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Chapter 1

Introduction

1.1 Introduction

An AC power system is a complex network of synchronous generators, transmis-
sion lines and loads. The transmission lines can be represented mostly as reactive
networks composed of series inductors and shunt capacitors. The total series in-
ductance, which is proportional to the length of the line, determines primarily the
maximum transmissible power at a given voltage. The shunt capacitance influences
the voltage profile and thereby the power transmission along the line.

The transmitted power over a given line is determined by the line impedance,
the magnitude of, and phase angle between the end voltages, or in other words, the
forcing voltage acting across the transmission line.

The basic operating requirements of an AC power system are that the syn-

chronous generators must remain in synchronism and the voltages must be kept



close to their rated values. The capability of a power system to meet these re-
quirements in the face of possible disturbances such as line faults, generator and
line outages and load switching etc. is characterized by its transient, dynamic and
voltage stability. The stability requirements usually determine the maximum trans-
mittable power at a stipulated system security level.

Since the 1970s, energy cost, environmental restrictions, right-of-way difficulties
together with other legislative, social and cost problems have delayed the construc-
tion of both generations facilities, and in particular, new transmission lines. In this
time period, there have also been profound changes in the industrial structure, often
with significant geographic shifts of highly populated areas. In the last few years,
there has been a worldwide movement of deregulation, which, in order to facilitate
the development of competitive electric energy markets, stipulates ”unbundling”
the power generation from transmission and mandates open access to transmission
services [1].

The economic, social, and legislative developments had fueled the review of tra-
ditional power transmission theory, and the creation of new concepts that allow full
utilization of existing power generation and transmission facilities without compro-
mising system availability and security.

In the late 1980s, the Electric Power Research Institute (EPRI) in the USA
formulated the vision of the Flexible AC Transmission System (FACTS) in which
various power electronics based controllers regulate power flow and transmission

voltage and, through rapid control action, mitigate dynamic disturbances[1].



N.G.Hingorani [2, 3, 4, 5] proposed the concept of FACTS devices that involves
the applications of high power electronic controllers in AC transmission networks
that enable fast and reliable control of power flows and voltages.

FACTS technology is not a single high power controller but rather a collection of
controllers that can be applied individually or collectively to control the interrelated

parameters. The main objectives of FACTS are:

e Regulation of power flows in prescribed transmission routes.

e Secure loading of lines near their thermal limits.

Prevention of cascading outages by contributing to emergency control.

Damping of oscillations which can threaten security or limit the usable line

capacity and improve system stability in general.

Table 1.1 shows that the FACTS controllers can be broadly classified into two

classes:

e Shunt connected controllers providing voltage control

e Series connected controllers providing power flow control

The simplified expression for power flow in a lossless transmission line is given
by,

_ VsVr Sin(ésR + ¢)

P % (1.1)




Main Controller
Name Type Function Used Comments
SVC Shunt Voltage Control Thyristor | Variable Impedance Device
TCSC Series Power Flow Control | Thyristor | Variable Impedance Device
TCPAR Series and | Power Flow Control | Thyrisotr Phase Control
Series
STATCOM Shunt Voltage Control GTO Variable Voltage Source
SSSC Series Power Flow Control GTO Variable Voltage Source
UPFC Shunt and { Voltage and Power GTO Variable Voltage
Series Flow Control Source

Table 1.1: FACTS Controllers

where Vs and V5, are sending and receiving end bus voltages, X is the series reactance
of the line dsg is the phase difference in the bus angles, ¢ is the phase angle shift
introduced by a phase angle regulator (phase shifting transformer).

It is obvious from Eq. (1.1) that the control of voltage, series reactance and
phase angle (¢)have effect on the power flow. While the control over the voltage
and series reactance can be used to increase the power limit. The control over ¢ can

be used to regulate power flow in the loops.

1.2 Static synchronous compensator(STATCOM)

The new generations of FACTS controllers are based on voltage source converter,
which use turn-off devices like GTOs. These controllers require lower ratings of
passive elements (inductors and capacitors) and the voltage source characteristics
present several advantages over conventional variable impedance controllers.

The general arrangement of an STATCOM device is shown in Fig. 1.1. The

solid-state synchronous voltage source, implemented by a voltage source converter,
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Figure 1.1: The general arrangement of STATCOM.

is operated as a shunt connected static VAR compensator (SVC). This arrangement
of SVC exhibits operation and performance characteristics similar to that of an ideal
rotating synchronous condenser and for this reason was called Static synchronous
condenser (STATCON)[7]. Other names of the device are static synchronous com-
pensator (STATCOM) and advanced static VAR compensator (ASVC). Recent lit-
erature uses the name STATCOM instead of STATCON.

The voltage sourced converter produces a set of three phase voltages that are in
phase with the corresponding bus voltage. The reactive power is varied by varying
the magnitude of the converter output voltages. A small phase difference exists in
steady state, depending on reactive power output, so that real power can be drawn
from the lines to compensate for the losses. The current on the DC side is mainly

a ripple of magnitude much smaller than the AC line currents. As no real energy



exchange, except to compensate for the losses, takes place in steady state, the DC
voltage can be maintained by a capacitor. The major advantages of the STATCOM

over the SVC are [6, 7]

e The STATCOM can supply required reactive current even at low values of bus
voltage, whereas the reactive current capability of SVC at its susceptance limit
decreases linearly with decrease in bus voltage. The STATCOM is therefore,

superior to SVC in maintaining system voltage.

e With proper choice of device ratings and thermal design, STATCOM can have
a short time overload capability. This is not possible in an SVC because there

is an inherent susceptance limit support.

e Significant size reduction can be achieved because of reduced number of passive

component and their small size.

e STATCOM can allow for real power modulation if it has energy storage at its

DC terminals.

e The ability of STATCOM to produce full capacitive output current at low
system voltage also make it highly effective in improving the transient (first

swing) stability.

e The transient stability margin obtained with the STATCOM is significantly
greater than that attainable with the SVC of identical rating. This means

that the transmittable power can be increased if the shunt compensation is



provided by the STATCOM rather than SVC, or in other words, for the same
stability margin, the rating of STATCOM can be decreased below that of the

SVC.

1.3 Literature Review

1.3.1 Basic concept

The technical concept of the voltage-sourced advanced static VAR generator (ASVG)
employing gate turnoff (GTO) thyristors was given in an article published in 1988
[8].The article gives an overview of the electrical and mechanical configurations of
+ 100 MVAR prototype ASVG and the _details of the test performed on it.

In 1994, Laszlo Gyugyi gave the basic concept of STATCOM using voltage-
sourced converter [6]. In his paper, he described the basic operation of STATCOM
and the functional control scheme to control the STATCOM used for both reactive
and real power compensation.

Analysis of 6 and 12 pulse STATCOM is given in [8]. A study of conditions
leading to circuit resonance is carried out together with possible method of avoiding
such problems. Study of multilevel topologies of STATCOM has been presented in

7, 9.



1.3.2 Modeling, analysis and control design

Schauder and Mehta [10] proposed a vector control scheme for control of reactive cur-
rent using STATCOM. They described two controller structures for the STATCOM
one of which involves both magnitude (using PWM strategy) and phase control
of inverter, and the other structure uses only phase angle control. For the latter
controller structure the system is not amenable to linear output feedback control
in all operating regions. Authors proposed a nonlinear state feedback controller to
overcome this problem.

Design of the voltage controller and the analysis of its dynamic behavior using
eigenvalue analysis and its simulation are presented in [11]. The paper concentrates
on the application of STATCOM for the reactive power compensation of a long
transmission line by regulating the voltage at its mid point. It has been found that
the plant transfer function is of the minimum phase type. Eigenvalue analysis using
linearized model was carried out to design a compensator in cascade with an integral
controller to overcome this problem.

A comparative study for dynamic operation of different models of STATCOM
and their performance is given in [12].

Averaged modeling and nonlinear control of advanced static VAR compensator
(ASVC) was given in [13]. The generalized averaged method has been used to get
time invariant continues nonlinear model of the system. It was shown that for this

system a PI controller with constant parameters is not robust enough because of the



variation of the pole zero frequency with the operating point. A nonlinear controller
based on linearization via feedback associated with a proportional controller has
been chosen. The internal stability has been investigated and it is guaranteed on
the whole STATCOM operating range.

Design of a nonlinear controller for STATCOM based on the differential algebra
theory is presented in [14]. The controller designed by this method allows linearizing
the compensator and controlling directly the capacitor voltage and output reactive
power of the STATCOM. Such a control enables to stabilize the compensation system
and thus helps to improve largely the transient performance of the global system.

