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ABSTRACT

Modeling and Control of the Unified Power Flow Controller (UPFC)

Azra Hasanovic

The focus of this thesis is a FACTS device known as the Unified Power Flow Controller
(UPFC). With its unique capability to control simultaneously real and reactive power flows
on a transmission line as well as to regulate voltage at the bus where it is connected, this
device creates a tremendous quality impact on power system stability. These features
become even more significant knowing that the UPFC can allow loading of the transmission
lines close to their thermal limits, forcing the power to flow through the desired paths. This
will give the power system operators much needed flexibility in order to satisfy the demands
that the deregulated power system will impose.

The most cost-effective way to estimate the effect the UPFC has on a specific power
system operation is to simulate that system together with the UPFC by using one of the
existing simulations packages. Specifically, the objective of this thesis is to (1) develop a
UPFC model that can be incorporated into existing MATLAB based Power System Toolbox
(PST), (2) design basic UPFC controllers, and (3) design on supplementary damping control
scheme based on fuzzy logic to enhance power system stability. The proposed tools will be
tested on the two-area-four-generator system to prove their effectiveness.
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Chapter 1

INTRODUCTION

The power system is an interconnection of generating units to load centers through high
voltage electric transmission lines and in general is mechanically controlled. It can be
divided into three subsystems: generation, transmission and distribution subsystems. Until
recently all three subsystems were under supervision of one body within a certain
geographical area providing power at regulated rates. In order to provide cheaper electricity
the deregulation of power system, which will produce separate generation, transmission and
distribution companies, is already being performed. At the same time electric power demand
continues to grow and also building of the new generating units and transmission circuits is
becoming more difficult because of economic and environmental reasons. Therefore, power
utilities are forced to relay on utilization of existing generating units and to load existing
transmission lines close to their thermal limits. However, stability has to be maintained at all
times. Hence, in order to operate power system effectively, without reduction in the system
security and quality of supply, even in the case of contingency conditions such as loss of
transmission lines and/or generating units, which occur frequently, and will most probably
occur at a higher frequency under deregulation, a new control strategies need to be

implemented.

In the late 1980s the Electric Power Research Institute (EPRI) has introduced a new
technology program known as Flexible AC Transmission System (FATCS) [4]. The main
idea behind this program is to increase controllability and optimize the utilization of the
existing power system capacities by replacing mechanical controllers by reliable and high-

speed power electronic devices.

The latest generation of FACTS controllers is based on the concept of the solid state
synchronous voltage sources (SVSs) introduced by L. Gyugyi in the late 1980s [5]. The SVS
behaves as an ideal synchronous machine, i.e. generates fundamental frequency three-phase

balanced sinusoidal voltages of controllable amplitude and phase angle. It can internally



generate both inductive and capacitive reactive power. If coupled with an appropriate energy
storage device, i.e. dc storage capacitor, battery, etc, SVS is able to exchange real power
with the ac system. The SVS can be implemented by the use of the voltage sourced-
converters (VSC). Basics of the VSCs will be given in the third chapter.

The SVS can be used as shunt or series compensator. If operated as a reactive shunt
compensator it is called static condenser (STATCON), operated as a reactive series
compensator it is called static synchronous series compensator (SSSC). A special
arrangement of two SVSs, one connected in series with the ac system and the other one
connected in shunt, with common dc terminals is called Unified Power Flow Controller
(UPFC). It represents series - shunt type of controller. The Interline Power Flow Controller
(IPFC) is recently introduced series-series type of controller. It consists of two or more
SSSCs coupled through a common DC link. IPFC provides independently controllable
reactive series compensation of each selected line as well as transfer of real power between

the compensated lines.

The advantages of SVS based compensators over mechanical and conventional thyristor
compensators are
e improved operating and performance characteristics
e uniform use of same power electronic device in different compensation and control
applications

e reduced equipment size and installation labor.

The FACTS device this thesis will focus on is the UPFC. The thesis will be organized as
follows. A literature survey will be given in Chapter 2. UPFC basic operation and
characteristics will be described in Chapter 3. Chapter 4 will discuss UPFC modeling and
interfacing. UPFC "basic" and damping controller design will be presented in Chapter 5.
The effect of the UPFC on the power system operation will be illustrated using a two-area

power system in Chapter 6. Concluding remarks will be given in the last Chapter.



Chapter 2

LITERATURE SURVEY

In this chapter a literature survey of topics related to UPFC operation, modeling and

control will be given.

The UPFC, which was proposed by L. Gyugyi in 1991 [3], [6], [7], is one of the most
complex FACTS devices in a power system today. It is primarily used for independent
control of real and reactive power in transmission lines for a flexible, reliable and economic
operation and loading of power system. Until recently all four parameters that affect real and
reactive power flow on the line, i.e. the line impedance, voltage magnitudes at the terminals
of the line or power angle, were controlled separately using either mechanical or other
FACTS devices such as a Static Var Compensator (SVC), a Thyristor Controlled Series
Capacitor (TCSC), a phase shifter, etc. However, the UPFC allows simultaneous or
independent control of these parameters with transfer from one control scheme to another in
real time. Also, the UPFC can be used for voltage support, transient stability improvement
and damping of low frequency power system oscillations. Because of its attractive features,
modeling and controlling an UPFC have come into intensive investigation in the recent

years.

Several references in technical literature can be found on development of UPFC steady
state, dynamic and linearized models. Steady state model referred as an injection model is
described in [9]. UPFC is modeled as a series reactance together with the dependent loads
injected at each end of the series reactance. The model is simple and helpful in
understanding the UPFC impact on the power system. However, the amplitude modulation
and phase angle control signals of the series voltage source converter have to be adjusted

manually in order to find the desired load flow solution.

If a UPFC is operated in the automatic control mode (i.e. to maintain a pre-specified
power flow between two power system buses, the sending and the receiving buses, and to

regulate the sending end voltage at the specific value) the UPFC sending end is transformed
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into a PV bus while the receiving end is transformed into a PQ bus, and conventional load-
flow (LF) program can be performed [10]. This method is simple and easy to implement but
it will only work if real and reactive power flows and the sending bus voltage magnitude are
controlled simultaneously. It should be also mentioned that there is no need for an iterative
procedure used in [10] to compute UPFC control parameters. They can be computed directly
after the conventional LF solution is found. Due to the advantages that the automatic power
flow control mode offers, this mode will be used as the basic operation mode for the most of
the practical applications. Therefore, this model will be discussed in the fourth chapter of

this thesis. Series and shunt transformer losses are taken into account.

A Newton-Rhapson based algorithm for large power systems with embedded FACTS
devices is derived in [12]. In [13] this algorithm was extended to include UPFC application.
It allows simultaneous or independent control of real and reactive powers and voltage
magnitude. The algorithm itself is very complicated and hard to implement. It considerably
increases the order of the Jacobian matrix in the iterative procedure and is quite sensitive to
initial condition settings. Improper selection of initial condition can cause the solution to

oscillate or diverge.

UPFC dynamic model known as a fundamental frequency model can be found in [10],
[16], [20] and [22]. This model consists of two voltage sources one connected in series and
the other one in shunt with the power network to represent the series and the shunt voltage
source inverters. Both voltage sources are modeled to inject voltages of fundamental power
system frequency only. Model in [16] neglects the DC link capacitor dynamics which might
make results obtained using this model inaccurate, models in [10], [20] and [22] include DC
link capacitor dynamics and can be used for study of UPFC effect on the real power system

behavior.

The linearized model of the power network including UPFC is useful for small signal
analysis and damping controller design. The UPFC linearized model can be found in [16]
and [19]. While deriving these models some simplification have been made, i.e. the model
described in [16] does not include DC link dynamics, the model derived in [19] assumes that
the UPFC sending and receiving buses are also generator terminal buses. However, UPFC

can be connected between any two buses in the network. Therefore, these models do not



represent the general form of the linearized network. General form of the linearized model

of the network with UPFC included will be derived in the fourth chapter of this thesis.

UPFC basic control design involves control of real and reactive power flow, sending bus
voltage magnitude and DC voltage magnitude. The most frequently used control scheme is
based on the vector-control approach proposed by Schauder and Metha in 1991 [14]. This
scheme allows decoupled control of the real and reactive powers which makes it suitable for
UPFC application. This can accomplished by transforming the three-phase balanced system
into a synchronously rotating orthogonal system. A new coordinate system is chosen in such
way that its d component coincides with the instantaneous voltage vector and q component
is orthogonal to it. In this coordinate system the d-axis current component contributes to the
instantaneous real power and g-axis current accounts for the reactive power. This control
scheme can be applied both for series and shunt converter control [3], [15]-[17], [20].
Another approach for automatic power flow control for the series converter is to decompose
the voltage drop between the sending and the receiving buses into two components: one in
phase with the sending bus and the other one orthogonal to it. The component in phase with
the sending bus has strong influence on the reactive power flow and the component
orthogonal to it mainly influences the real power flow [22]. The shunt converter can be
controlled using two PI controllers to control the sending bus voltage magnitude and the dc
link voltage [21]-[22]. This control scheme is simple and easy to implement and it will be

used in this thesis.

UPFC damping controller design can be found in [17]-[19], [21] and [22]. The
supplementary control can be applied to the shunt inverter through the modulation of voltage
magnitude reference signal or to the series inverter through modulation of power reference
signal. In [17] and [21] the slip of the desired machine Am is used as the input signal to the
damping controller. In general it is difficult to obtain this signal. Therefore, this kind of
control is not feasible, and controllers depending on local measurements such as the tie-line
power flow or the UPFC terminal voltage phase angle difference are more appropriate [19],
[22]. All controllers in references above are of lead-lag type. They are designed for a
specific operating condition using linearized model. However, changes in operating
conditions might have negative effect on the controller performance. More advanced control

schemes such as self-tuning control, sliding mode control, and fuzzy logic control offer
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better dynamic performance than conventional controllers. Power system stabilizers and
SVC damping controllers have been designed using some of these techniques [24]-[30]. A
fuzzy logic UPFC damping controller is proposed in this thesis. Fuzzy control design is
attractive because it does not require mathematical model of the system under study, it can

cover wider range of operating conditions and is simple to implement.

The objective of this thesis is to develop a UPFC model, design its controls, incorporate
the model and its controls in the MATLAB based commercial power system simulation
software Power System Toolbox (PST) [23], and use the UPFC to enhance operation and
control of electric power systems. To achieve the stated objective, the following research
tasks are performed:

e Development of a UPFC load flow or steady-state model, which is needed to initialize
the simulation

e Development of a UPFC dynamic model with its controllers that can be used for
transient stability studies

e Interfacing the model with PST

e Derivation of a linearized model of the entire system, which can be used for analysis and

control of power system low frequency oscillations.

To demonstrate the performance of the controller under dynamic conditions, a power
system, extensively used in the literature, consisting of two-areas, each with two generating
plants, is used. When a large disturbance is applied, simulation results show that the UPFC

can significantly enhance power system operation and performance.



Chapter 3

UPFC BASIC OPERATION AND CHARACTERISTICS

This chapter will explain basic operation and characteristics of the UPFC. Since UPFC
consists of two voltage-sourced converters (VSCs), basics of VSCs will be briefly discussed

at the beginning of the chapter.

3.1 Basics of Voltage Source Converters and Pulse Width Modulation Technique

Typical three-phase VSC is shown in Fig. 3.1 [3].

i34
L S et

Vo2

Ve

Fig. 3.1 Three-phase voltage sourced-converter
It is made of six valves each consisting of a gate turn off device (GTO) paralleled with a
reverse diode, and a DC capacitor. An AC voltage is generated from a DC voltage through
sequential switching of the GTOs. The DC voltage is unipolar and the DC current can flow

in either direction.

Controlling the angle of the converter output voltage with respect to the AC system
voltage controls the real power exchange between the converter and the AC system. The real
power flows from the DC side to AC side (inverter operation) if the converter output voltage
is controlled to lead the AC system voltage. If the converter output voltage is made to lag

the AC system voltage the real power will flow from the AC side to DC side (rectifier



operation). Inverter action is carried out by the GTOs while the rectifier action is carried out

by the diodes. Two switches on the same leg cannot be on at the same time.

Controlling the magnitude of the converter output voltage controls the reactive power
exchange between the converter and the AC system. The converter generates reactive power
for the AC system if the magnitude of the converter output voltage is greater than the
magnitude of the AC system voltage. If the magnitude of the converter output voltage is less

than that of the AC system the converter will absorb reactive power.

The converter output voltage can be controlled using various control techniques. Pulse
Width Modulation (PWM) techniques can be designed for the lowest harmonic content. It
should be mentioned that these techniques require large number of switching per cycle
leading to higher converter losses. Therefore, PWM techniques are currently considered
unpractical for high voltage applications. However, it is expected that recent developments
on power electronic switches will allow practical use of PWM controls on such applications
in the near future. Due to their simplicity many authors, i.e. [10], [19], [20], [22], have used
PWM control techniques in their UPFC studies. Hence, the same approach will be used in

this thesis.

When sinusoidal PWM technique is applied turn on and turn off signals for GTOs are
generated comparing a sinusoidal reference signal v, of amplitude A, with a sawtooth carrier
waveform v, of amplitude A, as shown in Fig. 3.2 (b) [33]. The frequency of the sawtooth
waveform establishes the frequency at which GTOs are switched.

Consider a phase-leg as shown in Fig. 3.2 (a).

In this case
vi>V, results in a turn on signal for the device one and gate turn off signal for the
device four

and
V<V, results in a turn off signal for the device one and gate turn on signal for the

device four.
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+Vpc/2

“Vpe/2

+Vpc/2

“Vp/2

g3 E3 a 2 a

(a) (b)
Fig. 3.2 PWM converter (a) A phase-leg (b) PWM waveforms

The fundamental frequency of the converter output voltage is determined by the
frequency of the reference signal. Controlling the amplitude of the reference signal controls

the width of the pulses. The amplitude modulation index is defined as ratio of A, to A,

m=—
A, (3.1)

For m<1 the peak magnitude of the fundamental frequency component of the converter

output voltage can be expressed as

(3.2)

3.2 UPFC Description and Operation

The UPFC is a device placed between two busses referred to as the UPFC sending bus
and the UPFC receiving bus. It consists of two Voltage-Sourced Converters (VSCs) with a
common DC link. For the fundamental frequency model, the VSCs are replaced by two
controlled voltage sources as shown in Fig. 3.3 [22]. The voltage source at the sending bus is

connected in shunt and will therefore be called the shunt voltage source. The second source,



the series voltage source, is placed between the sending and the receiving busses. The UPFC
is placed on high-voltage transmission lines. This arrangement requires step-down

transformers in order to allow the use of power electronics devices for the UPFC.

sendingbus ~ ___F » receiving bus
S _ — | Zsg R
| IS ILlne I » ‘
R R |
SH : m g :
I A _ il
Vs e s T W
Lo 'z
m o
j shunt series
1 ZSH ' converter converter
TS,H ,,,,,,

PSHl v +Ji1dc TPSE
&[4l
il il

mgyPsy mgg Pse

Fig. 3.3 Fundamental frequency model of UPFC

Applying the Pulse Width Modulation (PWM) technique to the two VSCs the following

equations for magnitudes of shunt and series injected voltages are obtained

V
Ven = Mgy =
2\/51151-1 Vi (33)
V =m VDC
SE SE zﬁHSEVB

where:

e mgy — amplitude modulation index of the shunt VSC control signal
e mgg — amplitude modulation index of the series VSC control signal
e ngy — shunt transformer turn ratio

e ngg — series transformer turn ratio

e V3 —the system side base voltage in kV

e Vpc—DC link voltage in kV

The phase angles of V,, and V. are

10



Ogy = Z(05 — Pgyy) (3.4)
Ogr = Z(dg — Qi)
where:

e (@sy — firing angle of the shunt VSC with respect to the phase angle of the sending bus
voltage

e Ogsg — firing angle of the series VSC with respect to the phase angle of the sending bus
voltage

The series converter injects an AC voltage Vi = Vi, Z(8s —@g.) in series with the

transmission line. Series voltage magnitude Vg and its phase angle ¢@sg with respect to the
sending bus are controllable in the range of 0<Vgg<Vgemax and OS(pSES36OO. The shunt
converter injects controllable shunt voltage such that the real component of the current in the
shunt branch balance the real power demanded by the series converter. The real power can
flow freely in either direction between the AC terminals. On the other hand the reactive
power cannot flow through the DC link. It is absorbed or generated locally by each
converter. The shunt converter operated to exchange the reactive power with the AC system
provides the possibility of independent shunt compensation for the line. If the shunt injected
voltage is regulated to produce a shunt reactive current component that will keep the sending
bus voltage at its pre-specified value, then the shunt converter is operated in the Automatic
Voltage Control Mode. Shunt converter can also be operated in the Var Control Mode. In
this case shunt reactive current is produced to meet the desired inductive or capacitive Var

request.

3.3 Power Flow on a Transmission Line

In this section a power flow on a transmission line between two buses S and R (line

sending and receiving buses), Fig. 3.4, will be briefly reviewed. For the system shown in
Fig. 3.4 the RMS phasor voltages of the sending and receiving buses are Vg =V /8, and
V, =V, £8,, I, is phasor current on the line, R and X are resistance and reactance of the

Line

line respectively.

11



Bus S . BusR

- P +.(! P .Q
R .] R ~

Fig. 3.4 Transmission line
The complex power injected into the sending bus is given by
Ss =Ps + JQs = Vsl (3.5)
where Pg and Qg are the real and reactive powers injected into the sending bus, * denotes
conjugate complex value.
Using Ohm’s law line current can be written as
— vS — VR
Line R + _]X

= (Vs - Vx )G + jB) (3.6)

>-1s line susceptance.

R .o
where G = ———5 Is line conductance and B=-
R°+X

R*+X
Taking the complex conjugate of (3.5) and using (3.6) the following expression can be
obtained
S =Py = jQg= (Vs = Vs Vi )(G + B) (3.7)
Using Euler’s identity, which states that V.£ — 6= V(cosd — jsin d), to write

VS*VR = VgL = 04V L8, = ViV Z(—(85 — 8y )) = Vs Vi (cos(8g — 6 ) — jsin(dg — 8y, ) (3.8)

and separating real and imaginary parts of (3.7) the following expressions for the real and

reactive powers injected into the sending bus are obtained

P, = V.G -V,V,Gcos(d; -8, )— V.V, Bsin(8; —5;)

3.9
Qy =-V{B-V,V,Gsin(8; -8, )+ V,V,Bcos(d; —5,) G9)
Similarly, the real and reactive powers received at the receiving bus are
P, =-P, =-V;G+V,V,Gcos(8, —8,)— V,V,Bsin(d; —5,) (3.10)

Q, =-Q, =V;B-V,V,Gsin(84 —8,)— ViV, Bcos(d; —8;)
In the above equations Pr and Qg represent the real and reactive powers injected into the

receiving bus.

