip1-Vmdq : the injected voltage vector of the master branch of the IPFC.
My

Vs
Vs = ( xj = Tip2-Vsdq : the injected voltage vector of the slave branch of the IPFC.
Vi, o
Vmdg = v : the d-q vector of the injected voltage of the master branch of the IPFC.

Vsdg = ( Sd) : the d-q vector of the injected voltage of the slave branch of the IPFC.

X

Im
In = ( J : the vector of the current flowing through the master transformer of the IPFC.

X

Is
Is = ( J : the vector of the current flowing through the slave transformer of the IPFC.

cosOm —sinBm
ipl =

i : the dq to xy transformation matrix of the master branch.
Sin@m  cosOm

cosOs —sin0s
ip2 =

) : the dq to xy transformation matrix of the slave branch.
sin@s  cosOs

Rm  —Xum
Zm= (X R J : the master impedance matrix of the IPFC (Rn is omitted, R»=0 ).
m m

Rs —Xs
Le= [X 2 J : the slave impedance matrix of the IPFC (Rs is omitted, Rs=0 ).

Equations (2.3)-(2.16) can be linearized as differential and algebraic equations (2.17)-
(2.19) to provide the small signal model. The model has 6 state variables, and three inputs
(or references). The detailed derivation of the elements of all coefficient matrices is given

in Appendix C.

23



Chapter 2

AXip = Aip- AXip+ Bip- AUip+ Eip- AV + Fip- AVim2 + Gip - AVsi+ Hip - AVs2 (2.17)
Alm = Tip39- AXip + Tipao- AUip + Tipa1r- AV + Tipaz2 - AVm2 (2.18)
AL = Tipaz- AXip + Tipasa- AUip + Tipas - AVsi+ Tipas - AVs2 (2.19)
Where:
AVie
AMac
AUmd
AMmd
AXip = Al]zp = AUmq
AMmg
AUsd
AMsd
AMsq

2.4 Small Signal Model of the UPFC

The UPFC’s two back-to-back inverters can be represented either by a shunt current
source and a series voltage source [18], or by two voltage sources (one shunt and the
other series) [14].

In this thesis, the series part possessing two degrees is called the booster, and the shunt
part is called the exciter. All variables and ratios of the booster and exciter sides are
denoted with the subscripts ‘b’ and ‘e’ respectively. Two coordinate systems are adopted
in this model. The sending end voltage vectors (Vs) are selected as the d-axis of the
UPFC’s coordinate system, thus the real and reactive power (P», Qb and Pe, Qc) can be
represented by their corresponding d, q current components (/54 Ipg and Lo, Io;). The other
coordinate system is the network’s coordinate system (x-y system) which takes the
infinite bus voltage as its x-axis. All vectors of the network are finally expressed as x-y

components.
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The UPFC dynamics is represented by two groups of state equations. One represents

the dynamics of its DC capacitors; the other group represents the details of the decoupled

............ 0 Vinfinite bus

controller.
N IV """""""" VI
| Exciter | | b Booster!
| | 1o @ |
| L X |
L Xe el
| | Pt L
Vetl2d I DC link

Figure 2.7 Circuit structure and principle variables for the UPFC

Figure 2.7 shows the equivalent representation of the UPFC and the phasor
relationships between key variables in the small signal model. The derivation of the
various quantities is listed below (the treatment is partly based on the approach suggested
by Limyingcharoen [17]):

The dynamics of DC link is modeled as:
d
Cdec Ve = Vaec = Sb-(Pe— Pb) (2.20)

Where:
Cc: the capacitance of the dc bus capacitor.
Vae: the voltage of the dc bus.
Pe: the real power drawn into the dc link from the exciter branch of UPFC

P»: the real power flowing out of the dc link into the transmission line through the booster

side of UPFC.
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The PI Controller that maintains Vac at the reference setting of Vier is modeled as:
Uea = Kpdc . (Vdcr - Vdc) + Kide - I(Vdcr - Vdc) -dt (22 1)
Where, Uea is the reference of d-axis of the exciter current that is in phase with the
voltage Vs, and Kpdc, Kide are PI controller gains.
Iba
Uso (£ 67y > )— Vo
(Ivdrer)

Ui - — [T e}~ E—= Vi
(Ibqref) ¢
Ibq

Figure 2.8 The decoupled controller of the UPFC booster branch
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Figure 2.9 The decoupled controller of the UPFC exciter branch
The decoupled controllers of the UPFC are shown in Figure 2.8 (booster branch) and

Figure 2.9 (exciter branch) respectively.

They are modeled as:

Vb, =Kbp'(Ubd—[bd)—i-Ti'Mbd—Kbp'(t)O'Mbq (2.22)
b
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Vbq :Kbp'(qu—Ibq)-l-Ti'Mbq-i-Kbp'a)O'Mbq (2.23)
b
1
Ved = Vsd - (Kep . (Ued —[ed) +F'Med — Kep- 00 'Meq) (224)
1
Veq = Vsq — (Kep . (Ueq —qu)-i-E'Meq + Kep - @0 'Med) (225)

Where Mbd, Mbg, Mea and Meg are the integrals of the errors of UPFC’s current

components (Ipd, Ibq, led and leq) and their references (Ubd, Ubg, Ued and Uey).

d

— Mbd =Ubd — Ip 2.26
0 d (2.26)
d Mpg = 1 2.27
E bg = Ubd — b, (2.27)
iMd—Ud—[ (2.28)
dt d '

d Meg = I 2.29
E eq—Ueq— eq ( . )

Where, Irva and Ibq are the in-phase and quadrature component of the booster current; Zed
and /e are the in-phase and quadrature component of the exciter current; Usd, Ubg, Ued
and Ueq are the reference control settings of Ibd , Ibq, led and Ieq respectively.

Like the IPFC model, the voltage and current variables in the UPFC equations also
need to be expressed with variables in the x-y plane. Thus the V-I relation of the UPFC

can be represented by the following equations:

Vom—(VomViy+ ZoTm| 5 5| [ O TR0 [ M 230
b=—Vs=Vr)+Zb-Ip=— Ve~V + w o /) b, (2.30)
VemVee Zodom| 5 |[ O ~Xe) [ e 2.31)
e — S — e*le —— qu - Xe 0 * Iey .
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Po=V, Vo) Ib=—(Vs, =Vr) I, = Vs, =Vr,) I,

Pe:Vex'Iex-i'Vey '[ey :st 'Iex+Vsy 'Iey

Where
Vs, ]
Vs = v J : the sending end voltage vector.
Sy
Vi, .
Ve = v | the receiving end voltage vector.
"y
Vb, Vb,
Vb = = Tup1-Vidg = Tup1 - : the booster voltage vector of the UPFC.
be Vbq
Vex Ved .
Ve = v = Tup1+-Vedq = Tup1- v : the exciter voltage vector of the UPFC.
€y g

Vb
Vigy = ( d} : in phase-quadrature (d-q) vector of the booster voltage of the UPFC.

Ve
Veg, = (Vd} : in phase-quadrature (d-q) vector of the exciter voltage of the UPFC.
‘g

Ip
Ir= P x} : the line current vector flowing through booster.
b
y
le, : . :
Ie= : the line current vector flowing through exciter.
e

y

Iv
I, =| ¢ l:in phase-quadrature (d-q) vector of the booster current of the UPFC.
a4\ Iy
q

Le
ley, = (I d] : in phase-quadrature (d-q) vector of the exciter current of the UPFC.
‘g

Rv —Xb . .
Zp= : the booster impedance matrix of theUPFC.
Xo  Ro

(2.32)

(2.33)
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Re —Xe
Ze= [X R J : the exciter impedance matrix of theUPFC.

cos@ —sinf
upl =

) : the dq to xy transformation matrix.
sinf  cos6

Equations (2.20)-(2.33) can be linearized to obtain the set of differential and algebraic
equations (2.34)-(2.36). The model has 6 state variables, and three inputs (or references).

The detailed derivation of the elements of all coefficient matrices is given in Appendix D.

AXup = Aup - AXup + Bup - AUup + Evp - AVs + Fup- AVr (234)
Alb = Tup30- AXup + Tup31- AUup + Tup32 - AVs + Tup3z- AVr (235)
Ale = Tup3a - AXup + Tup3s - AUup + Tup3s - AVs (236)
Where:
AVic
AMac
AUba
s =| N AU =| AU
"7 AM R
AUeq
AMed
AMeq
Summary:

This chapter discussed the operating principle of the IPFC and UPFC devices. The
interaction between the d, q control loops was discussed and the method of earlier
researchers to eliminate the interaction using decoupled control was presented. Based on
a decoupled controller structure, linearized small signal models for the IPFC and UPFC
devices were derived. The IPFC small signal model with decoupled control is a

contribution of this thesis and is introduced in this chapter. The IPFC and the UPFC
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models are represented by a sixth order state equation respectively which contains 6 state
variables and 3 controller references. These models will be integrated into the linearized
network model to form the network small signal model which will be presented in
Chapter 3. The full model will be validated by comparison with EMT type simulation in

Chapter 4.
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Chapter 3 Development of a Comprehensive Test
Platform for Evaluation of FACTS
Apparatus

Detailed EMT type programs can be used to validate the results of small signal models.
This is best conducted using a suitable test system which should manifest several
problems that can be alleviated by FACTS devices. This typically requires a large system.
However the detailed EMT type simulation used for validation is practical for a limited
size network. As the system size modeled in an EMT type program increases, the
computational times can become very long and unfeasible. In this chapter, a test system
for FACTS studies is introduced [30]. The details of the system including the
transmission problems and eigenvalue information are introduced. Then the small signal

models of the system embedded with the UPFC and the IPFC are respectively developed.

3.1 Benchmark Platform for Evaluation of FACTS appar atus

The test system (shown in Figure 3.1) has been developed for the IEEE PES WG
15.05.02 as the IEEE FACTS system benchmark. The details of the network are briefly
presented below with additional details in the Appendix A.

As a benchmark system for studying the impact of FACTS controllers on improving
system performance, it should meet two main requirements. Firstly, it should exhibit poor
transmission and stability performance that can be alleviated by FACTS devices, such as
transmission congestion, loop flow, inter-area oscillations or over- or under-voltage

problems. Secondly, the size of the system should be small enough to be amenable to
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EMT-type simulation. Because the EMT-type model is the most detailed, it is also very
suitable as the comparison template for validating more approximate models such as

small signal models. It is also computationally intensive and time consuming.

Bus 5 Bus 4
Bus 1 Bus 2 ‘ <HH( <HH(
<
Bus 10
Bus 9 Area 1
(infinite bus) Bus 6

@—H—@— ﬂ:“_@_ﬂ_@ Area 3
)|
Bus 12 Bus 3
<:]_

Area 2 Bﬁls e Bus 11

Figure 3.1 Single line diagram of 12 bus system

Bus 7

The proposed test system consists of 12 buses (six 230 kV buses, two 345 kV buses
and four 22 kV buses). The test system covers three geographical areas (Area 1, 2, and 3).
Area 1 is predominantly a generation area with most of its generation coming from hydro
power. Area 2, situated between the main generation area (Area 1) and the main load
centre (Area 3), has some hydro generation available, but insufficient to meet local
demand. Area 3, situated about 500 km from Area 1, is a load centre with some thermal
generation available. Furthermore, as Area 2 generation has limited energy availability,
the system demand must often be satisfied through transmission. The transmission system
consists of 230 kV transmission lines with the exception of one 345 kV link between

areas 1 and 3 (between buses 7 and 8). Areas 2 and 3 have switched shunt capacitors to
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support the voltage.

Power flow studies (see Table 3.1) reveal that in the event of a loss of generation in
area 3, or a loss of the transmission line 4-5, line 1-6 is overloaded while the transmission
capacity of the 345 kV transmission line 7-8 is under-utilized. This congestion can be
relieved by various FACTS solutions such as TCSCs or SSSCs on line 1-2 or line 7-8; or
as in the examples presented here, an IPFC on two of the three lines (line 1-2, 1-6 and 7-
8); or a UPFC on line 1-6 or 7-8. Further, the load centre (Area 3) suffers from under-

voltage problems, which make this test system suitable for studies on application of SVC

or STATCOM.
Table 3-1 Power flow of the system
Line 1-6 (limit: 250MVA) Under-voltage (pu)
Normal 210.8
Line 4-5 tripped 295.2 V4=0.943
G3 loss 120 MW 248.5 V5=0.922
G4 loss 80 MW 255.5

Small signal stability studies presented in Chapter 5 show that the platform system has
three of the least damped inter-area oscillations (see Table 3.2), and two of them are
significantly underdamped (i.e. damping < 5%). It also shows that these poorly damped
modes can be improved by FACTS devices at various locations.

Table 3-2 Oscillation modes without FACTS

Eigenvalues | Frequency | Damping ratio Dominant

A=octjo (Hz) (%) generator
-0.058+5.3311 0.84 1.08 G2
-0.22247.0691 1.12 3.15 G3
-0.320+4.728i1 0.75 6.76 G4

Another possible application of the platform is to investigate the use of FACTS devices
to strengthen the network for the integration of wind generation in Area 2. For example,

series FACTS devices on lines 1-6 and/or line 6-4 and/or line 7-8 could make stronger
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connections from Area 2 (with wind generation) to the other areas.

Thus it can be seen that the proposed platform can be useful for studying FACTS
device applications for congestion relief, voltage support, transmission stability and
integration of wind generation. It also becomes possible to validate reduced models such
as Small Signal Stability models against detailed EMT-type simulation for such FACTS
applications. These aspects will be covered in Chapter 4. Data for the benchmark
platform are listed in Appendix A.

The procedure for validation is elucidated by connecting a UPFC or an IPFC into the
platform and comparing its small signal representation against the detailed EMT-type
representation using the technique of Prony Analysis. The Prony analysis is a spectral
method which can supply frequency information by extracting all the frequency
components from a waveform [45]. The UPFC is installed in line 7-8, of the platform

system, its primary purpose being to relieve congestion in line 1-6.

3.2 Small Signal Model of the Benchmark System with
Embedded | PFC

The small signal model of the system including the IPFC is shown in Figure 3.2. It is
divided into two parts: the first part consists of all dynamic components of the network,
such as generators, exciters and the IPFC; the second part is the rest of the network which
is passive. The IPFC model has been described in Chapter 2. In this section, the generator
and exciter model is introduced first, then the passive network is included, and these
dynamic components are integrated into the network to form the final system small signal

model.
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generators network [PI'C

Im
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Figure 3.2 The small signal model of the system embedded with the IPFC

3.2.1 Generator and Exciter Model

In this system, bus 9 is chosen as the infinite bus, and thus G1 is treated as an ideal
voltage source. Three generators (G2, G3 and G4) with their exciters are represented by
the typical fourth order dynamic model (third order generator plus first order exciter) [8].

For the k™ generator and exciter it has:

5, = wp(@, —1) (3.1)
. 1 ' '
1 1 ! '
Ey = m(Efdk —E, — Xy — Xy ley) (3.3)
0
. 1 Ka;,
Ejay, = _mEfdk +T7ak(ngr‘?f - ng) (3.4)

These equations can be linearized and expressed in the compact form for p number of
generators as shown in equations (3.5), (3.6). The derivation of this model is found in

references [8] [17].
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Where, k=1....p.
A6,
Aw ATm AV
AXe =| AU, _(AV ¢ J Al, =(Mg’“‘] Ver _(AV%‘]
AE; Lhref Lhy Zhy
AEja
0 o 0 0
-D -V
Agkz,l k Elkd : 0
Ag, = -X 1
gk Agk?),l 0 ' dk . -
TdOk X d T, d0k
-1
A 0 0
8ka.1 Tu,
0 0
0 0 no
1 0 Seny 0 sznv koo
2H, Egkz,l Egkz,z dk
0 0 Egis,  Egisy S 0 coso;, 0
K. Ee,: E Sk21 X/
0 4k 8k4,1 8k4,2 dk
Tak

Ygak ngk
Y. gy Y gdy.
The detailed derivation of the elements of all coefficient matrices as shown above is

given in Appendix B.

3.2.2 Network Equation

The transmission lines are represented as Pi-sections, the transformers as leakage
impedances, and the loads and shunt capacitors as constant impedances. Hence, the n-bus

network can be represented by a 2xn linearized node equation:
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1 ml,z see AI
YN . YN, || AV, Al
1 2,2 20 | 2 |_ 2 3.7)

2=

W, w,, .. w, ) \ar,) lar
Where the ij™ block of admittance matrix is defined as:
o [GNI., ; —BN,;
"\ BN, GN,, J
Note that the small signal model is based on a single line diagram and the number of

buses or nodes does consider each phase separately.

3.2.3 Small Signal Model of the Network with Generatorsand
Embedded IPFC

The state space representation of the complete power system can be obtained in the

format of A).( =A-AX +B-AU [8] [8], by eliminating A} and Al from the differential
algebraic equations of the dynamic devices (2.17)~(2.19), (3.5), (3.6), and the network
equations (3.7). The derivation procedure is listed below.

The IPFC has two series branches with each introducing one extra bus. Hence the
network with the IPFC has 14 buses (the infinite bus is not included). Assuming there are
p generators, then the buses of the system are sequenced as follows:

1~p: generator 1 to generator p,

p+1: the sending end bus of the IPFC master branch,

p+2: the receiving end bus of the IPFC master branch,

p+3: the sending end bus of the IPFC slave branch,

p+4: the receiving end bus of the IPFC slave branch,
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pt5~n: remainder network buses (not including the infinite bus).

The corresponding network node equation (3.7) can be rewritten as:

Y]Vgl,l : mgl,p szgl,ml Y]Vgl,m2 Y]Vgl,sl Y]vgl,sl mgl,sZ : Y]Vgl,n AVgl
H'ng H'gp,p H'gp,ml Yng,m2 Yng,sl H'gp,sl H"gp,s2 Yng,n AVgp
szml,l Y]vml,p Y]le,ml mml,mZ mml,sl mml,sl Y]vml,SZ . szml,n AVmi
mm2,1 mm2,p mm2,ml Y]va,mZ Y]VmZ,sl Y]vm2,s1 mm2,s2 szm2,n AVm2
Y]vsl,l Y]vsl,p Y]vsl,ml Y]Vsl,mZ msl,sl Y]Vsl,sl Y]vsl,sZ Y]vsl,n AVsi
msZ,l Y]VSZ,p msZ,ml ms2,m2 msZ,sl msZ,sl Y]VS2,52 msZ,n AVs2
AV,
YZVll Y]vi,p Y]vi,ml Y]Vi,m2 Y]vi,sl mi,sl mi,sZ Y]vi,n !
YN YN, YN, . ¥N,, ¥N,, ¥N,, IN YN AV,
n,l n,p n,ml n,m2 n,sl n,sl n,s2 n,n
A[ng A]gp
AINm1 —Alm
AINm2 Alm
AIN;s1 —Als
AIN;s2 Als
AIN, AIN,
AIN, ) | AIN,

Substituting Alg; of (3.6) into (3.7), the k™ generator bus node equation is expressed as:

Ser-AXgp = Y YNy ;- AVj+(YNy , +Ye,)-AVg, (3.8)
j=lj#k

Substituting Aln , Als of (2.18), (2.19) into (3.7), the node equations of the IPFC
sending and receiving end bus are expressed as:
—Tip39 . A)(ip — Tip40 . Al]zp

n

= Y YN, -AVi+ (N, +Tio41)- AV + (YN, o + Tipa2)- AVim2

Jj=1,j£zml,m2

(3.9)
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Tip39 - AXip + Tipao - AUip
= Y YN, AVi+ (YN, —Tip41)- AV + (YN, 0 = Tipa2)- AVim2

Jj=1,j#ml,m2
—Tipa3- AXip — Tipaa - AUip

= D YN, -AV,+(YNy g +Tipss)- AVai+ (YN, o, + Tipas)- AV

Jj=1,j#sl,s2
Tipa3- AXip + Tipaa - AUip

= D YN, ;-AV,+(YN,y —Tipss)-AVsi+ (YN, , —Tipas) - AVs2

j=1,j#sl,s2

For other buses which are not connected to dynamic devices:

0=3 N, AV,
j=1

(3.10)

(3.11)

(3.12)

(3.13)

The above equations (3.8)-(3.13) form a new network equation in which the current

components of dynamic devices are eliminated by replacing them with linear

combinations of states and reference inputs:

YM,, YM,, YM,,., YM,, YM,, YM,, AVe

YMml,g YMml,ml YMml,mZ YMml,sl YMml,sz YMml,_j AVmi

YMm2,g YMmz,ml YMmz,mz YMmZ,sl YMmz,sz YMmZ,_j AVm2

YMg, YMg,. YMg,., YM,, YM,., YM,. || AVs

YM gy, YM g, YM,., YM,o YM,, YM || AVs2

YM,, YM,, YM,., YM,, YM,, M, |\ AV
Sg - AXg

—Tip39- AXip — Tipso - AUip
Tip39- AXip + Tipao - AUip
—Tipaz- AXip — Tipaa - AUip
Tipa3 - AXip + Tipaa - AUip
0

Where:

(3.14)
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YMml,sZ = Yle,SZ

YMm2,s2 = mmZ,sZ

Y]Vgl,ml
My=| -
Yng,ml
YZVgl,sZ
M, = .
mgp,ﬂ
i,ml Y]Vi,mZ
YM, o =|
n,ml mn,mZ
YN, ; YN, ,
™, =| ..
YNM IN,,
mml,ml + ﬂp41 YMml’mz = Y]V”ll,”l2 + Ep42
WM,y =(WNy s e YN,
YN, —Tips1 YM 52 = YN,y o — Tips2

mz,

M, ; =(YN 2 - IN 2n)

YMsl,mZ =Y Vsl,m2

sl,ml
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YMxl,xl = Y]Vsl,sl + Tipas YMxl,xZ = Y]Vsl,x2 + Tip4e Wsl,j = (mvl,j mvl,n)
M :(HVSZ,] nst,p) YMSZ,ml = Y]VSZ,ml YMSZ,mZ = Y]VSZ,mZ

YM,, =YNg o ~Tipss  YMy o =YNg o —Tpss  YMy,, =(YNg ;.. YN,,,)

Equation (3.14) can be rewritten as:

AVg Sg . AXg
AVmi —Tip39- AXip — Tipao- AUip
AVm2 Tip39- AXip + Tipao- AU;
=zMm-| " pee i (3.15)
AVs1 —Tipa3- AXip — Tipasa- AUip
AVs2 Tipa3 - AXip + Tipaa - AU3p
AVJ. 0
Where:
ZMg,g ZMg,m1 ZMg,m2 ZMg,S1 ZMg,S2 ZMg,J
ZMml,g ZMml,ml ZMml,m2 ZMml,sl ZMml,s2 ZMml,j
ZMm ZMm m ZM?H m ZMm S ZMm S ZMm j
IM = YM = 2.g 2,ml 2,m2 2,51 2,52 2,
ZMsl,g ZMsl,ml ZMsl,mZ ZMsl,sl ZMS],S2 ZMsl,j
ZMSZ,g ZMSZ,ml ZMSZ,mZ ZMSZ,sl ZMSZ,SZ ZMSZ,j
ZMz',g ZMi,ml ZMi,mZ ZMi,sl ZMz,s2 ZMi,j
Equation (3.14) can be split into following five equations:
p
AV = ZZMgk,g/ Sg; AXg;
j=1
— ((ZMgk’m1 — ZMgk,mz) -Tip39 + (ZMgk,m1 — ZMgk,mZ) -Tipa3) - AXip (3.16)
- ((ZMgk,ml - ZMgk,mZ) Tipdo+ (ZMgk,sl - ZMgk,sZ) ) Tip44) -AUip

p
AVi=Y 7M., .- Se; - AXe;
Jj=1

—((ZM
~((zM

2) T30+ (ZM = ZM 1 1) Tip3)- AXip (3.17)
) Tipao+(ZM 1 o —ZM 1 55) - Tipa4) - AUip