Y. Ni [15] proposed a nonlinear PID controller on STATCOM with differential
tracker for damping the inter-area oscillations.The simulation results showed good
performance of the suggested diff(_erential tracker under large disturbances.

A rule-based controller for STATCOM was proposed in [16]. The paper analyzes
the synchronizing and damping torque induced on the shaft of the generator by
STATCOM in a single machine infinite bus (SMIB) system. It was found that
the induced damping torque always decreases with the strengthening of the voltage
control. Moreover, a fixed-parameter PI damping controller can be invalid or even
provide the system with negative damping for certain system parameters and load
conditions. Based on the synchronizing and damping torque coefficient calculation,
a rule based controller, which employs bang-bang, fuzzy logic or fixed-parameter PI
control strategy according to operation state of the system is designed to compromise

the conflict between the control objectives.
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Design of dynamic controller for SVC and STATCOM is the topic of very recent
articles [17, 18] for steady state, transient stability and eigen value studies.

The thyristor controlled STATCOM with new double firing phase control which
makes it possible to control the active and the reactive power directly and indepen-
dently without any sacrifice of the harmonic characteristic is presented in [19]. The
12-pulse configuration is used for reducing the harmonics further.

In [20] the author described a technique to control the harmonic output of a
STATCOM using a PWM scheme with a minimal number of additional switchings.
A neural network algorithm was developed to define the switching instants. The
technique seems to offer a better alternative to other conventional methods.

Fuzzy logic controllers are also used for STATCOM in interconnected system to
improve the dynamic behavior of the system [21].

An optimal robust control procedure for SVC was presented in [22]. Variation of
system operation conditions are represented by an unstructured uncertainty model.
Structure singular value (1) optimization together with model reduction techniques
are used to design a low order controller which provides fast and stable voltage
regulation under all system conditions.The effectiveness of the procedure was shown
on a weak radial system with multiple SVCs. The H,, controller out-performs the
classical PI control.

The problem of interaction between dynamic loads and FACTS controllers has
been investigated in [23]. Authors show that while an accurate modeling of loads in

power system is a difficult task and often uncertain because of the non-deterministic
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characteristic of the loads, but proper FACTS regulations can improve the overall ro-
bustness of the system. Two methods have been presented, one based on eigenvalue
sensitivity and residue technique, which takes into account the uncertain charac-
teristics of dynamic load to compute the most efficient phase compensation for low
frequency oscillation damping. The second approach is based on designing a robust
controller by linear matrix inequalities techniques for guaranteeing a certain degree
of stability and performance of the FACTS controller.

A Supplementary control of SVC and STATCOM using H, control is proposed
for improving the damping of synchronous machines oscillations in [24]. The power
system considered for the simulation was a 2-generator 4-bus system.The dynamic
response of the synchronous machines subjected to a three-phase fault are given to
demonstrate the effectiveness of the supplementary control of SVC and STATCOM.
Results indicate both SVC and STATCOM can provide smoother voltage profiles as
well as better damping characteristic under disturbance conditions.

A robust nonlinear controller is proposed for STATCOM voltage control in [25].
Direct feedback linearization technique was employed to transform the nonlinear
model into a linear one. The Riccati equation approach is then used to design the
robust controller for the linearized model.Simulation studies show that in addition
to the true system parameters, the bounds of the plant unknown time-varying pa-
rameters are also needed for the design, and the overall system was found to be
asymptotically stable for all admissible uncertainties.

In [26], author pointed out that the mid-point location, which was described
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as the best location for the SVC, is also a possible best location of the modern
FACTS devices such as STATCOM for voltage support. For the system considered,
he showed that it doubled the power transfer of the line and facilitated independent

control of the reactive power at both ends of the transmission line.

1.3.3 Application of STATCOM for stability improvement

In [27], authors demonstrated that a distributed STATCON (D-STATCON), applied
in a distribution system, could be either used to greatly increase the load or distance
served by the voltage-limited lines compared with existing conventional means. Use
of D-STATCOM appears to be particularly advantageous for lumped loads, where
its rapid response and broad voltage control capacity can be fully exercised.

The use of FACTS controller generates significant harmonics in the power system.
These harmonics can be eliminated by the multiple inverter connection and the use
of zig-zag transformers [28]. The paper outlines the experimental arrangements and
early results for a 24-pulse STATCOM.

A comparative study between the conventional SVC and STATCOM for effec-
tiveness in damping power oscillations is given in [29].Comparative study of two
damping controllers, power system stabilizers (PSS) and STATCOM for damping
enhancement of generator oscillations occurring in a system subject to disturbances
by employing PID controller was presented in [30, 31]. The simulation results show
that proposed STATCOM controller renders better damping performance over the

PSS and SVC.
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In references {32, 33], authors investigated the application of STATCOM for dy-
namic stability of the third nuclear power plant in Taiwan power system. Simulation
and analytical results show the effectiveness of the designed damping controller in
terms of dynamic stability enhancement and power flow increment.

A comprehensive study was undertaken to investigate how STATCOM could be
used with fixed-speed wind turbines, which use induction generator to improve both
steady state and dynamic impact of a wind farm on the network[34]. An optimal
power flow model based on loss minimization was developed. The simulation results
show the improvement of steady state stability limit, prevention of damaging over-
voltages and mitigation of the voltage fluctuations at blade passing frequency, which
may occur if the rotor of a number of wind turbines fall into synchronism.

From the above cited literature,it is clear that a good amount of work have been
done on different aspects of design, control and application of SVC and STATCOM
for power system damping and oscillation enhancements. However STATCOM are
relatively new power applications and not all aspects of their dynamic performance

are fully explored.

1.4 Objectives and scope of the thesis

The application of FACTS controllers creates new challenges for power engineers,
not only in hardware implementation, but also in design of control systems, plan-

ning and analysis. In particular the effectiveness of these controllers will depends
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on the development of adequate and dependable control strategies. Due to the fast
response of such controllers, study of a wide spectrum of transient behaviour, in-
_cluding network dynamics, generator rotor low frequency oscillations and torsional

oscillations, etc. are necessary.

Motivated by these observations, the objective of this thesis are

e Dynamic modeling and analysis of STATCOM for a single-machine infinite-bus

power system.

e Evaluation of existing control design techniques for STATCOM devices. Study
the applicability of PID (proportional-integral-derivative) type in dynamic per-

formance enhancement.

¢ Design of STATCOM controller which will be dependable for a good range of

operating conditions (robustness of controllers) etc.

1.5 Outline of the thesis

The chapter-wise summary of the work reported is as follows.

Chapter 2 covers the basic concept of STATCOM and the mathematical modeling
of the single machine infinite-bus power system installed with STATCOM. Two
models have been investigated: an approximate model and a detailed model.

Chapter 3 addressed the design of various PID controllers for the approximate

as well as detailed model. The simulations studies are carried out using MATLAB
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and SIMULINK program.

The basic concepts of robust control,an overview of the robust stability criteria,
necessary and sufficient conditions for the design of the robust controller, etc. have
been presented in chapter 4. A detailed overview of the robust controller design
through loop-shaping technique is also presented.

Chapter 5 presents the simulation results for both the models with the proposed
robust controller.

Conclusions and suggestions for future work are presented in chapter 6.



Chapter 2

Dynamic model of a single

machine system with STATCOM

2.1 Introduction

Static synchronous compensator is a second generation FACTS device used for shunt
reactive power compensation. It is based on voltage sourced converters (VSC) and
used self-commutating power semiconductor devices such as GTO. Fig. 2.1 shows
the basic six-pulse STATCOM. The output voltage contains substantial harmonics
and therefore higher pulse numbers are usually used by combining a number of six-
pulse VSCs appropriately. Alternatively, harmonics can be reduced by pulse width
modulation (PWM) switching strategies. Two models of the synchronous generator
connected to an infinite bus with a STATCOM at the mid bus have been presented
in this chapter. These are

16



17

e A third order model for generator and current controlled STATCOM model

e A detailed 5th order model for generator and STATCOM models
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Figure 2.1: Six pulse STATCOM.

2.2 Basic concepts of voltage sourced converter

The voltage sourced converter is the building block of STATCOM, Unified power

flow controller (UPFC), inter line power flow controller(IPFC) and other FACTS

devices. Conventionally a thyristor device has only the turn-on control, its turn-off

depends on the current coming to zero according to circuit and system conditions.