The power losses on the line are given by
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P, =P, —(=P,) = (Vi + V)G -2V,V,Gcos(8; —8;)
QL =Qs—(-Qg)= _(Vs2 +Vl§)B+2VSVRBCOS( ds — O )

For typical transmission line X>>R. Therefore, the conductance G is usually neglected

(3.11)

: 1 . o :
and susteptance B is replaced by B = X Using these approximations, the expression for

real power transmitted over the line from the sending to the receiving bus becomes

P, =P, =—V V. Bsin(, — 5, ) =%Bsin( 5, —5,) :%BsinS:PO(S) (3.12)

The angle & = §; — 9, is called the power angle.

The reactive power sent to the line from the sending bus and received from the line at the

receiving bus are

Ve =V V, cos(8s —8;)
X
= Vi + VgV, cos(8s —8y)

—Qp = VgB—V;V,Beos(8; —8;) = X =Q,(d)

Q, =-V:B+V,V,Bcos(8; —8,)=
(3.13)

It can be seen from equation (3.12) that the amount of the real power transmitted over
the line can be increased by
e increasing the magnitude of the voltages at either end, i.e. voltage support
e reducing the line reactance, i.e. line compensation
e increasing the power angle, i.e. phase shift.

Power flow can be reversed by changing the sign of the power angle, i.e. a positive
power angle corresponds to a power flow from the sending to the receiving bus, while a

negative power angle corresponds to a power flow from the receiving to the sending bus.

Hence, the four parameters that affect real and reactive power flow are Vs, Vg, X and 0.

To further understand this relationship, equations (3.12) and (3.13) can be combined as

(P,(8))° +(Qu(8) + %)2 - (%)2 (3.13)

2
. . . . ) V.V,
This equation represents a circle centered at (O’_YR)’ and with a radius of % It

relates the real and reactive power received at the receiving bus to the four parameters Vg,

Vg, 0, and X. To see for example how the power angle & affects Py and Qy, assume that
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2

Vg =V, =Vand VYzl. The P-Q locus for this case is shown in Fig. 3.5 [3]. For a

specific power angle 9, values of Py and Qp can be found, i.e. if & :g (point A on the

circle) then Poa = 0.707 and Qopa = -0.293. Note that the power angle & might be constrained

by stability limits.

0=rt/2

Fig. 3.5 P-Q locus of the uncompensated system

Similarly, the relationship between the real and reactive powers sent to the line from the

sending bus can be expressed as

\'4 ViV,
(Ps(8))” +(Qy(8) - YS)Z = (%)2 (3.15)
The average reactive power flow is defined as
2 2 2 2
Qux :Qs 2QR :_Vs 2VR B:V52XVR (3.16)

It can be seen from (3.16) that both voltage magnitudes and line reactance will affect the
reactive power flow. If both voltage magnitudes are the same, i.e. flat voltage profile, each

bus will send half of the reactive power absorbed by the line. The power flow is from the

sending to the receiving bus if Vg>Vi.
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3.4 Series Converter: Four Modes of Operation

As mentioned before the UPFC can control, independently or simultaneously, all
parameters that affect power flow on the transmission line. This is illustrated in the phasor

diagrams shown in Fig. 3.6 [3].

+V1max
+V,] Vs+V;
Viyve-v,

'Vl max

Vs

(a) (b)

(d)

Fig. 3.6 Phasor diagrams
Voltage regulation is shown in Fig. 3.6(a). The magnitude of the sending bus voltage

Vis increased (or decreased) by injecting a voltage V,, of maximum magnitude Vimpay, in

phase (or out of phase) with V. Similar regulation can be accomplished with a transformar
tap changer.
Series reactive compensation is shown in Fig. 3.6(b). It is obtained by injecting a

voltage VZ , of maximum magnitude Vamax, orthogonal to the line current I The effective

Line *
voltage drop across the line impedance X is decreased (or increased) if the voltage V, lags
by 90°).

the current 1, by 90° (or V, leads current I

Line Line

A desired phase shift is achieved by injecting a voltage that shifts the phase angle of V;,

of maximum magnitude Vi, that shifts V¢ by +0 while keeping its magnitude constant as
shown in Fig. 3.6(c¢).

Simultaneous control of terminal voltage, line impedance and phase angle allows the

UPFC to perform multifunctional power flow control. The magnitude and the phase angle of

the series injected voltage Vg, =V, +V, +V,, shown in Fig. 3.6(d), are selected in such a
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way as to produce a line current that will result in the desired real and reactive power flow
on the transmission line.

Therefore, the UPFC series converter can be operated in four modes:

e direct voltage injection mode

e line impedance compensation mode

e phase angle regulation mode

e automatic power flow control mode.

3.5 Automatic Power Control Mode

The automatic power control mode cannot be achieved with conventional compensators.
In order to show how line power flow can be affected by the UPFC operated in the
automatic power flow mode UPFC is placed at the beginning of the transmission line
connecting buses S and R as shown in Fig. 3.7 [3]. Line conductance was neglected. UPFC
is represented by two ideal voltage sources of controllable magnitude and phase angle. Bus

S and fictitious bus S; shown in Fig. 3.7 represent UPFC sending and receiving buses

respectively.
S _Sg S, _ Vy R
K\( | ILine A P+]Q |
v :
) ] _| ] X l
Vs Vs1=Vs+Vsg VR

\'/SH@/

Fig. 3.7 Transmission line with UPFC

In this case, the complex power received at the receiving end of the line is given by

) (3.17)

where Vg, = Vg, £(8; - 0g;) -

The complex conjugate of this complex power is
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S =P—jQ=v (st Vse = Va, (3.18)
X
Performing simple mathematical manipulations and separating real and imaginary
components of (3.18) the following expressions for real and the reactive powers received at
the receiving end of the line are

P :%sin8+%sin(8—@%) =Py (8) + Py (0, 9g;)

(3.19)
2
Q= —% + —VS;R cosd+ —VR;(]SE cos(d— P ) = Q, (8) + Qg (6,0 )

For Vgg=0 the above equations are identical to equation (3.12) and the second equation
of (3.13) that represent the real and reactive powers of the uncompensated system.

It was stated before that the UPFC series voltage magnitude can be controlled between 0
and Vsemax, and its phase angle can be controlled between 0 and 360 degrees at any power
angle 0. It can be seen from (3.19) that the real and reactive power received at bus R for the
system with the UPFC installed can be controlled between
(3)<P<P, (8

mm

3.20
Qe () £Q Q. ) (320
V VSE max VSEmax
where: mm (8) P (8) T max (6) P (6) X

RVSE max VSE max
Qi (8) = Q,(8) - “x Qux (8) = Qy(8) + ——= X

Rotation of the series injected voltage phasor with RMS value of Vggmax from 0 to 360°

allows the real and the reactive power flow to be controlled within the boundary circle with
Vi V.
a radius of % and a center at (Py(3),Qo(d)). This circle is defined by the following

equation

(P(5.95e) — Py (8))° +(Q(6,952) — Qu (8)) = @%%% (3.21)

Fig. 3.8 shows plots of the reactive power Q demanded at the receiving bus versus the

transmitted real power P as a function of the series voltage magnitude Vsg and phase angle
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2
sk at four different power angles & i.e. §=0°, 30°, 60° and 90°, with V=V, =V, V? =1

VR VSE max

and =0.5 [3]. The capability of UPFC to independently control real and reactive

power flow at any transmission angle is clearly illustrated in Fig. 3.8.

Controllable region
AQ of UPFC at 5=0°

Controllable region
of UPFC at 830"

P
175 >

Controllable region
of UPFC at 8=60°

Controllable region
of UPFC at 8=90"

Fig. 3.8 P-Q relationship for simple two-bus system with a UPFC at 3=0" 30", 60" and 90"

3.6 Comparison of the UPFC to Series Compensators and Phase Angle Regulators

In order to show superiority of UPFC over controlled series compensators and phase
angle regulators when it comes to power flow control a comparison between their power
flow control characteristics is briefly discussed in this section [3]. The power flow
characteristics of controlled series compensators and phase angle regulators are analyzed

using systems shown in Fig. 3.9 and Fig. 3.10.
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Controlled series compensators: Thyristor-Switched Series Capacitor (TSSC), Gate-
Controlled Series Capacitor (GCSC), Thyristor-Controlled Series Capacitor (TCSC) and
Static Synchronous Series Compensator (SSSC) inject a series compensating voltage
orthogonal to the line current. TSSC and GCSC provide controllable series capacitive
impedance in the range of 0<X<Xcnax. Therefore, they inject voltage with 90 degree lagging
(capacitive) relationship with respect to the line current. TCSC and SSSC inject

voltage V, of maximum magnitude V. that can have both 90 degree lagging (capacitive),

qmax

or 90 degree leading (inductive) relationship with respect to the line current providing

capacitive or inductive compensation.

_ ) VX 0)
S V, S i Vy P R B
| .I I/ | Line < JQ VR
A | X
\_’s Xc _s1:\_’cJr \7s Vr

Fig. 3.9 Transmission line with controlled series capacitive compensation
The real and the reactive powers received at the receiving end of the line for the system

with controlled series compensators are given by

P= VR ging
Ty
(3.22)
V,V :
Q=—>2cosd- Ve
X-X, X-X,

A/ Vv
where 0< Xq < Xcmax for TSSC and GCSC and — —™ < Xq <—"™ for TCSC and

Line Line
SSSC.

Equation (3.22) is of the same form as equations for Py(d) and Qy(d) that describe the
uncompensated system. Therefore, for a given value of X, the relationship between the real
and reactive powers is a circle similar to that shown in Fig. 3.5. Each point on that circle

defines P and Q values for a specific power angle 6. P-Q locus obtained with Xy =0
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represents the lower boundary curve and P-Q locus obtained with X(=Xcmax represents the
upper boundary curve for TSSC and GCSC. These two curves are shown in Fig. 3.11 as (P-

Q)xq=0 and (P-Q)xcmax respectively. Similarly, the lower and the upper boundary curves for

q

V, V,
SSSC and TCSC are obtained with X = —% and X_ = quaX They are identified as (P-

Q)-vgmax and (P-Q) yqmax characteristics.
Ideal Phase Angle Regulator (PAR) can change the phase angle between buses where the
insertion transformer is connected in the range -6,,,x<0 <0,,x while keeping the magnitude

of the phase-shifted voltage unchanged as shown in Fig. 3.10.

V(6=0)
s S, _ v R
: X P+j
% | o, =X PO
X |
! m !
Vs Vsi= s+Ve Vr

k]

Fig. 3.10 Transmission line controlled with a Phase Angle Regulator

The real and reactive power attainable with PAR are given by

P= Msin(8 +0)
X

2 (3.23)
sVi R cos(d+0)— Ve
X

Q=

Bold lines in Fig. 3.11 represent controllable region of TSSC/GCSC and solid hairline
lines represent controllable region of SSSC/TCSC at §=0°, 30°, 60° and 90°. Fig. 3.12 shows
attainable P and Q values with PAR at =0°, 30°, 60° and 90° with 8 varied in the range of -

2

30°<0<30°. Both figures are plotted for V=V, =V and VY:I. The UPFC circular

control region with radius of 0.5 is shown in both Fig. 3.11 and Fig. 3.12 [3].
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Ao 4Q Controllable
Controllable .
region of UPFC region of UPFC
0.5 Controllable region
TSCS/GCSC —
SSSC/TCSC —
15 P
>
Vgmax
N /
Xemax ‘ '
0 0
(a) 6=0 (b) §=30
AQ AQ
0.5 0.5
Controllable
region of UPFC
P 05 1 15 P
T . T Ko g
Controllable region ~ O Vymax

TSCS/GCSC—

SSSC/TCSC — / N ;o \Q/
/ . . Controllable

*\  regionof UPFC

Controllable region
TSCS/GCSC —
SSSC/TCSC —

-1

(c) 8 =60° | (d) § =90°

Fig. 3.11 P-Q relationship attainable with transmission line controlled with series compensators and a
UPFC at (a) §=0°, (b) 30°, (¢) 60" and (d) 90°

Maximum increase in the transmitted real power that can be obtained with the
controllable series compensators depends on the power angle 0. The bigger the power angle,
the bigger the maximum increase in the transmitted real power. Controllable series
compensators do not allow independent control of the reactive power demanded at the
receiving end. The reactive power is determined by the transmitted real power. The PAR can
change the real power by adjusting the phase shift angle 6. It cannot increase the maximum
transmittable power. It also does not allow independent control of the reactive power. The
UPFC can control both real and reactive power independently. It allows wider range

(independent of power angle 8) for power control.
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AQ AQ Controllable
Controllable region of UPFC
region of UPFC 05 & Controllable
Controllable ) region of PAR
region of PAR
5 1 15 P 15 P
T Lal >
- ‘
Vomax '
Vg=0
SLE e 3=90
_no0
(a) =0
AQ
0.5 0.5
Controllable
region of UPFC
15 P 0.5 1 15 P
O > O — >
(¢ " Controllable
Controllable / N , . )
region of PAR N ‘ region of UPFC
-0.5 -0.5
Controllable
region of PAR
-l 590" B
8 =60° 8 =60"
(c) 6=60 (d) 8 =60

Fig. 3.12 P-Q relationship attainable with transmission line controlled with a PAR and a UPFC at (a)
=0, (b) 30", (¢) 60° and (d) 90°
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Chapter 4

UPFC MODELING AND INTERFACING

In order to simulate a power system that contains a UPFC, the UPFC needs to be
modeled for steady-state and dynamic operations. The UPFC model needs to be interfaced
with the power system model. Hence, in this chapter modeling and interfacing of the UPFC
with the power network are described. Linearized model of the power network with UPFC,

useful for small signal analysis and damping controller design, will also be derived.

4.1 UPFC Load Flow (LF) Model

For steady-state operation, the DC link voltage remains constant at its pre-specified

value. In the case of a lossles DC link the real power supplied to the shunt converter
P, =Re(Vg,ly,) satisfies the real power demanded by the series converter
Py, = Re(VSETI*_ine )
Py =Py 4.1)

The LF model discussed here assumes that the UPFC is operated to keep (i) real and
reactive power flows at the receiving bus and (ii) sending bus voltage magnitude at their pre-
specified values [10]. In this case UPFC can be replaced by an “equivalent generator” at the
sending bus (PV-type bus using load flow terminology) and a “load” at the receiving bus

(PQ-type bus) as shown in Fig. 4.1.

To obtain the LF solution for the power network with the UPFC an iterative procedure is
needed. Power demanded at the receiving bus is set to the desired real and reactive powers at
that bus. The real power injected into a PV bus for conventional LF algorithm is kept
constant and the reactive power is adjusted in order to achieve the pre-specified voltage
magnitude. With UPFC, the real power injected into the sending bus is not known exactly.
This real power injection is initialized to the value that equals the pre-specified real power

flow at the receiving bus. During the iterative procedure the real power adjustment is done
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in order to cover the losses of the shunt and series impedances and to force the sum of
converters' interaction to become zero

Power Power
Network Network
sending receiving sending receiving
bus bus bus bus
PV bus PQ bus
(a)

(b)
Fig. 4.1 Power network with a UPFC included (a) schematic (b) Load Flow Model
The algorithm in its graphical form is given in Fig. 4.2.

Specify additionally:
Start - UPFC parameters
- power flow controlled
at the receiving bus
read power system data file - initial power injected
T into sending bus
R solve conventional
" LF problem
v

compute sum of converter
real power interaction

Y

sum of converter

real power compute UPFC steady-state
interaction close quantities
to zero?

adjust real power injected
into sending bus

Fig. 4.2 Load flow algorithm
Necessary computations are shown bellow.

The complex power injected into sending bus is

S, = VI (4.2)
Using the voltages and currents as assigned in Fig. 3.3
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Vi =V +V,
vZSH = TSHZSH 4.3)
IS = _ISH ILme

results in

*

S = (VSH +V )(_TSH _iLine) =

VSH ISH - VZSHI VSH ILme - vZ SH izine = (44)

=

- _VSH ISH - ZSHISh - VSHILine - ZSH ISHI

Computing the line current by using the bus voltages and the power flow at the receiving

Line

bus as given by the load flow solution

w2
o %

iLine =- * (45)

R

<l

allows to compute the series injected voltage and the series converter interaction with the

power system

Vo =1, Zg +V, -V,
Py =Re (VSEI;me)
Taking the real part of (4.4) and using (4.1), the new injected real power at the sending

(4.6)

bus becomes
Py =—Pg; + Re(-Zg, Ig, — VSHi;ine - ZSHTSHT;ine) (4.7)
It can be seen from Fig. 4.2 that UPFC control parameters are computed directly after a
conventional LF solution satisfying (4.1) is found. Neglecting transformer losses and
initializing the real power injected into sending bus to the real power flow controlled on the

line the convergence of the proposed LF algorithm is obtained within one step.

4.2 UPFC Dynamic Model

For transient stability studies, the DC link dynamics have to be taken into account and
(4.1) can no longer be applied. The DC link capacitor will exchange energy with the system

and its voltage will vary.

The power frequency dynamic model can be described by the following equation [20],
[22]
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dv
CVDC TDC = (PSH - PSE )SB (4.8)

Note that in the above equation the DC variables are expressed in MKSA units while the

ac system variables are expressed as per unit quantities. Sg is the system side base power.

4.3 Interfacing the UPFC with the Power Network

The interface of the UPFC with the power network is shown in Fig. 4.3 [22]. In order to

get the network solution (bus voltages and the currents) an iterative approach is used. The
UPFC sending and receiving bus voltages Vi and V, can be expressed as a function of
generator internal voltages E, and the UPFC injection voltages Vg, and Vg, (equation
(4.15)). Control output and (3.3) determine the UPFC injection voltage magnitudes Vg, and
V. However, the phase angles of the injected voltages, dsy and dgsg, are unknown since

they depend on the phase angle of the sending bus voltage, ds, which is the result of the
network solution. Graphical form of the algorithm for interfacing the UPFC with the power

network is shown in Fig. 4.4.

Fig. 4.3 Interface of the UPFC with power network

Necessary computations are shown below.