—-ZM
-ZIM

ml,ml ml,m

ml,ml ml,m2
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j2
AVmr=Y ZM.,, .- Se; AXe,
j=1
- ((ZMm2,ml - ZMm2,mZ) ’ Tip39 + (ZMmZ,sl - ZMmZ,sZ) ’ Tip43) ' A)(ip (3 1 8)
~((ZM 3y = ZM 3 12) - Tivs0 +(ZM 5 s = ZM 5 ) - Tipa4) - AU
P
AVa=Y7ZM - Se;-AXe,
j=1
—((ZM ) —ZM gy ,0) - Tip39+ (ZM ) o —ZM ) ) - Tip43) - AXip (3.19)
- ((ZMsl,ml - ZMsl,mZ) ’ Tip40 + (ZMsl,sl - ZMsl,s2) ' Tip44) ' A(]’p
p
AVia= ZM , ;- Se; - AXe;
j=1
- ((ZMS2,ml - ZMsZ,m2) Tip39 + (ZMsZ,sl - ZMs2,s2) ’ Tip43) -AXip (320)
—((ZM g3y = ZM 5 5) - Tiva0+ (ZM 5 o = ZM 5 5 ) - Tip44) - AUip

Substituting equation (3.16) into (3.5); and (3.17) ~ (3.20) into (2.17) gives the

linearized state equations of the system:

. )4 p
AXg, =D A6G, ;- AXe, + Aar, -AXip+ Y BaG, ;- AUg; + B - AUp (3.21)
Jj=1 Jj=1
. p
AXp="" AiG;-AXg; + Air- AXip+ Bu - AUp (3.22)
J=1
Where:

gk,ml gk,s1
Beg; =0 0=k
AiG, = (Eip-ZM,,, o+ Fip-ZM,,  +Gip- ZM , ; + Hip-ZM , ) Sg, (=1,...p)
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A= Aip—Eip-(ZM 1y = ZM 1 12) - Tip39+(ZM 1 o — ZM 1 5) - Tip43)
—Fip- ((ZMm2,m1 - ZMm2,m2) Tip39 + (ZMmZ,sl - ZMm2,52) ' Tip43)
—Gip- ((ZMsl,ml - ZMsl,mZ) Tip3o+ (ZMsl,sl - ZMS],SZ) ’ Tip43)

—Hip- ((ZMSLml - ZMS2,m2) Tip39 + (ZMSZ,SI - ZMs2,S2) ’ Tip43)

Biu = Bip - Eip . ((ZM
—Fip-(ZM

—IM 1 12) Tipa0+(ZM o = ZM ) Tipas)
ZMmZ,mz) ’ Tip40 + (ZMm2,s1 - ZMm2,s2) ' Tip44)

ml,ml

m2,ml
= Gip-(ZM gy g = ZM g, p) - Tivdo + (ZM gy y = ZM g ) - Tip44)
- Hlp ° ((ZMSZ,}'HI - ZMSZ,mZ) * Tlp40 + (ZMSZ,SI - ZMSZ,Sz) * Tlp44)

Equations (3.21) and (3.22) can be written in matrix form to give the linearized state

equation:
A Xg Acc  Acr) ( AXg Bcc  Bar [ AUc
= . + (3.23)
: Aic An AXip Bic  Bnm )\ AUp
A Xip

Or AX = A-AX + B-AU

Where:

AGGU AGGl’p Arg,

Aée=| .. .. Acr=| .. AIG=(AIG1 A[Gp)
466,y ... Aéag,, 4G,
Baa; ... 0 Bar,

Bee=| .. .. Ber=| .. BJGz(BJG1 Ble)

0 .. Bag,, Bar,

AXgl

AX = . |: 1x18 matrix (3 generator and exciters, 4 states from each generator and
A Xgp
A Xip

exciter unit; 6 states from the IPFC);
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AUgl

AU = : 1x9 matrix (2 inputs from each generator and exciter, 3 inputs from the

AUgp

AUip
IPFC).

In this thesis, the impact of the generator on the network is not the main concern, thus

the generator governor and exciter input vector AUy 1s set to zero. Then equation (3.23)

can be written as:

A Xg Ace Acr) [ AXg Bar
= . + AUip
. Aic  An AXip B
A Xip
Using equations (3.6) and (3.16) output equations of the k™ generator can be derived as

(details see Appendix C):
APg, = CPGg, - AXg + CPGip, - AXip+ DPG,, - AUp
AQg;, = COGg, - AXg + COGip, - AXip+ DOG,, - AUip
Similarly the output equations of the master branch and slave branch of the IPFC can
be derived by equations (2.18), (2.19), (3.17) and (3.19) as:
APw=Vu" - Aln+ In" - AVt = CPMg - AXg + CPMip- AXip+ DPM - AUip

AQm = (ley —lex)'AIm+(—]my ]mx)Ale
— COMy - AXg + COMip- AXip+ DOM - AUsp

APs = CPSg - AXg + CPSip- AXip+ DPS - AUip

AQS = CQSg -AXg + CQSip -AXip + DQS -AUip
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3.3 Small Signal Modd of the System with Embedded UPFC

The derivation of the small signal model of system embedded with the UPFC is similar

to that of the IPFC.

generators network UPFC
I Xb

G @_’L_| Ve Vi =
i I Viat) Vg

I
i
i i
|
]

I I
(}p @i_l Vgp Vs _lf_

Xe

Ved+j Veq

Figure 3.3 The small signal model of the system embedded with the UPFC

The small signal model of the system embedded the UPFC is shown in Figure 3.3. The
UPFC model has been described in Chapter 2, and the generator and network equation
are described in section 3.2.1 and 3.2.2 respectively. Described here is only how to
incorporate these equations into the network to obtain the linearized state equation of the
network.

The UPFC has one series branch which introduces one extra bus. Hence the network
with the UPFC has 13 buses (the infinite bus is not included). The buses of the system are
sequenced as follows:

1~p: generator 1 to generator p,

p+1: the sending end bus of the UPFC,

p+2: the receiving end bus of the UPFC,

p+3~n: remainder network buses (not including the infinite bus).

Thus equation (3.7) can be rewritten as:
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mgl,l Y]Vgl,p Y]vgl,s Y]vgl,r Y]vgl,i Y]Vgl,n AVgl A[gl

mng mgp,p Yng,s Yng,r Yng,i mgp,n AVg’p A[gp

YZVS,] Y]vs,p Y]vs,s Y]vs,r ms,i Y]vs,n AVs _ —Alb— Al (3 7)
mrl mrp Y]vr,s Y]vrr Y]v}"l mrn AVr Alp .
Y]Vt,l YZVI',p Y]vl,s Y]Vl,r mt,i Y]Vz,n AVI NN!

Y]vn,l Y]Vn,p mn,s Y]Vn,r mn,i Y]Vn,n AV” AIN”

Substituting Al» , Al of (2.35), (2.36) into (3.7) the node equations of the UPFC
sending and receiving end bus are expressed as:

—(TupSO + Tup34) -AXup — (Tup31 + Tup35) -AUuwp

n 3.24

= > YN, -AVj+(¥N +Tup32+Tup36)- AV, + (YN, +Tup33)- AV: (3:24)
J=lLj#s,r

Tup30- AXup + Tup31- AUup

= Y IN,;-AV,+(IN, —Tuwp3)-AVs+(IN, . —Tup33)- AV (3-25)

J=1,j#s,r

Equations (3.24), (3.25) together with (3.8) and (3.13) form a new network equation in
which the current components of dynamic devices are replaced with state variables and

reference inputs:

YM,, YM,, YM,, YM, .\ (AV,

g.s g.r g.J Se - AXg
YM, YM oYM, YM ;|| AVs | | «(T30+T34)- AXup—(T31+T35)- AUup (3.26)
YM,, YM,, YM,, YM,, ||AV:r| T30-AXup+ T31-AUup '
YM,, YM,, YM,, YM,, |\AV; 0
Where:
Sgl cee O AXgl
Se = Se, AXg=| ..
0 Se, AXe,
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YNgk,l+Yg1 YNng YNgLS YNgLr
M, = YM,, =| .. YM,, =| ..
Y]VgPJ : Y]VgP,P—i_YgP,P Y]vap’s Y]Vgpw’
ng,j . YNg1,n
M, =
Yng’j ngn
YN” YNi,p YNi,s mlr
M, = .. ™, =| .. M, =
Y]Vn,l Y]Vn,p Y]Vn,s sznr
YN,; .. YN,
™, =| ..
mn,j mnn

YM,,=(YN, .. YN,,)  YM, =YN, +Twn2+Tws  YM,, = YN, +Tups

M, ,=(YN.;, .. YN,,) YM, =YN, ~Tys YM,, =IN,,~Tups

Equation (3.26) can be rewritten as:

AVg Sg'AXg
AVs —(T30+734)- AXup —(T31+T35)-AUwp
=/M - (3.27)
AVr T30-AXup+T31-AUwp
AV]- 0
Where:
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IM =YM ™' =

IM,, IM,, IM,, ZM,,

Equation (3.27) can be split into following three equations:

p
AVg, = Z IM gy g+ Sej AXe; —((ZM gy s = ZM oy ) - Tup30+ ZM - Tup34) - AXup (3.28)
j=1 |

_((ZMgk,s —ZMgk,r)'TupEvl-i-ZMgk’s 'TupBS)'AUup

p
AVs = ZZMS,g/' 'ng 'Ang —((ZMS,S —ZMS”,)'Tup30+ZMS’S 'Tup34)'AXup (3 29)
J=1 .

- ((ZMS’S - ZMS’),) -Tup31+ ZMS’S . Tup35) -AUwp

p
AVr = ZZMr,g/ 'ng 'Ang —((ZM},’S _ZMr,r).Tup30+ZMr,s 'Tup34)‘AXup (3 30)
J=1 .

—((ZM,,,S _ZMr,r) - Tup31 +ZMr,s 'Tup35)'AUup

Substituting equation (3.28) into (3.5); and (3.29), (3.30) into (2.34) gives the system

state equations:

. p D
AXeg, =D AcG, ;- AXe; + AGu, - AXup+ Y BaG, ;- AUs; + Bu, - AUup (3.31)
j=1 Jj=
. p
AXup = ZAUG]. . Ang + Auvu 'AXup + Buu - AUup (332)
Jj=1
Where:
AGGkJ =Egk‘ZMgk’gj‘ng (Jik)

AGUk = —Egk . ((ZMgk,s — ZMgk,r) -Tup30+ ZMgk,s . Tup34)

Béa, = Bg,
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Beg; =0 Gg#k)
BGuy =—Eg -(ZM gy — ZM o) Tup31+ ZM o - Tup3s)
AvG; = (Ew-ZM o+ Fup-ZM, ;) - Se; (G=1.....p)

Avv = Aup— Eup - ((ZMS’S - ZMS’},) - Tup3o+ ZMS’S . Tup34)
_F”P : ((ZMr,s —ZM,,J) 'Tup30 +ZM,,,S 'Tup34)

Buu = Bup— Eup - ((ZMs,s - ZMS”,) -Tup31+ ZMS,S . Tup35)
—Fup-(ZM, = ZM, ) Tup31+ ZM . - Tup3s)

Equations (3.31) and (3.32) can be written as a matrix form to give the standard

linearized state equation:
A Xg Acc Acu) [ AXg Bec Bou \( AUc
= . + (3.33)
A)(:up Avc Auvu ) \ AXuwp Buc Buu )\ AUwp
or: AX=A-AX+B-AUp
Where:
A)(‘gl

AX = . |: 1x18 matrix (3 generator and exciters, 4 states from each generator and
A Xgp

A Xup
exciter unit; 6 states from UPFC, the total states);
AUs gl

AU = : 1x9 matrix (2 inputs from each generator and exciter, 3 inputs from the

AUgp
AUup

UPEC).
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In this thesis, AUy is set to zero. Then equation (3.33) can be written as:

A Xe Ace  Acu AXg Bgu
e e AU T MY T
A Xop uG Auu up uu
Using equations (3.6) and (3.28) the output equations of the k™ generator can be
derived as (details see Appendix D UPFC):
Ang = Vg]y(" 'Algk +Ig]7; 'Ang = CPng -AXg + CPGupk ‘AXup‘l‘DPGk -AUwp

Ang = (ngy _ngx)'Ang +(_ngy ngx)'Ang
= CQng -AXg + CQGupk -AXup + DQGk -AUuwp

Similarly the sending end output equations of the UPFC can be derived by equations
(2.35), (2.36), (3.29) and (3.30) as:
APs =V (Al + ALy + (Ip + )" - AVs = CPSg - AXg + CPSup- AXup + DPS - AUup

Ay = (s, Vi) (Ao + ALY+ (b, Do) +(~L, I))-AVs
= CQSg -AXg + CQSup -AXup + DQS -AUwp

Summary:

In this chapter a benchmark system is proposed for FACTS studies. This system
manifests the typical problems that can be solved with FACTS devices, such as
congestion and poorly damped modes. Its size is large enough to show typical complex
behavior, yet small enough for highly detailed modeling on EMT-type programs. The
EMT model is used later for validation. The system’s small signal model is developed

and linearized for small signal studies in the next chapter.
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Chapter 4 Validation of FACTS Device Usng
Electromagnetic Transient Simulation

In the last two chapters, the small signal models of the network embedded with the
IPFC and the UPFC were derived. The small signal model state equations were
implemented in MATLAB. The state variable formulation can be used for small signal
stability analysis through eigenvalue calculation. It can also be numerically integrated to
produce time-domain results. Results from the numerical simulation can be compared
with a detailed EMT model for validation purposes. Such a validation was carried out by
comparing the simulation results from the small signal model with an EMT program
(PSCAD/EMTDC).

In this chapter, a brief introduction of the validation tool for power system studies-
PSCAD/EMTDC is given. Secondly, the implementations of the IPFC, the UPFC and the
network in PSCAD/EMTDC are described. Finally, the validation results are presented in

contrast with those from small signal models.

4.1 PSCAD/EMTDC

The definition and classification of power system stability is complicated because it is
based on many considerations such as the physical nature of the resulting instability, the
size of the disturbance subjected, and the time span to determine stability [13]. While the
classification of power system simulation programs is relatively simple, they can be
sorted into two main types in terms of the modelling detail and the time span studied:

electromechanical transient type and electromagnetic transient type.

51



Chapter 4

Electromechanical transient type programs usually are used for power flow and
transient stability studies. In these programs only some of the dynamic components of the
system such as generator, governor, excitation system, Static Var Compensator (SVC),
and FACTS devices, are modeled using differential equations. The rest of the network is
treated as constant components which are represented with algebraic equations. Because
of the assumption that the transmission line is the main part of the network and the
integration time step can be very large, these programs can simulate very large networks.
Industry standard programs include Siemens PTI’s PSS/E, Powertech’s DSAT
(TSAT/VSAT/SSAT), GE Energy’s GEPSLF.

Electromagnetic transient type programs are used to simulate the electromagnetic
transients of the power system. In these programs, each component including the
transmission line in the network is modeled with differential equations. It allows for a
very small time step. Thus it can be used to study the most detailed dynamics of the
system, especially because electromagnetic transients pertain to fast switching,
significant nonlinearity, and harmonics problems [46]. Conversely, it is considered too
detailed for investigating systems on the wider network and over a longer time period.
Usually these types of simulation programs are only employed for smaller system studies.
Industry standard programs include EMTP, PSCAD/EMTDC and RTDS.

EMTP is the one of earliest EMT type program. It was first developed and applied by
Munich Institute of Technology in Germany and Bonneville Power Administration (BPA)
in the USA in the 1960s to study electromagnetic transients in power systems and
electronic circuits [47]. It has a comprehensive library which contains models for almost

every major power system component.
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PSCAD/EMTDC appeared later and was developed by the Manitoba HVDC Research
Centre to have a greater capability for modeling large power electronic networks
containing HVDC and FACTS [46]. Typical applications include design of controllers for
power apparatus [48], over-voltage and insulation coordination [49] [50], protection [51],
flexible ac transmission systems (FACTS) [32], HVDC [52] [53], and other power
electronic applications [54].

It is true that many problems of a power system can be adequately studied on a good
load flow and stability program. Transient simulation using EMTDC should not replace
the stability study. There are significant reasons why electromagnetic simulation is used
rather than a stability program and vice versa. Generally, if a problem can be
satisfactorily studied on the load flow and stability program, then there is no need for
more complex modelling. Only when it becomes obvious that such a study is inadequate,
or requires confirmation from a different method of study, then the electromagnetic
transients solution should be attempted.

The reason for the need to validate is that some simplifying assumptions are made in
modeling the power system for rotor angle stability studies (these include, the transients
in the network and the stator winding transients are ignored because they are at higher
frequencies than that is interested in a stability study, limits on the control signals are
ignored because we are interested in the behavior of the system at a given operating point
under small disturbances). Therefore it is important to verify that the effects of these
simplifying assumptions do not affect the accuracy at the low frequencies interested in a
small signal stability study. Hence it is necessary that these models are validated by more

detailed programs, such as PSCAD/EMTDC, EMTP and RTDS. In this research work,
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PSCAD/EMTDC was selected because of the author’s familiarity with this program.

4.2 Implementation and Validation of the UPFC and the
|PFC in PSCAD/EMTDC

Since the UPFC and the IPFC are the main concern of the project, the implementation
of UPFC and the IPFC in PSCAD/EMTDC are detailed in this section. Then the small

signal models developed in Chapter 2 and 3 are validated using PSCAD/EMTDC.

421 Implementation of the UPFC and the IPFC in

PSCAD/EMTDC
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Figure 4.1 The UPFC structure

Since the UPFC contains both shunt and series branches, it has a more comprehensive

structure than the IPFC which contains only a series branch. Therefore this section will
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begin with a detailed description of the UPFC.

Figure 4.1 shows the overall structure of the UPFC. It consists mainly of two voltage
source converters designated as exciter and booster respectively. These are shunt- and
series-connected to the system through a transformer on the AC side, and linked by a DC
capacitor (DC link) on the DC side. Each converter leg contains a gate-controllable valve
(GTO, IGBT), an anti-paralleled diode, and an auxiliary snubber circuit. By triggering the
valves based on an appropriate control strategy, the UPFC can control the magnitude and
phase angle (or d, q components) of shunt and series voltage (Ve, V») of both transformers,
thereby giving the system the ability for both shunt and series compensation [55].

There are two popular trigger methods for firing the converter valves [56]: multilevel
square wave method and Pulse Width Modulation method (PWM). Using the multilevel
method, the VSC circuit generates several square waves, which when superposed,
comprise the required sinusoidal waveform. This method gives a low switching
frequency, low harmonics, and low operating loss. However, it requires a complicated
configuration of the electrical power circuit. In recent years, the PWM method has been
used for high power electronic applications. In the PWM converter, the required
waveform is generated by repeated operation of switches. The PWM method provides for
low harmonics, a simple structure, and near sinusoidal waveform generation but requires
a valve capable of a high switching frequency. High switching frequency leads to higher
switching losses. In this research, sinusoidal PWM (SPWM) is chosen as the triggering
method because this is the most common approach reported in the literature.

The implementation of the IPFC in the PSCAD/EMTDC is similar with that of the

UPFC as shown in Figure 4.2. It differs from the UPFC in that the shunt VSC in the
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UPEFC is replaced by a series VSC (in line 2) which together with the series VSC (in line

1) makes up the IPFC.

Line 1 Line 2

Vsc X1 | | Vse X2
4|75 i — T | I LA ﬁ—_—l—
TYvyy FYyvyy
|

5]
sy
x|
My

SPWM |

P 1

Dcmuplcd controller |

- Imqref

Vdcref m @ Isrlref

Vde Imd Imgq

Figure 4.2 The IPFC structure

422 Validation of the UPFC and the IPFC in
PSCAD/EMTDC

Two simple test systems were built in PSCAD/EMTDC which are mainly for the
purpose of validation debugging of the small signal models of the IPFC and the UPFC.
Further comprehensive testing on the larger systems was also carried out and will be
described in later sections.

Figure 4.3 shows a three-source simple system for IPFC validation. There are three
sources in this system. Source | transfers power to source 2 and source 3 through line 1

and line 2 respectively with the IPFC placed in between the two lines. Because the IPFC
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is the only dynamic device in the system, there are 6 modes in the system (related to the 6

differential equations of the small signal model that describes the IPFC behavior).

Line 1
| — i —
o Source 2
Source 1
e el ——
Source 3
I =

i

J.Eﬁ

|uapae

Figure 4.3 The simple test network for the IPFC validation

The small signal model was implemented in MATLAB and results from
PSCAD/EMTDC are compared with those from MATLAB. A 2% increase was applied
on IPFC’s reference L. Figure 4.4 shows the step response of the IPFC states from
PSCAD and from MATLAB (small signal model response). The responses are close with
the steady state values differing slightly due to the non-linear model (large signal)
converging to a slightly different steady state. However, the small signal dynamic
behaviors are close, verifying the validity of the small signal model that was developed as

a part of this research.
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Figure 4.4 States of the simple network embedded with the IPFC
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Figure 4.5 The simple test network for the UPFC validation

The UPFC validation is carried out in PSCAD/EMTDC using a two-source system (see
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Figure 4.5). A 2% step change was applied on the UPFC’s reference Iy, Figure 4.6
shows the step responses of the 6 UPFC states. All the results except state M,, from
PSCAD match well with the small signal model. This discrepancy identified the need for
more refinement in the model, and a detailed investigation was conducted to find the
cause. It turned out that the cause was the fact that dc capacitor voltage change is not

reflected in the current equations. Section 4.4 presents the analysis and further model

refinement to correct this problem.

small signal model ———PSCADEMTDC
ele Mdc hbd
1004 ....................... DUDO l ....................... UOU .........................
=
125
-0.006 |-
0.0 (Sec) 50 0.0 (Secj 50 0.0 (Secj 50
b Med =Tl
’]0 ....................... J DU _______________________ DO o e e e e ]
-------- f
]
= i
= ’ i
i
i
OO 02} 02 : ......................
OO (Secj 50 DO (SEC) 50 DO (Sec) 50

Figure 4.6 States of the simple network embedded with the UPFC

4.3 Validation of the IPFC and the UPFC in the 12bus
Benchmark System

In PSCAD/EMTDC, the system in Figure 3.1 can be represented with detailed models
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for the synchronous machines (including full representation of sub-transient effects),
exciters and transmission lines. To see if the developed small signal models would
provide accurate results in a multi-machine system with several dynamic models, the
PSCAD models were implemented in the small signal representation of the 12 bus 3
machine system described in Chapter 3.1. The data for the system is given in Appendix A.