Devices such as the GTO, IGBT, MTO, IGCT, etc.

have turn-on and turn-off

capability. These devices (referred to as turn-off devices) are more expensive and

have higher losses than the thyristors without turn-off capability. However, turn-off



18

devices enables converter concepts that can have significant overall system cost and
performance advantages. Converter applicable to the FACTS Controllers would be
of the self-commutating type. There are two basic categories of self-commutating

converters [35]:

e Current-sourced converters in which direct current always has one polarity and

power reversal takes place through reversal of the DC voltage polarity.

e Voltage-sourced converters in which DC voltage always has one polarity and

power reversal takes place through reversal of the DC current polarity.

Conventional thyristor-based converters, being without turn-off capability, can
only be current sourced converters, whereas turn-off device-base converters can be
of either type.

For reasons of economics and performance, voltage-sources converters are often
preferred over current-sourced converters for FACTS applications.

Since direct current (DC) in a voltage-sourced converter flows in either direction,
the converter valves have to be bidirectional, and also, since DC voltage does not
reverse, the turn-off devices need not to have reverse voltage capability. Such turn-off
devices are known as asymmetric turn-off devices. Thus, a voltage-sources converter
valve is made up of an asymmetric turn-off device such as GTO with a parallel diode
connected in reverse as shown in Fig. 2.2. For higher power converters, provision
of separate diodes is advantageous. There would be several turn-off device-diodes

units in series for high voltage applications.
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Figure 2.2: Valve for a voltage sourced converter.
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Figure 2.3: Voltage sourced converter concept.

Fig. 2.3 shows the basic functioning of a voltage-sources converter. On the
DC side, voltage is unipolar and is supported by a capacitor. This capacitor is large
enough to at least handle a sustained charge/discharge current that accompanies the
switching sequence of the converter valves and shifts in phase angle of the switching
valves without significant change in the DC voltage. It is also shown on the DC side
that the DC current flow in either direction and that it can exchange DC power with
the connected system in either direction. Shown on the AC side is the generated AC
voltage connected to the AC system via an inductor. Being an AC voltage source

with low internal impedance, a series inductive interface with the AC system (usually
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Figure 2.4: single valve operation of voltage sourced converter.

through a series inductor and /or a transformer) is essential to ensure that the DC
capacitor is not discharged rapidly into a capacitive load such as a transmission line.

Basically a voltage-sourced converter which generates AC voltage from a DC
voltage is, for historical reason, often referred to as an inverter, even though it
has the capability to transfer power in either direction. With a voltage-sourced
converter, the magnitude, the phase angle and the frequency of the output voltage
can be controlled [35].

Fig. 2.4 shows a diagram of a single-valve operation, V; assumed to be constant,
supported by large capacitor, with the positive polarity side connected to the anode
side of the turn-off devices. When turn-off device is turned on, the positive DC
terminal is connected to the AC terminal A’ and the AC voltage would jump to
+V,. If the current happens to flow from +V to A (through device), the power would

flow from the DC side to AC side ( inverter action). However, if the current happens
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to flow from A to +V; it will flow through diode even if the device is so called turned
on, and the power would flow from the AC side to the DC side ( rectifier action).
Thus, a valve with the combination of turn-off device and diode can handle power
flow in either direction with the turn-off device with the turn-off device handling
inverter action, and the diode handling rectifier action. This valve combination and
its capability to act as a rectifier or as an inverter with the instantaneous current
flow in positive ( AC to DC side ) or negative direction respectively, is basic to

voltage-sourced converter concepts [35].

2.3 Mathematical models

A single-machine infinite-bus system (SMIB)with a STATCOM connected through
a step-down transformer is shown in Fig. 2.5, and its equivalent circuit is shown in

Fig. 2.6.

L

Figure 2.5: A SMIB system with STATCOM.
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Figure 2.6: Equivalent circuit diagram of the system of Fig. 2.5

The Following assumptions have been made for building the dynamic model of

the system [16]

No detailed exciter and governor dynamics models.

eq , the voltage behind transient reactance x , is considered to be constant.

The mechanical power input to the system is also constant

STATCOM is modeled as a controllable reactive current source with time

delay.
e Inductive current generated by the STATCOM is assumed to be constant.
The electromechanical swing equation for the generator is broken up into
b = ww

1

=7 [Pn = Po = Du] (2.1)
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The dynamics of the current controller can be written as

: 1
Is = —T—[—15+Ku] (2.2)
where
eV . V2 zd — x4 .
= 2™ _ginf4+ -2 20 .
P T X, sin 0 + 2 (od F X:) (o0 £ X0) sin (2.3)
(X1 + 24)Vsind + Is X, sin 0( X, + z,)
= 2.4
v d X1 + X2 + Zq ( )
(X1 + 24 )V cosd + e’ Xo + Is Xy cos0( Xy + z4')
Vg = ; (2.5)
X1+ Xo+ 24
Vin = Via+ Vg (2.6)

¢ is the load angle in radian, w is relative speed, M is the inertia constant in
seconds, D is the damping constant,P, is delivered electrical power, I, u, K and
T are the output current, controller output, gain and time constant of STATCOM,
respectively. Vi in Eq. (2.3) is the terminal voltage of the STATCOM, z), and z,
are the direct and quadrature reactance of the generator, respectively. X; and X,
are the sum of the reactance of the transformer and transmission line as shown in
Fig.2.6. 0 is the phase difference between quadrature axis of the generator and is

written as

6 = tan™* (%) (2.7)

mq

where V,,4 and V;,, are the direct and quadrature axis components of V;,, respec-
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tively. By linearizing equations ( 2.1 -2.7) around an equilibrium point, one gets

AV = Ky, sA6 + Ky, 1 Als (2.8)
AP, = Kps;Ad + Kp 1, Alg (2.9)
here,
0V
Ky s = 5 (2.10)
oV
Ky, = ole (2.11)
0P,
Kps = B (2.12)
OP,
Kp, = ol (2.13)

The STATCOM current controller output is expressed as

Au = —C,AV, +C,Aw (2.14)

where, C,, and C,, are the control transfer functions in the voltage and damping
control loop respectively. The entire linearized system can be described by the block
diagram shown in Fig. 2.7. Detailed derivation of the system of equations is given
in appendix A.

The remote signal Aw is not readily available to STATCOM, however, it can be
synthesized by locally measurable variables such as terminal voltage of the STAT-

COM and current through transmission lines[36].
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Figure 2.7: Block diagram of the linearized system.

2.4 Detailed Model of the Power System With

STATCOM Controller

In the detailed model of the power system with STATCOM, in addition to the swing
equation of the generator, the field and excitation system dynamics are considered.

The STATCOM is modeled as a voltage sourced converter behind a step down
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transformer. Fig.2.8 shows a SMIB power system installed with STATCOM which
consists of a step down transformer (SDT) with a leakage reactance Xgpr, a three
phase GTO-based voltage sources converter(VSC) and a DC-capacitor. The VSC
generates a controllable AC-voltage source v,(t) = V,sin(wt — 1) behind the leakage
reactance. The voltage difference between the STATCOM-bus AC voltage V;, and
V, produces active and reactive power exchange between the STATCOM and the
power system, which can be controlled by adjusting the magnitude V, and the phase

1. The voltage current relationship in the STATCOM are expressed as [37],

| |
: Xepr sDT :
! !
| v, |
I
l——— m |
lvse | opgo [T
I
1. l Joe I
| | |
[ c STATCOM :

Figure 2.8: STATCOM installed in a single machine infinite bus power system.



dVpe
dt

= fLod +jfLoq

cVpce(costy + jsiny) = cVpoly
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where, for the PWM inverter,

(2

mk;

AC Voltage
DC Voltage’

modulation ratio defined by PWM;

phase angle, defined by PWM
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(2.15)

From Eq. (2.15), it can be seen that the magnitude of the STATCOM voltage

Vb depends on ¢, hence ¢ is termed as magnitude control of the STATCOM. The

complete derivation for the dynamic model of SMIB with STATCOM is given in

Appendix A.

The nonlinear model of the power system of Fig. 2.8 is given as:

= Wy
1
= M[Pm—Pe—Dw]
1 ! !
= Td ) [Efd —€q — (IL'd - xd)ItLd]
1 K
= "E(Efd ~ Efa) + ﬁ(Vio - V)

Cc

= [Ilod COos '(/) + Iloq sin ’l/)]

Cpc

(2.16)



where,

valipa + voling = €q Iipg + (x4 — z) iralirg

\/vfl 402 = \/(eq' — z,L14)% + x;Itqu

(1 + YXSLﬁ) eq — %SLI;';CVDC siny — Vgcosd

!