Reducing the bus admittance matrix to generator internal buses and UPFC terminal

buses the following equation can be written

|:YGG YGU:| Ec — Io (4.9)
Yoo Yol Ve |[Tu
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where:

Y,; - reduced admittance matrix connecting the generator current injection to the internal
generator voltages

Y, - admittance matrix component which gives the generator currents due to the voltages
at UPFC buses

Y, - admittance matrix component which gives UPFC currents in terms of the generator
internal voltages

Yy - admittance matrix connecting UPFC currents to the voltages at UPFC buses

Ec - vector of generator internal bus voltages

Vu - vector of UPFC ac bus voltages

I - vector of generator current injections

I, - vector of UPFC currents injected to the power network.

The second equation of (4.9) is of the form

get initial UPFC terminal
voltages

v

compute initial phase angles
of series and shunt voltages

v

R find new UPFC terminal
- voltages

Changes in UPFC
terminal voltages
small enough?

compute generator and
UPFC currents

Fig. 4.4 Algorithm for interfacing the UPFC with the power network

update phase angles of series
and shunt voltages
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Neglecting series and shunt transformer resistances the following equations can be

written for the UPFC currents injected into the power network (see Fig. 3.3 and Fig. 4.3)

iUl :_iSH_iLine (411)
Tuz = ILine
Loy = V5= Vst (4.12)
JXsu
Tipe =3E¥ Vs= Ve (4.13)
JXsE
Combining the above equations the following equation can be obtained
I, =WV, + WV, (4.14)
where:
1 1 R 1
W, = JXsu JXsp W, = JXsp o Xsu o JXsg
1 1 1
0 : : —-
JXsE JXsE JXse
- [ — |V - |V
IU2 VR VSE
Equating (4.10) with (4.14) the following equation can be written
vU = (WU - YUU)_l YUGEG - (WU - YUU)_I WCVC = LGEG + LCVC (4~15)
Substitution of (4.15) into(4.9) gives
I, =M.E, +M_V,
G GG c'C (416)

iU = MGIEG + Mc1vc

where:
Ls = (WU Yy )_IYUG Mg = Y6 + Yol M¢ =YgLe
L. :_(WU Yy )_1 We Mg =Yy +Yula M¢ =Yyle
Defining
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(4.16) becomes

I=MV (4.17)
Applying the following dq transformation [2]
[ i(90-8) A
T= . (4.18)
e 10-8,)
el
g%
to equation (4.17) the following equation is obtained
I, =My, Vg, (4.19)
UPFC DC link equation (4.8) can now be written in dq frame as
dVpe
CVDC T = SB (VSHd ISHd + VSHq ISHq - VSEd | lined VSEq I lineq )
or (4.20)
dVpe
CVDC dt = SB (_VSHdIUld - (VSHd + VSEd )IUZd - VSHqIUlq - (VSHq + VSEq )IUzq)
where:
mg, V mg, V
Vapg =———2-2€_5in Ve = ——2—25 05§
SHd 5 \/En WV, SH SHq ) \/En WV, SH
mg V mg. V
Vg =————C 5ind Ve, =———L% cosd
SEd 5 \/En WV, SE SEq 5 \/En WV, SE

4.4 Linearized Model

The linearized model of the power network including UPFC will be derived in this

section. This model can be used for small signal analysis and damping controller design.

The model derived following the approach described in [1] will be explained first. The

formulation of the linearized model using perturbation method, implemented in the PST,
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will be discussed in the following section. The results obtained using the two approaches

will be compared and presented in the sixth chapter.

4.4.1 Basic terms and definitions
The state space representation of the linear continuous time system is given by

X(t) = Ax(t) + Bu(t)

y(t) = Cx(t) + Du(t) (4.21)

where:

e x(t) is the state of the system at time t

e u(t) is the control input at time t

e y(t) is the output of the system at time t
e A is the nxn plant matrix

e B is the n x m, input matrix

e Cis the my x n output matrix

e D is the my x m, feed forward matrix

Eigenvalues of the matrix A, ALi=o;xjB; i=1..n, are the roots of the characteristic polynomial

p(M) = Al-A| (4.22)

where:

I is an nxn identity matrix.

Complex eigenvalues always appear in pairs of complex conjugate numbers.

Definition I (stability in the sense of Lyapunov) [32]
The origin is a stable equilibrium point if for any given value >0 there exist a
number 0(g,ty) such that if |[x(tp)|[< & then the resultant motion x(t) satisfies
IIx(t)||< € for all t>t,.

Definition 2 (asymptotical stability) [32]
The origin is an asymptotically stable equilibrium point if (i) it is stable and if
in addition (ii) there exists a number 8’(ty)>0 such that whenever |[x(t)|[< &’(to)

the resultant motion satisfies lim || x(t)||=0.
t—>c0

Stability criteria for a linear system is given in Table 4.1 [32].
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Table 4.1 Stability criteria for linear system

Unstable If 0,>0 for any simple root or if 0;>0 for any repeated root
Stable 1.s. Lyapunov If ;<0 for all simple roots and if o;<0 for all repeated root
Asymptotically stable If 0;<0 for all roots

4.4.2 Linearized Model Derivation

Consider n-machine power system. Using two axis model generator equations can be

written as follows

By =(T,) ' (-EBy + (X, —X)I,)
qu :(T;io)_l(Efd _El] +(Xd _XLi)Igd)

1

(}):EH‘I (T, -T, -D(w-1))

8:0)B(0)—1)
Va=E; +X, I,
Vo =E, =Xyl
T, =Vl + Vil

g4 ¢q
where:
Eq :[qu qu
ng = [ngl ngZ
Igd :[Igdl Igd2 o Lodn
H =diag(H,)
Ddamp = dlag(D1)

Xy =diag(xy;)

(4.23)
E,=[E,E,..E,]" Ey=[Ew Ews - B 1"
1" V=V Var - Vel Ly =g Lo - Tyn 1"
6=[5,6,..8.1" o=[0,0,..o, ]
T(;O = diag(T(;Oi) T(;O = diag(Tf;Oi)
X, =diag(x,) X, =diag(x,)

X, =diag(x,;)

Linearizing (4.19) around the operating point and separating d and q components the

following expressions for generator and UPFC currents can be obtained

Al = D/AE, +D,AE, + D,A8 + D,Amg, + D;A@g, + DAmg, +D,A@g, + DAV,

Al :QIAE;] + QZAELi +Q;A0 + Q,Amg, +Q,AQgy +Q,Amg, +Q,AQg +Q AV,

Al , = DIUAE'q +D2uAE'd +D, ,Ad+D, Amg, + D, AQg,; + D, Amg + D, A@g. + Dy, AV,
AL, = QluAELl +Q2uAELi +Q;,A0+Q,,Amg, +Q;, Ay, +Qq,Amg +Q,,AQg, +Qq, AV,

(4.24)
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where':

- aIg'd - aIg,d D, = aIgd D, = aIgd
aEq JE, 200 omg,,
ol ol ol ol
[)Sza u [)6:a g D, =—% D, =«
DOsh Mg Qg OVqe
ol ol ol ol
Q, = angl Q,= angl Q= agq Q,= amgq
q d SH
B ang B ang B ang B ang
5= 6= 7= g =
00y omg, 00 oV,
ol dl, dl, dl,
lu :ﬁ 2u :ﬁ D3u :a_Sd D4u = adeH
ol ol ol ol
DSu = ud D6u = ud D7u = ud 8u = ud
0Py omg 00 OVq.
aqu aqu aqu aqu
Qlu - aE'q Q2u - aE'd Q3u - 86 Q4u - amSH
_ aqu _ aqu _ aqu _ aqu
" 00y o omg, " 0P " 0V

Linearizing (4.20) and substituting UPFC injected currents d and q components given by

(4.24) the following equation can be written
AV, =LAE_+L,AE; + L;A8+ L,Amg, + L.AQg, + L Amg, + L, AQg, + LAV, (4.25)
where:

L,=KQ, +K,D, L,=KQ,, +K,D, L,=KQ,+K,D,;
L4 = KlQu4 + K2Du4 + K3 Ls = KlQuS + KzDus + K4 L6 = KlQu6 + K2Du6 + Ks
L,=K Q. +K,D,, +K; L,=K Qs +K,Dy

= IVpe K, = OVpe K, = OVpe
al 4 dl,, omgy,
K A= a\]_DC I{5 - a\]_DC KG — a\]_DC
Qg omg; JQg;
. . . . E fdi K Ai
Representing AVR by simplified first order transfer function ( =— oot i=1..n),
ti +s Ai

! D;-Dg, Q1-Qs, D1y-Dsy, Q1u-Qsu, Ki-Ks, are the Jacobean matrices of appropriate size

32



neglecting the function of governors (Ty, = 0) and linearizing (4.23) the following equations

can be obtained

AE, :MIAE'q +M,AE, + M A8 + M ,Amg, + MA@y, + M, Amy, +M,AQy, + M AV,
AE, =N,AE, + N,AE; + N;A8 + N, Amg, + N;AQg, + N Amg, + N, AQg; + NgAV,

+ N,AE

A®=W,AE_ + W,AE, + W,;A8 + W,Amg, + W;AQg, + WAmg; + W,AQg; + WAV,

+ WAoo+ W, AE

AE, =S,AE, +S,AE; +S,;A8 +S,Amg; +S;AQg, +SsAmg; +S,AQg; +S;AV,, +S,AE

AV, = PAV,, +P,AV,

+ R AV,
where:

M, = (T ) (X, - X))Q,

=( o) (X, ~X,)Q,

=( o) (X ~X)Q;

(Tdoy (X4 —Xq)D,
= _(T T (X4 —X4)D;
Ny = (T ) (X4~ XDy

1 _
W, = —E(H) 1(Igd +U,Q, +U,D;,)

_%(H)_l(Ule +U,Ds)

1 _
W = —E(H) 1(U1Qx +U,Dg)

Uy = (g X + Veg)
Iyg = diag(lyy) Iy, u,

R, = P1XL1Q1 +P,(I- XLJDI)
R, = P1X21Q4 - P2XL1D4
R;= P1XL1Q7 - P2XL1D7

V..
P, = diag(") Iy,
th 0-20

S; = _(TA)_IKAR3
S =—(Ty) 'K 4Ry
Sy =—(Ty)™"

2= (o) (14 (X, - X))
s = (T (g -X)Qs
o= () (X, - X0
N, = (T3 ) (Xq - XD,

= (o) (X4 - XD
N9=(Td0)

1 _
W; = —E(H) 1(U1Q3 +U,D5)
1

We = —E(H)_l (U,Q6 +U,Dg)

Wy == (1) Doy

U, = (19, Xy + Vo)

Vgo =diag(Vea) Iy, u,

Ry = Pi(1+X4Qy) ~ PyX4D;
Rs = P1X;|Q5 - PZXLiDS

Rg = PIX;iQS - PZXLiDS

S; =—(T,) 'KAR,
Sy = _(TA)_IKAR4

S; =—(Ty) 'K4R;4
T, = diag(Ty;)
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. = RAE_ +R,AE, + R,A8 + R Amg, + R AQg, +R Amg, +R,AQg,

(4.26)

M, = (T, ) (X, - X,)Qs

M, = (T, ] (X, - X,)Qs

N, = (T ] (1= (Xg - XD))

N, =(T5 ) (X - XD,

N, = (T ] Xy~ X)D,

W, = —%(H)_I(ng +U,Q, +U,D))

| N
W, = —E(H) '(UjQ4+U,Dy)

1 _
W, = __(H) 1(U1Q7 +U,D,)

2
| RPN
Wi = —E (H)
Tgq = diag(Ig) I, u,
Vgoq = diag(Vyq) lxy u,
R, = PIXLJQS - P2XL1D3
Rg = PIXLiQG - PZXLiD6
V.,

T gdi

b = dlag(V_ﬁ) |x0,u0

S, =—~(Ty) 'KAR,

S5 = _(TA)_IKARS
Sg =—(T,) 'K,Rg
K, = diag(K ;)



Linearized power system with UPFC included can now be written in the matrix form

AE, N, N, N, 0 Ng N;[aE, N, N, N, N,
AE, ¢ M, M, 0 Mg 0 | AE, s M, M, M [Amg
AS || 0 0 0 o 0 0} A5 10 0 0 0fAgg
Ao W1 Wz W3 W9 W8 W10 Aw® W6 W7 W4 Ws AmSH
AVpe | L, L, Ly 0 Ly 0 [[AV,.| |Ls L, L, L;|[Agpg
| AE, | [S) S, Sy 0S¢ Sy |AE. | [S¢ S, S, S
(4.27)

Note: The equations for linearization of the simple two-machine/UPFC power system

can be found in the m-file given in Appendix C.

4.5 Linearization of a Power System with the PST and Modal Analysis

The m-files added to the PST form the state matrices of a power system model including
a UPFC with the DC-link voltage as state. The basic control of the UPFC based on PI-
controllers for the real and reactive line power flow, the sending bus voltage, and the DC-
link voltage, as well as a double-stage lead-lag compensator with a washout can be included

in the linearization process.

4.5.1 Description

The process of finding the state matrices and modal analysis is based on the following steps:

e select a data file (power system can include any number of busses, generators, generator
controls (exciters, governors, and PSS), and one UPFC with its basic controls and one
damping controller)

e perform a load flow

e form a linearized model by perturbing each state and input signal in turn

e form the minimum realization by choosing one generator (angle) as reference

e perform a modal analysis of the system (i.e. identify critical eigenvalues, frequency,

damping ratio, etc.).

4.5.2 Method

Each state x; (i = 1..n) and input signal vu; (i = 1..m,) are perturbed in turn by a small

value (small percentage of the load flow solution value) and the rate of change of the states
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is computed. The entries in the system matrix corresponding to the perturbed i state are the

entries in the i column and are calculated as

AX
Al = 1.n
AX,
where:
A is the n x n state matrix
Axy is the computed rate of change in all states
AX; is the applied change in the i" state variable

(4.28)

The entries in the output matrix are found by perturbing the i"™ state and computing the

rate of the changes in the my output variables as

A}]lumy
Cl my i
T AX,
where:
C is the my x n output matrix
AVLmy 1s the computed change in the my output variables
AX; is the applied change in the i state variable

(4.29)

The entries in the input matrix are found by perturbing the i input and computing the

rate of the changes in the states as

AXl.n
Bl ni =
v Au,
where:
B is the n x m, input matrix
Ax) is the computed rate of change in all states
Au; is the applied change in the i input channel

(4.30)

The entries in the feed forward matrix are found by perturbing the i input and

computing the changes in the my output variables as

AY)
Dl my,i :#
Y Au,
where:
D is the my x m, feed forward matrix
A1 my is the computed rate of change in all states
Ay is the applied change in the i™ input channel
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4.5.3 States, Input and Output Signals

The possible signals for in- and outputs of a generator are

. exciter reference voltage

inputs -
turbine/governor power reference
generator speed

outputs generator electrical torque
generator electrical power

The possible UPFC states are

upfc2 - 1* lead-lag state,
upfc3 - 2" lead-lag-state

states Number Comments
of states
UPFC with DC-link voltage as state without
Vbc 1 )
controller applied
Voo m Vo V UPFC with DC-link voltage as state and its basic
b, MsH, PsH, Ve, VQ controls in form of Pl-controllers for real and
or 5 . . .
v reactive line power flow, sending bus voltage and
DC, MsH, Psu, MSE, PsE DC-link voltage added
Ve, msu, Osu, Vp, Vg, UPFC with DC-link voltage as state and its basic
upfcl - washout state controls in form of Pl-controllers for real and
variable, ] reactive line power flow, sending bus voltage and

DC-link voltage added plus three states for the
damping controller double-stage lead-lag controller
with washout

The possibilities to form the linearized model including a UPFC are

variables/channels

Comments

or

MgsH, PsH, MSE, PSE

Mgy, PsH, Vp, Vg

UPFC with DC-link voltage as state without
controller applied

inputs UPFC with DC-link voltage as state with
Phneref Qlineref |Vs|ref VDCref basic cont.rol iq form of PI-controllers'for real
’ ’ and reactive line power flow, sending bus
voltage and DC-link voltage added
real line power flow
reactive line power flow
outputs

sending bus voltage

DC-link voltage
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4.5.4 Minimum realization

In the absence of an infinite bus the relative rotor angles instead of the absolute rotor
angles are required as state variables. Therefore, a reference machine is chosen to compute
the relative machine angles and to reduce the state matrices by the entries corresponding to
the reference machine. The reduction is done with the following two steps:

e A and B matrix: subtract the row of the reference machine angle from the rows
belonging to the other generator angles
e A, B, C, D matrix: eliminate the rows and columns belonging to the reference machine

angle.

The order of the system is therefore reduced by one and the new states belonging to the

machine angles are measures with respect to the reference machine.
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Chapter 5

CONTROLLER DESIGN

To operate the UPFC in the automatic control mode discussed in the third chapter, and
also to use the UPFC to enhance power system stability and damp low frequency
oscillations, two control designs need to be performed. A primary control design, referred to
as the UPFC basic control design, involves simultaneous control of (i) real and reactive
power flow on the transmission line, (ii) sending bus voltage magnitude, and (iii)) DC
voltage magnitude. A secondary control design, referred to as the damping controller
design, 1s a supplementary control loop that is designed to improve transient stability of the

entire electric power system. The two control designs are described in this chapter.

5.1 Basic control

The UPFC basic control design consists of four separate control loops grouped into a
series control scheme, whose objective is to control real and reactive power flow on the line,
and a shunt control scheme, whose objective is the control of the sending bus voltage

magnitude and the DC voltage magnitude.

5.1.1 Series control scheme

This scheme has two control loops, one for the tracking of the real power flow at the
receiving bus of the line, and the second performs the same task for the reactive power flow.
Specifically, the objective is to track these real and reactive power flows following step
changes and eliminate steady-state tracking errors. This is obtained by the appropriate

selection of the voltage drop between the sending and the receiving buses, which is

denoted VPQ (see Fig 3.3). This voltage can be decomposed into the following two quantities

which affect the tracked powers, namely:
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e Vp = voltage component orthogonal to the sending bus voltage (it affects primarily the
real power flow on the transmission line)
e Vg, = component in phase with the sending bus voltage (it affects mainly the reactive

power flow on the transmission line).

These quantities are in phasor diagram Fig. 5.1 [22].

preference

Fig. 5.1 Phasor diagram

Both voltages, Vp and Vg, are obtained by designing classic PI (proportional-integral)
controllers as illustrated in Fig. 5.2. The integral controller will guarantee error free steady-

state control of the real and reactive line power flows.

After the Vp and Vo components have been found the injected series voltage can be

computed as

Voo =4/ Vs + V5

Ve
VQ (5.1)
VPQ = Vpoé(ss + (pPQ)

VSE = va + JXSET

Ppq =18 B

Line
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PI controller |—9 PI controller —P>

signal

(2) (b)

Fig. 5.2 Series control scheme-automatic power flow mode

From (3.3) and (3.4) series converter amplitude modulation index and the firing angle

can be computed as

_ 2\/5nSEVSEVB
> Vie (5.2)
(pSE 88 88E

5.1.2 Shunt control scheme

This control scheme also has two loops that are designed to maintain the magnitude of
the sending bus voltage and the DC link voltage at their pre-specified values.