The locations for the IPFC and the UPFC devices are based on power flow control
considerations. In this thesis, there are two locations considered for the IPFC (Case 2 and
Case 5) and another two for the UPFC (Case 3 and Case 4). The details of the options

will be presented in Chapter 5.

4.3.1 Validation of the IPFC in the 12bus Benchmark System

In this section, Case 2 is selected for the validation of the IPFC in the 12bus
benchmark network. In Case 2, an IPFC is placed in lines 1-6 and 7-8 to relieve
congestion of line 1-6 and to improve the utilization of the transfer capacity of line 7-8.
There are 18 states in this system: 12 generator states (3x4) and 6 IPFC states.

A 2% step change was applied on the IPFC’s reference of the real component of the
master line current /4. Figure 4.7 through 4.9 show the step responses of the system
states. Figure 4.10 and Figure 4.11 show the real power of the three generators and the
IPFC respectively. The accuracy of the small signal model is evident from the two traces

that are virtually overlapping.
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small signal model ———PSCADEMTDC ‘
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Figure 4.7 Case2: states of the 12 bus network with the IPFC-rotor speed
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Figure 4.8 Case2: states of the 12 bus network with the [IPFC-field voltage
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small signal model ——=—PSCADEMTDC
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Figure 4.9 Case2: states of the 12 bus network with the IPFC-states of the IPFC
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Figure 4.10 Case2: the real power of the generators
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small signal model ———PSCAD/EMTDC |
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Figure 4.11 Case2: the real power of the master and slave lines of the IPFC

4.3.2 Validation of the UPFC in the 12bus Benchmark System

Case 3 is selected for the validation of the UPFC in the system. In Case 3, a UPFC is

placed in line 1-6 to relieve the congestion of line 1-6. There are also 18 states in this

system.

The disturbance applied was a 2% increase of the UPFC’s reference of real component

of the series branch current Ip4.. Figure 4.12 through Figure 4.14 shows the step

responses of the system states. Figure 4.15 and Figure 4.16 show the real power of the

three generators and the UPFC respectively. All waveforms of the states except the UPFC

shunt branch states (M., and M,,) are perfectly superposed.
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Figure 4.12 Case3: states of the 12 bus network with the UPFC-rotor speed
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Figure 4.13 Case3: states of the 12 bus network with the UPFC-field voltage
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Figure 4.14 Case3: states of the 12 bus network with the UPFC-states of the UPFC
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Figure 4.15 Case3: the real power of generators
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small signal model
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Figure 4.16 Case3: the sending end real power of the UPFC

4.4 Explanation of the Validation Errorsof the UPFC Modd

In order to find the reason of the errors of the states M,; and M,, between the EMT
model and the small signal model, the modeling details between the two models are
examined.

As seen in Figure 4.17, in PSCAD/EMTDC, the injected voltages are produced by
switching devices (shown as the shaded part) instead of by the decoupled controller. The
decoupled controller only outputs the ordered injected voltages for the switching devices
and does not model detailed switching phenomena. The UPFC final outputs-the injected
voltages (Via, Vg, Veaand V,,) are proportional to the DC capacitor voltage V. In the
small signal models the switching detail (shaded part) are not modeled and the injected

voltages are assumed to not be influenced by the change of V.
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Figure 4.17 The difference between the EMT model and the small signal model of the
UPFC

To show the impact of this assumption (the injected voltages are not influenced by the
change of V) on the derivation of the small signal model, the differential equations of
the model were re-derived to include the capacitor voltage dependence in an approximate

manner.

4.4.1 Refinement of System Equation to Include Capacitor
Voltage Dependence

Given the assumption that the injected voltages are not influenced by V., the injected

voltages are described by equations (2.22)-(2.25) repeated here for completeness:

Ve, = Kbp'(Ubd—]bd)-l-TL'Mbd—Kbp'a)O'Mbq (2.22)
b
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Vbq = Kbp - (Ubg — [bq )+ TL - Mbg + Kbp - @0 - Mg (2.23)
b
1
Ved = Vsd - (Kep . (Ued - Ied) + F - Med — Kep - 0 Meq) (224)
Veq = Vsq - (Kep . (Ueq - qu) -|-Ti “Meg + Kep - w0 'Med) (225)

The corresponding d, q current components (/ps, Ipy and L4, I.,) can be derived by

equations (2.22)-(2.25) shown as:

In, :((%+Kbp')@'a))'Mbd+(%—Kbpz @) Mbg+ Kbp* - Ubd
b b

(4.1)
+ Kby~ Xo-Uhg + Kip - (Vaa = Ved) + X~ (Vsg = Vi) ) (X + Kip®)
Iy, =((@+Kbp-)@-w)-mq—(ﬁ—l<bpz @) Mid + Kby’ - Usg
T» T» (4.2)

— Kipp X Usd + Kop - (Vaig = Vi) — Xo- (Vd = Vi) ) (X5 + Kip®)

L, :((];ep +Kep-Xe-a))-Med+(%—Kep2 ) Meg+Kep* -Ued + Kep Xe-Ueg ) [(Xe + Kop*) (4.3)

L, = ((I;e” +Kep-)<;-a))-Meq—($—Kepz ) Med + Kep' -Ueg— Kep- Xe-Uea ) [(Xe* + Kop') (4.4)

Concerning the impact of V, on the output voltages, the equations (2.22)-(2.25) should

be rewritten as:

Vo, = (Kbp-(Uba —1Iv;) + % - Mba — Kbp - @0 - Mbq) - Ve 4.5)
Vi, = (Kbp-(Ubg—1Ib,) +%'Mbq + Kbp - @0 Mbq) - Vic (4.6)
Ve, = (Vo) = (Kep- (Uea —Ied)+%-Med—Kep'a)0-Meq))'Vdc (4.7)
Ve, =(Vs, —(Kep(Ueq— Ie,)) + Ti - Meq + Kep- @0~ Med) ) - Ve (4.8)

The currents equations are derived as:
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(Kbp Ve Xb-Vac

+ Kbp+ Xb-@-Vic)- Mbd +( —Kpp' - @-Vac' ) Mbg+ Kbp* - Vet - Ubd

Iy :(

+ Kbp+ Xo-Vie - Ubg + Kbp - (Vsd —V;‘d) -Vac+ Xb- (V:vq —qu))/()(bz -|'I<bp2 . Vdcz)

(4.9)

Kbp'Vdc +Kbp-)ﬁ)-a)-Vdc)-A4bq— Xb-Vac

I, = (( ( — Ky’ - @- Vi) Mba + Kep* - Vae* - Upg
! T (4.10)

—Kbp')(b'Vdc'Ubd+Kbp'(Vsq—qu)'Vdc—)(b'(Vsd—Vrd))/()(bz + Knp” Vi)

Ied = ((Kep'Vdc +Kep')(;'a)'Vdc)'A1ed+(‘Xve.Vdc —I(ep2 'a)'Vdcz)']Weq-FKepz Vi Ued
T T. 4.11)

'|'I<ep')(:2'Vdc'(]eq'i‘1<6p'(I—Vdc)'Vdc'Vsd'i‘)(e'(l—Vdc)'Vsq)/()(e2 +Kep2 'Vdcz)

Kep-Vac Xe-Vie
P +Kep'X;'a)'Vdc)'Meq—( Vi

e e

qu = (( —I{ep2 OE Vdcz) - Med + K'ep2 Ve - Ueq

—Kep-Xe-Va{c-Ued+Kep-(l—Va/c)-Vafc-Vsq—Xe-(l—Vdc)-Vsd)/(Xe2 +Kep' Vi)
(4.12)

Because most state equations contain current components (see Appendix D - the small
signal model of the UPFC) with such changes, the subsequent derivation and
linearization of the model become significantly more complicated. Therefore the model
was simplified to make it more suitable for general use. This procedure is described
below.

By comparing equations (4.1)~(4.4) with (4.9)~(4.12), it was found that in addition to
the DC voltage V., there are two extra terms in the accurate shunt current equations (4.11)
and (4.12) which do not appear in the original equations (4.3) and (4.4). They are
(Kep-(1=Viac) - Vae-Vid + Xe-(1=Vac) - Vag) [(Xe* + Kop” - Vi) and
(Kep-(1=Viac) - Vae-Vig— Xe-(1=Vae)- Vi) [(Xe + Keop* -Vac*) respectively. If the change of V.
(Vac=1) is ignored, these two terms would disappear. By observing that the significant
errors (Figure 4.6 and Figure 4.14) are only in the shunt branch states M., and M,,, it was

decided that only the shunt current equations be changed. The series branch current
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components (/p4, I, ) equations were retained as in (4.1)~(4.2), because they appear to be

less influenced by V;. (see Figure 4.4 and Figure 4.9). The shunt branch current
components (Z4, Lo4) are thus revised as:

K Xe

Ied Z(( p+Kep'X;'a))'A4ed+(Te—Kep2 'a))']\leq+Kepz «Ued

Te

(4.13)
+Kep')(e'l]eq'i‘Kep'(l—Vdc)'Vdc'V;d+X;'(1—Vdc)‘V;q)/(Xzz +Kep2)
qu :((Kep +Kep')(e'a))'A4eq—(£—Kepz 'C()')'A/[ed+Kep2 «Ueq
T. T. (4.14)

—1(7610')(@'(]@0!4-I(ep‘(l—Vdc)'Vdc'Vsq—)(e'(l—Vafc)'Vsd)/()(e2 +Kep2)

This model is simpler and easier to be linearized as compared with the full

modification ((4.9~ (4.12)).
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Figure 4.18 States of the revised model
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The validation results for the revised model show good agreement between the small
signal model and the EMT model (see Figure 4.18). Thereby it was proven that the
capacitor voltage variation is the reason why the earlier models were shown some errors.

It should be noted that this modification (added two items in shunt current equations
(4.13) and (4.14)) only partly addresses the errors caused by ignoring the change of the
DC capacitor voltage. The denominator in equations (4.13), (4.14) is a constant Xe’ + Kep
instead of the variable X¢’+ K¢’ -Va' as in (4.11), (4.12). This change (replacing
X’ + Kep® -Vac® with Xe’ + Kep® ) is based on the numerical consideration that when
Xe>> Kep, X'+ Kep' -V’ = Xe' + Kep’ . In this case, Xe=0.3, Kep=0.019, and the change
in the denominator can be omitted. As a comparison, another setting
(Xe=0.3, Kp=0.095) is given to the same case, and the validation results show that the

error is enlarged along with a larger K, (see Figure 4.19).

small signal model ———PSCADIEMTDC
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Figure 4.19 The impact of different settings on the revised UPFC model
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The same situation happens in Case 3 (12 buses system embedded with a UPFC).

Using the revised model, the errors in states M., and M., decrease (see Figure 4.20) as

compared with the original model (Figure 4.14).

| small signal model ———FSCAD/EMTDC
Wdc hAdc Wb
1.000 0.017 A5
: 2 =
0.9494 0.000 AT | et e e e
0.0 0o 0.0 (sec) 50
Meq

Figure 4.20 Case3: states of the UPFC of the revised model

4.4.2 Impact of the DC Capacitor Voltage on the |[PFC M odel

The above simulations illustrate the reason for the validation errors of the UPFC
Another interesting and puzzling fact is that the IPFC model appears to be accurate
without the above refinement regarding dc capacitor voltage that was required for the
UPFC. The reason is analyzed and is shown below.

It can be seen that the structures of the decoupled controllers in the series and shunt

branches are different (see Figure 4.21). As described in the previous section, the primary
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impact of dc capacitor voltage is on the shunt current. Indeed, the simplified refined
model retains the same equations for the series branch as the original. In the IPFC, there
is no shunt branch, and hence the capacitor voltage impact is smaller. Also the injected
voltages of the series branch (V34 V) are much less (<10%) than that of the shunt
branch (around 1.0pu, the same level of the line voltage). This largely reduces the impact

from the capacitor voltage.
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Figure 4.21 The decoupled controllers of the UPFC (repeat of Figure 2.8 and Figure 2.9)
Although there are errors in the shunt branch states in both the simplified and revised

UPFC small signal models, it does not have any impact on the small signal analysis of the
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next chapter. Because the main concern of this research is on the electromechanical
oscillation modes, if these modes in the two small signal models match with that of the
corresponding EMT model, the errors in the shunt branch states would not affect the
analysis.

In Table 4-1, the small signal analysis for both the revised and the simplified small
signal models of Case 3 shows that the low frequency oscillation modes of the system are
0.58Hz, 0.84Hz and 1.13 Hz respectively. It also shows that both the frequencies and
their damping ratios of the two models are very close. This implies that for a small signal
study, the two models would not be significantly different. Another concern is whether or
not these modes of the small signal model match with the EMT model. This is addressed
by comparing the three modes of the two small signal models with the EMT model (see
Table 4-1). The results show a good agreement between the small signal models and the
EMT model. Thus the original small signal model of the UPFC is acceptable for the study,

and the refined model is not really needed for most generator stability studies.

Table 4-1 Oscillation modes of Case 3 UPFC on linel-6

Dominant Small signal model
generators PSCAD Revised model | Simplified model
G2 f (hz) 0.837 0.843 0.843
damp 1.3% 1.0% 1.1%
G3 f (hz) 1.11 1.126 1.126
damp 3.4% 3.1% 3.1%
G4 f (hz) 0.571 0.575 0.582
damp 34.2% 30.5% 29.4%

45 Concernsfor the Small Signal Model Application

This section discusses concerns for the applications of the small signal model, i.e.

whether they can easily be used in commercial software, whether they are acceptable
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when the nonlinearities factors such as the limiter or a larger disturbance are included,

and the simulation time required for the system with the FACTS embedded.

45.1 Effect of non-linearities

Since any non-linearities due to limiters are not typically modeled in a small signal
model, it is important to demonstrate that the model is acceptable for a reasonable size of

disturbance.
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Figure 4.22 Decoupled controller of IPFC’s master branch with limiter implemented
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Figure 4.23 Decoupled controller of IPFC’s slave branch with limiter implemented

As shown in Figure 4.22 and Figure 4.23, the IPFC controller limits the injected
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voltage magnitude JVao® +V40* to the rated maximum (Magmmax and Magsmax,

respectively, for the master and slave converters).

Figure 4.24 shows the speed ®3 (also see Figure 4.7), for step changes of 2%, 8% and
14% respectively. The curves are normalized to the step disturbance size, so they can be
overlaid for comparison. The IPFC controller ceiling (See Figure 4.24) was found to be
reached only for the 14% step. From a visual inspection, the curves for 2% and 8%
disturbance have similar shapes, and hence similar frequency and damping to that
predicted by the small signal model (note that the curve for 2% damping was earlier
shown to be identical to that from the small signal model - Figure 4.7, ®3 graph).
However, once a controller limit is reached for the 14% step, the response become
oscillatory and completely different from that predicted by the small signal model,

indicating that the small signal model is no longer valid for this size of step change.

W3
2% step change
8% step change
-~ ~14% step change (limit reached)

377.01¢

(rad/s)
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Figure 4.24 The responses of the generator speed for different step changes
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45.2 Computer Simulation Time

The simulation time in the PSCAD/EMTDC for the benchmark system plus the
FACTS devices is summarized in Table 4-2. All simulations were done on a 2.6G Hz,
512M Ram Pentium computer running under Window XP. The simulations were for a 5

second real time interval and with a time step of 1us.

Table 4-2 Simulation time in PSCAD/EMTDC

Model Simulation time (hour)
Benchmark system 0.25
Benchmark system + IPFC 0.50
Benchmark system + UPFC 0.50

These simulation times are large but manageable to conduct many studies. For a bigger
system the time would become unmanageably large. As the simulation time is
manageable and most typical oscillation modes observed in larger systems are also

present, the size of the selected system is acceptable.

4.5.3 Incorporating thesmall signal model into an existing
tools

This section briefly discusses how to incorporate the small signal model into an
existing small signal analysis tool.

The small signal models of the IPFC and UPFC were thoroughly validated by
comparison with detailed EMT simulation. It should be noted that, although a small 12
bus system was used to validate the model, the small signal models of the IPFC and the
UPFC devices presented have been developed as sets of equations that are independent of

the network. The developed models interact with the network through injection of

77



Chapter 4

currents into the network (see equations (2.18), (2.19), (2.35) and (2.36)). These validated
models can be included in commercial programs, such as PSSE or SSAT by adding the
models into the model library. Both these commercial programs use current injection type
models to integrate dynamic devices with the network. Therefore the developed models
are compatible with such tools. The computation times mentioned in the previous section
is not a concern because PSCAD/EMTDC was used only for the purpose of validating the
model. When the developed model is integrated into a small signal analysis tool, the

small signal analysis of a given network no longer requires an EMT simulation.

Summary

In this chapter, the validations for the small signal models of the IPFC and the UPFC
were presented. The validations were carried out in the PSCAD/EMTDC simulations,
and the results from PSCAD were compared with results from Matlab in which the small
signal model state equations were used for numerical simulations.

The validation shows the IPFC small signal model is in agreement with PSCAD, while
the UPFC model differs slightly with PSCAD. The errors result from the simplification of
the UPFC shunt branch. Validation analysis shows the errors will not have an impact on
the small signal studies of major electromechanical oscillation modes. Thus the models

can be used for the small signal studies in the next chapter.
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Chapter 5 Small Signal Analysis of Transmission
Systems

Once the small signal models of the network are set up and validated, small signal
analysis can be carried out to investigate the stability of the system. In this chapter the
impacts of FACTS devices on the 12 bus network described in Chapter 3.1 are exhibited
by comparing the performance of the network before and after installing FACTS devices.
It shows that the IPFC and the UPFC can significantly improve the low frequency

oscillation performance and offer other interesting damping solutions.

5.1 Small Signal Analysisof the Network Embedded with the
| PFC and the UPFC

This section reveals the damping performance of the IPFC and the UPFC. The
eigenvalue information of the original network is obtained first. It is then compared with

the network with the IPFC and the UPFC respectively.

5.1.1 Eigenvaluelnformation of the Original Network

The preferred location of the IPFC and the UPFC is determined based on power flow
control considerations. In the system, (Figure 5.1) the main purpose of the added devices
is to relieve the overloading in line 1-6. This can be realized by placing the series branch
of the IPFC in line 1-6. Congestion control is also possible with the use of a UPFC type
FACTS device, in which the UPFC series element is inserted in line 1-6. However in this

case, the power spills over into alternate paths 7-8 and 1-2 based on the relative
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impedance of each branch.

Bus 5 Bus 4
Bus 1 Bus 2 <HHA( <HH(
<
Bus 10
Bus 9 Area 1
(infinite bus) [:'“ 6

@—H—@— (l:“_@_ﬂ_@ Area3
) Bus 3

Figure 5.1 Single line diagram of 12 bus system (repeat of Figure 3.1)

With an IPFC, the second branch can be inserted in alternate line 7-8, thereby allowing
precise control in two transmission lines. Thus, from the perspective of power flow
control, the IPFC is a better option as it allows precise power transfer levels on two lines.
Simulations on the UPFC are also conducted to see how the IPFC compares with the
UPFC.

The following five cases are considered:

Case 1: the original system without any FACTS device.

Case 2: An IPFC is placed in lines 1-6 and 7-8: it relieves congestion of line 1-6 and

improves the utilization of the transfer capacity of line 7-8;

Case 3: A UPFC is placed in line 1-6: it relieves congestion of line 1-6, but the extra

power sent to Area 3 is on lines 7-8 and 1-2, which may result in the possibility

of loop flow of power.
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Case 4: A UPFC is placed in line 7-8: it transfers more power through line 7-8. It will

relieve the congestion of line 1-6, but also may result in undesirable loop flow

in line 1-2;

Case 5: An IPFC is placed in lines 1-2 and 7-8: it transfers more power through line 7-

8, but line 1-6 (congested line) is not directly controlled by the IPFC.

In the above cases, cases 2 & 4 directly control the power flow in line 1-6. In Case 5

the FACTS device does not directly control power flow on the congested line, but

indirectly de-congests it by controlling flow on alternate corridors.

The developed small signal models were used to investigate the damping performance

of the IPFC and the UPFC. This section summarizes the results of this study.

Table 5-1 Oscillation modes without FACTS

Eigenvalues | Frequency | Damping ratio Dominant

A=octjo (Hz) (%) generator
-0.058+5.331i 0.84 1.08 G2
-0.222+7.069i 1.12 3.15 G3
-0.320+4.728i 0.75 6.76 G4

Before the investigation of the performances of the FACTS devices, it is necessary to

have a global picture of the small signal stability of the original network. Consider the

base case (Case 1) where no FACTS device is installed. Each of the three generators

(third order model) and exciter (first order model) introduces four states. Therefore,

without any FACTS device the system has 12 states. Eigenvalue analysis shows that there

are three pairs of complex conjugate eigenvalues corresponding to lower frequency

electromechanical modes (see Table 5.1).

Further information about the oscillation modes can be obtained from mode shapes and

the participation factors.
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The mode shape given by the right eigenvector reflects the degrees of activity of state
variables in a particular mode. The elements of the right eigenvector indicate the response
of state variables when the corresponding mode is excited. Therefore, by observing the
magnitude and phase of the elements of the eigenvector corresponding to the state
variables 9,, 03, and 94, one can predict the relative magnitudes and phase angles of the
rotor oscillations when the particular mode is excited. This information can be plotted on
the complex plane to obtain what is known as the mode shape [8]. The modes shapes of

the three oscillatory modes are shown in Figure 5.2, Figure 5.3, and Figure 5.4.
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Figure 5.2 Mode shape of 0.75Hz
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Figure 5.3 Mode shape of 0.85Hz
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It is evident from these diagrams that the rotor angle of G4 oscillates when the 0.75 Hz
mode is excited (Figure 5.2). Although &, and 63 oscillate too, the largest impact of mode
0.75 Hz is on d4. Or in other words, the mode 0.75Hz is dominated by generator 4.
Similarly Figure 5.3 and Figure 5.4 show that mode 0.85Hz and mode 1.12 Hz are
dominated by G2 and G3 respectively. In the following discussion, these modes are
referred to as Mode 2, Mode 3 and Mode 4 respectively to associate the mode with the
generator (G2, G3 and G4) that dominates the particular mode.

Table 5-2 Participation factors—Case 1 (no FACTS)

Dynamic State Mode 2 Mode 3 Mode 4
device 0.85 hz 1.12 hz 0.75 hz
8,& ;) 0.46 0.00 0.04
G2 Eqo 0.01 0.00 0.01
E i 0.00 0.00 0.00
8:& w3 0.00 0.49 0.03
G3 E g 0.00 0.04 0.01
E 3 0.00 0.01 0.00
84& 4 0.04 0.02 0.47
G4 E . 0.00 0.00 0.06
E fu 0.00 0.00 0.01

The participation factor combines the left and right eigenvector to measure the

association between the states and the modes. A larger participation factor represents a
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larger weighting of a state variable in a given mode [57] [58]. The participation factors
(Table 5.2) of the three modes also indicate that the three oscillation modes are
dominated by generators G2, G3 and G4 respectively. It should be noted that all the three

modes have low damping, with Modes 2 and 3 being critical (damping < 5%).

5.1.2 Damping Performance Studies

This section discusses the damping performances of the IPFC and the UPFC in the 12
bus network. Through the studies of the five cases, it can be noticed that in all these cases
the UPFC and IPFC introduce additional modes but not in the critical low frequency
electromechanical range of concern.