X+ Xpp + Xk +(1+ XLB).Z'd

Xspr Xspr
R cVpc cosyp + Vpsin &
XtL+XLB+3§§DLLT+ (1+X£SLL%)“¢1
eq’ (x:i + XtL)Ith CVpcSiTL’(ﬁ
Xspr - Xspr B Xspr
cVpceosy (T + Xer)lug
XSDT B -XSDT
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By linearizing equations for Iy , Iug Itog , lioq and then substituting in Eq. 2.16,

the linearized system equation can be written as

AS

where,

waw

(-AP, - DAw)

M

(—Aeg + DAE;,)

1

Cpc

1
T, (

Tdo

AFEsq — KaAV)

[(Z10de €0S5W0 + Liogo ) AC + Co(—Ii0de Sin%W0 + L10g,CO8Y0 ) At +

Co (COS¢0AIlod -+ S’inTﬁoAIlod)]

AP, = KjAS + Ky Aeq + KppeAVpe + KpeAe + Ky Ay
Aeq = K4AS + KzAeq + KypcAVpe + Kpehe+ Ky Ay

AV, = K5sA6 + KeAeq + KypcAVpe + KyeAc + Koy Ay

(2.17)

(2.18)
(2.19)

(2.20)
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Arranging the state equations in a matrix form gives,

A6 0 W 0 0 0 AS
Aw ~ky/M  —D/M  —ky/M 0 ~kpae/ M Aw
Aeq' = —ka/Tyy 0 ~ks/Tyy  1/Tyy —kqac/ T Deg |+
AEyy ~kaks/Ty 0 —kaks/Ty —1/Ty —kaKype/Ta AE;q
AVpe K 0 K30 K, 0 AVpe
0 0
- pC/ M - zn/)/ M
Ac
+ _kqC/Tdo' _k4¢/Tdo' (2'21)
Ay
~kpkye/Ts —kakyvy/Ta
K. Ky

Fig. 2.9 shows the block diagram for the system, here s represents the laplace
transform (the derivatives) of the states. The five states are Ad, Aw, Aeq’, AEy,
and AVpe. Ac and Ay are the control inputs. The details of the derivation of the

equations (2.18 - 2.21) are given in Appendix B.
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Figure 2.9: Block diagram of the linearized system installed with STATCOM.
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Chapter 3

Design of PID Controller

The dynamic behaviour of the power system models installed with STATCOM, pre-
sented in chapter 2, has been investigated in this chapter for different PID controllers

used.

3.1 Introduction to PID controller

A basic feedback system is given in Fig. 3.1.

B-»?LV Controller U Plant Y
+ -

Figure 3.1: A basic feedback system .

Y

The transfer function of a PID controller is

K
Gols) = K, + —S—’ + Kys (3.1)

31
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where,

K, = Proportional gain

K; = Integral gain

K4 = Derivative gain

The variable e represents the tracking error, the difference between the desired
input value R and the actual output Y. This error signal is fed to controller, and

the output of the controller is given as

d
u=Kye+ K; /edt + Kd—c—é (3.2)

The proportional controller K, will effect the steady state error and rise time.
An integral control K controls the transient response and the steady state error.
Inclusion of K, has the effect of including anticipation in the system and making it
faster. The effect of each of controllers K,, K4 and K; on a closed-loop system are

summarized in the table [38].

| CL Response | Rise Time | Overshoot | Settling Time | S-S Error
K, Decrease Increase | Small change Decrease
K Decrease Increase Increase Eliminate
Ky Small change | decrease decrease Small change

Table 3.1: Characteristics of PID controller in close loop system

There is a degree of dependence of these factors on each other. In fact, changing

one of these variables K, Ky and K; can change the effect of the other two. For
this reason, the table should only be used as a reference for choosing of K, K, and

K, [38].
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3.2 PID controller for Simplified STATCOM Model

The block diagram of the simplified model with PID controller in the speed and
the voltage loop is given in Fig. 3.2. Because of difficulties with simulation on
MATLARB, the derivative functions was approximated as

_Kgs+a

1(s) s+b

(3.3)

with a and b are selected as 0.1 and 1 respectively.
The dynamic behavior of the generator-STATCOM system was studied consid-

ering the following three controller configurations [39]:
e Controller in speed loop only
e Controller in voltage loop only
e Controller in combined voltage-speed loop

Different combinations of proportional, integral and derivative (PID) controls
were tried in both the speed and the voltage loops. System data is given in Appendix
C. A 100 % input torque pulse for 5ms is applied to simulate the disturbance.
The uncontrolled system response is oscillatory. The following section presents the

simulation results with the above scenarios.

3.2.1 PID control in the speed loop only

The gains of the PID controller were tuned and the effect of each of the proportional,

derivative and integral controllers in the speed loop has been studied. The voltage
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Figure 3.2: Block diagram for simplified model with PID controllers.

loop has been disabled during this study by keeping it open.

The gains of the proportional controller (X,,) was varied between 0 - 150 for
the 100 % torque pulse disturbance considered. It was observed that by increasing
the value of K, the system damping improves. But the increase in damping is
at the cost of bus voltage excursion. Large gains, while provide enough electro-

mechanical transient damping, gives large voltage variations. Satisfactory results in
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terms of system damping, the bus voltage and the controller current variations has
been observed for a gain around 100.

The impact of proportional plus derivative controller was then examined by
holding the gain Kp, to 100. It was observed that a slight improvement in the
damping can be obtained with PD controller for K4 of upto 10. Increasing the gain
of further results in overshoot of the bus-voltage.

A PID controller for K,; =100, K4, = 10 and variable gain K, was simulated
next. It was observed that inclusion of the integral controller results in oscillatory
response.

Simulation results for the 100 % torque pulse disturbance with and without PID
controller are given in Figures 3.3 - 3.5. Fig. 3.3 shows the rotor angle variation
of the generator for the following cases. a)without stabilizing control, b) with pro-
portional control alone, ¢) with proportional-derivative (PD) control and d) with
proportional-integral-derivative (PID) control. Figures 3.4 and 3.5 show the corre-
sponding variations of the mid-bus voltage and controller current outputs. A gain
of K1,=500 was employed in the PID control. The response with integral control is
worse compared to that with PD. Comparison of the three responses indicate that
PD is superior in terms of damping control. The voltage variations, however, are
worsened.

This study indicated that PD control is suitable in the speed loop of the STAT-

COM alone for the particular system model considered.
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Figure 3.3: Comparative analysis of rotor angle(speed loop only)with PID con-

trollers.
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3.2.2 PID control in the voltage loop only

The transient response with PID controller on voltage loop alone are shown in
Figures 3.6 - 3.7. Fig. 3.6 gives the variation of mid-bus voltage for 100 % input
torque pulse for 5 ms. The response without any control is shown by curve a . With
proportional, derivative or combinations of PD, the voltage response is completely
oscillatory. However, the oscillation in voltage can eliminated by choosing large
gains in the proportional or derivative block gains. For K, = K4, = 10000 the
response is shown by curve b. The integral control makes the response worse as
shown by curve c.

The corresponding rotor angle variations of the generator are plotted in Fig. 3.7.
It can be seen that even though large K, or Ky, can eliminate voltage fluctuations
( curve b, Fig. 3.6 ), they, virtually, have no impact on system damping.

Though the_ control in the voltage loop does not provide extra system damping,
the role of the voltage loop should not be underestimated. The voltage loop is an

essential component of the STATCOM controller from voltage regulation view point.

3.2.3 PID control in both voltage and speed loops

The PID controllers in both speed and voltage loops were next employed to in-
vestigate the damping improvement of the linearized 3rd order model. Various
combinations of proportional, integral and derivative controls were used in both the

speed as well as voltage loops. It was found in section 3.2.2 that a PID control in
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Different PID controllers.

70 T T T T T I T 1 1
— a. Without STATCOM controller
-~ — b. Proportional, D and PD controller
85 ; - —- ¢. Integral controller ]
\

Rotor Angle (deg.)
'S
o

40

35

30

25 L 1 L 1 1
o 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time(sec.)

Figure 3.7: Rotor angle variation corresponding to Fig. 3.6.