The magnitude of the injected shunt voltage (equation (3.3)) affects the reactive power
flow in the shunt branch, which in turn affects the sending bus voltage magnitude. The angle
between the sending bus voltage and the injected shunt voltage, @sy (equation (3.4)), affects
the real power flow in the shunt brunch. It can be used to control the power flow to the DC

link and therefore the DC link voltage.

This is achieved by using two separate PI controllers as shown in Fig. 5.3 [21], [22].

le lVDC
- - Osy

+ mgy +
PI controller [—%> _>@_ PI controller [—>
V. ref V. ref
S 4 DC
damping
signal

(a) (b)
Fig. 5.3 Shunt control scheme
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5.2 Damping Controller Design

Low frequency oscillations occur frequently due to disturbances such as changes in
loading conditions or a loss of a transmission line or a generator unit. These conditions need
to be controlled to maintain system stability. Several control devices, such as power system
stabilizers, are used to enhance power system stability. Recently [18], [19], [22], it has
shown that oscillations can be damped by introducing a supplementary signal, based on the
real power flow along the transmission line, to the series converter side through the
modulation of the active power flow reference signal (Fig. 5.2(a)), or to the shunt converter
side through the modulation of voltage magnitude reference signal (Fig. 5.3(a)). The
damping controllers used so far were of lead-lag type with the transfer function similar to

the one shown in Fig. 5.4.

max

P Ts K . 1+Tls 1+T3S dampmg
1+Ts 1+T,s 1+T,s / signal

Y
Y

min

Fig. 5.4 Lead —lag controller structure

The damping controller design in this section is based on the fuzzy logic. A brief
introduction to fuzzy set theory, basics of fuzzy control design, and its application to UPFC

damping controller design are given next.

5.2.1 Introduction

Fuzzy control is based on fuzzy logic theory. There is no systematic design procedure in
fuzzy control. The important advantage of fuzzy control design is that mathematical model

of the system is not required.

Fuzzy controllers are rule-based controllers. The rules are given in the “if-then” format.
The “if-side” is called condition and the “then-side” is called conclusion. The rules may use
several variables both in condition and conclusion of the rules. Therefore, the fuzzy
controllers can be applied both to nonlinear multi-input-multi-output (MIMO) and single-
input-single-output (SISO) problems.

Control rules can be found based on:
e Expert experience and control engineering knowledge

e Learning (i.e. neural networks)
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Some basic definitions and terms [26] are now given:

Fuzzy set: Let X be a collection of objects, then a fuzzy set A in X is defined as
A={(x,u,(x)|xe X} (53)

ma(x) is called the membership function of x in A. It usually takes values in the interval [0,
1]. The numerical interval X relevant for the description of a fuzzy variable is called
Universe of Discourse.

Operations on fuzzy sets:

Let A and B be two fuzzy sets with membership functions pa(x) and pg(x).

The AND operator or intersection of two fuzzy sets A and B is a fuzzy set C whose

membership function pc(x) is defined as
He(x)=min{u, (x),U5 (X)), x€ X (5.4)

The OR operator or union of two fuzzy sets A and B is a fuzzy set C whose membership
function pc(x) is defined as

He (%) =maxip, (x), Mg (X)), x€ X (5.5)

5.2.2 Structure of a Fuzzy Controller

A fuzzy controller structure is shown in Fig. 5.5 [31]. The controller is placed between

preprocessing and post-processing blocks.

Fuzzy controller
Rule Base

v

\ 4
\ 4

»| Defuzzification Postprocessing |—»

—»| Preprocessing Fuzzification

Inference Engine

Fig. 5.5 Fuzzy controller structure

The preprocessing block conditions the inputs, usually crisp measurements, before they

enter the controller.

First step in fuzzy controller design is to choose appropriate input and output signals of

the controller.

Second step is to choose linguistic variables that will describe all input and output

variables.
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Third step is to define membership functions for fuzzy sets. Membership functions can
be of different shape i.e. triangular, trapezoidal, Gaussian functions etc.
Fourth step 1s to define fuzzy rules. For two-input one-output system each control rule
R; will be of the following form:
IF input (1) is Aj; AND input (2) is Aj; THEN output is B;
Fifth step is to join rules by using Inference engine. The most often used inference
engines are Mamdani Max- Min and Max-Product.
The Max-Product Inference procedure can be summarized as:
e For the i" rule
e Obtain the minimum between the input membership functions by using the AND
operator
e Re-scale the output membership function by the obtained minimum to get the output
membership function due to the i"™ rule
e Repeat the same procedure for all rules
e Find the maximum between output membership functions obtained from each rule by

using the OR operator. This gives the final output membership function due to all rules.

Graphical technique of Mamdani (Max-Product) Inference is shown in Fig. 5.6.

H4 Rule 1 He H
A B,
Input (1) X y
K4 Rule2 ua s
Ay Agz 77777777
””””””””””” " / ~
Input (1) M Input (2) % v
w

Fig. 5.6 Mamdani Max-Product Inference
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Graphical technique of Mamdani Max-Min Inference shown in Fig. 5.7 can be explained
in similar matter.

M4 Rule 1 u n

Input (1)
14 Rule 2

Input (1) X Input (2) X y

Fig. 5.7 Mamdani (Max-Min) Inference

Sixth step 1s defuzzification.

The resulting fuzzy set must be converted to a number. This operation is called
defuzzification. The most often used defuzzification method is the centroid method or

Center of area as shown in Fig. 5.8.

u A

S = JW(z)zdz
[w(z)dz

A\

z* z
Fig. 5.8 Centroid method

Post-processing

The post-processing block often contains an output gain that can be tuned.
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5.2.3 Fuzzy Logic UPFC Damping Controller

Input signals to the controller, power flow deviation from the steady-state value AP and
its integral AE, are derived from the real power flow signal at the UPFC site. They have to
be driven back to zero for a new steady-state by the damping controller [24,25]. The choice
of the input signals parallels work done on PSSs and SVCs [24]-[29]. The process of finding
AP and AE signals requires signal conditioning, involving removal of the offset components

and integration (Fig. 5.9).

-P AP AE
— Wa§hout — > Intergration — P> Wa§hout —
Filter Filter

Fig. 5.9 Obtaining the input signals for fuzzy controller

The inputs are described by the following linguistic variables: P (positive), NZ (near
zero), and N (negative). The output is described by five linguistic variables P (positive), PS
(positive small), NZ (near zero), NS (negative small), and N (negative). Gaussian functions
are used as membership functions for both inputs, and triangular membership functions are
used for output (Fig. 5.10). Damping signal is controller output. Fuzzy rules used are given

in Table 5.1.

input;: AE

0
mput1

inputy: AP

mputz
T

output:
0 ‘ ‘ : damping signal

-1 -0.5 0 0.5 1
output

Degree of membership Degree of membership Degree of membership
o
v

Fig. 5.10 Fuzzy Logic Controller input and output variables
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Table 5.1 Fuzzy rules

if AE is NZ then damping signal is NZ

if AE is P then damping signal is P

if AE is N then damping signal is N

if AE is NZ and AP is P then damping signal is NS
if AE is NZ and AP is N then damping signal is PS
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Chapter 6

CASE STUDY

6.1 Test System

To assess the UPFC’s capabilities through simulation a software tool is needed. The PST
has several power devices but not the UPFC. A UPFC module that consists of four
components: a steady state model, a dynamic model with its basic and damping controllers,
an interfacing algorithm, and a linearized model as explained in the previous chapters were
integrated within the PST. To demonstrate the proposed tools a two-area-four-generator test

system as shown in Fig. 6.1 is used.

Area 1 P, Area 2

\4
| 10 20 3 /\/ 101 13 120 110~ , 11
Generator % % L n II P’—Q> % % Generator
1 e e ’

0 w 0
G 1 J 1 |1()2 "1C;s
I 74 b 4] L
2 - o '
UPFC 12
Generator Generator
2 4

Fig. 6.1 Two-area-four-generator test system
Two areas are identical to one another and interconnected with two parallel 230-km tie-

lines that carry about 400MW from area 1 (generators 1 and 2) to area 2 (generators 3 and 4)
during normal operating conditions. The UPFC is placed at the beginning of the lower
parallel line between the buses 101 and 13 in order to control the power flow through that
line as well as to regulate voltage level at bus 101. The test system and the UPFC data are
given in Appendix A.

47



6.2 Load Flow

To initialize the simulation load flow program Ifdemo is executed. Solved load flow and
the UPFC steady state quantities for the case when UPFC is operated to control line power
flow at 1.6-0.15j pu at the receiving bus and to regulate the sending bus voltage at 1pu are

given in Appendix B. Series and shunt transformer reactances are set to 0.01 pu.

It can be seen from the Table B.1 that LF algorithm has converged within the third step.
The remaining deviation of the series and shunt converter real power interaction is
1.576x107°, which is less than a specified tolerance of 10 (Table B.1). The injected real
power at the sending bus is -1.654 pu. The load at the receiving bus is -1.6 pu and therefore
the injection to the receiving bus is 1.6 pu. The difference between the real power injected
into the sending bus and the load at the receiving bus is caused by the losses of series and

shunt transformers as shown in Table B.2 (0.029+0.025=0.054).

6.3 Linearized Model

In order to verify the linearized model discussed in the fourth chapter simple two-
machine system with UPFC as shown in Fig. 6.2 was considered. Equations derived
following the approach discussed in the fourth chapter for linearization of this system can be

found in the m-file given in Appendix C.

4 1

2 3
- ‘%% o :
Genzrator | ‘ Generator

et 1

Fig. 6.2 Two-machine/UPFC system

Table 6.1 and Table 6.2 show the system state and input matrices, and Table 6.3 shows
the eigenvalues obtained using the approaches described previously. The results are almost

identical, verifying the numerical approach of the PST.
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Table 6.1 System state matrices and eigenvalues using the derived equations and the PST

A-matrix (derived equations):

0.000 0.009 0.017 0.009 0.000 0.004 -0.008 0.000
0.000 -0.170 0.000 -0.010 0.000 0.019 0.012 0.000
0.000 0.001 -3.347 -0.383 0.000 -0.231 0.347 0.000
-376.991 0.000 0.000 0.000 376.991 0.000 0.000 0.000
0.000 -0.004 -0.008 -0.049 0.000 -0.012 0.047 0.000
0.000 0.019 -0.012 -0.029 0.000 -0.238 0.000 0.000
0.000 0.230 0.348 2.119 0.000 0.003 -4.617 0.000
0.000 -32138.264 -58977.168 276037.870 0.000 55162.026-263067.485 -0.012
A-matrix (PST):
0.000 0.009 0.017 0.009 0.000 0.004 -0.008 0.000
0.000 -0.170 0.000 -0.010 0.000 0.019 0.012 0.000
0.000 0.001 -3.347 -0.383 0.000 -0.231 0.347 0.000
-376.991 0.000 0.000 0.000 376.991 0.000 0.000 0.000
0.000 -0.004 -0.008 -0.049 0.000 -0.012 0.047 0.000
0.000 0.019 -0.012 -0.029 0.000 -0.238 0.000 0.000
0.000 0.230 0.348 2.119 0.000 0.003 -4.617 0.000
-0.001 -32632.017 -60178.111 281309.844 -0.001 56154.767-268098.827 -0.014

Table 6.2 Input matrices of the power system using the derived equations and the PST

B-matrix (derived equations):

0.005 0.000 0.003 -0.010
-0.006 0.002 0.029 0.009
-0.195 -0.025 -0.222 0.416

0.000 0.000 0.000 0.000
-0.003 0.000 -0.004 -0.040

0.000 -0.001 0.121 -0.018

0.112 -0.001 0.435 1.746

-14023.269 -2661.280 3260.730 341274.372
B-matrix (PST):

0.005 0.000 0.003 -0.010
-0.006 0.002 0.029 0.009
-0.195 -0.025 -0.222 0.416

0.000 0.000 0.000 0.000
-0.003 0.000 -0.004 -0.040

0.000 -0.001 0.121 -0.018

0.112 -0.001 0.435 1.746

-14371.130 -2670.800 3258.697 335732.601

Table 6.3 Eigenvalues for two-machine/UPFC system

eigenvalues using the derived equations:

eigenvalues using the PST:

-0.3678 +4.3534i -0.3621 +4.3603i
-0.3678 - 4.35341 -0.3621 - 4.36031
-3.5040 -3.5083
-3.0043 -2.9998
-0.0000 -0.0000

-0.4156 + 0.06341
-0.4156 - 0.06341
-0.3097

-0.4203 + 0.0225i
-0.4203 - 0.02251
-0.3144
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Table 6.4 States and input signals of the linearized power system

states inputs
; E ! i
i gji 2 Pse
2 ]g); 3 Msy
; 5;2 4 Psu

6.4 Nonlinear Simulations and Modal Analysis

In this section test system is used and two cases are considered:
e UPFC performance when the real and reactive power references are changed

e UPFC performance when the fault is applied.

6.4.1 Tracking Real and Reactive Powers Reference Values

The objective is to keep the sending bus voltage at the pre-specified value and to

1. keep the reactive power constant while tracking the step changes in the real power (UPFC
is initially operated to control the real power flow at 1.6 pu; at time 0.5 s real power flow
reference is raised to 1.8 pu and at time 3.5 s is dropped to 1.3 pu; at time 7.5 s system
returns to the initial operating condition as shown in Fig. 6.3(a))

2. keep the real power constant while tracking the step changes in the reactive power (at
time 0.5 s reactive power flow reference is changed from —0.15 pu to —0.2 pu, at time 3.5
s reference is set to 0.2 pu, and at time 7.5 s system returns to the initial operating

condition as shown in Fig. 6.4(a)).

Results depicted in Fig. 6.3 and Fig. 6.4 show that the UPFC responses almost
instantaneously to changes in real and reactive power flow reference values. For both cases
sending bus voltage is regulated at 1 pu as shown in Fig. 6.3(b) and Fig. Fig. 6.4(b). Plots
also show that UPFC is able to independently control real and reactive power flow. This is
accomplished by injecting the voltage of appropriate magnitude and phase angle as shown in

Fig. 6.3(c)-(d) and Fig. 6.4(c)-(d).
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6.4.2 Operation Under the Fault Condition

In this section test system response to a 100 ms three-phase fault applied in area 1, at bus
3 is examined. The fault is cleared by removing one line between the fault bus and bus 101.
Four different cases are considered:
e test system with exciters and governors as only controls
e test system with power system stabilizers (PSS)
e test system with the PSS and the UPFC operated in the automatic power flow control

mode

51



Lie powerflow [pu] Voltage M agniude atbus 101 [pu]
2 T T 11 T T T

108}
I U S
15h p 106}
104}
1 1.02
14%#&?_,_\%_?"
0.5} » 098
e 096 |
0 | 0.94
- 0.92
05 . . . . . . 0.9
0 2 4 6 8 10 12 0 2 4 ¢ 8 10 12
the (s) the ()
(a) (b)

Vg bul phiE [deg]

T T T T T T
0.07 - 4

150 -
0.06 g

100

0.05 -

0.04

0.03 -

0.02 -

0.01F

(c) (d

Fig. 6.4 Changing reactive power reference value

e test system with the PSS and the UPFC operated in the damping control mode.

Modal analysis was performed for all cases.

1) Test system with exciters and governors as only controls

The dominant eigenvalues for this case are shown in Table 6.5 and nonlinear simulation
in Fig. 6.5. The system is unstable since complex conjugate pair 0.1643 +3.3985i, further on

referred to as critical mode, has positive real part.

52



Table 6.5 Dominant eigenvalues for the test system with exciters and governors as only controls

Eigenvalues frequency damping ratio
19: -0.4694 +( 7.3601)i 1.171 0.064
20: -0.4694 +( -7.3601)i 1.171 0.064
21: -0.5536 +( 6.8778)i 1.095 0.080
22: -0.5536 +( -6.8778)i 1.095 0.080
27:  0.1643 +( 3.3985)i 0.541 -0.048
28:  0.1643 +( -3.3985)i 0.541 -0.048
34: -0.2495 +( 0.6615)i 0.105 0.353
35: -0.2495 +(-0.6615)i 0.105 0.353

Relative m achie angks (13,23, 14) in deg
4000
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1500 1

1000 -
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tine (s)

Fig. 6.5 Test system with PSS: Nonlinear simulation

2) Test system with PSS

Adding the PSS stabilizes the power system. The critical mode is moved to the left
(Table 6.6). Nonlinear simulation results shown in Fig. 6.6 confirm this result.

Table 6.6 Dominant eigenvalues for the test system with the PSS

Eigenvalues frequency damping ratio
23: -0.8470 +( 7.1124)i 1.132 0.118
24: -0.8470 +(-7.1124)i 1.132 0.118
25: -1.3300 +( 7.1312)i 1.135 0.183
26: -1.3300 +(-7.1312)i 1.135 0.183
31: -0.2834 +( 3.3608)i 0.535 0.084
32: -0.2834 +( -3.3608)i 0.535 0.084
46: -0.2395 +( 0.5596)i 0.089 0.393
47: -0.2395 +(-0.5596)i 0.089 0.393

3) Test system with the UPFC operated in the automatic power flow control mode

The UPFC is operated to control the sending bus voltage at 1 pu and to regulate the line

power flow at:
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a) 1.97-0.15j pu
b) 1.60-0.15j pu
¢) 2.50-0.15j pu.

Table 6.7 shows dominant eigenvalues for cases 3a, 3b and 3c. It has been found that the
UPFC with its basic controls interacts negatively with the PSS. The same result has been
reported in [19].