The impact of FACTS on electromechanical modes is shown in Table 5.3.

Table 5-3 Oscillation modes of Casel-Case5

Dominant Casel Case?2 Case3 Case4 Caseb5
No IPFC on line UPFC UPFC IPFC on line
gENeralors | pACTS | 1-6and7-8 | onl-6 | on7-8 | 1-2and7-8
G |_£(02) 0.85 0.84 0.84 0.84 0.23
damp 1.0% 1.4% 1.1% 0.7% 35%
) 1.12 1.02 1.12 1.03 1.01
damp 3.1% 14% 3.1% 21% 14%
Ga | fhz) [ 0.7 0.69 0.58 0.80 0.73
damp 6.5% 50% 29% 11% 18%

It is clear from Table 5.3 that once the series branch of the UPFC or the IPFC is
inserted at the sending end of a line that has a generator connected close to its receiving
end, it changes the dominant oscillation mode associated with that generator, both in
frequency and damping. Those modes whose dominant generators are electrically remote
to the FACTS installed line are only marginally affected.

To explain the above observation, the participation factors for Cases 2 - 5 are
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investigated. The participation factors indicate the association of a state with a certain

mode.

Table 5-4 Participation factors of Case 3—UPFC in line 1-6

Dynamic State Mode 2 Mode 3 Mode 4
device 0.84 hz 1.12 hz 0.57 hz
G2 02&m2 0.50 0.00 0.01
G3 03&m3 0.00 0.49 0.04
G4 o4& w4 0.00 0.02 0.66

Ve 0.00 0.00 0.00
My 0.00 0.00 0.00
My 0.00 0.00 0.13
UPFC My, 0.00 0.00 0.05
M.y 0.00 0.00 0.00
M., 0.00 0.00 0.00

According to Table 5.4, Modes 2 and 3 are still dominated by G2 and G3 because their
states & and ® have the largest participation factors in these modes. This means, the
UPFC on line 1-6 did not change the association of G2 and G3 to the Modes 2 and 3
respectively. However, for Mode 4, in addition to G4, the UPFC state M,, also shows a
large participation factor. This is expected because the UPFC is located in line 1-6 which
is connected to G4.

Note that state Mp, is the integral of UPFC’s series branch d-axis current component /.
Therefore, the large participation factor means that the series branch of the UPFC has a
significant participation in Mode 4.

Similar participation of the Series Branch can be noticed in other cases too. In the case
of IPFC (Cases 2 and 5), the difference is that due to the coupling introduced by the IPFC,
both generators at the ends of the two lines participate in the corresponding modes. This
is evident in Table 5.5 where Mode 4 has both G3 and G4 participating in it in addition to
the two series branches of the IPFC. The UPFC on the other hand does not introduce such

coupling.
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Table 5-5 Participation factors of Case 2— IPFC in line 1-6 and 7-8

Dynamic State Mode 2 Mode 3 Mode 4
device 0.84 Hz 1.02 Hz 0.69 Hz
G2 02&m2 0.51 0.01 0.01
G3 03&m3 0.01 0.59 0.23
G4 04 & w4 0.01 0.09 0.41

Ve 0.00 0.00 0.00

My 0.00 0.00 0.00

M,a 0.00 0.00 0.11

IPFC M, 0.00 0.00 0.01
My 0.00 0.15 0.48

M, 0.00 0.00 0.00

Another point of interest is determining the effectiveness of different FACTS device
types for controlling low frequency oscillations. Inspection of the controllability indices

or participation factors of the low frequency modes permits this analysis.

Table 5-6 Controllability indexes of Case 2-5

tode | Ima(FPC) [ L, (IFPC) | 14 (IPFC)
1,4 (UPFC) | I, (UPFC) | I, (UPFC)
2 -0.2+0.0i -0.1-0.1i -0.0-0.3i
Case 2 3 1.4- 0.4i -3.4-1.6i -12.6-14.7i
4 21.3+15.2; 0.1-5.2i 2.8+43.1i
2 0.0+0.0i -0.0-0.0i -0.02+0.0i
Case 3 3 20.0+0.0i 0.0+0.1i 0.0+0.0i
4 5.3-8.87i 4.0-1.6i -1.3-0.4i
2 0.0-0.1i -0.1+0.1i 0.0+0.0i
Case 4 3 -22.2+10.6i 1.6-4.7i -0.1-0.3i
4 -4.3-5.5i 3.4-0.5i 0.0-0.2i
2 -7.7-52.1i -11.3-6.0i 34-37.1i
Case 5 3 -0.5-0.4i -0.0-1.0i 14.2+17.4i
4 -4.8+1.5i 2.9-13i 24.6-3.9i

In small signal analysis, controllability index indicates the influence of a given input to
a mode [59]. Table 5.6 shows the controllability indexes of cases 2 - 5. In cases 2 and 5,
which consider the IPFC, the column entries are those described by the ‘IPFC’ headings
(1-e., Lng, Inmg, Isa). For cases 3 and 4 which have the UPFC, the entries are those described

by the ‘UPFC’ headings (i.e., Ipq, 15y and I.,).
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It is found that for IPFC cases 2 and 5, the largest controllability index, shown in bold,
for any of the modes, is in columns corresponding to real power related variable- i.e.
columns [,, or Iy Similarly for the UPFC cases (Cases 3 and 4) the largest values
appear in the ‘/;;” column, again associated with the real power flow. This is as expected
because real power plays a dominant role in sustaining or damping rotor oscillations, and
hence, these variables are significantly more effective in damping than those associated
with reactive power.

In Cases 2 and 5, the IPFC can control at least two modes, while in Cases 3 and 4, the
UPFC can only control one mode. Again, this is as expected, because the IPFC is able to
directly control the real power flow in two lines, as opposed to the UPFC which can only
control the flow precisely in one line. This shows the IPFC’s advantage over the UPFC
for low frequency damping control.

As seen from Table 5.3, Mode 2 has very low damping (1%) and remains poorly
damped in cases 2 & 4. This mode is associated with G2 oscillating against the infinite
bus (See Figure 5.1), and controlling flows in 1-6 or 7-8 (as with cases 2 to 4) has
negligible effect on it. On the other hand, controlling the flow in line 1-2, as in Case 5,
directly affects the power exchange between G2 and the infinite bus and as seen from
Table 5.3, immediately changing the mode frequency to 0.23 Hz as well as introducing

significant damping (35%).

5.2 Interpretation of the Damping Characteristics

In a conventional damping controller such as a PSS on an electrical machine, changing

the PSS gains usually retains the resonance frequencies near their original values but
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increases the damping. In contrast, when a UPFC or IPFC is included, the above results
(Table 5.3) not only indicate improved damping, but also show significant change in the
resonant frequencies (eigenvalues) of the network. This section attempts to interpret this
seemingly anomalous behaviour. The UPFC is used for the purpose of explanation, but

the argument applies to the IPFC as well.

5.2.1 Impact of Series Branch on Dynamic Performance

The series branch is the main contributing part of the UPFC and IPFC in controlling
power flow. In the UPFC, the series converter is operated to provide the ordered real and
reactive power into the line. For power flow control and congestion management, the
series branch is given a constant real and reactive power set point, as in example cases 2-
5 above. In such operations, the incremental real power 4P (and also the reactive power
4Q) in the line is zero. From a machine acceleration point of view, this is tantamount to
having no incremental power transfer through the line. With such control, the system
behaves (incrementally) as if the line were not present. The validity of this statement can
be checked by modeling the series branch as shown in Figure 5.5 (b), which shows the
disconnection. The current sources merely represent steady state real and reactive power
levels and hence do not contribute to incremental small signal dynamics.

To validate the above idea, a test case (Case 6) was created by modifying the UPFC
controller case (Case 3). Line 1-6 (UPFC series branch) was cut and replaced with an
equivalent circuit with one constant current source at each side of the line (Figure 5.5 (b)).
The current sources do not contribute to the dynamics but only ensure that the steady

state power flow at either end is maintained. If the proposed theory discussed above is
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valid, then the oscillation frequency and damping ought to be nearly identical to that with
the UPFC in line 1-6. The eigenvalue information for the critical modes of Case 6 is

shown in Table 5.7.

series branch  Pi-circuit of the

of the UPFC  transmission line
or IPFC /
Vs \' ___________ Vr Vs Vr
Is i I I iIr Is Ir
L L é é

(a) (b)

Figure 5.5 Equivalent disconnected circuit of the series branch of the UPFC or the IPFC

Table 5-7 Eigenvalue information—with model as in Figure 5.5 (b) (Case 6)

Frequenc . Dominant | Participation
Mode (qHz) Y Damping state facfor
Mode?2 0.84 1.0% 02& w2 0.50
Mode3 1.12 3.1% 03&m3 0.49
Moded 0.59 14.0% d4& w4 0.55

In comparison with Case 3 (see Table 5.3), Case 6 (Table 5.7) shows that the
frequencies and damping of the modes are in general, close, though not exactly identical.
This validates the premise that using a series UPFC branch with P, Q control is
tantamount to disconnecting the systems previously connected by the transmission line 1-
6.

Although Case 3 and Case 6 modes are close, there is some mismatch, particularly for
Mode 4, where Case 3 shows a mode frequency and damping of 0.58 Hz and 29%
whereas Case 6 shows 0.59 Hz and 14%. This is due to the fact that in Case 3 the UPFC

keeps the real and reactive power constant by regulating the injected voltage and the

corresponding line is not really cut. As this regulation process is not perfect, the
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parameter setting of the UPFC has an impact on the network dynamics. Nevertheless, the
mode frequencies are nearly identical and damping values are significantly higher than
that for the base Case 1. The ‘disconnected line’ visualization is thus still generally valid.

The above analysis explains the observed mode frequencies and dampings in Table 5.3.
Now the altered mode frequencies and damping can be identified as being those of a new
network structure — one in which existing transmission lines have been cut. If the cut is
introduced at a suitable location, the new structure can exhibit better damping. For
example, segmenting the network by virtual removal of connections to distant networks
could alter low frequency inter-area modes, which are often difficult to control [8].

Note that the improved dynamic behavior is a result of the segmentation of the network
rather than of the selection of suitable controller parameters. This approach does not
require classical feedback controller tuning methods for designing the controller, but
merely requires selecting a suitable line to cut. Sometimes, flexibility may not exist in
selecting the cut location, as in when a primary objective such as congestion management
restricts the location. Then it is possible that the new structure may not be suitably
damped. However, there is still the possibility of improving damping by using a regulator
to modulate the power order of the UPFC branch in the conventional way.

A similar conclusion can be arrived at regarding the series branches of the IPFC.
However, since the IPFC has two series branches, it has even more potential for cutting
(i.e. segmenting) the network, in comparison to the UPFC. As seen from Table 5.3 Case 5,

a suitably located IPFC is able to damp all critical modes in the test network.
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5.2.2 Demonstration of “Cutting” Effect of UPFC Series
Branch

The above visualization of the UPFC or IPFC (with a series branch operated in power
control mode) as an element which disconnects the system can be demonstrated in
another way.

The system in Case 3 (UPFC in line 1-6) is remodeled, but now includes an additional
gain KG in the error paths as shown in Figure 5.6. (Note that if KG is zero, control
outputs V3, and V3, and hence the injected voltage is a constant). This effectively means
that for incremental small signal purposes the UPFC is not present, as the incremental
injected voltage is zero. If KG is increased, the controller begins to regulate the real and
reactive currents and maintain constant power in the corresponding branch. As discussed
before, from a small signal point of view, this is like disconnecting the line that contains

the UPFC series branches.
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Figure 5.6 The remodelled controller of series branch of UPFC
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Figure 5.7 The evolution of the mode frequency of Mode 4 during tuning the series
branch of UPFC and IPFC

Figure 5.7 shows the frequency of critical Mode 4 of the system for different values of

KG. For a very small KG, the mode frequency is 0.75 Hz which is the same as that of the

system without FACTS (Case 1). As KG is increased, the mode frequency moves closer

to 0.59 Hz for the equivalent disconnected system of Case 6. This shows that the

controller has an impact on the mode frequency. However, when the gain is large enough,

the line flow is essentially constant and the disconnected visualization becomes valid.

As mentioned earlier, the “disconnection” concept is a useful approximate

visualization, but with some differences with the full FACTS device representation.
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5.3 Thelmpacts of the Segmentation Effect on the Network

The effect of segmentation has the advantage of mitigating any propagation of
disturbances in one area into the wider network. One possible disadvantage that comes
with segmentation is that it may reduce the synchronization torque on the generator shafts
resulting in reduced transient rotor angle stability margins. This could be addressed by
having an auxiliary controller to improve the transient stability during disturbances
[60]. HVDC links operated in constant power control mode also provide the same de-
coupling between the sending and receiving end systems. The above discussion indicates
that the UPFC or the IPFC devices operated in constant power flow also have a similar
effect. The MV A rating of the UPFC or IPFC converter branches is only a small fraction
of the power transmitted between the subsystem [61]. On the other hand the converters in
an HVDC link must carry the full load power. Hence it is likely that the FACTS option is
more economical. This needs to be investigated further and is recommended as future

work.

Summary

The damping performance of the IPFC is evaluated using the validated IPFC small-
signal model. The damping performance is also compared with that of a UPFC. The
following results are obtained:

The effect of installing an IPFC or UPFC in constant power control mode for the series
branch is similar to that of disconnecting the transmission line that contains the series

branch. This resulting change in network structure introduces significant changes in the
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corresponding mode frequencies as well as mode damping.

By proper selection of the location of the series branch, the resulting network can be
made to exhibit improved damping behaviour.

The improved dynamic performance is essentially caused by a virtual change in the
network structure rather than by the tuning of controller parameters as is the case with
most traditional approaches such as the PSS. Hence, feedback damping controller design
may be avoided.

It is recommended that the open loop dynamics of the changed network be investigated
with the FACTS device embedded in the network model to determine the damping of
oscillatory modes of the resulting system. If poorly damped modes still exist, a suitable
damping controller should be introduced that modulates the power references of the
FACTS device.

As the IPFC has more series branches than the UPFC, it provides more opportunities

for network segmentation and hence has the potential for greater damping improvement.
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Chapter 6 Conclusionsand Future Work

6.1 General Conclusions

This thesis was devoted to investigate the small signal performance of FACTS devices
in the power system. The small signal models of the IPFC and the UPFC were developed
in which the decoupled control method was employed as the control strategy. The thesis
employed a specially designed test system which is large enough to manifest typical
power system dynamic behavior problems, but is also small enough for detailed EMT
type simulation. An approach to validate FACTS models was proposed and tested on the
benchmark system. Detailed EMTP-type simulations show close agreements with small
signal analysis. From small signal point of view, the series branch of FACTS devices can
change the structure of the network by means of ‘segmenting’ the located line. This
function provides a potential approach to improve the small signal stability of the
network.

Chapter 2 described the operating principle of the IPFC and UPFC. The power flow
control ability of FACTS devices is mainly due to their series branches. By injecting a
voltage into the series branch located transmission line, the virtual bus voltage is changed,
thus the corresponding power flow can be controlled. The small signal models of the
IPFC and the UPFC were derived respectively. The IPFC small signal model is an
original contribution of this research. The decoupled control method was introduced in
the IPFC and UPFC controllers. The decoupled control addressed the control problem
caused by the cross coupling of the d, q components of transmission line voltage and

current. It ensures the independent control for the real and reactive power. The details of
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the decoupled control were also modeled into the small signal models. It made the EMTP
validation and the small signal analysis more accurate and easier.

Chapter 3 introduced the benchmark test system for FACTS devices applications. It
was developed for IEEE PES WG 15.05.02 as the IEEE HVDC&FACTS system
benchmark [32]. It was designed to meet both requirements of FACTS study and EMTP
validation. It has typical problems which can be alleviated by FACTS devices, such as
transmission congestion, loop flow, inter-area oscillations or over- or under-voltage
problems; on the other hand, its adequate size insures the successful implementation of
EMTP simulation without concerning the loss of computation speed. In order to make it
close to the actual system, all the transmission lines are selected from the real system.

The IPFC and the UPFC were incorporated into the system. The corresponding
network small signal model with embedded IPFC and UPFC were derived and linearized
respectively.

Chapter 4 proposed using EMT program to validate the small signal models of the
UPFC and the IPFC. Electromagnetic Transient (EMT) programs are suitable to
investigate the most details of power system phenomenon, such as electromagnetic
transients study and controller design. The small signal analysis investigates FACTS
devices in the frequency domain. Using PSCAD/EMTDC to validate small signal studies
from time domain obviously increases the model credibility.

The corresponding models of the system embedded with a UPFC and an IPFC were
also built up in PSCAD/EMTDC respectively. The validation results showed that the
IPFC model has a good agreement with the small signal model, while that with the UPFC

is slightly different. This error of the UPFC case was determined to be caused by the
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omission of the impact of DC link voltage on the injected voltages in the UPFC small
signal model. A refined UPFC small signal model was introduced and better comparison
results were obtained.

Chapter 5 revealed the impacts of FACTS devices on the system by applying
eigenvalue based small signal analysis. In contrast with the original network, the UPFC
and IPFC have strong impacts on the low frequency oscillation modes, and these changes
are brought out by the series branches of FACTS devices. A deduction is thereby
obtained that from small signal stability point view the UPFC and the IPFC change the
network structure by “cutting” the connected transmission line. The series branches of the
UPFC and the IPFC are able to control the real and reactive power which is tantamount to
having no incremental power transfer through the line. To examine the deduction, those
transmission lines connected to FACTS were cut in the corresponding network, and the
comparison results proved the “cutting” effect of the UPFC and the IPFC.

This impact on small signal stability is similar to a back-to-back HVDC link, but with
a much lower MVA rating [55] because the device is connected in series and thus the
voltage rating is only a fraction of the voltage rating of the power system. This at least

provides an option to improve the small signal stability.

6.2 Main Contributions

The main contributions of the work presented in this thesis are:
e A platform for FACTS studies was successfully employed to test and validate the
thesis models which had a number of problems for FACTS applications [32]. These

include congestion relief, voltage support and stability improvement. The system
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was selected so that it is large enough to show inter-area oscillations and yet
manageable so that detailed electromagnetic transient solutions are possible.

e The small signal model of the IPFC is developed. The decoupled control is
employed as the control method of these models. The IPFC model with decoupled
control is originally proposed. An improved small signal model of the UPFC with
decoupled control under constant power control mode is developed, which is also a
new contribution. These models are incorporated in the benchmark test system
respectively.

e The small signal studies are carried out to investigate the performances of the IPFC
and the UPFC. One finding is obtained that the series branch has strong capability to
change the low oscillation mode and further to change the small signal stability of
the system. As the HVDC system behaves in the system, the FACTS devices
possess the function of segmenting the connected line. This structure change might
result in the improvement of the small signal stability of the network.

e The comparison of the UPFC and the IPFC performance. Since the IPFC has one
more series branches than the UPFC, it provides more opportunities for network
segmentation and has the potential for greater damping improvement.

These contributions have led to the following publications:

e Shan Jiang, U. D. Annakkage, A. M. Gole, “A platform for validation of FACTS
models”, IEEE Trans, Power Delivery, vol. 21, pp. 484-491, 2006.

e Shan Jiang, A. M. Gole, U. D. Annakkage, “Damping Performance Analysis of
IPFC and UPFC Controllers Using Validated Small Signal Models”, accepted by
IEEE Trans, Power Delivery.
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6.3 Suggestionsfor Future Studies

The IPFC and UPFC have many applications in the power industry. This thesis reveals
their attributes from a small signal point of view. Based on this study, the following
aspects need further attention:

e The extension of the segmentation effect to the transient stability. In the test
system of this study, the UPFC and the IPFC indeed solved congestion issues and
improve the small signal stability by "cutting" the network. But it may also create a
transient stability problem that did not exist before. The loss of a line implies the
equivalent impedance between Area 1 and Area 3 is higher. In other words, the
system is weaker, less stable or Area 1 and Area 3 are electrically farther apart. The
mode frequency is a good clue: one mode frequency (0.85 Hz originally, it implies a
local area damping problem) drops to 0.23 Hz after the cutting. The lower frequency
implies systems that are much farther apart. Transient stability studies can be
conducted by performing clearing of a three phase fault to examine the impacts on
the rotor angles and transient voltages.

e The comparison with the HVDC system. From a small signal point of view,
FACTS devices containing the series branch can change the structure of the network.
This change is limited in the steady state which differs with the HVDC system
isolating the network physically. If the dynamic impacts of the IPFC and the UPFC
devices prove to be comparable to the HVDC system, this may result in significant
cost saving because of reduced power ratings of the FACTS devices.

e Theimpacts of different control modes on the small signal stability. The cutting

effect results from the zero change of the power flow under the automatic power
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control (or the d, q current control) mode of the series branch. Besides the power
modes, there are other optional modes that can be used for the series branch
operation. Under the voltage injection mode, the series branch controls the
magnitude and phase angle of the injected voltage. Without the fixed power flow, is
the impact of the device on small signal stability significant? If the required
improvement can not obtained directly under the voltage control mode, if a damping

controller can be employed to improve the small signal stability?
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Appendix A 12 Buses 3 Generators Test System

The data pertaining to the power system shown in Figure 3.1 are given in the following
tables.

Table.A.1 shows: (a) the loads, and shunt compensation at load buses 1-8, and (b) the
specified voltage and real power generation at generator buses 9-12. In the transient
model, the loads are represented as fixed impedances.