40

0.8 T T T T T T T T T
-—— a. Without STATCOM controller
f — - b. Speed proportional controller
06 ] +— - ¢. Speed PD controller
!
i
Y
0.4} Y J
) 1l
g i A
& ool ) a
Q 02 b \
-8' § BN -
\ R 2N
a i =) P U A -~ —
2’ I R N/ s e e -
H ] / ~7
= b /
2 oo " N i
g i
-0.4} ] 4
/
N
-06} .
08 ! 1 i L 1 1 1 1 I
0 05 1 1.5 2 25 3 35 4 45 5
Time(sec)

Figure 3.8: % Angular Speed Deviation with combined voltage-speed PID control.

the voltage loop does not provide extra damping. However, because of its role in
the voltage regulation, a nominal value of K, = 10 was selected. The gains in the
speed controller loop were retuned for this value of Kp,.

As in speed controller alone, Kp,=100 was again found to provide the best damp-
ing. For K,,=100 and K, =10, various values of K, were tried. It was observed
that for K,; = 10 electromechanical damping was satisfactory, but the overshoot in
STATCOM bus voltage and controller current were excessive. The generator angu-

lar speed deviation , the STATCOM bus voltage and controller currents variations
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Figure 3.9: STATCOM Bus Voltage with combined voltage-speed PID control.
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are presented in Figures 3.8 - 3.10 respectively for a 100 % input torque pulse distur-
bance for 5ms. In each figure, curve a represents the without controller. Response
due to proportional control in the speed loop is shown by curve b and that due to
PD control by curve c. It was observed that an integral control worsens the genera-
tor speed as well as STATCOM bus voltage response and the response has not been
shown.

From this section, it is summarized that

a) A control in the voltage loop does not contribute to system damping.

b) A PD control in the speed loop provides a reasonable damping of electrome-
chanical variables but the voltage variations are larger control.

c) A PD control in the speed loop and proportional control in the voltage loop
provides a reasonable damping of electromechanical variables but the voltage vari-

ations are larger control in the case of combined speed-voltage system.

3.3 PID control with detailed model

The block diagram for the detailed model of the power system installed with the
STATCOM is given in Fig. 3.11. The block diagrams for the phase angle and the
magnitude control circuits are given in Figures 3.13 and 3.12. The following three

PID controller configurations were examined,
e Controller in the phase angle control loop

e Controller in the voltage magnitude control loop
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e Controller in both voltage and phase angle control loop

Ad

vDC

[k

Figure 3.11: Block diagram of the linearized power system with STATCOM.

Figure 3.12: The phase conrol circuit blcok diagram.

In Figures 3.13 and 3.12 , the functions Gps and G, are considered to be the PID
control functions. The system is simulated for a disturbance of 100 % torque pulse

of 5 ms duration.
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Figure 3.13: The Magnitude control blcok diagram.

3.3.1 PID control in the phase angle control loop

Different combinations of PID control in the phase angle control loop were at-
tempted. It was observed that none of the P, PD, or PI control is effective in
providing damping. The presence of these controllers even worsen the responses.
Fig. 3.14 shows the rotor angle variation when proportional or proportional plus
integral controllers were used in phase angle control loop. Here, curve a represent
the response without STATCOM control, curve b gives the response with propor-
tional control and curve ¢ with PI control. The phase angle control in the detailed
representation is similar to the voltage control in the approximate model. Though
the phase controller does not play any part in providing damping, it is essential for
voltage regulation. In the subsequent analysis ‘phe phase control has been set to a

nominal value, and the only control discussed is the magnitude control.
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Figure 3.14: % Rotor angle (for phase angle control loop only ) with different con-
trollers.

3.3.2 PID control in the voltage magnitude loop for nominal
phase angle control

For a nominal value of phase angle control if 1, different combinations of the PID
controls in the magnitude control loop were investigated for the detailed model.
Simulations carried out with the phase angle loop opened showed that PID controller
in the voltage magnitude loop alone results in unstable system conditions.

For the 100 % torque pulse disturbance considered, the gains of the propor-
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tional controller (K,) were varied between 0 - 30. It was observed that at very large
gains the electromehanical damping improves but the STATCOM bus voltage excur-
sions worsen. A reasonable damping of electromechanical and electrical transients
is achieved for K, of around 20.

It was observed that low K does not help in improving the damping. However
some gain in damping is achieved for K; > 100 at the cost of overshoot in the
STATCOM bus voltage.

Simulation results for the 100 % torque pulse disturbance with and without
PID controller are given in Figures 3.15 - 3.16. Fig. 3.15 shows the rotor angle
variation of the generator for the following cases. a)with proportional control, b)
with PD control, ¢) with PI control and d) with PID control. Fig. 3.16 shows the
corresponding variations of the mid-bus voltage.

The study of the detailed model indicates that suitably designed PID controller
can enhance electromechanical damping of the system. However, variations in the
electrical transients such as STATCOM bus voltage, controller current output etc.

may not be acceptable.
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Figure 3.15: Comparative analysis of rotor angle with different gains of PID con-

troller.
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Figure 3.16: Bus voltage corresponding to Fig. 3.15.



Chapter 4

Introduction to Robust control

and Loop-Shaping Technique

4.1 Introduction

Some of the STATCOM controllers presented in the previous chapter were observed
to provide good damping properties. However, the voltage profiles in many of these
designs were not satisfactory. Also, the PID design requires tuning of the gains for
varying systems conditions.

This chapter presents the design of robust STATCOM controller. The design
procedure starts by selecting a nominal operating point. The controller is designed
so as to give satisfactory response over a set of perturbed plant. In the following a
brief theory of the uncertainty model, the robust stability criteria, a graphical design
technique termed as loop-shaping, which is employed to design the robust controller

48
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are presented. These are followed by an algorithm. The material on this robust

design is available in the literature [40, 41] and is presented here for completness.

4.2 Uncertainty Modeling

Suppose that the nominal plant transfer function of a plant P belongs to a bounded
set of transfer function P and consider the perturbed transfer function because of

the variations of its parameters can be expressed in the form,
P =[1+AW,)P (4.1)

where

P=A perturbed Plant transfer function

A= A variable stable transfer function satisfying || A ||< 1

Wy= A fixed, stable and proper transfer function ( also called the weight )
Note: The infinity norm (or oo-norm) of a function is the least upper bound of its
absolute value.

It is assumed that no unstable or imaginary axis poles of P(s) are canceled in
the formation of P(s). Thus P(s) and P(s) have the same unstable poles.

Since A accounts for phase uncertainty and its magnitude varies between 0 and 1
at all frequencies (i.e. acts as a scaling factor on the magnitude of the perturbation),
P is the set of the transfer functions whose magnitude bode plot lies in the envelope
surrounding the magnitude plot of P(s), as illustrated in Fig. 4.1. Thus, the size of

the unstructured uncertainty is represented by the size of the envelope containing P
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(1+W, (jw))|P(je)

Pm

Magnitude

Envelope of Actual Plant

\ )

Frequency

Figure 4.1: Bode plot interpretation of multiplicative uncertainty.

Im
Iy

Figure 4.2: Multiplicative uncertainty in the complex plane.
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and is found to increase with increasing frequency. The upper edge of the envelope
confirms to the plot of (1 + |W,(jw)|)|P(jw)| while the lower edge of the envelope
confirms to the plot of (1 — [W,(jw)|)|P(jw)|.

In the multiplicative uncertainty model [40], AW, is the normalized plant per-

turbation away from 1. Hence, if | A ||c< 1, then

|P(j )
P(jw)

- 1] < [Wa(jw) (4.2)

for all frequencies, so |W(jw)| provides the uncertainty profile. As shown in Fig. 4.2
this inequality describes a closed disk in the complex plane of radius |W,(jw)| and
centered at 1, which contains the point % for each frequency. The unstructured
uncertainty is then represented by the closed disk and therefore the direction and

phase of the uncertainty is left arbitrary.

4.3 Robust Stability

Consider a multi-input control system given in Fig. 4.3. Suppose that P belongs
to a set P. The notion of robustness requires a controller, a set of plants and
some characteristic of the system [40]. A controller C provides robust stability if it
provides internal stability for every plant in the uncertainty set P. Hence, a test for
robust stability involves the controller and the uncertainty set. Let L denotes the
open-loop transfer function (i.e. L = PC) and S denotes the sensitivity function or

the error to reference transfer function given by the following relation,
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Then the complimentary sensitivity function or the output to reference transfer

function is given by

L _ PC
1+L 1+ PC

T=1-5= (4.4)

Furthermore, for a multiplicative perturbation model, the robust stability con-
dition is met if and only if || WoT' ||o< 1 [40, 41]. A graphical interpretation of this

condition is shown in Fig 4.4. Hence, the stability condition may be generalized as:

| WoT' ||o<1l¢ ]%ll <1, foralw
& (Wal)L(o)] < [L+L(w), for all w (15)

& |AGw)W(jw)L{jw)| < [L+ L{jw)l, for allw, || Alle<1 (4.6)

Therefore the critical point, -1 , lies outside the disk, which is centered at L(jw)

and radius [Wh(jw)L(jw)|.