Table 6.7 Dominant eigenvalues for the test system with the PSS and the UPFC operated in the automatic
power control mode

Case 3a
Eigenvalues frequency damping ratio
26: -1.0571 +( 10.0563)i 1.601 0.105
27: -1.0571 +(-10.0563)i 1.601 0.105
28: -1.4059 +( 7.1234)i 1.134 0.194
29: -1.4059 +(-7.1234)i 1.134 0.194
30:  -0.6999 +( 6.4889)i 1.033 0.107
31: -0.6999 +( -6.4889)i 1.033 0.107
36: -0.2208 +( 3.5507)i 0.565 0.062
37: -0.2208 +( -3.5507)i 0.565 0.062
50: -0.2205 +( 0.5764)i 0.092 0.357
51: -0.2205 +(-0.5764)i 0.092 0.357
Case 3b
Eigenvalues frequency damping ratio
26: -1.1238 +( 9.9533)i 1.584 0.112
27: -1.1238 +(-9.9533)i 1.584 0.112
28: -1.4066 +H( 7.1242)i 1.134 0.194
29: -1.4066 +(-7.1242)i 1.134 0.194
30: -0.7105 +( 6.4586)i 1.028 0.109
31: -0.7105 +( -6.4586)i 1.028 0.109
36: -0.2140 +( 3.5842)i 0.570 0.060
37: -0.2140 +( -3.5842)i 0.570 0.060
50: -0.2202 +( 0.5748)i 0.091 0.358
51: -0.2202 +(-0.5748)i 0.091 0.358
Case 3¢
Eigenvalues frequency damping ratio
26: -0.9527 +(10.1341)i 1.613 0.094
27: -0.9527 +(-10.1341)i 1.613 0.094
28: -1.3996 +( 7.1155)i 1.132 0.193
29: -1.3996 +( -7.1155)i 1.132 0.193
30: -0.6873 +( 6.5128)i 1.037 0.105
31: -0.6873 +(-6.5128)i 1.037 0.105
36: -0.2277 +( 3.4912)i 0.556 0.065
37: -0.2277 +(-3.4912)i 0.556 0.065
51: -0.2223 +( 0.5809)i 0.092 0.357
52: -0.2223 +(-0.5809)i 0.092 0.357

Fig. 6.6 shows comparison of the simulation results for the test system with the PSS and
the test system with the PSS and the UPFC (case 3a). During the steady-state operation each

interconnecting tie line carries 1.97 pu from area 1 to area 2. It can be seen from Fig. 6.6(a)
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that the line power flow for the test system without the UPFC oscillates long after the fault is

cleared while the desired power flow conditions are reached quickly after the fault is cleared

for the test system with the UPFC. For the test system without the UPFC bus 101 voltage is

0.92 pu which is below accepted limits. Therefore, the UPFC is operated to keep bus 101

voltage at 1 pu (Fig. 6.6(b)). The power angle swings for the test system with UPFC are

better damped though it can be seen from Fig. 6.6(c) that constant power flow has negative

effect on the system first swing transient. The same result can be found in [22]. The dc

capacitor voltage fluctuation during the transient is less than 1% of its rated value 22 kV

(Fig. 6.6(d)) which is acceptable for this application.
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Fig. 6.6 Nonlinear simulation results: dashed lines-system with PSS; solid lines-system with PSS/UPFC



Power line flow and the sending bus voltage magnitude for cases 3b and 3c are shown in

Fig. 6.7 and Fig. 6.8. These plots clearly show that the UPFC is capable of forcing a given

power flow through the line and regulating the bus voltage under the dynamic conditions.
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Fig. 6.7 Case 3 b: Nonlinear simulation results
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Fig. 6.8 Case 3 c: Nonlinear simulation results
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4) Test system with the UPFC operated in the power oscillation damping control mode

In order to improve the power oscillation damping the UPFC is operated in the
automatic power flow mode but with added damping control. To show the robustness of the
proposed control scheme, based on fuzzy logic, discussed in the Chapter 5 different
operating conditions were simulated. The real power that each interconnecting tie-line
carries during pre-fault operating conditions, from area 1 to area 2, is given in Table 6.8.

Table 6.8 Operating conditions (values are in MW)

case line 101 - 13 line 102 - 13 load bus 4 load bus 14
(a) 232 160 976 1767
(b) 24 160 1176 1567
(c) 143 250 976 1767
(d) -232 -160 1767 976

The fuzzy damping controller is applied to the series converter side. The inputs to the
controller are derived from the total real power flow P; at the UPFC sending bus as shown in
Fig. 6.1. The Max-Product inference engine was used and the centroid defuzzification
method was applied. The results obtained with fuzzy controller are compared with those
obtained with the lead-lag controller applied at the shunt converter side. Both, fuzzy and
lead-lag damping controllers were designed for the first operating condition (case (a) in

Table 6.8). Controller parameters are given in the Appendix A.

Table 6.9 shows dominant eigenvalues for the first operating condition. The critical

eigenvalue is moved further to the left and the system becomes more stable.

Table 6.9 Dominant eigenvalues for the test system with the PSS and the UPFC operated in the
power oscillation damping control mode

Eigenvalues frequency damping ratio
28: -1.3036 +( 10.2216)i 1.627 0.127
29: -1.3036 +(-10.2216)i 1.627 0.127
30: -1.4126 +( 7.0987)i 1.130 0.195
31 -1.4126 +(-7.0987)i 1.130 0.195
32: -1.0015 +( 6.3031)i 1.003 0.157
33: -1.0015 +(-6.3031)i 1.003 0.157
38: -0.5546 +( 3.7612)i 0.599 0.146
39: -0.5546 +( -3.7612)i 0.599 0.146
52: -0.2198 +( 0.5770)i 0.092 0.356
53: -0.2198 +( -0.5770)i 0.092 0.356

Nonlinear simulation results show that the supplementary control signal greatly
enhances the damping of all machines, and therefore system becomes more stable. Due to

the similarities of the results only relative machine angle d;3 is depicted in Fig. 6.9. It can be
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seen that the fuzzy damping controller performs better for different operating conditions

than the conventional controller.

20 I I I I I I 80

(©) (d)

Fig. 6.9 Relative machine angle §;; in degrees for operating conditions (a)-(d): 1 without damping
controller ;2 lead-lag damping controller; 3 fuzzy damping controller
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Chapter 7

CONCLUSION

This thesis deals with the FACTS device known as the Unified Power Flow Controller
that is used to maintain and improve power system operation and stability. It presents UPFC
steady-state, dynamic and linearized models, algorithm for interfacing the UPFC with the

power network and UPFC basic and damping controller design.

To demonstrate various advantages of having the UPFC in the power system two-area-
four-generator test system was simulated using the Power System Toolbox (PST). Since
PST does not come with the UPFC included the software was modified in order to
incorporate the proposed tools. The main advantage of the PST over other simulation
packages is that its open frame allows new device models to be included simply by inserting
a few new functions within the existing steady-state, transient stability and small signal
analysis programs. Further on, conventional as well as intelligent control schemes can be
applied easily. The trade off is the simulation time. The simulation time is function of the
number of the time steps. Adding the new devices and increasing the system size increases

the simulation time leading to the quite time consuming simulations.

To start the simulation MATLAB script file s_simu is called. It allows user to select the
data file and the load flow (LF) analysis is performed. The convergence of the proposed LF
algorithm depends on the convergence of the existing conventional LF algorithm and the
initial guess for the real power injected into the sending bus. During the iterative procedure
the real power injected into sending bus is adjusted in each step in order to cover the losses
of the shunt and series impedances and to force the sum of converters' interaction to become
zero. When transformer’s losses are included convergence is usually obtained with the third

LF solution. Neglecting the transformer’s losses convergence is found within the first step.
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Once the LF solution is found the non-linear simulation is performed. The simulation
results demonstrate the validity of the proposed fundamental frequency model and the UPFC

network-interfacing algorithm.

In order to operate the UPFC in the automatic control mode and to use the UPFC to
damp low frequency oscillations two control designs: the UPFC basic control design and the
damping controller design, were performed. It has been shown that the UPFC with its basic
controllers is capable of controlling independently real and reactive power flow through the
transmission line both in steady state and dynamic conditions. This feature cannot be
accomplished with the mechanical and other FACTS devices. It has also been shown that
UPFC can be used for voltage support and for improvement of transient stability of the
entire electric power through a supplementary control loop. The proposed supplementary
control based on the fuzzy logic is effective in damping power oscillations. The controller is
decentralized since it requires only local measurement — the tie-line power flow at the UPFC
location. Simulation results have shown that controller exhibits good damping
characteristics for different operating conditions and compared to the conventional
controller shows superior performance.

The results obtained in this thesis can be further improved by:

» Taking into consideration the effect of different input signals such as line current,
difference in sending and receiving bus voltages phase angles, etc, on the damping
controller performance

* Modifying s_simu program to include more than one UPFC

» Coordinating the UPFC with mechanical and other FACTS controllers.
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APPENDIX A

Test System and UPFC Data

PST - data file for the Two-area-four-machine/UPFC power system

%

% Two Area Test Case

% (two area - four machines)

% di spl aying results:1 no UPFC; 2 UPFC + danping controller; 3 UPFC + fuzzy; 4 UPFC (step response
controller inputs);5 UPFC

disp_flag = 2;

% bus data format

% bus:

% col 1 nunber

% col 2 vol tage magni tude(pu)

% col 3 vol tage angl e(degree)

% col 4 p_gen(pu)

% col 5 g_gen(pu),

% col 6 p_| oad(pu)

% col 7 g_| oad( pu)

% col 8 G shunt (pu)

% col 9 B shunt (pu)

% col 10 bus_type

% bus_type - 1, sw ng bus

% - 2, generator bus (PV bus)
% - 3, load bus (PQ bus)
% col 11 q_gen_nax(pu)

% col 12 gq_gen_m n(pu)

% col 13 v_rated (kV)

% col 14 v_max pu

% col 15 v_min pu

w N

% operating condition 1 (power flow on UPFC controlled line 1.6-0.15j)

bus = [1 1.03 0. 7.00 1.85 0.00 0.00 0.00 0.001 99.0 -99.0 22.0 1.1 .9;
2 1.01 -9.7 7.00 2.35 0.00 0.00 0.00 0.002 50 -2.0 220 1.1 .9;
3 0.9781 -6.1 0.00 2.00 0.00 0.00 0.00 0.003 0.0 0.0 500.0 1.5 .9;
4 0.95 -10 0.00 0.00 9.76 1.00 0.00 0.003 0.0 0.0 115.0 1.05 .95;
10 1.0103 12.1 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5 .5
11 1.03 -6.8 7.19 1.76 0.00 0.00 0.00 0.002 50 -2.0 220 1.1 .9;
12 1.01 -16.9 7.00 2.02 0.00 0.00 0.00 0.002 50 -2.0 220 1.1 .9;
13 0.9899 -31.8 0.00 3.50 0.00 0.00 0.00 0.003 0.0 0.0 500.0 1.5 .9
14 0.95 -38 0.00 0.00 17.67 1.00 0.00 0.00 3 0.0 0.0 115.0 1.05 .95;
20 0.9876 2.1 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5 .9;
101 1 -19.3 -1.6 800 0.00 0.00 0.00 0.00 2 99.0 -99.0 500.0 1.5 .9;
102 1.05 -19.3 0.00 0.00 -1.6 .15 0.00 0.00 3 99.0 -99.0 500.0 1.5 .9;
110 1.0125 -13.4 0.00 0.00 0.00 ©0.00 0.00 0.003 0.0 0.0 230.0 1.5 .9;
120 0.9938 -23.6 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5 .917];
% operating condition 2 (change in | oads on buses 4 and 14)
bus = [1 1.03 0. 7.00 1.85 0.00 0.00 0.00 0.001 99.0-99.0 22.0 1.1 .9;
2 1.01 -9.7 7.00 2.35 0.00 0.00 0.00 0.002 50 -2.0 22.0 1.1 .9;
3 0.9781 -6.1 0.00 2.00 0.00 ©0.00 0.00 0.003 0.0 0.0 500.0 1.5 .9;
4 0.95 -10 0.00 0.00 11.76 1.00 0.00 0.003 0.0 0.0 115.0 1.05 .95;
10 1.0103 12.1 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5 .9
11 1.03 -6.8 7.19 1.76 0.00 0.00 0.00 0.002 50 -2.0 220 1.1 .9;
12 1.01 -16.9 7.00 2.02 0.00 0.00 0.00 0.002 50 -2.0 220 1.1 .9;
13 0.9899 -31.8 0.00 3.50 0.00 0.00 0.00 0.003 0.0 0.0 500.0 1.5 .9
14 0.95 -38 0.00 0.00 15.67 1.00 0.00 0.003 0.0 0.0 115.0 1.05 .95;
20 0.9876 2.1 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5 .9;
101 1 -19.3 -1.6 8.00 0.00 0.00 0.00 0.00 2 99.0 -99.0 500.0 1.5 .9;
102 1.05 -19.3 0.00 0.00 -1.6 .15 0.00 0.00 3 99.0 -99.0 500.0 1.5 .9;
110 1.0125 -13.4 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5 .9;
120 0.9938 -23.6 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5 .91]; % %
operating condition 3 (:power flow on UPFC controlled line -1.6+0.15j)
bus = [ 1 1.03 0. 7.00 1.85 0.00 0.00 0.00 0.001 99.0-99.0 22.0 1.1 .9
2 1.01 0 7.00 2.35 0.00 0.00 0.00 0.002 5.0 -220 22.0 1.1 .9
3 0.9781 0 0.00 2.00 0.00 0.00 0.00 0.003 0.0 0.0 500.0 1.5 .9
4 0.95 0 0.00 0.00 17.67 1.00 0.00 0.00 3 0.0 0.0 115.0 1.05 .95;
10 1.0103 O 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5 .9
11 1.03 0 7.19 1.76 0.00 0.00 0.00 0.002 5.0 -2.0 220 1.1 .9;
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% operatin
bus = [1

120

% oper ating

bus = [1 1

2 1

3 0

4 0

10 1

11 1

12 1

13 0.

14 0

20 O

101 1

102 1

110 1

120 O

% line d

% Iline: fro

% lin

line = [...

1 10 0.0

2 20 0.0

3 4 0.0

3 20 0.0

3 101 0.0

3 101 0.0

10 20 0.0

11 110 0.0

12 120 0.0

13 14 0.0

13 101 0.0

13 102 0.0

13 120 0.0

110 120 0.0

% Machi ne d

% Machi ne d
% 1
% 2
% 3
% 4
% 5
% 6
% 7
% 8
% 9.
% 10.

%
% 11.
% 12.
% 13.
% 14.
% 15.
%

% 16.
% 17.
% 18.
% 19

1
0
0
0
1
1
1
0
[¢]
1
1
3 0.
0
1
1
1
0
0
0
1
1
1
0

.01 0 7.00 2.02 0.00 0.00 0.00 0.002 5.0 -2.0 22.0 1.1
.9899 0 0.00 3.50 0.00 0.00 0.00 0.003 0.0 0.0 500.0 1.5
.95 0 0.00 0.00 9.76 1.00 0.00 0.003 0.0 0.0 115.0 1.0
.9876 0 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5

0 1.6 8.00 0.00 0.00 0.00 0.00 2 99.0 -99.0 500.0 1.5
.05 0 0.00 0.00 1.6 -.15 0.00 0.00 3 99.0 -99.0 500.0 1.5
.0125 0 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5
.9938 0 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5
condi tion 4(power flow on UPFC controlled |line 2.5-0.15j)

.03 0. 7.00 1.85 0.00 0.00 0.00 0.001 99.0 -99.0 22.0 1.1
.01 -9.7 7.00 2.35 0.00 0.00 0.00 0.002 50 -2.0 220 1.1
9781 -6.1 0.00 2.00 0.00 ©0.00 0.00 0.003 0.0 0.0 500.0 1.5
.95 -10 0.00 0.00 9.76 1.00 0.00 0.003 0.0 0.0 115.0 1.05
.0103 12.1 0.00 0.00 0.00 ©0.00 0.00 0.003 0.0 0.0 230.0 1.5
.03 -6.8 7.19 1.76 0.00 0.00 0.00 0.002 50 -2.0 22.0 1.1
.01 -16.9 7.00 2.02 0.00 0.00 0.00 0.002 50 -2.0 22.0 1.1
.9899 -31.8 0.00 3.50 0.00 ©0.00 0.00 0.003 0.0 0.0 500.0 1.5
.95 -38 0.00 0.00 17.67 1.00 0.00 0.003 0.0 0.0 115.0 1.05
. 9876 2.1 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5

-19.3 -2.5 8.00 0.00 0.00 0.00 0.00 2 99.0 -99.0 500.0 1.5
.05 -19.3 0.00 0.00 -2.5 .15 0.00 0.00 3 99.0 -99.0 500.0 1.5
.0125 -13.4 0.00 0.00 0.00 ©0.00 0.00 0.003 0.0 0.0 230.0 1.5
.9938 -23.6 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5
condition 5 (power flow on UPFC controlled line 1.97-0.15j)
.03 0. 7.00 1.85 0.00 0.00 0.00 0.001 99.0 -99.0 22.0 1.1
.01 -9.7 7.00 2.35 0.00 0.00 0.00 0.002 50 -2.0 220 1.1
.9781 -6.1 0.00 2.00 0.00 0.00 0.00 0.003 0.0 0.0 500.0 1.5
.95 -10 0.00 0.00 9.76 1.00 0.00 0.003 0.0 0.0 115.0 1.05
.0103 12.1 0.00 0.00 0.00 ©0.00 0.00 0.003 0.0 0.0 230.0 1.5
.03 -6.8 7.19 1.76 0.00 0.00 0.00 0.002 50 -2.0 22.0 1.1
.01 -16.9 7.00 2.02 0.00 0.00 0.00 0.002 50 -2.0 22.0 1.1
9899 -31.8 0.00 3.50 0.00 ©0.00 0.00 0.003 0.0 0.0 500.0 1.5
.95 -38 0.00 0.00 17.67 1.00 0.00 0.003 0.0 0.0 115.0 1.05
. 9876 2.1 0.00 0.00 0.00 0.00 0.00 0.003 0.0 0.0 230.0 1.5

-19.3 -1.97 8.00 0.00 0.00 0.00 0.00 2 99.0 -99.0 500.0 1.5
.05 -19.3 0.00 0.00 -1.97 .15 0.00 0.00 3 99.0 -99.0 500.0 1.5
.0125 -13.4 0.00 0.00 0.00 ©0.00 0.00 0.003 0.0 0.0 230.0 1.5
.9938 -23.6 0.00 0.00 0.00 ©0.00 0.00 0.003 0.0 0.0 230.0 1.5

ata format
m bus, to bus, resistance(pu), reactance(pu)
e charging(pu), tap ratio, tap phase, tapmax, tapmn, tapsize
0. 0167 0. 00 1.0 0. 0. 0. O
0. 0167 0. 00 1.0 0. 0. 0. O
0. 005 0.00 1.0 0. 1.2 0.8 0.05
01 0.0100 0.0175 1.0 0. 0. 0. O.
11 0.110 0.1925 1.0 0. 0. 0. O.
11 0.110 0.1925 1.0 0. 0. 0. O.
025 0.025 0.0437 1.0 0. 0. 0. O.
0. 0167 0.0 1.0 0. 0. 0. O
0. 0167 0.0 1.0 0. 0. 0. O
0. 005 0.00 1.0 0. 1.2 0.8 0.05
11 0.11 0.1925 1.0 0. 0. 0. O.
11 0.11 0.1925 1.0 0. 0. 0. O.
01 0.01 0.0175 1.0 0. 0. 0. O.
025 0.025 0.0437 1.0 0. 0. 0. 0.];

ata format

ata format

machi ne nunber,

bus nunber,

base nva

| eakage reactance x_| (pu),

resi stance r_a(pu)

-axi s sychronous reactance x_d(pu)

-axi s transient reactance x'_d(pu)

-axi s subtransient reactance x"_d(pu)

-axis open-circuit time constant T' _do(sec)

axi s open-circuit subtransient tinme constant
T"_do(sec)

g-axi s sychronous reactance x_q(pu)

g-axi s transient reactance x' _g(pu)

g-axi s subtransient reactance x"_q(pu)

q

q

oo o0Q0Q

-axis open-circuit time constant T' _qgo(sec)
-axi s open circuit subtransient tinme constant
T"_qo(sec)
inertia constant H(sec)
danmpi ng coefficient d_o(pu)
danpl ing coefficient d_1(pu)
bus nunber

a1

OO W WOWWOWWOWWOWOWOU©OOOo

OO WOWWOWWOWWOWOOWOUW©WOWOO

a-

©co000o00

IR

RN B

T R R
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%

% not e:

all the follow ng machi nes use sub-transient

mac_con = [...