Table A-1 Bus data

Nominal | Specified Load Shunt | Generation
Bus | Voltage | Voltage

kV kV MVA MVar MW
1 230
2 230 280+j200
3 230 320+j240
4 230 320+j240 160
5 230 100+j60 80
6 230 440+;300 180
7 345
8 345
9 22 1.04
10 22 1.02 500
11 22 1.01 200
12 22 1.02 300

The geometrical and physical parameters for the transmission lines are as shown in
Table A-2 and Figure A.1. All 230 kV lines are assumed to have the same geometrical
and physical parameters (except for different lengths). The 230 kV line is based on
Manitoba Hydro's Glenboro-South to Rugby line. The 345 kV line has a typical structure
selected from Table 2.7.1 of the EPRI “transmission line reference book™ [62]. Table.A.3
shows the line lengths for each of the 230 kV and 345 kV lines as well as the series

impedances and shunt reactances resulting from the above line geometries for an
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equivalent-nt representation corrected for long-line effects.

s Ground wire
—
___________ . ' ./
D v1 """"""" -

"""""" - ::.'_'é .
n o":‘ [ /

- Line conductor

B

L1777 7777777777777

Figure A.1 Transmission line structure

Table A-2 The configuration of transmission line

Voltage(kV) 230 345
Structure type 3H6 3H6
H (m) 14.4 17.526
V (m) 1.22 3.505
W (m) 5.49 7.925
Sag 5.94 7.254
n (Conds/bundle) 1 2
B (m) 0.4572 0.4572
Conductor type 954ACSR 54/7 | 795ACSR 26/19
DC resistance (ohms/km) 0.0587 0.683
Ground wires 2 2
S(m) 3.05 4.648
D(m) 3.81 5.00
Ground resistivity (ohms-km) 100 100
Sag of GW (m) 4.45 7.254

Table A-3 Branch data (system base: I00MVA)

Line | Voltage(kV) | Length(km) | R(pu) X(pu) B(pu) | Rating(MVA)
1-2 230 100 0.01144 ] 0.09111 | 0.18261 250
1-6 230 300 0.03356 | 0.26656 | 0.55477 250
2-5 230 300 0.03356 | 0.26656 | 0.55477 250
3-4(1) 230 100 0.01144 ] 0.09111 | 0.18261 250
3-4(2) 230 100 0.01144 | 0.09111 | 0.18261 250
4-5 230 300 0.03356 | 0.26656 | 0.55477 250
4-6 230 300 0.03356 | 0.26656 | 0.55477 250
7-8 345 600 0.01595 ] 0.17214 | 3.28530 500
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Table A-4 Transformer data (system base: 100MVA)

From-To | Voltage (kV) | Leakage reactance(pu) | Rating(MVA)
1-7 230-345 0.0100 1000
1-9 230-22 0.0100 1000

2-10 230-22 0.0100 1000
3-8 230-345 0.0100 1000
3-11 230-22 0.0100 1000
6-12 230-22 0.0200 500
Table A-5 Generator and exciter data
Bus H D |Taw | Xd| Xq | Xd’ | Ka| Ta
100G2) | 50 | 1.0 |50 |1.5] 1.2 | 04| 20 | 0.05
11(G3) | 3.0 [ 00| 6.0 | 14| 1.35| 03| 20 | 0.05
12(G4) | 50 | 1.0 |50 |1.5] 1.2 | 04| 20 | 0.05
Table A-6 UPFC data
Kbp Kep | Cde(uf) | Kpde | Kide
20 100 1446 2.0 1.0
Table A-7 IPFC data
Kmp Ksp | Cde(uf) | Kpde | Kidc
20 20 1446 2.0 1.0
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Appendix B Derivation of the Small Signal Model of
the Generator and Exciter

The generators (G2, G3 and G4) with their exciters in the test 12 bus system are
represented by the typical fourth order dynamic model (third order generator plus first

order exciter). The dynamics of the Kk generator and exciter are given by:

3 1 i 1

Wy = E(ka - Eqk]gkq - (qu - Xdk )ngdlgkq - KDka)k) (A-z)
o ~ -

Ey = m(Efdk —E — Xy — Xy Ieyy) (A-3)

: 1 Ka
Efiy = — e Efty, + 0% Ve, .~V
(fd Tak fdk Tak ( Ekref gk) (A-4)

The voltage behind the transient reactance, the terminal voltage, and the terminal

current are related by:

Ey _(ngqj o0 Xa _[lgkq] (A-5)
0 Vera —Xop 0 Isyy

Vy

YA

Figure B.1 dg-xy coordinate transformation

The model for synchronous generators is given in the d-q coordinate when connected
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to the network requiring a coordinate transformation to the x-y coordinate. This dq-xy
coordinate transformation is established as shown in Figure B.1.
The relationship between the voltage behind the transient reactance and the generator

terminal voltage and current in the x-y coordinate is obtained as:

Where:
Y, Yer
Yg, = “k o
chk Ygdk
Y. —(L—L)'cos5 -8ino, Yop _L'COS52+L'SZ'I’Z52
gay, Xd'k X, k k gby n k Xd'k k
- 1
Yee, :—,cosé'k2 ——sin5k2 Yed = —Yea
' E, E;Ik - OS8O,
Egk =Tge| T 1=

cosd,  —sino,,
sind,  coso,

The coordinate transformation between the d-q coordinate and x-y coordinate of the

terminal voltage and current is given by:

Verga = Ser Ve (A-7)

leygq = Sei - Igy (A-8)

Ver =Sex Verga (A-9)

Ig). = Sgy gggq (A-10)
Where:

Vey, I, Vet Lgy
ngqd = ! ngqd = ! Ve :( Iy, = Ji
Vera lerq ngy Eky
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The above equations ((A-1)-( A-10)) can be linearized to give:

A[gk =Sgk “AXg, —Yg, -Ang (A-12)
Where:
AJ,
Aa)k Aka Mgkx Angx
ZLX% - ‘Al]g g, = i
¢ AEqu ¢ [AngrefJ g (Mgky k Angy
AFEja,
0 o 0 0
D % 0 0
i —V8&id
Agk21 2}1 21¥ )(, 0 1 O
k kX ak 2H,
Ag, = -X Bo, =
&k dgy, O X '1 S 0 0
TdOk 'Xd TdOk K.
A 0 0 -1 0 T, :
8ka.1 Toy i
0 0 Sino,
Egpry Egprn X
Eg, = Se, =
Egi31 Egis, —C0s0;,
Sgkz,l 0 T 0
Egray  Eepap ”
Ygak ngk
Yo = (Y Y,
g Lgdy
Agjay = : (( Vet Igy, ) (Vgy, - cosO, — Vg, - Sind,)
k20 =y U T A8k ) \V &gy k— V8kx® k
2H, X, 4

ngq .
- (7 + gy ) (Vey, - 056 —Vey, - sindy.))
q

1 X
Agisy = Tv—'(X—?]C—l)'(ngy -c0s8, — Ve, - sind;)
d0k dk
—Ka
Agpyy = —T ’ Vk | -(ngq -(ngy €080, — Vg, -5ino, )+ Ve ; - (Vey, - €080, + ngy - 5ind,))
A1V 8k
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1 V, Ve '
Egppy = Y ((ﬂ—lgkq) - COSO, —(i+1gkd)~sm5k )
k dk gk
1 V _ Ve
Boca =5 ((%_ngq)'”"fsk + (L + Igyy) - cos5y)
k qk
1 X 1 X
Egk3’1 = V_(—d.k—l) . COS§k Egk3,2 =—- (—df‘—l)-sjné'k
Tyor  Xdy Tion Xag
—Ka —Ka
E =——*k& (Vg -cosS, +Vg,,-sind,)= k__.y,
k4,1 Ter-[Vey | (Ver, et Ve i) wx Ver | g
—Ka —Ka
E, =— k& (Vg -sind, —Vg,, -cosd,) =——~—.V,
k4,2 Tap | Vey | Ve, k ~V8ka k) Tor-| Ve | Shy
Yoo — 1 1 S -sinS Yoo, — 1 5.2 1 S,
ga;, = (——————)-€0S0, - Sind, gby =——+C0S80),” +——"-5Ino,
Xdk qu qk Xdk
-1 2 1 . 2
Yee, :TCOS5k ——qsznék Yeoi = —Yeu
k k
Sgkl,l = _ngq ~sin5k +ngd 'COS5k - ngy . Ygak + ng:x . ngk

Sgkz’l = ]gkq COS5k +ngd Sll’l5k _ngy 'chk +ngx Ygdk
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Appendix C  Derivation of the Small Signal Model of
the 12 Bus Test System with Embedded
|PFC

The derivation of the small signal model of the network includes two steps:
(1) To derive the small signal models of all dynamic components of the network, i.e., the
small signal models of the IPFC, generators and exciters.
(2) To incorporate the above models into the network in order to obtain the linearized

state equation of the network.

C.1 Small Signal Modd of the IPFC

C.1.1 State Equationsand Algebraic Equations of the IPFC

The line possessing two degrees of freedom (see Figure 2.2) is called ‘master line’, and
the other line is called the ‘slave line’. All variables related to the master line and the
slave line are denoted with the subscripts ‘m’ and ‘s’ respectively. Three coordinate
systems are adopted in this model. The master line and slave line sending end voltage
vectors (Vmi, Vsi) are selected as the d-axis of the master line’s and slave line’s
coordinate systems separately, thus the real and reactive power (Pm, Om, Ps, and QOs) can
be represented by their corresponding d, q current components (Imd, Imq, Isa and Isq). The
other coordinate system is the network’s coordinate system (x-y system) which takes the
infinite bus voltage as its x-axis. All vectors of the network are finally expressed as x-y
components.

The DC capacitor dynamics is modeled by:
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Va’cz
Rac

Cdc'Vdc‘%VdcZ—Sb'(Ps+Pm)— (C-l)

Where:
Cuc: the capacitance of the dc bus capacitor.
Vae: the voltage of the dc bus.
Pn: the real power flowing out of the dc link into the master line of the IPFC.
Ps:the real power flowing out of the dc link into the slave line of the IPFC.

The PI Controller that maintains Vac at the reference setting of Vier is modeled as:
Usq = Kpa’c . (Vdcr - Vdc) + Kide - J.(Vdcr - Vdc) -dt (C-2)
Here Uy is the reference for the g-axis component of the slave line current. It is the

only non-independent reference in the IPFC’s four references (Umd, Umg, Usd and Usg).

Equation (C-2) can be rewritten as following two equations:

i Mic = Vaer —Vie (C-3)
dt

UY'] = Kpdc . (Vdcr — Vdc) + Kide - Mdc (C_4)

The decoupled controllers of the IPFC are modeled as:

1
de = Kmp (Umd —Imd)+T—‘Mn1d —Kmp : O)O'Mmq (C-S)
qu :Kmp'(Umq—Imq)-l-TL'Mmq-i-Kmp'(()O'Mmq (C—6)
Vsd :Ksp'(Usd—Isd)+%'%d—Ksp'a)O'qu (C—7)

1
Vsq :Ksp'(Usq—Isq)+E'Mq+Ksp'C()O'A4sd

(C-8)
Here Mmd, Mmq, Msa and Msq are the integrals of the errors of IPFC’s current

components (Imd, Imq, Isd and Isq) and their references (Umd, Umg, Usd and Usq).
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i]\4ma! =Umd —Imd
dt

d
ZMmq =Unmd —Imq

i]\lsd =Usd —Isd
dt

d
EM(I = Usq—]sq

(C-9)

(C-10)

(C-11)

(C-12)

Here, Im¢ and Imq are the d,q components of the master line current; /s« and Isq are the

d,q components of the slave line current.

The V-I relationship of the IPFC can be represented with x-y coordinate vectors by

following equations:

V V V 7.0 lex —VmZX 0 —Xm Imx
m=—(Vml—Vm2)+ Lm:Imn=— + :
( ! 2) ley —Vm2y Xm 0 Imy o

Vindg + Vinidg — Vm2dqg = Zm - Imdgq

V V V 70 Vslx — Vst O —Xs st
s=—(Vs1—Vs2)+ Ls-Is =— + .
( : 2) Vsly — VsZy X 0 Is or

y
Vsdg + Vsidg — Vs2dg = Zs - Isdg
Pon=m. Vi) dm=—=Vm, =Vm2,)-dm, =V, =Vm2, ) Im,
Ps=—(Vs1, =Vs2, ) Is, = (Vs1, =Vs2,) - Is,,

Where:

Ly

Vi
Vit = [ } : the sending end voltage vector of the master branch of the IPFC.

m2

V2
V2= ( XJ : the receiving end voltage vector of the master branch of the IPFC.

y

(C-13)

(C-14)
(C-15)

(C-16)
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Vsi
Vs = (V XJ : the sending end voltage vector of the slave branch of the IPFC.

‘1y

=~

2
V2= [ x] : the receiving end voltage vector of the slave branch of the IPFC.

VSZy

X

Vi
Vim = (V ] = Tip1-Vmdq : the injected voltage vector of the master branch of the IPFC.
My

=

Vs = ( ij = Tip2-Visdq : the injected voltage vector of the slave branch of the IPFC.
¥

~

Vi
Vimdg = (V d] : the d-q vector of the injected voltage of the master branch of the IPFC.
"q

Vs
Vsdg = (V d} : the d-q vector of the injected voltage of the slave branch of the IPFC.
5q

Im
In = ( XJ : the vector of the current flowing through the master transformer of the IPFC.

My

Is
Is = (1 xj : the vector of the current flowing through the slave transformer of the IPFC.
Sy

cosOm  —sinOm
ipl =

) : the dq to xy transformation matrix of the master branch.
sinfm  cosOm

cosOs —sin0s
ip2 = .
sin@s  cosOs

J : the dq to xy transformation matrix of the slave branch.

Rm  —Xm
Zm= (X R j : the master impedance matrix of the IPFC (Rn is omitted, R»=0 ).
m m

Rs —Xs
Le= (X R J : the slave impedance matrix of the IPFC (Rs is omitted, Rs=0 ).

Substituting equations (C-5), (C-6) into (C-13) gives:

1
—Xm-lmq = Kmp'(Umd—Imd)+T—'Mmd—Kmp'a)O'Mmq-l-led —VmZd (C-17)

m
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1
Xm‘]md :Kmp'(Umq—Imq)+T—m'Mmq+Kmp'a)O'Mmd+Vm1q —Vqu (C-lg)
Eliminating the d or q current component in equations (C-17) and (C-18) gives:
Mma Uma Vimiy —Vmy,
In, =Tip3- + Tipa- + Tips- C-19
T P 0 i T8 e 19
Mma Uma led —VmZd
In_ =Tipe- +Tip7- +Tip3 - C-20
1 g [Mqu g (Umqj Y (leq —Vqu ( )
Where:
Kmp X 2
. Tm-i-Kmp'Xm'&)O Tm—Kmp + (0 o Kmp2 Konp - Xom
Tip3= 2 2 2 2 Tips = 2 2 2 2
Xm™ + Kmp Xn™ + Kmp Xm™ + Kmp Xm™ + Kmp
Kmp Xm
Tips = 2 2 2 2
Xm™ + Kmp Xm™ + Kmp

Tip6 = (Tipl Tip62 ) = (—Tip32 Tip31 ) Tip7 = (Tipl Tip72 ) = (—Tip42 Tip41 )
Tips=(Tips; Tivsy)=(~Tis, Tips,)

Similarly equations(C-21) and (C-22) can be obtained from equations (C-7), (C-8) and

(C-14):
Msa Usa Vsld —Vde
Is, =Tip9- + Tip10- + Tip11- C-21
d g (qu] g (Usq] Y (Vslq —Vqu ( )
Msa Usa Vsld —Vde
L =Tip12- + Tip13- + Tip14- C-22
¢ (qu] ! (Usq] ’ (Vslq Va2, (€-22)
Where:
KS‘D+Ksp-X}-a)0 é—[(spz'a)() 2
Tipo=| = Iy Tipro = Koy Rop- Xs
P 2 2 2 2 ke 2 2 2 2
X5+ Ksp Xs™+ Ksp Xs“ + Ksp X5+ Ksp

Ksp Xs
Tipni = 2 2 2 2
X"+ Ksp X~ + Ksp
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Tp2=(~Tipo, Tipo,)  Tip3=(=Tiwr0, Tipro;)  Tipta=(=Tip11, Tipi1))
The algebraic equations can be obtained by expressing equations (C-19)-(C-22) with x-

y coordinate vectors:

Imx [md Mmd Umd lex - szx
In = =Tip1- =Tip15- + Tipt6 - + Tip17- (C-23)
Imy [mq Mmq Umq ley - szy
ISX [Sd Msd Usd Vslx - VSZx
Is = =Tip2- =Tip18- + Tip19- + Tip20 - (C-24)
ISy ISq qu Usq VSly - VSZy
Where:

Tipisy;  Tipis,,

T Tipis);  Tipisy, cosOm - Tip3, + sinOm-Tip3,  —sinOm-Tip3| +cosOm - Tip3,
ipl5 = = . .
sin@m-Tip3; —cosOm-Tip3,  cosOm-Tip3, + SinOm-Tip3,

T {Tipwl’l Tipte, ] (cosem “Tipay +8inOm-Tipay,  —sinOm-Tips, + cosOm- Tip42j
iple = =

Tipi6y 1 Tipie, , sinfm-Tipa; —cosOm-Tipay,  cosOm-Tipa, + sinOm - Tip4,

Tips, Tips, Tipo,  Tipo,
Tip17 = Tip18 =Tip2-
Tips; Tips, ip12,  Tip12,

Tipro;  Tip1o, Tip1yy  Tipn1,
Tip1o=Tip2- Tip20=
Tip13;  Tip13, Tipra;  Tip14,

Substituting equations (C-4), (C-19)-(C-24) into (C-1), (C-3) and (C-9)-(C-12) to

eliminate current components and Usq. The following state equations are obtained:
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i Vac = S
dt Cdec - Vie

. ((lex - VmZx) . (TiplSl,l - Mma + Tl’plSl’z - Mmg + Tip161’1 -Uma

+Tip16 5 *Umg +Tip17, - (Vim1, — szx))
+ (ley — szy) . (— Tip1sy - Mmd + Tip1s, ;- Mmq — Tip16, 5 - Umd
+Tiptsy -Ung + Tipi7, -Vt , —Vin2,)

+ (Vslx - Vs2x) . (TiplSU - Msa + TiplS]J -Msq + Tipl‘)l’l -Usd (C-ZS)
+ Tipl91’2 . (Kpdc . (Vdcr - Vdc) + Kide - Mdc)

+ Tip20y ;- (Vs1, = V2, ))
+(Vst, =Vs2,)- (= Tipts, , - Msa + Tipts,, - Msq + Tip19, 5 -Usa
+ Tipl‘)l,l . (Kpdc . (Vdcr — Vdc) + Kide - Mdc)

+Tip20y - (V1 = V2, )))

i Mic =Vder —Vie (C-26)
dt

diMmd = —Tip31 - Mma —Tip32 'Mmq + (1 - Tip41) ~Umd —Tip42 'Umq

t
- TipSl . (COS Om- (lex - VmZX) +sin Gm- (ley - Vm2y )) (C-27)
—Tip52 . (—Sil’l Om - (lex — Vm2x) +cosBm- (ley — Vm2y))

d
EMmq = —Tip61 - Mma — Tip62 'Mmq — Tip71 -Uma + (1 — Tip72) . Umq

—Tips; - (cO8 Om- (Vi1 =Vm2, ) +8i0Om- (Vi1 , = Vim2,,)) (C-28)
- Tip82 . (— sin @m - (lex - Vm2x) +coSOm- (ley - Vm2y ))

d
EMSC[ = —Tip91 - Msa — Tip92 'qu

+(1- TiplOl) ~Usd — TiplOz - (Kpdc - (Vier —Vie) + Kide - Mdc) (C-29)
—Tipt1y - (cos Os- (Vs1, =Vs2, ) +sinOs- (Vs1, = Vs2)))
—Tipi1y - (=sinBs- (Vs1, = Vs2, ) +cos Os- (Vs1, —Vs2)))

diﬁlsq = —TiplZl - Msa — Tip122 . Mq
t

- Tip131 -Usd + (1 - Tipl32) . (Kpdc : (Vdcr - Vdc’) + Kide - Mdc) (C-30)
—Tip1a; - (cos Os - (Vs1, —Vs2, ) +sinOs- (Vs1, = Vs2)))
—Tip14y - (=sinOs- (Vs1, = Vs2, ) +cosOs- (Vs1, = Vis2,)
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C.1.2 Linearization of State Equationsand Algebraic
Equations of the |IPFC

The x-y components of the magnitude of voltage vectors can be represented by:

Vi cosOm
S = Vi |- C-31

[ley] | | [Slnemj ( )

Linearizing equation (C-31) yields:

Alex _ cosOm — | Vm | -SinBm ' | AVmi | (C-32)

AVm, sin@m | Vmi|-cosOm AOm

Alex

AOm = Tip21- AV, = Tip21y - AVm1, + Tip21y - AV, (C-33)

Where:
Tip21, = — -Sin Om Tip21, = -c0s Om

’le’ |Vm1’

Linearizing equation (C-25) gives:

d
EAVdC = Aipl,l -AVic + Aipl,z - AMac + Aip1’3 - AMma + Aip1,4 - AMmq

+ AipL5 - AMmd + Aipl’6 - AMmgq

+ Bip * AUmd + Bip, , - AUmq + Bip, 5 - AUsa (C-34)
+ Eipyy - AV, + Eipy 5 - AV, + Fipyy - AVm2, + Fip 5 - AVim2,

+Gipy g - AVt + Gipy 5 - AVsty, + Hipy - AVs2, + Hipy 5 - A2,

Where:
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—Sh
Aipl,l = W . (lex - Vm2x) . (TiplSLl - Mma + TiplSl’z - Mg + Tipl()l,l -Umd
¢+ Vdc

+Tip16) 5 Umg + Tip16, ; - (Vi1 , —Vm2,, ))
+ (ley - VmZy) . ( — TiplSLz - Mma + TiplSl’l - Mmg — Tip161,2 -Umd
+ Tip161’1 -Umg + Tipl7L1 . (ley - Vm2y ))
+(Vs1, = Vs2,)- (TiplSl L Msd +Tip18, 5 - Msq+ Tip19, | - Usd

+ Tipl‘)l,z . (Kpa’c -Vaer + Kidc - Mdc) + Tip201’1 . (Vslx - Vs2x))

+ (Vs ~V2,) - (= Tipts, , - Msa+Tipns, - Msg — T, 5 - Usa

+ Tipto,, - (Kpde - Ver + Kide - Mac) + Tip2o, ;- (Vo — Vszy)))

Aipy 5 = CdSde ((Vs1, =Vs2,) - Tipr9, 5 - Kide + (Vs1y =Vs2y) - Tip19; ; - Kide)
Sb
Aip1’3 = Coe-Vie : ((lex - Vm2x) : TiplSLl - (ley - Vm2y) : Tip151,2)
Sb
Aipl,4 = CooVa . ((lex — Vm2x) 'TiplSL2 + (ley — VmZy) 'TiplSl’l)
Sh
AipLS = Co Ve ((Vs1, =Vs2,)- Tip18; —(Vs1y - Vszy) . TiplSLz)
Sh
Aipl’6 = Coo Ve ((Vs1, =Vs2,)- Tip18; 5 + (Vsly - Vszy) . TiplSLl)
Sb
Bile = m . ((lex - Vm2x) . Tiplél’l + (ley - VmZy) . Tipl62’1)
Sb
Bip, = Cr Ve (Vi =Vm2,)-Tip16y 5 + Vi, =Vim2 ) - Tipts, 5)
Sb
Bip, 5 = (Vs1, =Vs2,) - Tipoyy + (Vsr, = Vs2 ) - Tip19, )
dc*Vdc ’ ’
Sb

+ 2717,y - (Vi1 —Vm2,)

+ (Vi =Vm2,) - (Tip2s) - Mmd + Tip2s, 5 - Mg+ Tip27, ;- Umd + Tip27, 5 - Unmg)