¢

»@——» Cc 5 P

Figure 4.3: Unity feedback plant with controller.

The relevance of the condition || WoT' ||< 1 can be seen in its relation to the
small-gain theorem, which states that the feedback system is initially stable if all

the transfer functions (i.e. The plant P, controller C and feedback gain F') are stable
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Figure 4.4: Robust stability condition in the complex plane

and || PCF ||< 1. A block diagram of a typical perturbed system, ignoring all
inputs, is shown in Fig 4.5. The transfer function from the output of A to the input
of A equals —W,T. The properties of the block diagram can be reduced to those of
the configuration given in Fig 4.6. The maximum loop gain is || —AW 3T ||, which
is less than 1 for all allowable A if and only if the small-gain condition || W,T || < 1

holds.
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Figure 4.5: Perturbed feedback system

4.4 Robust Performance

Internal stability and performance should hold for all plants in the uncertainty
set P according to the generalization of robust performance. The robust stability
condition for an internally stable, nominal feedback system is || WoT ||< 1, and
the nominal performance condition is || WS ||< 1, where W] is a real-rational,

stable, minimum-phase transfer function (also called the weighting function) such

that
Mfl(jLJ)
/. < -
WS [|oe< 1 <= |1 L(jw)! < 1, for all w
< |W1(jw)| < |1 + L(jw)|, for all w (4.7)

If P = [1 + AW,]P, then the perturbed sensitivity function is written as

1 1 1 S

=T AC T IF U+ AWPC T+ UFAWIL ~ 15 AWT

(4.8)
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W, T fe—

Figure 4.6: Reduced block diagram

Therefore, the robust performance condition is given by:

WhS
- < )
1+ AW,T o< 1 ,for all allowlable A (4.9)

| WoT ||o< 1 and ||
Since |A| < 1, then | — AWLT| < |W,T|. Thus |1+ AW,T| > 1 — |W,T| for a fixed

frequency, and it is then implied that

WS Ww.S
oz < || —— <1 4.1

Hence Eq. (4.9) can be rewritten as a necessary and sufficient condition for robust

performance, which is
| (W8] + [WT| [l 1 (4.11)

Which is a stronger constraint than nominal performance or the robust stability

condition alone. A graphical interpretation of this condition is shown in Fig. 4.7,
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whereby

Wi
1+L

W,L
1+L

TS|+ [WoT | ||eo< 1 <= | [+ | <1, forallw

< |[Wi|+|WoL| <1+ L, forall w (4.12)

At each frequency, there exist two closed disks, one disk centered at -1, radius W, (jw)
and the other centered at L(jw, ), radius |[Wa(jw)L(jw)|. The condition given by
Eq. (4.11) then holds if and only if the two disks have no nontrivial intersection (i.e.
they can touch, but They cannot overlap).

It should be noted that since the condition for simultaneously achieving nominal

performance and robust stability is
| maz([W1S|, [WT)| lleo< 1 (4.13)

and the robust performance condition is tested by Eqn. (4.11), then the condi-

tions in Eq.(4.11) and (4.13) differ at most by a factor of two, In other words,
| maz(JW1 S|, [WoT)| [loo <l [W1S] + [WoT| [l < 2 || maz(|W1 S|, [WaT)| [|oc(4.14)

The choice of these norms is not crucial, even though they may vary by as much
as a factor of two. The inherent trade-off in control problems between |W;S| and

|WoT'| allow for similar solutions to be achieved even when using different norms.

4.5 Loop-shaping Technique

Loop-shaping is a graphical design procedure for robust performance design, whereby

P, W, and W, are the input data, and a proper controller C' is designed to stabilize
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Figure 4.7: Robust performance condition in the complex plane

the plant and satisfy Eq. (4.11) [40]. The basic idea of this method is to construct
the loop transfer function L to approximately satisfy Eqn.(4.11), and Then to attain
Cvia C = %. Internal stability of the nominal feedback system and the properness
of C constitute the constraints of this method. It is assumed that P and P~! are
both stable, otherwise L must contain P’s unstable zeros and poles. Thus. the
condition L = PC must have no pole-zero cancellation. In terms of Wy,W,, and L,
Eq. (4.11) is given by

Wi (jw)
1+ L(jw)

Wa(jw)L{jw)
1+ L(jw)

Pjw) = | |+ | <1 (4.15)

which must hold for all frequencies. (Note that the argument (jw) is dropped from

this point onwards. The transfer functions are still functions of (jw) unless otherwise
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stated.)

A necessary condition for robust performance is that at every frequency either
[W1| or |W,| must be less than 1 [42]. Typically, W3] is monotonically decreasing
(for good tracking of low frequency signals) and |3/, is monotonically increasing (as
uncertainty increases with increasing frequency). Hence, at each frequency, either
[Wi| < 1 or [Wy| < 1. It is also the case when [W;| < I, |W,| > 1. and when
|Wy| < 1, [Wh| > 1. These properties can be used to determine the relationship
between |W;]|, |[Wa|, and |L|.

For the case [W;| > 1 > [W,|, Eq. (4.15) becomes

<1< Wi+ WL|lL| < |1+ L] (4.16)

= |W1| + [Wa||L] <1+ |L] (4.17)
Wi -1

= |L| > /—™——— 4.18

1L > 1= A (4.18)

(a necessary condition), and because |W;| > 1, it can be said that

Wi +1

ILl > —l-m'!' = IWll + II’V2|IL| < |Ll -1 (4.19)
= [Wh| + [We||L| < |[L+1] (4.20)
=I<1

(a sufficient condition). Since |1#7] > 1, the condition I' < 1 can be approximated

by

“’Vll

L —_—
I I> ].—“/1/”

(4.21)
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For the case |W;| < 1 < |W,|, Eq. (4.15)

<l |W|+ WL < |1+ L] (4.22)
= |Wh|+ [We||L| < 1+ |L] (4.23)

1 - [W,]
= |L| < 4.24

(a necessary condition). Since |W| > 1, it can be said that

|L| > llﬁ—:zll%ll[ < [Wi| + [Wy||L] < 1 - |L] - (4.25)
= |Wi| + [Ws||L| < |1+ L] (4.26)

=TI<1
(a sufficient condition). Since |W;| > 1, the condition I" > 1 can be approximated

by

1 — Wy

IL] < il

(4.27)

Therefore, because |W)| is a decreasing function of frequency, and |W,| is an increas-

ing function, then typically at low frequencies,
IVVII >1> lVVQ'
and at high frequencies

W <1< |y
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At very high frequencies, let |L| roll off at least as quickly as |P| does. This
vensures that the controller is proper. The general features of the open-loop transfer
function are that the gain in the low frequency region should be large enough, and in
the high frequency region, the gain should be attenuated as much as possible. The
gain at the intermediate frequencies typically controls the gain and phase margins.
Near the gain crossover frequency we, (where the magnitude equals 1), the slope of
the log-magnitude curve in the Bode plot should be close to -20 dB/decade (i.e. the
transition from low to high frequency should be smooth). If |L| drops off too quickly

through crossover, internal instability will result, so a gentle slope is crucial.

4.6 The Algorithm
The general algorithm for the loop-shaping design procedure can be outlined as [40]

e Obtain the db-magnitude plot for the nominal as well as perturbed plant

transfer functions.
e Construct W, satisfying the constraint given in Eq. (4.2)

e On this plot, fit a graph of the magnitude of the open-loop transfer function

L, whereby

|L| > 1|_—VIVIW'T| at low frequencies

and

|L] < 1,:,"2/'” at high frequencies.
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Obtain a stable minimum-phase open-loop transfer function L for the gain

|L| already constructed, normalizing so that L(O) > 0. The latter condition

guarantees negative feedback

Recover the controller C from the condition L = PC

Verify nominal stability and the condition of Eq. (4.11), i.e.

| IWLS| + [WLT| le< 1

Test for the internal stability by direct simulation of the closed loop transfer

function for pre-selected disturbances or inputs.

e Repeat the procedure until satisfactory L and C are obtained. Note that a
robust controller may not exist for all nominal conditions, and if it does, it

may not be unique.