11 900 0.200 0.0025
2 2 900 0.200 0.0025
3 11 900 0.200 0.0025
4 12 900 0.200 0.0025

00
00
00
00

0.03
0.03
0.03
0.03

PRRPE
® 0 0 0o
R
N~~~

nodel

0. 55

% exci ter configuration
exc_con = [...

110.01 46.0 0.06 O.
0.01 7.04 1.00 6.
01 200.0 0.00 O.
01 300.0 0.01 O.

00 O
32 67 1
0 3 0. 00 O.
2 4 0. 00 O
%ss on exciter 2 and 3
pss_con = [...

12 300.0 20.0 0.1 0. 02
13 300.0 20.0 0.06 0.04
% gover nor nodel

% tg_con matrix format

%ol utm dat a

% 1turbine nodel nunber (=1)
% 2machi ne nunber

% 3speed set point wf

% 4steady state gain 1/R

% 5maxi mum power order
% 6servo tine constant Ts sec

% 7governor tine constant Tc sec
% 8transient gain tinme constant T3
% 9HP section time constant T4 sec
% 10reheater time constant T5 sec
tg_con = [...
1 25.0
25.0
25.0
25.0

uni t

pu
pu
Tmax pu on gener

1.25
1.25
1.25
1.25

PR R
PREPERE
cooo
oocoo
PR Re
oo
[GRGEG RG]
ceoo
cooo
aoaaa
Seee

rWN P

1
1
1

% non- conf orm ng | oad

% col 1 bus nunber

% col 2 fraction const
% col 3 fraction const
% col 4 fraction const
% col 5 fraction const
| oad_con =
101 0 O
102 0 O

real
reactive
real cur
reactive

[...
0 O
0 0];
%upfc_con

%1 - upfc nunber

%2 - sending bus

%3 - receiving bus

%4 - shunt transfornmer
%5 - shunt transforner
%6 - series transforner resistance

%7 - series transformer reactance

%8 - shunt transformer turn ratio (n_sh
%9 - series transforner turn ratio (n_s
% 10 - DC vol tage (reference)

% 11 - capacitance (O

% 12 - base vol tage (Vb)

%13 - 0

%14 - 0

% 15 - |ine reactance

% 16 - nunber of UPFC states

% 1 - Vdc only

% 2 - Vdc, Vpl, Vg1,
% 17 - node
% 1-
% 1-

resi stance
react ance

Upfc_Pl _Vs, Upf
nonl i near sinulation

I'i nearising

% 3 - input response

% 18 - way of formng A B, C (upfc_con==1)
% - state Vdc only: A=a_mat, B=[up
%
%
%
%

A WN P

- upfc_con == cl osed | oop app

101 102 O .00025/5 O
pfc_con(5) / upfc_con(8)"2

upfc_con =

[ 1
upfc_con(5) = u

power

©oow©
Rooo

conNno
.
Rooo

. 05;
. 05];

ator base

sec

| oad
power | oad
rent |oad

current | oad

)

e)

c_Pl _dc

fc], C=[upfc]

roach

.05 . 0295 . 088 22000

eooo

NN NN
oo g gl

.330 2.
. 370 20.
.000 O.
. 279 2.

. 055

eocoo
ENENFNEN

30 0.100
00 4.830
00 0. 000
29 0.117

- state Vdc and expand system by Pl-controllers (B, C based on UPFC)
- state Vdc and expand systemby Pl-controllers (B, C based on TG EXC, UPFC)

220e3 0 O

oo 0o

eooeo

175
175

10
09
00
10

eorr

.11

oooo
oooo

00
10
00
675

2

Co®o
coomo

[SESEARS)
coreo
cooo
cooo
cowo
eewe
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% UPFC | ead | ag danpi ng controller

%1 - upfc danping controller type (1 - speed input, 2 - power input)
% 2 - machine nunber

%3 - gain K

%4 - washout time constant T
%5 - lead tinme constant T1
%6 - lag time constant T2
%7 - lead tinme constant T3
%8 - lag time constant T4
%9 - maximumoutput limt

% 10 - minimumoutput limt

% 11 - UPFC nunber

% 12 - gain kf PT1 filter

% 13 - tine constant Tf PT1 filter

%14 - 1 - placed on shunt, 2 - placed on series

Yupfc_danp = [2 1 15 10 0.02 0.01 0.02 0.01 0.25 -0.25 1 1 0 1]

%JPFC fuzzy danping controller
% col 1 upfc nunber

% col 2 maxi mum real power signal Pmax(pu)

% col 3 m ni num real power signal Pm n(pu)

% col 4 scaling factor for output

% col 5 scaling factor for input 1

% col 6 scaling factor for input 2

% col 7 dP washout filter tine constant

% col 8 dE washout filter tine constant

% col 9 upfc dP-val ue controlled by:

% 1 = fuzzy logic controller based on real power flow,
% col 10 1:placed on shunt; 2:placed on series

% col 11 bus no. for line power neasurenent (0 = not used)

owpfcF conl =[1 1.00 -1.00 0.9 1 0.25 1.7 1. 1 2 13]

% upfc_ctrl

%1 - controller type

% 0 - no controller

% 1- Ptype

% 2 - PT1 type

% 3 -1 type

% 4 - Basic control:

% series:

% 1. line P/ Q (pg-node using Pl), or
% 2. series conpensation (PT1)

% 3. Vr/Vs (PI)

% 4. angl e between Vr and Vs

% shunt :

% - Vs and Vdc using Pl-controllers
% 5 - shunt current controller

% 6 - decoupled line P/Q and Vs/Vdc using Pls
% 7 - LQregulator for line PPQand LQR for Vs/Vdc (using Pls to get reference val ues)

%2 - Vs_ref
%3 - Vs_flag

% 0 - Vs not controlled
% 1 - Vs controlled
%4 - P_ref

%5 - Qref

%6 - constant K_Pl_dc

%7 - time constant T_PI_dc
%8 - constant K_PI_Vs

%9 - tine constant T_PlI_Vs

% 10 - constant k_PT1_Vpl
%11 - tine constant T_PT1_Vpl
% 12 - constant k_PT1_Vqgl

% 13 - tine constant T_PT1_\Vql
% 14 - time constant T_Vp2

% 15 - time constant T_\Vg2

% 16 - prop. constant K ref

% 17 - prop. constant k_PI_V3
% 18 - time constant T_PI_V3
%19 - n_ref (Vr/Vs)

% 20 - constant K_PI_V4

%21 - time constant T_PI_V4
% 22 - al pha_ref (thetaR - thetaS) [deg]

W6 OC 1 2

upfc_ctrl =[4 11 1.60 -.15 8 .3 1. .05.1 .1 .1 .1 .001 0.02 0.4 11
% OC 3

upfc_ctrl =[4 11-1.60 .15 8 .3 1. .05.1 .1 .1 .1 .001 0.02 0.4 11
% OC 4

upfc_ctrl =[4 11 2,50 -.15 8 .3 1. .05.1 .1 .1 .1 .001 0.02 0.4 11

1

1

1

1 100

1 100

1 100

. 005]
. 005]

. 005]
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% OC 5
%pfc_ctrl =[4 11 1.97 -.15 8 .3 1. .05.1 .1 .1 .1 .001 0.02 0.411 1 1100

% upfc_weight (if controller type 4 is used) to determine active node
%1 - weight on Vpl, Vgl (line PIQ

% 2 - weight on Vp2, Vg2 (series conpensation)

% 3 - weight on Vp3=0, Vg3 (Vr/Vs)

% 4 - weight on Vp4, Vq3=0 (angle(Vr)-angle(Vs)

upfc_weight = [1 0 0 0];

% changi ng P/ Q reference val ues
% upfc_sim each row contains tinme/Pref and time/Qef pair

%col 1: time Pref is applied

% col 2: Pref to be applied

%col 3: time Qref is applied

%col 4: Qef to be applied

%col 5: time nref is applied nref=|Vr|/]|Vs|

% col 6: nref to be applied

% col 7: time alpha is applied al pha_ref=ang(Vr)-ang(Vs)
% col 8: alpha to be applied

%l ast row. time > Tend of sinulation
upfc_sim=

[

NN W Ol
oculr
[l
oo wm:

0.
o 0

oewi tching file defines the sinulation control
%row 1l coll sinmulation start time (s) (cols 2 to 6 zeros)

% col7 initial time step (s)

%row 2 coll fault application time (s)

% col 2 bus nunmber at which fault is applied

% col 3 bus nunber defining far end of faulted line

% col 4 zero sequence inpedance in pu on system base

% col 5 negative sequence inpedance in pu on system base
% col6 type of fault - three phase

0
% - 1 1line to ground

% - 2 line-to-line to ground

% - 3 line-to-line

% - 4 loss of line with no fault

% - 5 loss of load at bus

% col7 time step for fault period (s)

%row 3 coll near end fault clearing time (s) (cols 2 to 6 zeros)
% col7 time step for second part of fault (s)

%row 4 coll far end fault clearing time (s) (cols 2 to 6 zeros)
% col7 time step for fault cleared sinulation (s)

%row5 coll time to change step length (s)

% col7 time step (s)

%rown coll finishing time (s) (n indicates that internmediate rows may be inserted)
% FAULT sinul ation

sw._con = [...

0 0 0 0 0 0 0.01; % sets intitial time step

.1 3 101 0 0 0 0. 0005; % apply three phase fault at bus 3, on line 3-101
.20 0 0 0 0 0 0.00001; % clear fault at bus 3

.20001 O 0 0 0 0 0.0005; %clear renmpte end

1.5 0 0 0 0 0 0.001; %change tinme step

10.0 0 0 0 0 0 0.002; %change tinme step

13. 0 0 0 0 0 0.000]; % end

. 005] ;
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APPENDIX B

Load Flow Solution

Table B.1 and Table B.2 show solved load flow and the UPFC steady state quantities for
two-area/UPFC test system for the case when UPFC is operated to control line power flow
at 1.6-0.15j pu at the receiving bus and to regulate the sending bus voltage at 1pu. Series and

shunt transformer reactances are set to 0.01 pu.
Table B.1 Load flow solution

LCAD- FLOW STUDY
REPORT OF POWER FLOW CALCULATI ONS
SW NG BUS : BUS 1
NUMBER OF | TERATI ONS 2
SCLUTI ON TI ME : 0 sec.
TOTAL TI ME : 0.11 sec.
TOTAL REAL PONER LOSSES : 0.866219.
TOTAL REACTI VE POAER LOSSES: 13. 426.
GENERATI ON LOAD
BUS VOLTS ANGLE REAL REACTI VE REAL REACTI VE
1. 0000 1. 0300 0 7.1603 1.7847 0 0
2.0000 1.0100 -10.1268 7.0000 2.0942 0 0
3. 0000 0.9691 -25.3159 0 2.0000 -0. 0000 0. 0000
4. 0000 0.9625 -28.3149 0 0 9. 7600 1. 0000
10. 0000 1.0078 -6.6151 0 0 0. 0000 0. 0000
11. 0000 1.0300 -28.2791 7.1900 1. 9906 0 0
12. 0000 1.0100 -38.5345 7.0000 2.5715 0 0
13. 0000 0.9551 -53.9507 0 3. 5000 0. 0000 0. 0000
14. 0000 0.9965 -59.0099 0 0 17. 6700 1. 0000
20. 0000 0.9822 -16.8942 0 0 - 0. 0000 - 0. 0000
101. 0000 1.0000 -38.8167 -1.6541 1. 6350 0 0
102. 0000 0.9480 -42.6972 0 0 -1. 6000 0. 1500
110. 0000 1.0045 -34.9434 0 0 - 0. 0000 - 0. 0000
120. 0000 0.9744 -45. 3566 0 0 - 0. 0000 - 0. 0000
LI NE FLOAS
LI NE FROM BUS TO BUS REAL REACTI VE
1. 0000 1. 0000 10. 0000 7.1603 1.7847
2. 0000 2.0000  20.0000 7. 0000 2.0942
3. 0000 3. 0000 4. 0000 9. 7600 1.5195
4. 0000 3.0000 20.0000 -13.8269 1.1262
5. 0000 3.0000 101.0000 2.0335 -0.3228
6. 0000 3.0000 101.0000 2.0335 -0.3228
7. 0000 10. 0000  20. 0000 7.1603 0.9275
8. 0000 11. 0000 110.0000 7.1900 1. 9906
9. 0000 12. 0000 120.0000 7. 0000 2.5715
10. 0000 13. 0000 14. 0000 17. 6700 2.5772
11. 0000 13.0000 101.0000 -2.2533 0. 0491
12. 0000 13. 0000 102.0000 -1.5686 0. 2895
13. 0000 13. 0000 120.0000 -13.8481 0. 5841
14.0000 110.0000 120.0000 7.1900 1.1145
1. 0000 10. 0000 1.0000 -7.1603 -0.9275
2.0000 20.0000 2.0000 -7.0000 -1.2202
3. 0000 4. 0000 3.0000 -9.7600 -1.0000
4.0000  20. 0000 3. 0000 14. 0319 0. 9067
5.0000 101.0000 3.0000 -1.9844 0. 6269
6. 0000 101.0000 3.0000 -1.9844 0. 6269
7.0000 20.0000 10. 0000 -7.0319 0. 3135
8.0000 110. 0000 11.0000 -7.1900 -1.1145
9. 0000 120. 0000 12.0000 -7.0000 -1.6611
10. 0000 14. 0000 13.0000 -17.6700 -1.0000
11. 0000 101.0000 13. 0000 2.3147 0.3813
12. 0000 102.0000 13. 0000 1.6000 -0.1500
13. 0000 120.0000 13. 0000 14. 0587 1. 5056
14.0000 120.0000 110.0000 -7.0587 0. 1555
Load Flow after 3 steps, remaining |Psh-Pse|] = 1.576e-005
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Table B.2 UPFC steady-state quantities

UPFC data (cal cul ated):

bus vol tage Vs:
real (f) = 0.779 [pu] imag(f) = -0.627 [ pu]
bus voltage Vr:
real (f) = 0.697 [pu] imag(f) = -0.643 [ pu]

[fl

[fl

Flow on the line (as specified in the load flow data):

From Receiving to Sending bus (1 phase)

real (f) = -1.600 [pu] imag(f) = 0.150 [ pu]
Total power injection at Sending bus (1 phase):
real (f) = -1.654 [pu] imag(f) = 1.635 [ pu]
Line current fromsending to receiving bus :
real (f) = 1.348 [pu] imag(f) = -1.028 [ pu]
Total current at sending bus :

real (f) = 2.314 [pu] inmag(f) = 0.237 [ pu]
Current into shunt converter :

real (f) = 0.966 [pu] imag(f) = 1.265 [ pu]
Vol t age drops due to inpedances:

series:

real (f) = 0.065 [pu] imag(f) = 0.057 [ pu]
shunt:

real (f) = 0.063 [pu] imag(f) = -0.068 [ pu]
Losses due to inpedances:

series:

real (f) = 0.029 [pu] imag(f) = 0.144 [ pu]
shunt:

real (f) = 0.025 [pu] imag(f) = 0.146 [ pu]
I njected vol t ages:

series :

real (f) = -0.01755 [pu] imag(f) = 0.04109 [pu]
shunt

real (f) = 0.84220 [pu] imag(f) = -0.69498 [pu]
Converter consunption:

series :

real (f) = 0.06592 [pu] imag(f) = -0.03734 [pu]
shunt

real (f) = -0.06593 [pu] imag(f) = -1.73694 [pu]

[l
[l
[l
[l
[l

[l
[fl

[fl

[fl

[fl

[fl

[fl

[fl

.000 [pu] arg(f)

.948 [pu] arg(f)

. 607 [pu] arg(f)
.326 [pu] arg(f)
.695 [pu] arg(f)
.326 [pu] arg(f)

.592 [pu] arg(f)

.086 [pu] arg(f)

.093 [pu] arg(f)

. 147 [pu]l arg(f)

.148 [pu] arg(f)

. 04469 [pu] arg(f)

. 09192 [pu] arg(f)

. 076 [pu] arg(f)

. 738 [pu] arg(f)

-38.817 [deq]

-42.697 [deg]

174. 644 [deg]
135. 332 [deg]
-37.341 [deg]
5.851 [ deg]

52. 6333 [deg]

41.349 [deg]

-47.229 [degq]

78.690 [deg]

80.127 [degq]

113. 131 [deg]

-39.529 [deg]

-29.528 [deg]

-92.174 [deg]
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APPENDIX C

Two-machine/UPFC power system: Linearized Model

Equations for this system are derived following the approach discussed in the fourth

chapter. They are given in the m-file shown bellow.