+ (ley - Vm2y) . (TipZSz’l - Mma + Tip252’2 - Mg + TipZ72’1 -Uma + Tip272’2 . Umq))
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+ 2Tipl71’1 . (ley - VmZy)
+(Vm, —=Vm2,)-(Tip26, ;- Mmd + Tip26, 5 - Ming + Tip28, ; - Umd + Tip28, 5 - Umg)
+(Vmi, =Vinz,,)-(Tip26y ) - Mind + Tip26, 5 - Mimg + Tip28, y - Umd +Tip28, 5 - Umq))
. _Sb . . .
Flpl,l = m (szlSl,l - Mma + Tlp151,2 - Mmg + T1p161’1 -Umd
+ Tip161’2 -Umq + 2Tip17171 . (lex — Vm2x))
+Tip16, 5 -Ung +2Tip17, ;- (Vim1 ), = Vim2,,))
. Sb . . .
Glpl,l = m . TlplSl,l - Msa + TlplSLz -Msq+ Tlp191’1 -Usd
+ Tip191’2 . (Kpdc . (Vdcr - Vdc) + Kide - Mdc) + 2Tip201,1 . (Vslx - VSZX)
+ Vs, =Vs2,) - (Tip29y ;- Msd + Tip29, 5 - Msq+ Tip31y ;- Usa
+ TipSll’z . (Kpdc . (Vdcr - Vdc) + Kide - Mdc))
+(Vs1, =Vs2,)-(Tip29, ;- Misa + Tip29, 5 - Mg+ Tip31, ;- Usa
+ Tip312’2 . (Kpdc . (Vdcr — Vdc) + Kide - Mdc))
Sb
Gipl ) = . Tip182 1 - Msa + TiplSz b -Msq + Tipl92 1 Usd
’ Cdc - Vic ’ ’ ’
+ Tip192’2 . (Kpdc . (Vdcr — Vdc) + Kide - Mdc) + 2Tip201’l . (Vsly — Vs2y)
+(Vsi, =Vs2,) - (Tip30y y - Msd + Tip30, , - Msq+ Tip32, | - Usa
+ Ep321,2 . (Kpdc . (Vdcr - Vdc) + Kide - Mdc))
+(Vs1, =Vs2,) - (Tip30, ;- Misa + Tip30y 5 - Msq+ Tip32y ;- Usd
+ Tip322,2 . (Kpdc . (Vdcr — Vdc) + Kidc - Mdc))
—Sb
Hipl,l = "7 . (TiplSl,l - Msa + TiplSl,z - Msq + Tipl91’1 -Usa

+ Tipl‘)l’z . (Kpdc . (Vdcr - Vdc) + Kide - Mdc) + 2TipZOL1 . (Vslx - Vxe ))
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—Sh
Cic Ve

Hipy 5 = (Tip18y - Msa +Tip18, 5 - Msqg + Tip19, ;- Usa
+ Tip19272 . (Kpdc . (Vdcr - Vdc) + Kide - Mdc) + 2TipZOU . (Vsly - VSZy ))
It should be noted that matrixes T15-T19 contain variable Om. Om is the function of Viix,

and Vmi1y. Then each entry in T15-T19 is function of Vmix, and Vmiy. Here we define:
—sin@m —cosOm

ATip1 = “AOm=Tip23-(Tip21; - AV, + Tip21, - AVim1 )
cosOn  —sinBm 7

—sinfs —cosBs

ATip2 =
cosOs  —sinBs

)A@s =Tip24-(Tip22, - AVs1, + Tip22, 'AVsly)

Where:
—sinbm  —cosOm —sinbs —cosOs
Tip23 = _ Tip2a = ]
cosOm  —sinBm cosls  —sinbs
Then ATipi5 can be expressed as:

ATip1s = Tip23'( j =Tip25-AVm1, + TipZé‘Aley

Where:

—8inOm - Tip3, +c0sOm - Tip3,  —Sin@m-Tip3, —cosOm- Tip3,
TipZS = *1Lip2]y

sin@m-Tip3, +cosOm-Tip3;  —SinOm-Tip3, + cosOm-Tip3,
T —SinBm-Tip3; +cosOm-Tip3,  —SinOm-Tip3, —cosOm-Tip3,
ip26 = . . +Lip21
SinOm-Tip3, +cosOm-Tip3;,  —SinOm-Tip3, +cosOm - Tip3, 2
Similarly we have:
ATip16 = Tip27- AVm1, + TipZS'Aley
ATip1s =Tip29- AVs1, + Tip3o- AVsly
ATip19 =Tip31-AVs1, + Tip32'AVx1y
Where:

—S8inBm - Tipa; +cosOm - Tips, —sin@m-Tipay, —cosOm- Tip4,
Tip27 = -Tip21,

Sin@m-Tip4y +cosOm-Tips;  —SinOm-Tipa, + cosOm - Tipa,
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—Sin@m - Tip4; +cosOm-Tips, —sinOm-Tipa, —cosOm-Tipa,
Tip28 = -Tip21,

SinBm-Tipay +cosOm-Tipay  —sinOm-Tipa, +cosOm - Tip4,
—sin@s - Tip9, + cosOs -Tip9, —sinbs-Tip9, —cosOs-Tip9,

Tip2o=| ) Tip22,
sin@s - Tip9, +cosOs-Tipd,  —sinOs - Tip9, + cosbs - Tip9,

—sin@s - Tip9, +cosOs-Tipo, —sinbs-Tip9, —cosOs-Tipy,
Tipzo=| ] Tip22,
sin@s - Tip, +cosOs-Tipo,  —sinbs-Tip9o, +cosOs-Tipo,
T —sinBs-Tip1o, + cosOs - Tip10o,  —sinBs - Tip10, —cosOs - Tip1o,
ip3l = . . +Lip22y
sinBs - Tip1o, +cosOs -Tipro,  —sinbs - Tip10, + cosOs - Tip10,
T —sin@s - Tip10, + cosOs - Tipro,  —sinbs-Tip10, —cosOs - Tip1o,
ip32 = X . *1ip22,
sinBs - Tip1o, + cosOs - Tipro;  —sinbs - Tip1o, + cosOs - Tip10,

Linearizing equation (C-26) gives:

iAj\la!c =-A Vdc (C-35)
dt

Because Vmidg, Vin2dg, Vsidg and Vs2dq are functions of Om, s and their x-y counterparts.
Before linearizing equations (C-27)-(C-30), we define:

—sin@m —cosOm

ATip1 =
cosOm  —sinBm

]-Aﬁm =Tip23-(Tip21) - AV, +Tip21y - AVm1 )

—sinls —cosBs

ATipZZ( J-Aﬁs:ﬂpm-(ﬂpzzl -AI/s1x+ﬂp222-AVv1y)

cosls  —sinBs

Where:

—sin@m  cosOm —sin@s  cosOs
Tip33 = Tip34 =
—cosOm  —sinGm —cosOs —sinds

Linearizing equation (C-27)-(C-30) gives equations (C-36)-(C-39) respectively:

diAMmd = —Tip31 - AMma —Tz’pSz : AMmq + (1 - Tip41) -AUmad —Tip42 : AUmq
t

—(const _ Muma - Tip21, + Tip35,) - AVm1, + Tip3s, - AVm2, (C-36)
—(const _Mma-Tip21y +Tip35,) - AV, + Tip3s, - AVm2,,
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%AMmq = —Tipél - AMmad —Tip62 - AMbq —Tip7] -AUbad + (1 - Tip72) -AUnmyq

—(const _Mma - Tip21, + Tip36,) - AVm1, + Tip36, - AVm2, (C-37)
—(const _Mma -Tip21y + Tip36, ) - AVm1, + Tip36, - AVm2,,

d

EAMS‘Z = —Tip91 -AMsa — Tip92 -AMsq + (1 - TiplOl) -AUsd
— TiplOz . (—Kpdc -AVie + Kide - AMdc) (C_3 8)
—(const _ Msd - Tip22, + Tip37,) - AVst, + Tip37, - AVs2,
—(const _Msa -Tip22y + Tip37,) - AVst,, + Tip37, - AVi2,

d

EAMSC[ = —Tip121 - AMsa — Tip122 . Aqu — Tip131 -AUsd
+ (1 — Tip132) : (—Kpdc - AVide + Kidc - AMdc) (C_39)
—(const _ Msq-Tip22) + Tip38,) - AVs1, +Tip3s; - AVs2,
—(const _Msq-Tip22, +Tip3s,)- AVsly +Tip38, - AVszy

Where:

lex — Vm2x

const _Mma =Tips-Tip33-
ley — VmZy

] Tip3s = (TipSSl Tip352) =Tips- Tipf1
lex - Vm2x

const _ Mmq =Tips-Tip33-
ley - Vm2y

J Tip36 = (Tip361 TipSéz) =Tips- Tipf]
Vslx — Vs2x

const _Msa =Tip11-Tip34-
Vsly —Vszy

} Tip371= (Tips71 TipS72) =Tipl1- Tipfl
Vxlx - Vch

const_qu = Tip14 . Tip34 .
Vcly - VcZy

} Tip3s=(Tip3s; Tip3s, ) =Tip1a- Tip2™!

Linearizing algebraic equations (C-23)-(C-24) gives equations (C-40)-(C-43)
respectively:

A[mx = TiplSU -AMma + TiplSl,z - AMmg + Tipl6L1 -AUmd + Tipl61,2 -AUmg
+ (Tip251 1 - Mma + T[p251 D) -Mmqg + T[p271 1 Uma + Tip271 5" Umg+ Tip171 I)A lex
+ (Tip261 1 - Mmd + Tip261 5 - Mmg + Tip281 e Umd + Tip281 5" Umg + Tipl71 Z)A ley

(C-40)
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Almy = TiplSz 1 AMma + TiplSz b -AMmg + Tip1621 -AUma + Tip162 D) -AUnmgq

+ (Tip262,1 - Mma + TipZ62’2 - Mmg + Tip282,1 -Umad + Tip282,2 -Umqg + Tip172’2 )Aley

(C-41)

Als, ==Tip19; 5 - Kpde - AVic + Tip19, , - Kide - AMac
+ Tip18; - AMsa + Tip18, , - AMsq + Tip19; | - AUsd
+(Tip29y ;- Msa + Tip29, 5 - Msq + Tip31y - Usd + Tip31, 5 - Usq + Tip20, 1 )AVs1, (C-42)
+(Tip30y ;- Misd + Tip30, 5 - Msq + Tip32,y - Usd + Tip32, 5 - Usq + Tip20, , )AVs1,

—Tip20,y - AVs2, = Tip20; 5 - AVs2,,

Als,, =—=Tip19, 5 - Kpde - AVde + Tip19, 5 - Kide - AMdc
+(Tip29, | - Msa + Tip29, 5 - Msq+ Tip31, | - Usa + Tip31, 5 - Usq + Tip20, | )AVs1,, (C-43)
+ (Tip302’1 - Msa + Tip302,2 - Msq + Tip322,1 -Usd + Tip322,2 -Usq + Tip202’2 )A Vsly
—Tip20y ;- AVs2, —Tip20, , - AVs2,

The above linearized state equations (C-34)-(C-39) and algebraic equations (C-40)-(C-

43) can be rewritten in standard compact forms as follows:

A Xip = Aip- AXip+ Bip- AUip+ Eip- AV + Fip- AVim2 + Gip - AVsi+ Hip - AVs2 (C-44)
Alm = Tip39- AXip + Tipao- AUip + Tipa1r- AV + Tipaz2 - AVm2 (C-45)
Als = Tipasz- AXip + Tipaa- AUip + Tipas- AVsi+ Tipae - AVs2 (C-46)
Where:
AVie
AMic
AUmd
AMma
AXip = Al]zp = AUmq
AMmg
AUsd
AMsd
AMsq
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Aip =

Bip =

E[p =

Fip:

Gip =

Aip Aipy Aip ;. Ainyy  Aipgs
-1 0 0 0 0
0 0 ~Tip3; —Tip3, 0
0 0 ~Tips, —Tips, 0
T'ip10, - Kpde ~Tip10, - Kidc 0 0 ~Tip9,
~(1=Tip13,)- Kpde —(1—Tip13,) - Kide 0 0 ~Tip12,
Bipy Bip, Bip
0 0 0
1-Tipa;  —Tipa, 0
~Tw1, 1-Tip7, 0
0 0 ~Tip10,
0 0 1—=Tip13,
Eipy Eip
0 0

—(const _ Mma - Tip21, + Tip3s,)

—(const _ Mmq - Tip21, + Tip36,)

Fipy  Fipy,
0 0
Tip3s;  Tip3s,
Tip3e;  Tip36,
0 0
0 0
G’P1,1 G’P1,2
0 0
0 0
0 0
—(const _Msa-Tip22) +Tip37,) —(const _Msa-Tip22, +Tip37,)
—(const _Msq-Tip22, + Tip38,)

—(const _ Msq-Tip22, + Tip38,)

—(const _Mmd - Tip21, + Tip3s,)
—(const _ Mmq-Tip21, + Tip36,)

Aipl,6
0

0
0

—Tip92

~Tip12,
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Hipjy  Hipy
0 0
I 0 0
ip =
0 0
Tip31,  Tip37,
Tip3s;, Tip3s,
0 0 Tipisyy Tiprs;, 0 0 Tipie);  Tipre;, 0
Tip39 = Tipao =
0 0 Tpisy; Tipis,, 0 0 Tipi6y;  Tipi6,, 0
Tiparyy  Tipa1p,
Tipa1=

Tipary;  Tipaiy,
Tiparyy =Tip2s)y - Mma + Tip2s, 5 - Mmq + Tip27 ;- Umd + Tip27, 5 - Umg + Tip17,
Tip41]72 = Tip261’1 - Mmd + Tip261’2 - Mmg + TipZSU ~Umd + Tip28172 -Umq + Tip171’2
Tip412’1 = Tip252’1 - Mmd + Tip252’2 - Mmg + TipZ7271 -Umd + Tip27272 -Umg + Tip17271

Tipa1y o = Tip264 | - Mmd + Tip265 5 - Mmg + Tip285 | - Umd + T'ip285 5 -Umg + Tip17, ,

Tipa2 = =—Tip17
T'ip422,1 Tip422,2
T ~Tip19, 5 - Kpde  Tip19, 5 -Kiae 0 0 Tip1s, Tip1s,,
43 = , , , ,
~Tip19, 5 - Kpdc  Tip19, 5 -Kide 0 0 Tip1s,, Tip1s,,
0 O Tip1oy
Tipasa =
0 0 Tip19,,
Tipas);  Tipss,
Tipas =

Tipas; | = Tip29, | - Msd + Tip29, 5 - Misq + Tip31, | -Usa + Tip31, 5 -Usq + Tip20,

Tipas, 5 = Tip30, | - Msa + Tip30, 5 - Msq + Tip32, | - Usa + Tip32, 5 - Usq + Tip20, ,

Tipasy | = Tip29, ;- Msd + Tip29, 5 - Msq + Tip31, | - Usd + Tip31, 5 - Usq + Tip20, |

Tip452 , = Tip302 1 Msa + Tip302 5 - Msq + Tip322 1 Usd + Tip322 5" Usqg + Tl’pZOz D)

Tipa6 = —Tip20
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C.2 Small Signal Models of Generatorsand Exciters

The small signal models of generators and exciters were given in Appendix B and are

repeated here for reference.

A Xg = Agy - AXg; + Bgy - AUz + Eg; - AV, (A-11)

Algk =Sgk 'Ang—Y:gk'Ang (A—12)

C.3 Small Signal Model of Test System with Embedded |PFC

C.3.1 Linearization of the Network State Equations

The IPFC has two series branches with each introducing one extra bus. Hence the
network with the IPFC has 14 buses (the infinite bus is not included). Assuming there are
p generators, then the buses of the system are sequenced as follows:

1~p: generator 1 to generator p,

p+1: the sending end bus of the IPFC master branch,

p+2: the receiving end bus of the IPFC master branch,

p+3: the sending end bus of the IPFC slave branch,

p+4: the receiving end bus of the IPFC slave branch,

p+5~n: remainder network buses (not including the infinite bus).

The corresponding network node equation can be represented by equation (C-47):
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YNglJ ) mgl,p
YngJ Yng’p
szml,l Y]vml,p
mmZ,l mmZ,p
Y]vsl,l Y]vsl,p
msZ,l msZ,p
Y]Vi,l Y]Vi,p
Y]vn,l szn,p
AINg, | | Alg,
AINm —Alm
_ AINm2 _ Al
AIN;s1 —Als
AIN;s2 Als
AIN, | | AIN,
AIN, | \AIN,

Substituting Alg

expressed as:

YN

gl,ml

YN

gp,ml

szml,ml
YN

m2,ml

Y]vsl,ml
YN

s2,ml

gl,m2

gp,m2

ml,m2

Y]VmZ,mZ

sl,m2

ms2,m2

i,m2

n,m2

Y]Vgl,sl szgl,sl mgl,sZ : Y]Vgl,n AVgl
Yng,sl H'gp,sl H'gp,s2 S gpn AVgp
mml,sl mml,sl Y]vml,SZ . szml,n AVmi

Y]VmZ,sl Y]VmZ,sl mm2,s2 Y]Vm2,n AVm2

msl,sl msl,sl YZVSLSZ Y]vsl,n . AVsi
YYVSZ,sl ms2,sl m52,52 Y]VSZ,}’I AVs2
Y]vi,sl Y]vi,sl mi,sZ Y]Vi,n AV;
mn,sl Y]Vn,sl Y]vn,SZ Y]vn,n AVn
............................................... (C-47)

of (A-12) into (C-47), the k™ generator bus node equation is

Se; - AXg, = Z YN - AVj+(¥YNy , +Ye,) AVg, (C-48)

J=Ljk

Substituting Alm , Als of (C-45), (C-46) into (C-47), the node equations of the IPFC

sending and receiving end bus are expressed as:

—Tip39- AXip — Tipao - AUip

n

= z YN, ;- AV + (YN + Tio4) - AVmi+ (YN, 5 + Tip42) - AVim2

j=1,j#ml,m2

(C-49)
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Tip39 - AXip + Tipao - AUip

n -50
= D YN, -AVi+(¥N, . —Tipa)- AV + (YN, . = Tipa2) - AVim2 (€-50)
j=1, j=ml,m2 '
—Tipa3- AXip — Tipaa - AUip

z (C-51)
= D YN, -AV,+(YNy , +Tipss)- AVai+ (YN, o, + Tipas)- AV
Jj=1,j#sl,s2
Tipa3- AXip + Tipaa - AUip

i -52
= D YN, ;-AV,+(YN,,  —Tipss)- AVsi+ (YN, , —Tipas) - AVs2 (€-52)

Jj=1,j#sl,s2

For other buses which are not connected to dynamic devices:
ozz;m,.,j AV, (C-53)
=

The above equations (C-48)-(C-53) form a new network equation in which the current
components of dynamic devices are eliminated by replacing them with linear

combinations of states and reference inputs:

YM,, YM,, YM,,., YM,, YM,, YM,, AVe

YMml,g YMml,ml YMml,mZ YMml,sl YMml,sz YMml,_j AVmi

YMm2,g YMmz,ml YMmz,mz YMmZ,sl YMmz,sz YMmZ,_j AVm2

YMg, YMg,. YMg,., YM,, YM,., YM,. || AVs

YM gy, YM g, YM,., YM,o YM,, YM || AVs2

YM,, YM,, YM,., YM,, ¥M., ¥, |2V (C-54)
Sg - AXg

—Tip39- AXip — Tipso - AUip
Tip39- AXip + Tipao - AUip
—Tipaz- AXip — Tipaa - AUip
Tipa3 - AXip + Tipaa - AUip
0

Where:
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YN 12t Tipa2

ml,m2 = m

YMml,sZ = Y]vml,SZ
m2,m2 = Y]V
YMm2,s2 = mmZ,sZ

sz,j =(

YMsl,mZ =YI Vsl,m2

1,n )

m2.m2 Tip42

2.n )
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YMxl,xl = Y]vsl,sl +Tipas YMxl,xZ = Yle,xz + Tip4s Wsl,j = (Hvsl,j m?l,n)
M :(HVSZ,I nst,p) YMSZ,ml = Y]VSZ,ml YMSZ,mZ = Y]VSZ,mZ

YM,, . =YNg o ~Tipss  YMy o =YNg o ~Tpss  YMy,, =(YNg ;.. YN,,,)

Equation (C-54) can be rewritten as:

AVg Sg . AXg
AVmi —Tip39- AXip — Tipao- AUip
AVm2 Tip39 - AXip + Tipao - AU
—7M - p p p P (C-SS)
AVs1 —Tipa3- AXip — Tipasa- AUip
AVs2 Tipa3 - AXip + Tipaa - AUip
AV, 0
Where:
ZMg,g ZMg,m1 ZMg,mz ZMg’S1 ZMg,SZ ZMg,J
ZMml,g ZMml,ml ZMml,mZ ZMml,sl ZMml,sZ ZMml,j
ZMm ZMm m ZMm m ZMm K} ZMm s ZMm f
M = YM,I _ 2,8 2,ml 2,m2 2,51 2,52 2,j
ZMsl,g ZMsl,ml ZMsl,mZ ZMsl,sl ZMS],SZ ZMsl,j
ZMSZ,g ZMSZ,ml ZMSZ,mZ ZMSZ,SI ZMSZ,SZ ZMSZ,j
ZMi,g ZMi,ml ZMi,m2 ZMi,sl ZMi,sZ ZMi,j
Equation (C-55) can be split into following five equations:
P
AV = ZZMgk,g/ Sg; AXg;
=
- ((ZMgk,ml - ZMgk,mZ) : Bp39 + (ZMgk,ml - ZMgk,mZ) ’ Tip43) ) Mp (C_56)
- ((ZMgk,ml - ZMgk,mZ) -Tipdo+ (ZMgk,sl - ZMgk,sZ) ’ Tip44) -AUip

P
AVm=Y" 7M., .- Se; - AXe;
Jj=1

-((zM
~((ZM

2)'Tip:"9+(ZMml,sl _ZMml,AvZ).ﬂp43)'Mp (C_57)
) Tipao+(ZM 1 o —ZM 1 55) - Tipa4) - AUip

-ZM
-ZM

ml,ml ml,m

ml,ml ml,m2
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j2
AVmr=37ZM,, .- Se; AXe,
j=1
- ((ZMmZ,ml - ZMmZ,mZ) ’ Tip39 + (ZMmZ,sl - ZMmZ,sZ) ’ Tip43) ' A)(ip (C-58)
~((ZM 3y = ZM 3 ) - Tivs0 +(ZM 5 s = ZM 5 ) - Tipa4) - AU
P
AVa=Y7ZM ;- Se;-AXe,
j=1
—((ZM ) —ZM gy ,0) - Tip39+ (ZM ) 1 —ZM ) ) - Tip43) - AXip (C-59)
- ((ZMsl,ml - ZMsl,mZ) ’ Tip40 + (ZMsl,sl - ZMsl,s2) ' Tip44) ' A(]’p
p
AVia= ZM, ;- Se; - AXe;
j=1
- ((ZMSZ,ml - ZMsZ,m2) -Tip39 + (ZMsZ,sl - ZMsZ,s2) ’ Tip43) -AXip (C'60)
—((ZM 1 —ZM g, p)  Tivao+(ZM o o —ZM i, () - Tip44) - AUip

Substituting equation (C-56) into (A-11); and (C-57)-(C-60) into (C-44) results in the

linearized state equations of the system:

. P p
AXg, =D AcG, ;- AXe, + Aar, -AXip+ Y BaG, ;- AUg; + B - AUp (C-61)
Jj=1 Jj=1
. p
AXp=>" AiG;-AXg; + Air- AXip+ Bu - AUp (C-62)
J=1
Where:
AGGkJ =Egk‘ZMgk’gj‘ng (Jik)

gk,ml gk,s1
Beg; =0 g#k)
AiG, = (Eip-ZM,,, o+ Fip-ZM,,  +Gip- ZM ,  + Hip-ZM , ) Sg, G=1,...p)
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A= Aip—Eip-(ZM 1y = ZM 1 12) - Tip39+(ZM 1 o — ZM 1 5 ) Tip43)
—Fip- ((ZMm2,m1 - ZMm2,m2) Tip39 + (ZMmZ,sl - ZMm2,52) ' Tip43)
—Gip- ((ZMsl,ml - ZMsl,mZ) Tip39 + (ZMsl,sl - ZMS],SZ) ’ Tip43)

—Hip-(ZM g5,y —ZM 5 ,0) - Tip39+(ZM g | —ZM ) - Tip43)

Bir=Bip—Eip-(ZM
—Fip-(ZM

—ZM 1 1p) - Tiso+(ZM ) = ZM ;) ) - Tip44)
ZMmZ,mz) ’ Tip40 + (ZMm2,s1 - ZMm2,s2) ' Tip44)

ml,ml

m2,ml
= Gip-(ZM gy g = ZM g, p) - Tivdo + (ZM gy = ZM ;5 ) - Tip44)
- ]‘Iip ' ((ZMSZ,ml - ZMSZ,mZ) ’ Tip40 + (ZMSZ,SI - ZMSZ,SZ) ’ Tip44)

Equations (C-61) and (C-62) can be written in matrix form to give the standard

linearized state equation:

A Xg Acc  Acr) [ AXg Bcc  Bor [ AUc

= . + (C-63)
: Al An AXip Bic  Bn )\ AUp

A Xip

Or AX = A-AX + B-AU

Where:

A6G; ... Aég, AiG,

Aée=| .. .. Adcr=| .. AIG=(AIG1 A[Gp)
466,, ... Aéag,, 4G,
Baa; ... 0 Bar,

Bee=| .. .. Ber=| .. BIGZ(B]GI Ble)

0 .. Beg,, Bar,

AXgl

AX = . |: 1x18 matrix (3 generator and exciters, 4 states from each generator and
A Xgp
A Xip

exciter unit; 6 states from the IPFC);
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AUgl

AU = : 1x9 matrix (2 inputs from each generator and exciter, 3 inputs from the

AUgp
AUip
IPFC).