Chapter 5

Application of Loop-shaping
Technique for Design of Robust

STATCOM Controller

The principles and technique of using multiplicative uncertainties for modeling a
plant,the robust stability and performance criteria, loop-shaping technique, etc.
which were presented in the previous chapter has been employed to design robust

controllers for STATCOM.
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5.1 Robust Controller design for the approximate

model

For designing the robust controller for the approximate model, the two controller
functions C,, and C, in the speed and voltage loops respectively were considered
individually and then both of them together [43], as done in the case of PID con-

trollers

5.1.1 Robust Speed controller Design

The block diagram of the system in the absence of any control in the voltage feed-
back, and the absence of any input is shown in Fig. 5.1. Control in the speed

loop alone is considered. The nominal operating point for the design was computed

-Aw

P Cw

Y
-]
 J

Figure 5.1: Collapsed block diagram for robust speed feedback system.

for delivered power of 0.9 per unit at unity power factor. Off-nominal power out-
puts between 0.2-1.4 p.u. and power factors ratings between 0.8 lag - 0.8 lead were
considered for the perturbed plant transfer functions. The nominal plant transfer

function for the selected operating point is computed as

1.04355
P= |
(s + 50)(s2 + 0.665 + 60.72) (5.1)
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The db-magnitude vs. frequency response for the nominal and the perturbed plants

is plotted in Fig. 5.2.

Magnitude(db)

-180t .

200 N il NP | sl x 1
3 10 10' 10° 10
Frequency(rad/sec)

Figure 5.2: Nominal and perturbed plant transfer functions for robust speed feed-
back system.

From the relation |—£—8% — 1] < Wy, the quantity |£—8:%§ — 1] for each purturbed

plant is constructed and the uncertainty profile is fitted to the function

0.85% 4+ 2.245 4+ 39.2

/. =
Wals) =~ 0.98s + 29)

This is shown in Fig. 5.2

A butterworth filter satisfies all the properties of for 1¥,(s) and is written as

Kqf?
(s34 282f, + 2sf2 + f3)

Wi(s) = (5.3)
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Figure 5.3: The uncertainty profile for the approximate model.

K, and f, are selected as 0.01 and 1 respectively.

For given W; and W,, the open loop transfer function (L) is selected by trial and

[Wy

=il and for high frequency

error to fit the relations that at low frequency |L(s)| >
|L(s)| < sy It should also satisfies the robust stability criteria [[W15 4+ W;T o < 1
and nominal performance criterion ||W1.5|w|| < 1. The open loop transfer function

L that satisfies loop-shaping criteria has been obtained as

L(s) — 208.75(s + 1)(s + 2)
(s) = (s + 0.01)(s + 50)(s2 -+ 0.665 + 60.72)

(5.4)

The db magnitude for L satisfying the conditions is shown Fig. 5.4. The plots for
the nominal performance and robust performance criteria are shown in Fig. 5.5.As

shown in the Figure, that the curve for ||WS + W)T|| is always less than 0 db
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Figure 5.4: Loop shaping plots relating W;, W, and L for robust speed controller.
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Figure 5.5: Robust and nominal performance criteria for robust speed controller.
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and thus satisfying the relation robust stability and the performance criterion. The
nominal performance criteria ||W;S||o < 1 is also satisfied.
For the above open loop transfer function, the controller function was found from

the relation

C(s) = ILJE?) (5.5)
and is given as
Culs) = 200(s + 1)(s + 2) (5.6)

s(s+0.01)

The robust STATCOM speed controller was tested by applying an input torque
pulse of 100% of 5 ms. duration to the generator shaft. For a number of operating
conditions, simulation results for the STATCOM bus voltage and variation in the
rotor angle are given in Fig. 5.6 - 5.7 respectively. Curve a represents the nominal
operating condition.

Fig. 5.6 shows the STATCOM bus voltage variations for a) P,= P,= 0.9 p.u.
at unity power factor, b) FP,= 1.0 p.u. at 0.95 lagging power factor, ¢) P,= 1.1 p.u.
at 0.95 leading power factor, d) 1.2 p.u. at 0.98 leading power factor, and e) P,=
0.5 p.u. at 0.95 lagging power factor. The corresponding rotor angle variations are
given in Fig. 5.7. From the figures, it can be observed that a very good damping
properties can be obtained with the robust speed controller over a wide range of
operating conditions.

Figures 5.8 and 5.9 shows the variations in the generator angular speed and the

controller current output for even more largely varied operating conditions. Results
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Figure 5.7: Rotor angle corresponding to Fig 5.6.
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Figure 5.8: % Angular speed deviation with robust speed controller.
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Figure 5.9: Controller output current corresponding to Fig.5.8
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confirms that the designed STATCOM speed controller is robust to handle large

variations in the system.

5.1.2 Robust controller in the voltage loop alone

The block diagram corresponding to Fig. 5.1. with the voltage loop controller is

shown in Fig. 5.10. The nominal plant transfer function for this formulation is

-4v,
Lo Cv

Y
~

Y

Figure 5.10: Collapsed block diagram with voltage controller.

P —10.35(s? + 0.667s + 68.0233) (5.7)
"~ (s +50)(s%+ 0.667s + 61.7585) '

Because of the sign of the P, the nominal plant is in a positive feedback loop. Such
a system does not fall in the category of the internal stability [40] and robustness
criterion cannot be applied as such. However, by forcing C, to take the opposite
polarity, a robust controller was designed following the procedure outlined in section
5.1.1. The controller does provide reasonable amount of damping over a range of
operating conditions, but it is not as effective as the speed controller C,,. It is
noted that earlier studies also revealed that the STATCOM voltage control loop
does not provide enough damping [16, 37] and similar observation was found by

the application of the PID controller in the voltage loop alone in section 3.2.2. PI
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controller design is often unsatisfactory, and may even may lead to unstable situation
[37]. This can be attributed to the fact that there is a pair of poles and a pair of
zeros is P on the imaginary axis, which are in close proximity. These pole-zero pairs
are responsible for the oscillatory nature of the response in that voltage loop which

is a desirable for voltage regulation purpose.

5.1.3 Voltage-speed Robust controller

In the following section, a robust design for a controller in the speed loops is pre-
sented which retains a nominal voltage feedback gain C, = 1.
The nominal plant transfer function with robust controller in the speed loop and

including the voltage feedback can be expressed as

2
b 1.1975s 58)
(s + 58.3475)(s% + 2.672s + 10.9579)

Note that positive feedback situation disappears allowing a proper robust design.
Continuing the same design procedure employed in section 5.1.1, considering the
same transfer functions for Wy, W, as given in Eq. (5.3) and (5.2), a choice of the

open loop transfer function,

_ 175(s + 6)(s + 0.8)
(5) = (57 58.3475)(s + b5 + 49) (5.9)
with the resulting control function,
146.1 6 0.8)(s* + 2.672s + 10.9579
C(s) = 223 H6)(s + 08) (" + 26725 4 ) (5.10)

s2(s? + 5s + 49)
provides excellent damping control over a wide range of operating conditions. Fig.

5.11. shows the db-magnitude plot relating Wy, W, and L, which was employed
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to arrive at the controller of Eq. 5.10. The plots for the nominal and robust
performance criteria are shown in Fig. 5.12.

The system model has been simulated for 100% mechanical torque pulse of 5 ms
duration. Five different loading conditions have been considered to investigate the
robustness of the designed controller. The variations in generator rotor angle and
the bus voltage are shown in Figures 5.13 and 5.14 respectively. As can be observed,
the robust controller provides excellent damping characteristics and keeping the bus
voltage to an acceptable value. However for the operating condition away from the
nominal operating point, an oscillatory response has been observed which damps
with the time shown by curve e in Fig. 5.14 for 0.5 p.u power output at 0.95 lagging

power factor.

5.2 Robust Controller design for detailed model

There are two possible controls in the detailed model of STATCOM as shown in Fig
2.9. These are the magnitude of the STATCOM voltage (c) and its phase (). In
chapter 3, it was shown that the controller in the phase angle control loop does not
provide any extra damping. This is somewhat similar to the controller C, in the
approximate model.