% Case Study: Two maschi ne/ UPFC power system

% PST data file: Linearized power system d2a_upfcSML
% note: run s_sinul to get initial values

jay = sqrt(-1);

%
Vb
Sb
%
% Machi ne data format
% Machi ne data format

230e3;
100e6;

% 1. machi ne nunber,

% 2. bus nunber,

% 3. base nva,

% 4. | eakage reactance x_| (pu),

% 5. resistance r_a(pu),

% 6. d-axi s sychronous reactance x_d(pu),

% 7. d-axis transient reactance x'_d(pu),

% 8. d-axis subtransient reactance x"_d(pu),

% 9. d-axis open-circuit time constant T _do(sec),
% 10. d-axis open-circuit subtransient tinme constant
% T"_do(sec),

% 11. g-axi s sychronous reactance x_q(pu),

% 12. g-axis transient reactance x'_q(pu),

% 13. g-axi s subtransient reactance x"_q(pu),

% 14. g-axis open-circuit tine constant T _qo(sec),
% 15. g-axis open circuit subtransient tine constant
% T"_qo(sec),

% 16. inertia constant H(sec),

% 17. danping coefficient d_o(pu),

% 18. danping coefficient d_1(pu),

% 19. bus nunber

%

% note: all the follow ng nmachi nes use sub-transi ent nodel
o 2 3 4 5 6 7 8 9 10 1
mac_con = [ ...

11 900 0.200 0.0025 1.
2 2 900 0.200 0.0025 1.
%1 - upfc nunber

N

3 4 5 6 7 8 9

coe
ENEN
coe
oo
aa
oo
o,
oo
oo
ne

8 0.30 0.0 8.00 0.031.7 0.30 0.0
8 0.30 0.0 8.00 0.031.7 0.30 0.0

% 2 - sending bus

%3 - receiving bus

% 4 - shunt transformer resistance

%5 - shunt transformer reactance

%6 - series transformer resistance

%7 - series transformer reactance

%8 - shunt transformer turn ratio (n_sh)
%9 - series transformer turn ratio (n_se)

% 10 - DC vol tage (reference)
% 11 - capacitance (O
% 12 - base vol tage (Vb)

% 13 -

% 14 -

% 15 - line reactance

% 16 - nunber of UPFC states

% 1 - Vdc only

% 2 - Vdc, Vpl, Vgl, Upfc_Pl_Vs, Upfc_Pl_dc
% 17 - node

% 1 - nonlinear sinulation

% 2 - linearising

% 3 - input response

% 18 - way of forming A B, C (upfc_con==1)

% - state Vdc only: A=a_mat, B=[upfc], C=[upfc]

% - state Vdc and expand systemby Pl-controllers (B, C based on UPFC)

% - state Vdc and expand systemby Pl-controllers (B, C based on TG EXC, UPFC)
% - upfc_con == 1, closed | oop approach (2nd)

% - upfc_con == 2, closed | oop approach (1st)

X hAWNPF
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upfc_con = [ 1 3 4 0 .00025/.05"2 0O .05 .05 .25 31000 .055 230e3 .2 .2 .11
xSH = upfc_con(5);

xSE = upfc_con(7);

% transform generator data to system base

SML = basnva./ mac_con(1, 3);

SM2 = basnva./ mac_con(2, 3);

Tq0 = [mac_con(1,14) 0; O mac_con(2,14)];

TdO = [mac_con(1,9) O0; 0 mac_con(2,9) ];

Xqqp = [(mac_con(1,11)- mac_con(1,12))*SML 0; O (maec_con(2,11)- mac_con(2,12))*SM];
Xddp = [(mac_con(1,6) - mac_con(1,7))*SML 0; O (mac_con(2,6) - nmac_con(2,7))*SM];
Xqdp = [(mac_con(1,12)- mac_con(1,7))*SML 0; O (mac_con(2,12)- mac_con(2,7))*SM];

H = [mac_con(1, 16)/SML 0; 0 mac_con(2,16)/SM ];
wh 2*pi *60;

Da = [mac_con(1,17) 0; 0 nmac_con(2,17)];

Xqp = diag([mac_con(1,12)*SML, mac_con(2,12)*SM]);
Xdp = diag([mac_con(1,7)*SML, mac_con(2,7)*SM]);

r = diag([mc_con(1,5)*SML, mac_con(2,5)*SM]);

% exciter (not used)

exc_con = [1 2 0.01 20.0 .06 0 0 1.0 -0.9 0.0 0.46 3.1 0.33 2.3 0.1 0.1 2.0
Ta di ag([ 1e10 exc_con(5)]);

Ka diag([0 exc_con(4)]);

% Y bus

% reduced Y-bus as conputed by s_sinul

Ygg = Y_gprf;

Ygu Y_gncprf;

Yug Y_ncgprf;

Yuu Y_ncprf;

%

Ybusred = [Ygg Ygu; Yug Yuu];

%Y matrices for upfc

Wi = [jay*(1/ xSH+1/ xSE) -j ay/ xSE;

-jay/ xSE j ay/ xSE] ;

W = [-jay/xSH jay/xSE

0 -jay/ xSE] ;
Lg = inv(W- Yuu)*Yug;
Lc = -inv(Wi- Yuu)*W;
My = Ygg+Ygu*Lg;
M = Ygu*Lc;
Myl = Yug+Yuu*Lg;
M1 = Yuu*Lc;

% formY bus for internal gen. voltages and UPFC VSC vol t ages
Y =[M M; M1 M1];

Ym = abs(Y);

Ya angl e(Y);

%

% LF sol ution

%

VshO = V_SH(1);
Vse0 = V_SE(1);
nBHO = nBH(1); nBE0 = nBE(1);

phi SHO = phi SH(1); phi SEO = phi SE(1);

Vsh0dq
VseOdq
%
bus_v0 = bus_v(:,1);

dS0 = angl e(bus_vO(bus_int(upfc_con(:,2))));
dSHO = dSO - phi SHO;

[-imag(Vsh0); real (Vsh0) 1;
[-imag(Vse0); real (Vse0) 1;

dSEO = dSO - phi SEO;
%

Epq0 = eqprine(:,1);
EpdO = edprine(:,1);

%

d@ = mac_ang(:,1);

d120 = dX0(1) - d&0(2);

%

lupfc_se0 = lupfc_se(:,1);
lupfc_shO = lupfc_sh(:,1);

lul0 = -lupfc_se0 - lupfc_sho;
1u20 = lupfc_seO;

lug0 = [ real (1ul0); real(lu20)];
lud0 = [-inmag(lul0); -inmag(lu20)];
%

19q0 = curq(:,1);

1gd0 = curd(:,1);

vd0 = Xdp*1gqO+EpdO-r*1gdo;

Vg0 = - Xdp*1gdO+EpqO-r*1gqo;

Vt0 = sqrt(Vvd0.”2 + Vqo0."2);

P1 = di ag(Vd0./Vt0);

1];

0l
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P2 = diag(Vqg0./Vt0);
%

VdcO = upfc_con(10);
nSH = upfc_con(8);
nSE = upfc_con(9);

%
% matrices
%

QL = [Ym(1,1)*cos(Ya(1,1)) Yn(1,2)*cos(Ya(1l,2)-d120);Ym(2,1)*cos(Ya(2,1)+d120) Ym(2,2)*cos(Ya(2,2))];
DL = [-Yn(1,1)*sin(Ya(1,1)) -Ym(1,2)*sin(Ya(1,2)-d120);-Yn(2,1)*sin(Ya(2,1)+d120) -Ym(2,2)*sin(Ya(2,2))];
%
@ = -DL;
D2 = QL
%
@(1,1) = Ym(1,2)*(-cos(Ya(l,2)-d120)*Epd0(2)+sin(Ya(l,2)-d120)*Epq0(2))+...
-Ym( 1, 3)*cos(Ya(1, 3)-d&0(1))*Vshodq(1)+Ym(1, 3)*sin(Ya(l, 3)-dG0(1))*Vsh0odq(2)+...
-Ym( 1, 4)*cos(Ya(1,4)-d30(1))*Vse0dq(1)+Ym(1, 4)*sin(Ya(l,4)-dG0(1))*Vse0dq(2);
®(2,2) = Ym(2,1)*(-cos(Ya(2,1)+d120)*Epd0(1)+sin(Ya(2,1)+d120)*Epq0(1))+...
-Ym( 2, 3)*cos(Ya(2, 3)-dG0(2))*Vshodq( 1) +Ym( 2, 3) *si n( Ya( 2, 3) - dR)(2) ) *VshOdq(2) +. . .
-Ym(2, 4)*cos(Ya(2,4)-d30(2))*Vse0dq(1)+Ym(2, 4)*sin(Ya(2,4)-d30(2))*Vse0dq(2);
@B(1,2) = -Ym(1,2)*(-cos(Ya(1l,2)-d120)*Epd0(2)+sin(Ya(l,2)-d120)*Epq0(2));
@B(2,1) = -Ym2,1)*(-cos(Ya(2,1)+d120)*EpdO(1)+sin(Ya(2,1)+d120)*Epqg0(1));

%

D3(1,1) = Yn(1,2)*(cos(Ya(1,2)-d120)*Epq0(2)+sin(Ya(l,2)-d120)*Epd0O(2))+...
Ym(1, 3)*cos(Ya(1, 3)-d@(1))*Vsh0odq(2)+Ym(1, 3)*sin(Ya(l,3)-d&0(1))*Vsh0dq(1)+...
Yn(1, 4) *cos(Ya(1l,4)-d30(1))*Vse0dq(2)+Ym(1,4)*sin(Ya(l,4)-d30(1))*Vse0dq(1l);

D3(2,2) = Yn(2,1)*(cos(Ya(2,1)+d120)*Epq0(1) +si n(Ya(2, 1) +d120) * Epd0( 1)) +. . .
Ym( 2, 3) *cos(Ya(2, 3)-d@(2))*Vsh0odq(2) +Ym( 2, 3) *si n(Ya(2, 3)-dG0(2))*Vsh0dq(1)+...
Ym(2, 4) *cos(Ya(2,4)-d&0(2))*Vse0dq(2)+Ym( 2, 4) *sin(Ya(2,4)-d&0(2))*Vse0dq(1);

D3(1, 2)
D3(2, 1)
%
A =1/2/nSH VW * [-Ym(1,3)*sin(Ya(l, 3)-d&(1))*VdcO*si n(dSHO) +Ym( 1, 3) *cos(Ya(1, 3)-d&(1))*VdcO*cos(dSHO);
-Ym(2,3)*sin(Ya(2,3)-d®0(2))*VdcO*si n(dSHO) +Yn( 2, 3) *cos(Ya(2, 3) -
d@(2))*VdcO*cos(dSHO) ] ;
%
D4 = 1/2/nSH Vb * [-Ym(1, 3)*cos(Ya(1,3)-d@0(1))*Vdc0*sin(dSHO)-Ym(1, 3)*sin(Ya(l,3)-dG0(1))*VdcO*cos(dSHO);
-Ym(2,3)*cos(Ya(2,3)-d&(2))*Vdc0*si n(dSHO) - Ym(2, 3) *si n(Ya(2,3)-
d@(2))*VdcO*cos(dSHO) ] ;
%
Q@ = -1/2/nSH Vb * [-Yn(1, 3)*sin(Ya(l,3)-d&0(1))*VdcO*cos(dSHO)*nSHO- Yn( 1, 3) *cos(Ya(1l, 3)-
dQ®0( 1)) *nSHO* Vdc0* si n( dSHO) ;
-Ym(2, 3)*sin(Ya(2,3)-d®(2))*Vvdc0*cos(dSHO) * nSHO- Yn{( 2, 3) *cos( Ya(2, 3) -
dQ®0( 2) ) *nSHO* Vdc0*si n(dSHO) | ;
%
D?S = -1/2/nSH Vb * [-Yn(1,3)*cos(Ya(1,3)-d&(1))*VdcO*cos(dSHO) *nSHO+Yn( 1, 3) *si n(Ya(1, 3)-
dQ®0( 1)) *nSHO* Vdc0* si n( dSHO) ;
-Ym(2, 3)*cos(Ya(2,3)-d®0(2))*VdcO0* cos(dSHO) * nSHO+Yn( 2, 3) *si n( Ya(2, 3) -
dQ®0( 2) ) * nSHO* Vdc0* si n(dSHO) | ;
%

-Ym(1, 2)*(cos(Ya(1,2)-d120)*Epq0(2)+si n(Ya(1,2)-d120)*Epd0(2));
-Ym(2,1)*(cos(Ya(2,1)+d120) *Epq0(1) +si n(Ya(2, 1) +d120) *Epd0(1));

Q@ = 1/2/nSE/ Vb * [-Ym(1,4)*sin(Ya(l,4)-d®0(1))*VdcO*sin(dSE0)+Yn(1,4)*cos(Ya(1l,4)-d&0(1))*VdcO*cos(dSEOQ);
-Ym( 2, 4)*sin(Ya(2, 4)-d&(2))*Vvdc0*si n(dSEO) +Yn( 2, 4) *cos(Ya(2, 4) -

d@(2))*VdcO*cos(dSEOQ) ] ;

%

D6 = 1/2/nSE/ Vb * [-Ym(1, 4)*cos(Ya(1,4)-d@(1))*Vdc0*sin(dSEO)-Ym(1,4)*sin(Ya(1l,4)-dG0(1))*Vdc0*cos(dSEQ);
-Ym( 2, 4)*cos(Ya(2, 4)-d@(2))*VdcO*si n(dSEO) - Yn( 2, 4) *si n(Ya(2, 4) -

d@(2))*VdcO*cos(dSEOQ) ] ;

%

Q7 = -1/2/nSE/ Vb * [-Yn(1,4)*sin(Ya(l,4)-da0(1))*VdcO*cos(dSED) * mBEO- Yn( 1, 4) *cos( Ya( 1, 4) -
d@( 1)) * MBE0* Vdc0* si n( dSEQ) ;

-Y( 2, 4) *si n( Ya( 2, 4) - dGD( 2) ) * VdcO* cos ( dSEO) * nBEO0- Yir( 2, 4) * cos( Ya( 2, 4) -
d@( 2) ) * MBE0* Vdc0* si n( dSEO) ] ;
%

D7 = -1/2/nSE/ Vb * [-Yn(1, 4)*cos(Ya(1,4)-dG0(1))*VdcO* cos(dSEO) * nBEO+Yn( 1, 4) *si n( Ya(1, 4) -
dGO( 1) ) * MBE0* VdcO* si n( dSED) ;

-Ym(2, 4) *cos( Ya( 2, 4) - dGO( 2) ) * Vdc0* cos( dSEO) * nBEO+Yn( 2, 4) *si n( Ya( 2, 4) -
dGO( 2) ) * MBE0* VdcO0* si n( dSED) ] ;
%

@ = [1/2/nSH Vb *(-Yn(1,3)*sin(Ya(l,3)-d®0(1))*sin(dSHO)*nSHO+Yn( 1, 3) *cos(Ya(1, 3)-
d@0( 1)) *nBHO* cos(dSHO) ) +. . .

1/2/nSE/ Vb *(-Ym(1, 4)*sin(Ya(l,4)-d30(1))*sin(dSED)*nBEO+Yn(1, 4) *cos(Ya(1l,4)-
d@0( 1)) * nSEO* cos( dSEQ) ) ;

1/2/nSH Vb *(-Ym( 2, 3) *si n(Ya(2, 3)-dG0(2))*si n(dSHO) * nBHO+Yn( 2, 3) *cos(Ya(2, 3) -
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dG0(2)) * nBHO* cos( dSHO) ) +

1/ 2/ nSE/ Vb *( - Ym( 2
dGD( 2) ) * MBEO* cos( dSED) ) |
%

D8 = [1/2/nSH Vb *(-Yn(1
d@®0( 1)) *nBHO* cos(dSHO) ) +
1/ 2/ nSE/ Vb *(-Ym(1
d@0(1)) *nBEO0* cos(dSEQ) ) ;
1/ 2/ nSH Vb *(-Ym( 2
d@®0( 2) ) *nSHO* cos(dSHO) ) +
1/ 2/ nSE/ Vb *(-Ym(2
dQ®0( 2) ) *nSEO0* cos(dSEQ) ) ]
%
Ql = Ym3,1)*cos(Ya(3
Ym( 4, 2) *cos(Ya(4, 2)+d&0(

Dul = [-Ym(3,1)*sin(Ya(3, 1) +dG0(1))

,4)*sin(Ya(2,

,3)*cos(Ya(1,
,4)*cos(Ya(1l,

,3)*cos(Ya(2,

,

» 1) +dQ0(1))

2))1;

,Aj*cos(Ya(Z,

4)-

3)-
4)-
3)-

4)-

dG0(2)) *si n( dSE0) * mBE0+Y( 2,

dG0( 1)) *si n( dSHO) * mBHO- Yn( 1,
dG0( 1)) *si n( dSE0) * mBED- Yr( 1,
dG0(2)) *si n( dSHO) * MBHO- Yr( 2,

dQ®0( 2)) *si n( dSEO) * nSEO- Yr( 2,

Ym(3, 2)*cos(Ya(3,2)+d@0(2));

4)*cos(Ya(2,

3)*sin(Ya(1,
4)*sin(Ya(1,
3)*sin(Ya(2,

4) *sin(Ya(2,

4)-

3)-
4)-
3)-

4)-

Ym(4, 1) *cos(Ya(4,1)+d@0(1))