When the generator governor and exciter input vector AUy is set to zero, equation (C-

63) can be written as:

A Xg Ace Acr) [ AXg Bar
= . + AUip
: Aic An AXip B

A Xip

C.3.2 Output Equations

Using equations (A-12) and (C-56) the real power deviation of the kth generator can be
expressed as:

APg, =Vq, - Alg; +Ig; - AVq, = CPGg, - AXg + CPGip, - AXip + DPG, - AUpp (C-64)
Where:

CPGe; = ((Iey —Ver -Yer)- ZMzgy g, Se; .. Vep - Sey +(Ief —Vey - Yer ) ZMey g Sey ..
(Iey —Vey Yey)-ZMgy <, Se )

CPGip, = —(Ig, Ve Ye,)-(ZM IM g ) Tip390+(ZM oy — ZM g 5)-Tips3)

ghkoml
DPGk = —(Ig]]; - Vg]{ ’ ng) ’ ((ZMgk,ml - ZMgk,mZ) ’ Tip40 + (ZMgk,sl - ZMgk,sZ) : Ep44)
The reactive power derivation of the kth generator can be expressed as:

Ang:(ngy _ngx)'Ang“'(_ngy [gkx)-Ang

(C-65)
= CQGg, -AXg + COGip; - AXip+ DOG, - AUip

Where:
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CQMg = (((—Imy [mx)-l‘(ley —lex)'Tip41)'ZM
((—[my [mx)+(VMIy —lex)'Tip41)'ZM

'Sgl +(Vm1y _lex)'ﬂp42'ZMm2,gl 'Sgl
'Sgp +(Vm1y _lex)'Tip42'ZMm2,gp 'Sgp)

ml,gl
ml,gp
COMip=(Vm,,  —Vm,)-Tip39
—((=Imy,  Im )+ Vm,  —Vm,)-Tip41)-(ZM
=(Vm,  =Vm,) -Tipaz-(ZM ZM

mlml — ZMml)mz) -Tip3o+ (ZM
) Tip39+(ZM

ml,sl ZMml,sZ) : Tip43)
- ZMmZ,S2) : Tip43)

m2,ml ~ m2,m m2,s1

DQM=(Vm1y —Vm,)-Tipao
—((—Imy Imx)+(ley —lex)'TiP‘”)'((ZM
—(Vm, V) T2 (ZM

ZMml,mZ
IM 5 o) Tipso+(ZM

) Tipso+(ZM o —ZM 1 55) - Tipas)
- ZMmZ,S2) ’ Tip44)

mlml

m2,ml m2,sl

The real power derivation of the master line of the IPFC can be derived by equations

(C-45) and (C-57) as:

APn=Vm" -Aln+In" - AVm = CPMg- AXg + CPMip- AXip+ DPM - AUjp (C-66)
Where:

CPMg = (Vi -Tips1+In")-ZM . . -Se, + Vil - Tipaz- ZM -Se; ...
1 1

Sgp + leT ‘Tip42'ZMm2’gp 'Sgp)

ml,gl m2,g1

V" - Tipar+In")-ZM 1 o, -
CPMip =Vm'" -Tip30
—(Vm" Tipat+In" ) ((ZM g = ZM 1 1) - Tiv39+ (ZM o — ZM ) - Tipa3)

~Vm" - Tipa2-(ZM IM 1y ) - Tip39+(ZM 5 o = ZM,,.5 ) Tip43)

m2,ml
DPM =Vm" -Tipao
— (V" -Tipar+In" ) -(ZM
—Vm" - Tipa2-(ZM

)-Tipao+(ZM

ml,s1 ZMml,s2) ’ Tip44)
- ZMmZ,SZ) * Tlp44)

ml,ml —

IM

m2,ml m2,m2 m2,s1

The reactive power derivation of master line of the IPFC can be expressed as:

AQm = (ley —lex)'A]m+(—]my ]mx)'Ale

(C-67)
= CQMg . AXg + CQMp -AXip + DQM -AUip
Where:
CQMg = (((—Imy [mx)-l‘(ley _lex)’ﬂp‘”)'ZMml,gl 'Sgl +(Vm1y _lex)'ﬂp42'ZMm2,gl 'Sgl

((—[my [mx)+(V’"1y —lex)'Tip41)'ZM

ml,gp 'Sgp +(Vm1y _lex)'Tip42'ZMm2,gp 'Sgp)
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COMip=(Vm,,  —Vm,)-Tip39
—((=dmy,  In )+ Vm,  —Vm,)-Tip41)-(ZM
=(Vm, —Vm,) Tips2-(ZM M

mlml — ZMml)mz) -Tip3o+ (ZM
)-Tip39+(ZM

ml,sl — ZMml,sZ) : Tip43)
- ZMmZ,S2) : Tip43)

m2,ml m2,m2 m2,sl

DQM=(Vm1y —Vm,)-Tipao
—((—Imy Imx)+(ley —lex)'TiP‘”)'((ZM
— (W, Vi) T2 (ZM

mlml — ZMml,mz) -Tip4o + (ZM
IM 5 2) - Tipso+(ZM

ml,sl ZMml,sZ) : Tip44)
- ZMmZ,S2) ’ Tip44)

m2,ml ~ m2,s1

Similarly the power derivations of the slave line of the IPFC can be derived by
equations (C-46) and (C-59) as:
APS:CPSg'AXg-FCPSip'A/Yip'l‘DPS'AIJip (C-68)

Where:

CPSg = ((Vs1" -Tipas+ I")-ZM
(Vai" -Tipas+ I")- ZM

T .
slgl Sgl + Vs 'sz46'ZMS2’g1 'Sgl

gy Sep Vst “Tipas-ZM , - Se )
CPSip = Val -Tipas
— (Vs Tipas+ L") - (ZM = ZM  0) - Tip30+ (ZM ) — ZM ) - Tipa3)

—ZIM 5 ,0) Tip3o+(ZM oy o —ZM 5 5) - Tip43)

sl,ml

—Val -Tipas- ((ZM

s2,ml

DPS =Vl -Tipaa
— V" Tipas+ L") -(ZM

s1,ml

- ZMSLmz) “Tip4o+ (ZMsl,sl - ZMsl,sZ) ’ Tip44)
—Vot® - Tipas-((ZM g3y — ZM 13 1p) - Tipso+(ZM g — ZM 1, ) - Tipas)

and A0s = COSg- AXg + COSip- AXip+ DOS - AUip (C-69)
Where:
CQSg :(((_[Sy ]Sx)-‘r(Vsly _Vslx)'Tip45)‘ZM51,g1 'Sgl +(V51y _VSlx)'ﬂp%'ZMsZ,gl 'Sgl

(=L, L)+ Vo1, —Vei,)-Tipas) ZM g o, - Se, + Vo1, —Ve1,)-Tipas-ZM g, o, - Se )

sl.gp

COSip=(Vs1, —Vs1,)-Tip43
—((=Ls, L)+ s, —V1,)-Tipas) - (ZM gy —ZM 3 2) - Tipao +(ZM gy o — ZM ; ) Tip43)

- (V“'ly _V‘glx) “Tip46- ((ZMSZ,ml - ZMSZ,mZ) “Tip3o+ (ZMSZ,SI - ZMSZ,SZ) : Tip43)
DOS =(Vs1,  —Vs1,)-Tipaa
—((=Ls, L)+s1, V1) Tipas) - (ZM gy —ZM 3 ) - Tivao +(ZM ;i — ZM ) ) - Tip44)

- (V“'ly _V‘glx) “Tip46- ((ZMSZ,ml - ZMSZ,mZ) “Tipao+ (ZMSZ,SI - ZMSZ,SZ) : Tip44)
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Appendix D  Derivation of the Small Signal Model of
the 12 Bus Test System with Embedded
UPFC

The derivation procedure is similar to that in Appendix C. The only difference lies in

the differences between the UPFC’s and the IPFC’s equations.

D.1 Small Signal Model of the UPFC

D.1.1 State Equations and Algebraic Equations of the UPFC

The series part possessing two degrees is called the booster, and the shunt part is called
the exciter. All of the variables and ratios of the booster and exciter sides are denoted
with the subscripts ‘b’ and ‘e’ respectively. Two coordinate systems are adopted in this
model. The sending end voltage vectors (Vs) are selected as the d-axis of the UPFC’s
coordinate system, so the real and reactive power (P», O» and Pe, Qc) can be represented
by their corresponding d, q current components (/p4, 5 and Leq, I.4). The other coordinate
system is the network’s coordinate system (x-y system) which takes the infinite bus
voltage as its x-axis. All vectors of the network are finally expressed as x-y components.

The DC capacitor dynamics are modeled by:
d
Cdc'Vdc'EVdc =Sb-(Pe— P») (D-1)

Where:
Cuc: the capacitance of the dc bus capacitor.
Vae: the voltage of the dc bus.

Pe: the real power drawn into the dc link from the exciter branch of UPFC
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Pb»: the real power flowing out of the dc link into the transmission line through the booster
side of UPFC.

The PI Controller that maintains Vac at the reference setting of Vier is modeled as:
Ued = Kpac - (Va’cr — Va’c) + Kide - I(Vdcr - Vdc) -dt (D-Z)
Where, Uea is the reference of the d-axis of the exciter current that is in phase with the

voltage Vs, and Kpdc, Kide are PI controller gains.

Equation (D-2) can be rewritten as following two equations:
d
— Maic = Vier — Ve (D'3)
dt
Ued = Kpdc - (Vdcr - Vdc) + Kidc - Mdc (D-4)

The decoupled controllers of the UPFC are modeled as:

Vioy = Kop-(Uba — 1) +TL-Mbd — Kbp - @0 - Mpq (D-5)
b
1
Vbq =Kbp'(qu—[bq)+F'Mbq+Kbp'Cl)O'Mbq (D-6)
b
1
Ved = Vsd - (Kep . (Ued —Ied) +F'Med — Kep - w0 'Meq) (D—7)
Veq = Vsq — (Kep . (Ueq —qu)+i'Meq + Kep - @0 'Med) (D-8)
Te

Where Mba, Mbq, Mea and Meq are the integrals of the errors of UPFC’s current

components (/bd, Ibg, led and Ieq) and their references (Usd, Ubg, Ued and Ueq).

%Mbd =Ubd — I, (D-9)
d
EMbq =Ubd — I, (D-10)
d
EMed:Ued—Ied (D—ll)
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d
EMeq ZUeq—qu (D-12)

Where, Iva and Ibq are the in-phase and quadrature component of the booster current; /es
and /eq are the in-phase and quadrature component of the exciter current.
The V-I relation of the UPFC can be represented with x-y coordinate vectors by the

following equations:

Voe(Vetiys Zo dm—| U [ O A0 [
b=—(Vs=Vr)+Zb-Ip=— _— o) I or

Vodag = Zb - Ibdg — Vsdg + Virdg (D-13)
VYx O —Xe Iex
Ve=Vs—Ze-Ie=— - . or
VSy Xe 0 Iey
Vedq = Vsdq—Ze'[edq (D-14)
Po=WVe, Vo) Io=~Vs, Vi) I, —(Vs, =Vr,) I, (D-15)
Pe:Vex'Iex-l-Vey']ey =st']ex+Vsy']ey (D-16)
Where

Sy

V"‘C
Ve=| ”

Vr,

Vs
Vs = v XJ : the sending end voltage vector.
J : the receiving end voltage vector.

Vo Vo
Vo=|_ " |=Tup1-Vidg = Tup- |- the booster voltage vector of the UPFC.
be Vbq
Vex Ved .
Ve = v = Tupt+Vedq = Tup1 - y : the exciter voltage vector of the UPFC.
€y g
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Vi,

Vbag = (Vb } : in phase-quadrature (d-q) vector of the booster voltage of the UPFC.

q

Ve
Veyy = (V:’} : in phase-quadrature (d-q) vector of the exciter voltage of the UPFC.
q

Ir

X

Iby

Ir= : the line current vector flowing through booster.

le= : the line current vector flowing through exciter.

dj : in phase-quadrature (d-q) vector of the booster current of the UPFC.

] : in phase-quadrature (d-q) vector of the exciter current of the UPFC.

- Xb

Rp
: the booster impedance matrix of theUPFC.
Xo  Rp

—Xe
] : the exciter impedance matrix of theUPFC.

Sl

e

cos@ —sinf
upl =

) : the dq to xy transformation matrix.
sin@  cos

Substituting equations (D-5), (D-6) into (D-13) gives:
—Xb-Ip, = Kbp-(Ubd — Ip,) +TL'Mbd —Kop- @0+ Mbg+ Vs, =V, (D-17)
b

1
Xo-1Ip, = Kbp'(qu—Ibq)-l-E'Mbq-f-Kbp'(t)O'Mbd+Vvq —Vi, (D-18)

Eliminating the d or q current component in equations (D-17) and (D-18) gives:

Mba Ubd Vs, =V,
Ibd =Tup2- + Tup3 - + Tupa - (D-19)
Mbq qu Vsq - V'q
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P L P L P i (D-20)
b, = lup5- up6 * up7- -
q v Mbq ’ qu ’ VYq - qu
Where:

@-FKbp'Xb'a)O &—Kbpz-a)o
Toun2 = Tb Tb
w 2 2 2 2

Xb™ + Knp Xb™ + Kpp

Turs — Kbp2 Kip - Xb
up3 = 2 2 2 2

Xb” + Kup X" + Kup
Tuva— Kup Xb
up4 = 2 2 2 2

Xo* + Kop®  Xo“ + Knp

TupS =(Tup51 Tup52) =(—Tup22 Tup21) Tup6:(Tup61 Tup62):(—Tup32 Tup31)
Tup7 Z(Tup71 Tup72) :(—Tup42 Tup41)

Similarly equations (D-21) and (D-22) can be obtained from equations (D-7), (D-8)

and (D-14):
I T Mea T Ued (D ) 1)
e; = lup8- + Lup9- -
CT Meg ) Ul
I T Mea T Ued (D 22)
e, = lupl0- + Lupll- -
T Mg ) U
Where:
Kep'i‘Kep'Xe'COO &—Kepz'a)o 2
Tuns = e Te Tuno = Kep Kep - Xe
up8 = 2 2 2 2 up9 = 2 2 2 2
Xe” + Kep Xe™ + Kep Xe™ + Kep Xe” + Kep

Tupl() = (—Tup82 TupSl ) Tupll = (—Tup92 Tup91 )
The algebraic equations can be obtained by expressing equations (D-19)-(D-22) with

x-y coordinate vectors:
In, In, Mbpd Ubd Vs, =Vr,
b= =Tup1- =Tup12- + Tup13- + Tup14 - (D-23)
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Fo=| 5 = | ) = s [ M) s [ Y (D-24)
e= = lupl- = lupl5- upl6 - -
Iey v qu Y Meq g Ueq

Where:

T [TuplzL1 Tup121’2j (cos@-Tupzl+sin9-Tup22 —Sina'Tup21+COS0'Tup22]
upl2 = =

Tup12y;  Tup12y, sin@ -Tup2, —cosO-Tuw2,  cosO-Tup2, + sin@ - Tup2,

T (TuplSl’l Tup13, , J [cos@ Tup3, +8in@ -Tup3, —sin@-Tup3, +cosO- Tup32j
upl3 = =

Tup13y;  Tupis,, Sin@ - Tup3; —cosO-Tup3,  cosO-Tup3, + sin@ - Tup3,

Tup41 Tup42 TupSl Tup82
Tup14= TuplSZTupl'
uply Tup72 TuplOl Tup102

Tup91 Tup92 J

Tupl6 = Tupl .
Tuplll Tupllz

By substituting equations (D-4), (D-19)-(D-24) into (D-1), (D-3) and (D-9)-(D-12) to

eliminate current components and Ueq, these states equations are obtained:

d Sb
Z Vie = oV ((st —Vr)- (Tup121’1 “Mbd + Tup12) 5 - Mg+ Tup13, ; - Ubd
+ Tup131’2 -Upg + Tup141,1 . (st — er))
+ Vs, =Vr,)- ( —Tup12y 5 - Mbd + Tup12, | - Mbq — Tup13, 5 - Uba
+Tup131’1 -qu+Tup141'1 (Vsy —Vry)) (D—25)
+ st . (TuplSLl - Med + TuplSLz - Meq + Tup161’2 “Ueq
+ Tup161,1 . (Kpdc . (Vdcr - Vdc) + Kidc - Mdc))
+ Vsy . ( - TuplSl’z - Med + TuplSl’l - Meq + Tup161,1 -Ueq
- Tuplélaz . (Kpdc . (Vdcr - Vdc) + Kide - Mdc)))
d
— Mac =Vicer — Ve (D-26)
dt
d
EMbd = —Tup21 - Mba — Tup22 'Mbq + (1 —TupSI) -Ubd —Tup32 : qu
- Tup41 . (COS g- (st - er) +sinf- (Vsy - Vry )) (D-27)

—Tup42 -(—sinH-(st — er)-i- cos@- (Vsy —Vly))
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iMbq = —TupS] - Mba —Tup52 - Mbq —Tup61 -Ubd + (1-Tup62) -Ubq

dt
—Tup71 '(COS@'(VSX — er)-i- sin@- (Vsy — Vly)) (D-28)
—Tup72'(—Sing'(st—er)-l-COSQ'(VSy—Vry))

iMal——T 8 - Med — Tups, - M.

7 ed = —lup8; e up8, eq (D-29)
+ (l - Tup91) . (Kpdc : (Vdcr - Vdc) + Kidc 'Mdc) - Tup92 -Ueq

iM =—Tup10, - Mea — Tup10, - M.

r eq = —1Lupl0; e up10, eq (D-30)

—Tup1 " (Kpdc . (Vdcr - Vdc) + Kide - Mdc) + (1 —Tup1 12) -Ueq

D.1.2 Linearization of State Equationsand Algebraic
Equations of the UPFC

The x-y components of the magnitude of voltage vectors can be represented by:

Vs cosd
= Vs |- D-31
[Vsy] 7] (Sinﬂj ( )
Linearizing equation (D-31) yields:
AVs, cos@ —|Vs|-sin@) (|AVs|
— . (D-32)
AVs, sin@ | Vs|-cosO A
AVs,
AezTupW‘ Ang :Tupl71 'Ast+Tz¢p172 'AVsy (D-33)
Where:

sin@ Tupi7, =L-cos¢9

Tup171 =—
7] 75|

Linearizing equation (D-25) gives:
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d
EAVdC = A"‘pl,l -AVide+ AupLz - AMac + Aup173 - AMbd + Aup1,4 - AMbq

+ AupI,S - AMed + Aup1,6 - AMeq
+ Bupl’l -AUbd + BupLz . Aqu + Bup1’3 . AUeq
+ E”pl,l . Ast + E”p1,2 . AVsy + Fupl,l . Aer + Fupl,z . AVry

Where:
—Sb
Aupl I —— (st - er) . (Tupl21 1 - Mba + TuplZl D) - Mbg + Tup131 1 Ubd
’ Cdc-Vice ’ ’ ’
+ Tup131’2 -Ubqg + Tup141’1 . (st - er ))
+ (Vsy - Vry) . (Tupl22’2 - Mba + Tup122’2 - Mbg + Tup132’1 -Ubd
+ Tupl32,2 -Ubg + Tupl41’1 . (Vsy — Vry ))
+ st . (TuplSl’l - Mea + TuplSLz - Meq + Tup161’2 -Ueq
+ Tupl61’1 . (Kpdc -Vder + Kidc - Mdc))
+ Vsy . (TuplSZ,l - Mea + Tup152’2 “Meg + Tup162’2 “Ueq
+ Tupléz’] . (Kpdc -Vder + Kidc - Mdc)))
4 S (V. Tupte, - Kide + Vs - Tupty - Kide)
P1,2 Cie Ve X PLO11 y P07 1
Sb
Aup1’3 = . ((I/sx — er) . TuplZLl + (Vsy — Vry) . TuplZz’l)
dc* Vdc
Sb
Ay = (Vo = V) Tty + (s, =) Tip2y )
Aipys=—2 T Vs, T
LS (Vs - Tuprs)y + Vs, - Tupts, ;)
A—Sb Vs, -Tuprs, » + Vs - Tupis, )
W16 = o g e ey Ty sy o
Bup | =— (Vo =V )-Tupty , + (Ve = Vi YTipi3, )
P11 Cie Vi X X P11 1 y y P17 1
Sb
Bupl’z = Coo Ve . ((va - er) . Tup13],2 + (Vvy - Vry) . Tup132’2)
Buy = (Vi T Vs, T
upp3 = ooV ( L up161,2 + sy up162’2)

(D-34)
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Sb
Eupl’l =

Sb

Eup, 5 =

—Sb
Fupu =

—Sh

Fupl’z =

Cdc-Vie

Cic - Vic

Cic-Vic

. (Tupl21,1 - Mbd + Tupl21’2 - Mbg + Tup131’1 -Ubd + Tupl31’2 -Ubg

+ 2Tupray - Vs, = Vi) + Tupts) | - Med + Tup1s, , - Meg

+ Tup16,  -Ueq + Tup16, - (Kpde - (Ver —Vic) + Kidc - Mac)

+ Vs, =V ) (Tup19y y - Mbd + Tup19; - Mbg + Tup21y ;- Ubd + Tup21y 5 - Ubq)
+ Vs, = Vi) - (Tup19, ) - Mba + Tup19, 5 - Mg + Tup21y - Ubd + Tup21, 5 - Ubg)

+ st . (Tup23171 - Mea + Tup23]’2 “Meg + Tup251’2 “Ueq
+ Tup251’1 . (Kpdc ~(Vier — Vdc) + Kide - Mdc))

+ Vsy . (Tup232’1 - Mea + Tup232’2 «Meg + Tup252’2 “Ueq

+ Tup25271 . (Kpdc -(Vier — Vdc) + Kidc - Mdc)))

. (TuplZzal - Mba + Tup122’2 - Mbpg + Tup132’1 -Uba + Tup132’2 -Upq

+ 2Tup141,1 . (Vsy - Vry) + TuplSz’l - Med + Tup152,2 - Meq
+ Tup162’2 “Ueq + Tup162’1 . (Kpdc . (Vdcr - Vdc) + Kidc- Mdc)
+ (st — er) . (TupZOl’l - Mba + Tup201’2 - Mbg + Tup221,1 -Ubd + Tup221’2 . qu)

+ Vs, = Vi) - (Tup20, ;- Mbd + Tup20, 5 - Mg+ Tup22, ;- Ubd + Tup22, 5 - Ubg)
+ st . (Tup241 1 Mea + Tup241 2 - Meq + Tup261 2" Ueq
+ Tup261 1 (Kpdc -(Vder — Vdc) + Kide - Mdc))

+Vs, - (Tup2ay, - Mea+ Tup2ay - Meq + Tup26, 5 -Ueq

+ Tup262,1 . (Kpdc -(Vider — Vdc) + Kide - Mdc)))

o (Tup12y | - Mbd + Tup12, 5 - Mg + Tup13, ; - Ubd + Tup13, 5 - Ubg +2Tup1a, - (Vs, = V7))
dc*Vdc ’ ’ ’ ’ ’

“(Tup12yy - Mba + Tup12, 5 - Mg + Tup13, | - Ubd + Tup13, 5 - Ubg + 2Tupray y - (Vs , = V)

It should be noted that matrixes T12-T16 contain the variable 8. 8 is the function of Vix,

and V. Then e

—sin@

ATu 1=
? (cos@

Where:

ach entry in T12-T16 is function of Vs, and V. Here we define:

—cos@

. j'A9=Tup18'(Tupl71'Ast-l-TupUz'AVsy)
—sind
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(—sin@
Tup18 =
cost

—cos6
—sinf
Then ATip12 can be expressed as:

Tule
—Tup2

Tup2
ATup12 :TupIS‘ v
Tule

Where:

—sin@-Tup2, + cosO - Tup2,
Tupl9 =

sin@ - Tup2, +cosO - Tup2,

—sin@ - Tup2, + cosO - Tup2,
Tup20 =

sin@ - Tup2, + cosO - Tup2,

Similarly we have:

ATup13 = TupZI'Ast +Tup22'AVsy
ATup15 = Tup23 Ast +Tup24'AVsy

ATup16 = Tup2s ’AVSx + Tup26'AVsy

Where:
—sin@ - Tup3, + cosO - Tup3,
Tup2l = .
cosO - Tup3, + sin@ - Tup3,
—sin@ - Tup3, +cosO - Tup3,
Tup22 = .
cosO - Tup3, + sin0 - Tup3,
—sin@ - Tups, + cosO - Tups,
Tup23 = .
cosO - Tups, + sin@ - Tups,
—sin@ - Tups, + cosO - Tups,
Tup24 = .
cosO - Tups, + sin@ - Tups,
—sin@ - Tup9, + cosO - Tup9,
Tup25 = i
cos0 - Tup9, + sin@ - Tup9,
—sin@ - Tup9, + cosO - Tupo,
Tup26 =

cosO - Tup9, + sinb - Tup9,

JZTupw'Ast +Tup20'AVsy

—sin@ - Tup2, — cosO - Tup2,

J-Tupn]
j'Tupl72

—sin@ - Tup2, + cosO0 - Tup2,

—sin@ - Tup2, —cosO - Tup2,

—sin@ - Tup2, + cosO - Tup2,

—sin@ - Tup3, —cosO - Tup3,
. . Tup171
cosO - Tups, —sin@ - Tup3,
—sin@ - Tup3, — cosO - Tup3,
. . Tup172
cosO - Tup3, — sin0 - Tup3,
—sin@ - Tups, —cosO - Tups,
. . Tupl71
cos@-T8, —sinb - Tups,
—sin@ - Tups, — cosO - Tups,
X . Tupl72
cos@-T8, —sin@ - Tups,
—8in@ - Tup9, —cosO - Tupo,
. . Tup171
cos0 - Tup9, — sin@ - Tup9,

—sin@ - Tup9, —cosO - Tupo,

j' Tupl72

cos0 - Tup9, — sin6 - Tupo,

Linearizing equation (D-26) gives:
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4 AMue = —AVie (D-35)
dt

Because Vidg, and Vidq are functions of € and their x-y counterparts, before linearizing
equations (D-27)-(D-30), we define:

» —sin@  cos@
ATl = —cosO  —sind -AQ = Tup27- (Tup171 . AVYX + Tup172 . AVsy)

Where:

(—sin@ cosO J
Tup27 =

—cos@ —sin@

Linearizing equation (D-27)-(D-30) gives equations (D-36)-(D-39) respectively:

diAMbd = —Tule -AMbd — Tup22 : AMbq + (1 - Tup31) -AUbd —Tup32 'Aqu
t

— (COI’lSt _Mbd . Tup171 + Tup28] ) . AVSX + Tup28] . AV}"X (D-36)
— (COnSt_Mbd . Tup172 + Tup282) AVsy + Tup282 . AVry

diAMbq = —Tup51 - AMba —Tup52 'AMbq —Tupél -AUbd + (I—Tup62) 'Aqu
t

- (COI’ISZ _Mbd . Tup171 + Tup291) . Ast + Tup291 . Aer (D-37)
—(const _Mba -Tup17, + Tup29,)- AVsy + Tup29, - AVry

d
—AMe :—Tu 'AMe —Tu 'AMe
g T i A T g A (D-38)

+ (1 - Tup‘)l) . (—Kpdc -AVie + Kidc - AMdc) - Tup92 -AUeq

d
— AMsq = =Tup10, - AMea — Ty, -AMe
i q p10; d ip10, q (D_39)

—Tup1 ' (—Kpdc -AVie + Kide - AMdc) + (1 —Tup1 12) -AUeq
Where:

Ve, ~ Vi,

const Mbd = Tupa-Tup27-
- R (Vsy—Vry

j Tup28 = (Tup281 Tup282 ) = Tup4 . Tupl_l

Vs, =Vr,

const Mbqg=Tup7 - Tup27-
- (Vsy—Vry

j Tup29 :(Tup291 Tup292) = Tup7'Tupl_1

Linearizing algebraic equations (D-23)-(D-24) gives equations (D-40)-(D-43)

respectively:
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A[bx = TuplZLl -AMbd + Tup121’2 -AMbg + TuplSLl -AUba + Tup131’2 -AUbq
+ (Tup19, | - Mba + Tup19, 5 - Mg + Tup21, | - Ubd + Tup21, 5 - Ubg + Tup14, | ) AV,
+ (TupZOl 1 - Mba + TupZOl 2 'Mbq + TupZZl 1 -Ubd + Tup221 2 'qu +Tup141 Z)AI/S}/
—Tup141,1 . Aer —Tup141,2 ‘AVry

Ay, = Tup122’1 - AMbd + Tup122’2 -AMbq + Tup132,1 -AUba + Tup132,2 -AUbq
+ (Tupl92 1 - Mba + Tup192 2 'Mbq + Tup212 1 Ubd + Tup212 2 'qu + Tupl42 I)AVSX
+ (Tup202 1 - Mba + Tup202 2 - Mbg + Tup222 1 Uprad + Tup222 2" Upq + Tup142 Z)AVsy
—Tup14271 . Aer —Tupl42’2 'AVry

AIex = —Tup161’1 - Kpde - AVace + Tup161,1 - Kide - AMac
+ TuplSl 1" AMead + TuplSl 2" AMeq + Tup161 2" AUeq
+ (Tup231 1 Med + Tup231 2 - Meq + Tup251 1" Uea + Tup251 5" Ueq)Ast

+ (Tup241 1 - Med + Tup241 5 -Meq+ Tup261 1 “Ued +Tup261 5 'Ueq)AVsy

AIey = —Tup162’1 - Kpdc - AVic + Tup162’1 - Kide - AMac
+ TuplSz 1 AMea +Tup152 D) -AMeq + Tup162 2 -AUeq
+ (Tup2321 - Mea + Tup232 D) - Meq +Tup252 1 Ued + Tup252 5 'Ueq)Ast

+ (Tup24271 - Mea + Tup242’2 - Meg + Tup262’l “Ued + Tup26272 . Ueq)AVsy

(D-40)

(D-41)

(D-42)

(D-43)

The above linearized state equations (D-34)-(D-39) and algebraic equations (D-40)-(D-

43) can be rewritten in standard compact forms as following:

AXup = Aup “AXup+ Bup - AUup+ Eup - AVs + Fup - AVr
Alb = Tup30- AXup + Tup31- AUup + Tup32- AVs + Tup33- AVr

Ale = Tup3a- AXup + Tup3s - AUup + Tup36- AVs

Where:

AVdc

AMc
AUbd
Ao =| M AU =| AU
up = up = b
p AMsg p q
AUeq

AMed

AMeq

(D-44)
(D-45)

(D-46)

160



Appendix D

Aupy
-1
4 0
up = 0
—(1 — Tup91) . Kpdc
Tupl ' Kpdc
Bupyy  Bup,
0 0
1—Tup3 —Tup3
Bup = o 72
—Tup61 1- Tup2
0 0
0 0
E”pl,l
0
B —(const _ Mbd - Tup17, + Tup2s,)
v —(const _ Mbq - Tup17, + Tup29,)
0
0
Fupyy - Fupy
0 0
Fup _ Tup281 Tup282
Tup291 Tup292
0 0
0 0
0 0 Tup121 1
Tup30 = ’
i 0 0 Tup122,1
Tup13 Tup13
Tup31 = L w2
Tup132,1 Tup132,2
Tup321 1 Tup321 2
Tup32 = ’ ’
Tup322’1 Tup322’2

Aupl’z

0
0
0

(1 — Tup91) - Kide

—Tup11, - Kide

Bup1’3
0

0
0

—Tup92

I—Tupllz

0 0
0 0

Tup12172

Tup122,2
0
0

|

Aupy 3
0
~Tup2,
~Tups,
0
0

Awpy g Aupy5

0 0
~Tup2, 0
~Tups, 0

0 ~Tups,

0 ~Tupio,
Eup 5

0

—(const _ Mbd - Tup17, + Tup28,)
—(const _ Mbq - Tup17, + Tup29,)

0
0

Aupl,ﬁ
0

0
0

—Tup82

—Tup102

Tup321 1= Tupl()l 1 - Mba + Tupl‘)l 2 - Mbg + Tulel 1 -Ubd + Tup211 9" Ubq + Tupl41 1

Tup321 ) = Tup201 1 - Mba + Tup201 2 - Mbg + Tup221 1 Ubd + Tup221 2" Ubq + Tupl4l 2
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Tup324 | = Tup19, ;- Mbd + Tup19, 5 - Mbg + Tup21, ; - Ubd + Tup21, 5 -Ubg + Tup14, ,

Tupz’z = Tup20271 - Mba + Tup20272 - Mbg + TupZOZJ -Uba + Tup202’2 -Ubg + Tupl42,2

Tup33 = = —Tup14
Tup332’1 Tup332’2

T, —Tupléll 'Kpdc Tup1611 -Kidze 0 0 TuplSll Tup1512

up34 = ’ ’ ’ ’

—Tup1621 'Kpdc Tup1621 -Kigze 0 0 Tup1521 Tup1522
00 Tup161,2

Tup35 =
00 Tup162,2
Tup36171 Tup361,2

Tup36 =
Tup362,1 Tup362,2

Tup361 1= Tup2311 - Med + Tup231 2 - Meq + Tup251 1 Uea + TupZSl 9" Ueg
Tup361 5 = Tup241 1 - Med + Tup241 2 - Meq + Tup261 1 Ued + Tup261 2 “Ueq
Tup3621 = Tup2321 - Med + Tup232 2 - Meq + Tup252 1 Ued + Tup252 2 -Ueq

Tup362 , = Tup2421 - Mea + Tup242 D) “Meg + Tup262 1 “Ued + Tup262 5" Ueq

D.2 Small Signal Models of Generatorsand Exciters

The small signal models of generators and exciters were given in Appendix B and are

repeated here for reference.

A Xg = Ag; - AXgy + Bgy - AUgy + Egy, - AV, (A-11)

Algk =Sgk'A)(gk—Y:g’k'Ang (A-12)

D.3 Small Signal Model of Test System with Embedded UPFC

D.3.1 Linearization of the Network State Equations

The UPFC has one series branch which introduces one extra bus. Hence the network
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with the UPFC has 13 buses (the infinite bus is not included). The buses of the system are

sequenced as follows:
1~p: generator 1 to generator p,
p+1: the sending end bus of the UPFC,
p+2: the receiving end bus of the UPFC,
p+3~n: remainder network buses (not including the infinite bus).

The corresponding network node equation can be represented by equation (D-47):

mgl’l ces Y]Vgl,p Y]Vgl,s Y]Vgl,r mgl’l cee Y]Vgl,n AVgl A[gl
Yng 1 mgp,p ng s ng,r mgp,i mgp,n AVgp A[gp
Y]vsl Y]Vs,p ms,s msr msz Y]vs,n AVs _ —AIb— Ale
Y]vrl mrp Y]vr,s Y]vrr m}"l mr,n AVr Alp
Y]Vt,l Wi,p Y]Vi,s Y]vz,r mt,i Y]vi,n AVI NN’
Y]an Y]Vnp mn,s Y]Vnr Y]vnl Y]vn,n AV” AIN”

Substituting Alg of (A-12) into (D-47), the k™" generator bus node equation is

expressed as:

Se, - AXg, = Z YNy ;- AVj+(YN gy, +Ye,)- AV, (D-48)

J=Lj#k
Substituting Al» and Al of (D-45), (D-46) into (D-47), the node equations of the UPFC

sending and receiving end bus are expressed as:

—(Tup30 + Tup34) -AXup — (Tup31 + Tup35) -AUup
i D-49
= > YN, -AVj+(¥N +Tup32+Tup36)- AV, + (YN, +Tup33)- AV: (D-49)

J=lj#s,r
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Tup30- AXup + Tup31- AUup

= Y N, ;-AV,+(IN,, ~Tw3)-AVs+(IN,, — Tup33)-AVy (D-50)
J=1,j#s,r . !
For other buses which are not connected to dynamic devices:
OZZ]:YNLJ'AV_I' (D-51)
1:

The above equations (D-48)-(D-51) form a new network equation in which the current
components of dynamic devices are eliminated by replacing them with linear

combinations of states and reference inputs:

Wg,g Wg,s Wg,r Wg,j AVg Se - AXg
YMs,g WS’S YMSJ YMs,j ' AVs _ —(Tup30+Tup34)'Mup—(ﬂtp31+ﬂtp35)'AUup
Wr,g Wr,s Wr,r Wr,j AVr Tup30'M¢p+Tup31'AUup
™,, YM,, YM, YM,, )\AV 0
............................. (D-52)
Where:
Sgl cee 0 AX:gl
Se=| @ Sg AXe=| ..
Y]ng,l + Ygl Y]Vgl,p mgl,s mgl,r
My, = M, =| . M, =
Y]\]gp’l mgpyp + ngsp mgp S mgp r
mgl’j . mgl,n
™, =
Yng’j Yng "
ml J mi,p mi,s Wl ;
™., =| .. ™, =| . M, =
Y]Vrz,l Y]vnp Y]Vn,s Y]vnr
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M, , =(¥N;, ... IN, YM =YN  +Tuw3+Tuwse  YM  =YN_, +Tus33
M ; =(YN; YN,

™, ,=(¥N,; .. IN,, YM, =YN, ~Tw2 YM, =YN,, —Tup3
Wr,jz(mr,j . YNr,n)

Equation (D-52) can be rewritten as:

AVq Se - AXe
AVs e —(Tup30 + Tup34) - AXup — (Tup31+ Tup3s) - AUup (D-53)
AVr Tup30- AXup + Tup31- AUup
AV, 0
Where:
M,, ZIM, IM,, ZM,
IM,, IM,, IM,, IM,
ZIM =YM ' = ’ ’ ’ ’
IM,, IM,, ZM,, ZM,

M, ZIM,, ZIM,, ZIM,;

Equation (D-53) can be split into following five equations:

p
AVey =D ZM y o Se; AXe; —(ZM o s = ZM i, ) Tup30+ ZM g - Tup34) - AXup (D-54)
j=1 -

- ((ZMgk,s _ZMgk,r) -Tup31+ ZMgk,s . Tup35) -AUwp

P
AVs = ZZMsygj g AXg; —((ZM s = ZM ) Tup30+ ZM - Tup34) - AXup (D-55)
j=l B

- ((ZMS’S —ZMS’},) . Tup3l +ZMs,s 'Tup35) . AUup
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p
AVe=Y"ZM, ,-S¢; AXe, ~(ZM,  —ZM, ) Tup3o+ ZM, | - Tup34)- AXup 056
J=1 -

- ((ZM},7S — ZM},’},) . Tup}l + ZMr,s . Tup35) . AUup

Substituting equation (D-54) into (A-11); and (D-55)-(D-56) into (D-44) gives the

linearized state equations of the system:

. p P
AXg, =) AGG ;- AXe; + AGuy - AXup+ Y BGG, ;- AUz, + Bauy - AUup (D-57)
Jj=1 J=1
. p
AXp=Y AvG,-AXg; + Avu - AXup+ Buu - AUup (D-58)
j=1
Where:

AGGy ; =—Eg; - ZM i 1 - Sey + Ag

Acuy =—Egy -(ZM g, —ZM o, ) - Tup30+ ZM . (- Tup34)
B:6G, = Bg,,

Beg; =0 0=k

Beuy =—Eg -(ZM o, —ZM o ) - Tup31+ ZM o - Tup3s)

gk,r
AUGj :(Eup'ZMs,gj +Fup‘ZMr’g/)‘ng (_j:l,...,p)

Avv = Aup— Eup - ((ZMS’S _ZMs,r) - Tup3o+ ZMS’S 'Tup34)
—Fup : ((ZMr,s —ZM,,J) 'Tup30 +ZM’,,S 'Tup34)

Buv = Bup—Eup'((ZMS’S —ZMS’r)'Tup?al-i-ZMS,S 'Tup35)
_F”P'((ZM,,,S —ZM,,J)'Tup31+ZMr’S 'Tup35)

Equations (D-57) and (D-58) can be written in matrix form to give the standard

linearized state equation:

A Xg Acc  Acu AXe Bgu
= . + -AUup (D-59)
. Ave Auvu | \ AXwp Buu
A Xup
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Or: AX = A-AX + B-AUsp

Where:
A Xel AUgi
AX=| .| AU=
A Xgp AUg
. AUip
A)(up
466y, ... Aég, Aug,
Aee=| .. .. Acu=| .. AUG=(AUG1 AUGP)
466, ... Agq, ), Auve,
Bau,
Beu
Beu=| .. B=( ]
Buu
Beu

)4

D.3.2 Output Equations

Using equations (A-12) and (D-54) the real power deviation of the kth generator can be
expressed as:

APg, =V - Mg, +Ig; - AVg, = CPGg,, - AXg + CPGup, - AXup+ DPG, - AUup (D-60)
Where:

CPGe; = ((Iey —Vep -Yer)- ZMzgy g, Se; .. Vep -Sey +(Ief —Vey - Yer ) ZMey g - Sey ..
(Iey —Vey Yer)-ZMey s, Sg,)

CPGupy, =—(Igy —Vay Yo ) (ZM o — ZM ) Tup3o+ ZM . - Tup3a)

gk,r

DPG, = (I} Vg -Ye,)- (ZM g s — ZM o) -Tup31+ ZM o - Tup3s)

The reactive power derivation of the kth generator can be expressed as:
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AQg = (Ve Ve ) Alg, +(—Ig Ig, ) AVg,
ky ky

(D-61)
= CQng -AXe + CQGupk -AXup + DQGk -AUwp

Where:

COGe =(((—Leyy Log) Ve —Veg)-Yo)-ZMgy g1+ Sgy ...
Vegy V) S +(Leyy  Leg) = Ve  —Veg)-Yer)- ZMgy gy - Sgy-..
(—Leyy Le)—(Veyy Vo) Yer)-ZMgy ¢, - Sg))

CQGupk :—((—ngy ngx)_(ngy _ngx)'ng)'((ZMgk,s - ZMgk,r)'Tipm—l_ZMgk,s 'Tip34)
The sending ending real power derivation of the UPFC can be derived by equations

(D-45) and (D-55) as:

APs =V -(Alb+ ALy + (Ib + )" - AVs = CPSg- AXg + CPSup- AXup+ DPS -AUwp  (D-62)
Where:

CPSg = ((Vs" - (Tup2+ Tup36) + (Io+ L)' ) - ZM | - Sgy + V' -Tup33-ZM, ;- Se; ...

(VST ‘(Tup32+Tup36)+(1b+]e)T)'ZMs’gp 'Sgp +VST 'Tup33'ZMr’gp 'Sgp)

s,g1 r.gl’
CPSup = VST . (Tup?aO + Tup34)
— (V5" - (Tups2+ Tupse) + (Io+ L)' ) - (ZM |, — ZM ) - Tup30+ ZM - Tup3a)
~ Vs Tup33-(ZM, , —ZM, ) Tup30+ ZM, , - Tup34)
DPS = VST . (Tup31 + Tup35)
— (V5" (Tups2+ Tup3s) + (I + 1) ) - (ZM, = ZM., ) - Tup31+ ZM, - Tup3s)
—Vs" - Tup3s-((ZM, ;= ZM., ) - Tup31+ ZM, ; - Tup3s)
The reactive power derivation of the master line of the UPFC can be expressed as:
AQs=(Vs, Vs ) (Alb+Ale)+((=1p, Ib)+(=Le, Ie,))-AVs
= CQSg -AXg + CQSup -AXup + DQS -AUwp
Where:

(D-63)
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COSs = (-1,
+(Vs,

be)+(—ley [ex)+(Vsy —st)'(Tup32+Tup36))'ZMs,gl 'Sgl

—st)‘Tup33'ZMS’g1 'Sgl

((—Iby be)+(—]ey Iex)+(Vsy —st)'(Tup32+Tup36))'ZMX’gp 'Sgp

+(Vsy

COSuwp = (Vs,
= (=1,
=V,

—st)'Tup33'ZMs’gp 'Sgp)

—st) . (Tup30 + Tup34)

I )+ (=le, e )+ Vs, —Vs,) (Twps2+Tup36))-(ZM ;—ZM,)-Tup3o+ ZM _ ;- Tup34)
—st) . Tup33 . ((ZMr,s - ZMVJ ) . Tup30 + ZM},’X . Tup34)

DQS = (Vsy —st)'(Tup31+Tup35)

- ((—]by

-,

]bx)-i-(—]ey [ex)+(Vsy —st)'(Tup32+Tup36))'((ZMS’S —ZMA.J)'Tup_"al-FZMS’S 'Tup}S)
—st) . Tup33 . ((ZMr’S - ZMr”,) . Tup31 + ZMr,s . Tup35)
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