-Yn( 3, 2) *si n(Ya(3, 2) +dG0(2) ) ; - Yn( 4, 1) *si n( Ya( 4, 1) +d@0(1)) -

Ym( 4, 2) *si n(Ya(4, 2) +dG0(2))];
%
QDJZ = -Duil;
Du2 = Qui;
%
DDJ3(1 1) = Ym(3,1)*(-cos(Ya(3,1)+dG0(1))*Epq0(1)-sin(Ya(3,1)+d30(1))*Epd0(1));
Du3(2,1) = Ym(4,1)*(-cos(Ya(4,1)+dG0(1))*Epq0(1)-sin(Ya(4,1)+d30(1))*Epd0(1));
Du3(1,2) = Ym(3,2)*(-cos(Ya(3,2)+dG0(2))*Epq0(2)-sin(Ya(3,2)+d30(2))*Epd0(2));
Du3(2,2) = Ym(4,2)*(-cos(Ya(4,2)+dG0(2))*Epq0(2)-sin(Ya(4,?2)+d30(2))*Epd0(2));
%
QDJ3(1 1) = Ym(3,1)*(cos(Ya(3,1)+d®(1))*Epd0O(1)-sin(Ya(3,1)+dR0(1))*Epq0(1));
Q3(2,1) = Ym(4,1)*(cos(Ya(4,1)+dR0(1))*EpdO(1)-sin(Ya(4,1)+dG0(1))*Epq0(1));
Qu3(1,2) = Ym3,2)*(cos(Ya(3,2)+dR0(2))*Epd0(2)-sin(Ya(3,2)+dG0(2))*Epq0(2));
Q3(2,2) = Yn(4,2)*(cos(Ya(4,2)+d@0(2))*Epd0(2)-sin(Ya(4,2)+d30(2))*Epq0(2));
%
Q4 = 1/2/nSH Vb * [-Ym3,3)*sin(Ya(3,3))*Vdc0*si n(dSHO) +Ym( 3, 3) *cos(Ya(3, 3))*Vdc0*cos(dSHO) ;
-Ym(4, 3) *sin(Ya(4, 3))*VdcO*si n( dSHO) +Yn( 4, 3) *cos(Ya(4, 3))*VdcO*cos(dSHO) ] ;
%
Du4 = 1/2/nSH Vb * [-Ym(3, 3)*cos(Ya(3,3))*Vdc0*si n(dSHO) - Yn( 3, 3) *si n(Ya(3, 3))*Vdc0*cos(dSHO) ;
-Ym(4, 3)*cos(Ya(4, 3))*VdcO*si n(dSHO) - Ynm( 4, 3) *si n(Ya(4, 3))*VdcO*cos(dSHO) ] ;
%
Q5 = -1/2/nSH Vb * [Ym(3, 3)*VdcO*nSHO* (- si n(Ya(3, 3))*cos(dSHO) - cos(Ya(3,3))*sin(dSHO));
Ym( 4, 3) *VdcO* nSHO* (- si n(Ya(4, 3))*cos(dSHO) - cos(Ya(4, 3))*sin(dSH0))];
%
Du5 = -1/2/nSH Vb * [Ym(3, 3)*Vdc0* nSHO* (- cos(Ya(3, 3))*cos(dSHO) +sin(Ya(3,3))*sin(dSHD));
Ym( 4, 3) *VdcO* nSHO* (- cos( Ya(4, 3)) *cos(dSHO) +si n(Ya(4, 3))*sin(dSH0))];
%
QZB = 1/2/nSE/ Vb * [Ym(3, 4)*Vdc0*(-sin(Ya(3,4))*sin(dSEO)+cos(Ya(3,4))*cos(dSEQ));
Ym( 4, 4) *VdcO* (-sin(Ya(4,4))*sin(dSEO) +cos(Ya(4,4))*cos(dSEO0))];
%
DEB = 1/2/nSE/ Vb * [Ym(3, 4)*Vdc0*(-cos(Ya(3,4))*sin(dSEO)-sin(Ya(3,4))*cos(dSEQ));
Ym( 4, 4) *VdcO* (- cos(Ya(4,4))*sin(dSEO) -sin(Ya(4,4))*cos(dSEO0))];
%
Q.iﬂ = -1/2/nSE/ Vb * [Ym(3, 4)*VdcO0* nSEO0* (- si n(Ya(3, 4))*cos(dSEQ) -cos(Ya(3,4))*sin(dSEQ));
Ym( 4, 4) *Vdc0* nSEO* (- si n( Ya(4, 4))*cos(dSEO) - cos(Ya(4,4))*sin(dSEO0))];
%
Dtﬂ = -1/2/nSE/ Vb * [Ym(3, 4)*Vdc0* nSEO0* (- cos( Ya(3, 4))*cos(dSEQ) +si n(Ya(3,4))*sin(dSEQ));
Ym( 4, 4) *Vdc0* nSEO* (- cos( Ya(4, 4))*cos(dSEO) +si n(Ya(4,4))*sin(dSEO0))];
%
Qu8 = [1/2/ nSH Vb*(Ym(3, 3) *nmBHO* (- si n(Ya(3, 3))*sin(dSHO) +cos(Ya(3,3))*cos(dSH0))) +. ..
1/ 2/ nSE/ Vb* (Yn( 3, 4) * nSE0* (- si n('Ya( 3, 4)) *si n(dSEQ) +cos( Ya( 3, 4)) *cos(dSEQ)));
1/ 2/ nSH Vb* (Yn( 4, 3) *nSHO* (- si n(Ya(4, 3)) *si n(dSHO) +cos(Ya(4, 3))*cos(dSHD))) +. ..
1/ 2/ nSE/ Vb* (Yn( 4, 4) *nSE0* (- si n(Ya(4, 4)) *si n(dSEQ) +cos(Ya(4, 4))*cos(dSEQ)))];
%
Du8 = [1/2/nSH Vb* (Ym(3, 3) *nBHO* (- cos(Ya(3,3))*sin(dSHO)-sin(Ya(3,3))*cos(dSH0)))+...
1/ 2/ nSE/ Vb* (Yn( 3, 4) * nSE0* (- cos( Ya( 3, 4)) *si n(dSEQ) - si n(Ya(3, 4))*cos(dSEQ)));
1/ 2/ nSH Vb* (Yn( 4, 3) *nSHO* (- cos( Ya( 4, 3)) *si n(dSHO) - si n(Ya(4, 3))*cos(dSH0))) +. ..
1/ 2/ nSE/ Vb* (Yn( 4, 4) * nSE0* (- cos( Ya(4, 4)) *si n(dSEQ) - si n(Ya(4, 4))*cos(dSEQ)))];
%
K1 = (1/upfc_con(11))*Sb*[-nSHO*cos(dSHO)/ 2/ nSH Vb - nSHO* cos(dSHO) / 2/ nSH Vb- nSE0* cos( dSEQ) / 2/ nSE/ Vb] ;
K2 = (1/upfc_con(11))*Sb*[ nBHO*si n(dSHO)/ 2/ nSH Vb nBHO*si n(dSHO) / 2/ nSH Vb+nBEQ* si n( dSEQ) / 2/ nSE/ Vb] ;
K3 = (1/upfc_con(11))*Sb*[sin(dSHO)/ 2/ nSH Vb* (1 ud0( 1)+l ud0(2))-cos(dSHO)/ 2/ nSH Vb*(1uq0(1)+luq0(2))];
K4 = -
(1/ upfc_con(11))*Sb*[ mSHO* cos(dSHO) / 2/ nSH Vb* (1 ud0( 1) +l ud0( 2) ) +nSHO* si n( dSHO) / 2/ nSH Vb* (1 ug0( 1) +1uq0(2))1;
K5 = (1/upfc_con(11))*Sb*[si n(dSEOQ)/ 2/ nSE/ Vb*| ud0( 2) - cos(dSEO) / 2/ nSE/ Vb*1uq0(2)];
K6 = - (1/upfc_con(11))*Sb*[ nmSEO* cos(dSEQ)/ 2/ nSE/ Vb* | ud0( 2) +nSEO* si n( dSEO) / 2/ nSE/ Vb*1 uq0(2)];
%
Nil = inv(Tq0) * Xqqp* QL;
M2 = -inv(TqO) +i nv(TqO) * Xqqp* Q;
M8 = i nv(Tq0) * Xqqp* B;
M =i nv(Tq0) * Xqqp* Q4;
Vb = i nv(Tq0) * Xqqp* Gb;
M6 = i nv(Tq0) * Xqqp* Q6;
M= inv(Tq0) * Xqqp* Q7;
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i nv(Tq0) *Xqqp* C8;

nv(TdO) - i nv(TdO) * Xddp* D1,
nv( TdO) * Xddp* D2;

nv( TdO) * Xddp* D3;

nv( TdO) * Xddp* D4;

nv( Td0) * Xddp* D5;

nv( Td0) * Xddp* D6;
-inv(TdO) * Xddp* D7;
-inv(TdO) * Xddp* D8;

i nv(TdO);

-di ag(1gqg0) *r +di ag( | gd0) * Xdp+di ag(VqO0) ;
-di ag(1gd0)*r-di ag(!gqg0)*Xdp+di ag(Vvd0) ;
-1/ 2*inv(H) *(di ag(| gq0) +Ul* Q1+U2* D1) ;
-1/ 2*i nv(H) *(di ag(| gdO) +Ul* Q@+U2* D2) ;
-1/ 2*i nv(H) * (UL* QB+U2* D3) ;
-1/ 2*i nv(H) * (UL* Q4+U2* D4) ;
-1/ 2*i nv(H) * (UL* G6+U2* D5) ;
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-1/ 2*i nv(H) *(UL* Q6+U2* DB) ;
-1/ 2*i nv(H) *(UL* Q7r+U2* D7) ;
-1/ 2*i nv(H) *(UL* @B+U2* D8) ;
-1/ 2*inv(H) *Da;

0 1/ 2*inv(H);

%

L1 = KI1*Qul+K2*Dul;

L2 = K1*Qu2+K2*Du2;

L3 = K1*Qu3+K2*Du3;

L4 = K1* Qu4+K2* Du4+K3;

L5 = K1* Qu5+K2* Du5+K4;

L6 = K1*Qu6+K2* Du6+K5;

L7 = K1*Qu7+K2* Du7+K6;

L8 = K1*Qu8+K2*Dus8;

%

Rl = P1*(-r*Dl+Xqp* QL) +P2*(eye(2, 2) - Xdp*D1-r*QL);

R2 = Pl*(eye(2, 2)-r*D2+Xqp* Q) +P2* (- Xdp* D2-r * Q) ;

R3 = P1*(-r*D3+Xqp* @) +P2* (- Xdp*D3-r* @) ;

R4 = P1*(-r*D4+Xqp* Q4) +P2* (- Xdp* D4-r*Q4) ;

R5 = P1*(-r*D5+Xqp* Q5) +P2* (- Xdp* D5-r * Q5) ;

R6 = P1*(-r*D6+Xqp* Q) +P2* (- Xdp* D6-1*QB) ;

R7 = P1*(-r*D7+Xqp* Q7) +P2* (- Xdp*D7-r*Q7) ;

R8 = P1*(-r*D8+Xqp* @) +P2* (- Xdp*D8-r*8) ;

%

S1 = -inv(Ta)*Ka*R1;

S2 = -inv(Ta)*Ka*R2;

S3 = -inv(Ta)*Ka*R3;

S4 = -inv(Ta)*Ka*R4,;

S5 = -inv(Ta)*Ka*R5;

S6 = -inv(Ta)*Ka*R6;

S7 = -inv(Ta)*Ka*R7;

S8 = -inv(Ta)*Ka*R8;

S9 = -inv(Ta);

%

A =[ N1 N2 N3 zeros(2,2)
ML %4 MB zeros(2,2)
zeros(2,2) zeros(2,2) zeros(2,2) wbh*eye(2,2)
WL w B @

L1 L2 L3 zeros(1, 2)
S1(2,:) S2(2,:) S3(2,:) zeros(1, 2)

% f orm m ni mum system

dl = 5; d2 = 6;

A2 = A

A2(d2,:) = (A2(d2,:) - A2(d1,:));

[nr, nc] =si ze(A2);
Al = [A2(1:d1-1,1:d1-1) A2(1:d1l-1,dl+1:nc);
A2(d1+l:nr, 1:d1-1) A2(dl+1l:nr,dl+l:nc)];

A3 = cut M AL, 9); %take out exciter state

%

B = [N6 N7 N4 N5;
%3] w7 M MVB;
zeros(2,1) zeros(2,1) zeros(2,1) zeros(2,1);
W6 Wr W |
L6 L7 L4 L5;
S6 S7 sS4 S5];

Bl = B(1:9,:); %take out exciter

dl = 5; d2 = 6;

B2 = BI;

B2(d2,:) = (B2(d2,:) - B2(di,:));

[nr, nc] =size(B2);

B3 = [B2(1:d1-1,1:d1-1) B2(1:d1-1,d1+1: nc);

N8
MB
zeros(2,1)
w8
L8
zeros(1,1)

NO(:, 2);
zeros(2,1);
zeros(2,1);
zeros(2,1);
zeros(1,1);
$9(2,2)1;
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B2(d1+1: nr, 1:d1-1) B2(d1+1l:nr,d1l+1l:nc)];
% swap col/rows to get nunbering of states as in the PST
Ifrom=1[16 4 4],
Ito =[6 2 7 5];
An = A3;
for aa=1l:length(lfrom,
An = exM An, Ifronm(aa),lto(aa));

end

Ifrom=1[11 4 4];

lto =1[26 7 5];

% swap rows to get nunbering of inputs as in the PST
Bn = B3;

for aa=1l:length(lfrom,
Bn = exM (Bn, | fron(aa),lto(aa));
end

PST - data file for the Two-machine/UPFC power system:

% Two machi ne/ UPFC test system
% subtransi ent generator nodels
% dc exciters turbine/ governor;
% bus data format

% col 1 nunber

% col 2 vol tage magnitude(pu)

% col 3 vol tage angl e(degree)

% col 4 p_gen(pu)

% col 5 g_gen(pu),

% col 6 p_| oad(pu)

% col 7 q_| oad( pu)

% col 8 G shunt ( pu)

% col 9 B shunt (pu)

% col 10 bus_type

% bus_type - 1, sw ng bus
% - 2, generator bus (PV bus)
% - 3, load bus (PQ bus)

% col 11 g_gen_max( pu)
% col 12 q_gen_m n(pu)
% col 13 v_rated (kV)
% col 14 v_max pu
% col 15 v_min pu

bus = [.
1 1. 0 0 0.00 0.00 0.00 0.00 0.00 1 5.0 -5.0 22.0 1.1 .9;
2 1.03 6.1 .8 0.00 0.00 0.00 0.00 0.00 2 5.0 -5.0 230.0 1.5 .5;
3 1.03 6.1 -.80 0.15 0.00 0.00 0.00 0.00 2 5.0 -5.0 230.0 1.5 .5;
4 1.01 3 0.00 0.00 -.8 ~-.15 0.00 0.003 0.0 0.0 115.0 1.05 .95];
% |line data formnmat
% line: frombus, to bus, resistance(pu), reactance(pu),
% line charging(pu), tap ratio, tap phase, tapmax, tapmin, tapsize
line = [...
2 3 0.0 0.07 0. 00 1.0 0. 0. 0. O.;
1 4 0.0 0. 65 0. 00 1.0 0. 0. 0. O.;
1 4 0.0 0. 65 0. 00 1.0 0. 0. 0. O.;
3 4 100 100 0. 00 1.0 0. O 0. 0.]; %high inpedance line to obtain LF solution
% Machi ne data format
% Machi ne data format
% 1. machi ne nunber,
% 2. bus nunber,
% 3. base nva,
% 4. | eakage reactance x_| (pu),
% 5. resistance r_a(pu),
% 6. d-axis sychronous reactance x_d(pu),
% 7. d-axis transient reactance x'_d(pu),
% 8. d-axis subtransient reactance x"_d(pu),
% 9. d-axis open-circuit time constant T _do(sec),
% 10. d-axis open-circuit subtransient tinme constant T"_do(sec),
% 11. g-axi s sychronous reactance x_q(pu),
% 12. g-axis transient reactance x'_q(pu),
% 13. g-axi s subtransient reactance x"_q(pu),
% 14. g-axis open-circuit tine constant T _qo(sec),
% 15. g-axis open circuit subtransient tinme constant
% T"_qo(sec),
% 16. inertia constant H(sec),
% 17. danping coefficient d_o(pu),
% 18. danping coefficient d_1(pu),
% 19. bus nunber

%
% note: all the follow ng machines use transi ent nodel
mac_con = [
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11 900 0.200 0.0025 1.
2 2 900 0.200 0.0025 1.
% non- conf orm ng | oad

S
w w
S
oo
S
ENEN
S
oo
G a
oo
oo
oo

8 0.30 0.0 8.00 0.03 1.7
8 0.30 0.0 8.00 0.03 1.7

% col 1 bus nunber

% col 2 fraction const real power |oad

% col 3 fraction const reactive power |oad
% col 4 fraction const active current |oad
% col 5 fraction const reactive current |oad
load_con = [...

3 0 0 0 O;

4 0 0 0 O];

%upf c_con

%1 - upfc nunber

%2 - sending bus

%3 - receiving bus

%4 - shunt transforner resistance

%5 - shunt transforner reactance

%6 - series transforner resistance

%7 - series transfornmer reactance

%8 - shunt transformer turn ratio (n_sh)

%9 - series transformer turn ratio (n_se)

% 10 - DC vol tage (reference)
% 11 - capacitance (O
% 12 - base vol tage (Vb)

%13 - 0

%14 - 0

% 15 - |ine reactance

% 16 - nunber of UPFC states

% 1 - Vdc only

% 2 - Vvdc, Vpl1, Vgl, Upfc_Pl_Vs, Upfc_Pl_dc
% 17 - node

% 1 - nonlinear sinulation

% 2 - linearising

% 3 - input response

% 18 - way of forming A B, C (upfc_con==1)

o o

NE

.11

% 1 - state Vdc only: A=a_mat, B=[upfc], C=[upfc]

% 2 - state Vdc and expand systemby Pl-controllers (B, C based on UPFC)

% 3 - state Vdc and expand systemby Pl-controllers (B, C based on TG EXC, UPFC)
% 4 - upfc_con == 1, closed | oop approach

upfc_con = [ 1 3 4 0 .00025/.05%"2 O .05 .05 .25 31000 .055 230e3 O O
% upfc_ctrl

%1 - controller type

% 0 - no controller

% 1- P type

% 2 - PT1 type

% 3 -1 type

% 4 - Basic control:

% series:

% 1. line P/Q (pg-node using Pl), or

% 2. series conpensation (PT1)

% 3. Wr/Vvs (PI)

% 4. angl e between Vr and Vs

% shunt: Vs and Vdc using Pl-controllers

% 5 - shunt current controller

% 6 - decoupled line P/Q and Vs/Vdc using Pls

% 7 LQ regulator for line PPQ and LQR for Vs/Vdc (using Pls to get reference val ues)

%2 - Vs_ref
%3 - Vs_flag

% 0 - Vs not controlled
% 1- Vs controlled
%4 - P_ref

%5 - Qref

%6 - constant K_PI_dc

%7 - tine constant T_PI_dc
%8 - constant K_PI_Vs

%9 - tine constant T_PlI_Vs

% 10 - constant k_PT1_Vpl

% 11 - time constant T_PT1_Vpl

% 12 - constant k_PT1_Vqgl

% 13 - time constant T_PT1_Vqgl

% 14 - time constant T_Vp2

% 15 - time constant T_\Vg2

% 16 - prop. constant K ref

% 17 - prop. constant k_PI_V3

% 18 - time constant T_PI_V3

%19 - n_ref (Vr/Vs)

% 20 - constant K_PI_V4

%21 - time constant T_PI_V4

% 22 - al pha_ref (thetaR - thetaS) [deg]
1

upfc_ctrl =4 1.03 1 .80 .15 ..8 . .4 .05 .005 1 .005 1 .0010.020.4 11

1

1

1

100

1];

. 005] ;
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% upfc_weight (if controller type 4 is used) to determine active node
%1 - weight on Vpl, Vgl (line PIQ

% 2 - weight on Vp2, Vg2 (series conpensation)

% 3 - weight on Vp3=0, Vg3 (Vr/Vs)

% 4 - weight on Vp4, Vg3=0 (angl e(Vr)-angle(Vs)

upfc_weight = [1 0 0 0];
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