Since the phase control does not provide extra damping, C,, was set to a nominal
value of 1 for designing the robust magnitude controller. The nominal plant transfer

function P is taken for power output of 0.9 at unity power factor load and is obtained
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Figure 5.11: Loop shaping plots relating W, W, and L for voltage-speed robust
controller.

Figure 5.12: Robust and nominal performance criteria for voltage-speed
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Figure 5.13: Rotor angle with robust controller for voltage-speed robust controller
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Figure 5.14: STATCOM bus voltage corresponding to Fig. 5.13
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as,

b 0.24665%(s + 100.774)(s — 0.214309) (511)
~ (s + 99.1923) (s + 1.0901)(s + 0.0527)(s2 + 0.65484s + 21.4956) '

The collapsed block diagram for only magnitude control is shown in Fig. 5.15. The

db magnitude vs. frequency plot for the nominal and perturbed plants are shown

in Fig. 5.16. From this plot the quantity |£8:; — 1| is constructed and is shown in

Fig 5.17. Off nominal operating points for output power ranges from 0.8 p.u to 1.4

p.u and power factor from 0.8 lagging to 0.8 leading were considered. The function

W, fitting the relationship |];8f3 — 1] < |Wa(jw)] is constructed as

2.1655% 4 4.221s + 27.44
Wo(s) = |
x(9) (2.55% + 2.4365 + 18.92) (5.12)

-Aw

Y
ﬁ
Y
-

4

Figure 5.15: Collapsed block diagram for robust ¢ controller.

The function W, was selected as,

Kuf?

Wi(s) = F T I s ST T

(5.13)

K4 and f. were selected to 0.01 and 1 respectively. The open loop transfer function

L which satisfies the loop-shaping criteria was found to be

0.5(s -+ 0.009)(s + 100.774) (s — 0.214309) (s + 1)
(s +12)(s + 0.0901)(s + 0.01)() (s® + 0.65485s + 21.4956)

L(s) = (5.14)
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Figure 5.16: nominal and perturbed plant transfer functions for robust speed feed-
back system.

The db vs. frequency plots relating relating L, W, and W, is show in Fig. 5.18 .
Fig. 5.19 shows the plots for the nominal and robust performance criterion. From

the relation L = PC, the controller transfer function was constructed as

_2.0273(s + 1)(s + 1.0901) (s + 0.0527) (s + 99.19233) (s + 0.009)
N s2(s + 12)(s + 0.0901) (s + 0.01)

Ce(s) (5.15)

The controller was tested by simulating the detailed model for a disturbance of
100 % input torque pulse of 10 ms duration. The simulations results obtained for a
number of operating conditions are given in Fig. 5.20 - 5.21. The responses recorded
are the variations in the rotor angle and mid-bus respectively. Fig. 5.20 shows the

rotor angle variation for the following operating conditions. a)Nominal operating
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Figure 5.17: the uncertainty profile for detailed model.

condition, b) Unity power output at 0.95 lagging power factor. Curve ¢ and d shows
the responses at power output of 0.5 and 1.2 respectively with the corresponding
power factors of 0.95 lagging and 0.98 leading. It was observed that the designed
magnitude control provides damping for all the operating conditions. Expectedly,
the response of the states farther away from the nominal are not as good. This is
exhibited by a slightly oscillatory response for 0.5 p.u output shown by curve c.
Fig. 5.21 shows the corresponding variations in the mid bus voltage. The robust
controller maintains the STATCOM bus voltage to its desired value faithfully. The

maximum transient overshoot observed was about 10%
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Figure 5.20: Rotor angle with robust controller for detailed model.
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Figure 5.21: STATCOM bus voltage corresponding to Fig. 5.20.
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5.2.1 Fault studies for the detailed model with Robust con-
troller

The robust controller designed was tested for a three phase fault for 0.1 sec at the
infinite bus of the power system. Figures 5.22 - 5.23 shows the generator rotor angle
and STATCOM bus voltage variations for a wide range of power output conditions.
The following cases has been considered. a) Nominal operating conditions, b) 1.0
p.u at 0.95 lagging power factor, ¢) 0.5 p.u. at 0.95 lagging power factor and d) 1.2
power output at 0.98 leading power factor.

The response shows that even for very heavily overloaded condition of P, = 1.2
p.u. STATCOM bus voltage transient overshoot is less than 10 %. The electrome-
chanical and electrical transients are controlled virtually in one or two oscillations
with the robust controller. Even for large disturbances of 0.15 sec duration fault, the
robust controller is able to stabilize the system . The voltage variations, however,
are large.

The controller is designed to give robust performance for operating conditions
near the nominal one. For operating conditions off the nominal one, the response

may not be as good as depicted by curve ¢ in Fig 5.22.
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Figure 5.22: Rotor angle variation with robust controller for the detailed model (for
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Chapter 6

Conclusions and Future Work

The dynamic behaviour of a single machine infinite bus power system installed with
a STATCOM at the mid-point of the transmission line has been investigated in this
thesis. Dynamic models has been derived for the approximate and the detailed rep-
resentations of the power system. Comparative study for the different combinations
of PID controller has been presented for both the models.

For the approximate model, two control inputs has been identified, one in the
speed loop and the other in the voltage loop. It has been found that controller in
the voltage loop alone is not effective in providing damping to the system but its
presence is found to be necessary for the voltage regulation. A controller in the speed
loop has effective control over the electrical and electro- mechanical transients. For
a nominal unity gain in the voltage loop, a PD controller in the speed loop gave
reasonably good damping characteristics.

For the detailed model also two control inputs to the STATCOM has been iden-
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tified, one is the magnitude and the other is the phase for the STATCOM control
voltage. It was observed that PID control for phase alone is not effective in provid-
ing damping. The proportional controller was observed to provide damping to the
system but other transient indices were poor. The PID control was generally not
found satisfactory in terms of both steady state and transient performance.

A novel method of designing robust damping control strategies for STATCOM
controller is proposed for both the approximate and détailed models. The controller
designed was tested for a number of disturbance conditions including symmetrical
three-phase faults. The robust design has been found to be very effective for a range
of operating conditions of the power system. The operating conditions for which the
controller provides good performance depends on the spectrum of perturbed plants
selected in the design process. The robust design has been found to be superior
to the conventional PI controllers, where the controller coefficient normally need to
be retuned for various operating conditions. The graphical loop-shaping method is
simple and straightforward to implement.

The robust STATCOM controller designed through both the approximate and
exact models did provide extra damping to the system. The design through the
approximate model is simple in terms of the dimension, and was carried out as an
initial study. Detailed study was more sensitive to variations of AVR and controller

DC voltages.
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6.1 Recommendations for future work
In the following, some recommendations are given for future research in the area.

e Further research is needed to evaluate the impact of phase angle (¥) control

of STATCOM voltage for the dynamic performance of the system.

e The effect of STATCOM on a multimachine system stability needs investiga-
tion. The location(s) of the STATCOM device(s) in a multimachine system

requires careful study.

e In this study SMIB system with STATCOM located at the mid-point of the
transmission line was considered. The impact of the location of the STATCOM
other than mid-point of the transmission line on the dynamic performance can

also be studied.

e The robust controller design of STATCOM for damping control with other
FACTS devices such as unified power flow controller (UFPC) and static syn-

chronous series compensator SSSC, etc. also needs investigation.



Appendix A

Derivation of the Simplified
Dynamic Model of SMIB installed

with STATCOM

v 1 Vv X2

o112

Figure A.1: Equivalent Circuit Diagram of the System of fig. 2.5
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From Fig. A.1
bo =1 + Ig (A.1)
Now
Vm = Vi—juXy (A.2)
Vi = Vi + 70X (A.3)

Equating equation A.2 and A.3 and substituting the value of %,:

Vi = jinlXi = Vo + 7 X (4 + is) (A4)
But
Vi = Va+jV, (A.5)
Vi = zgig+ j(eg — xd't1a) (A.6)
i o= g+ fing (A7)
is = Ig/—0 = Is(cos@ — jsinb) (A.8)

where 8 is the angle of the mid bus or STATCOM bus.
Vo =Vsind 4 jVcosd = Vg + jVig (A.9)

where ¢ = load angle.
Substituting all into equation A.4
Tgirg + jleg — xd"i1a) — F(t1a + Jirg) X1 =

‘//E)d + ]VE,q -+ ]XQ [ild + jilq + Is cosf — ][5 sin 9] (AlO)
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(X1 + 24)i1q + jleg — x4 110 — X114] =
%d — X2i1q + Is sin 8 + ][V;,q + Xg’ild + XzIS Ccos 9] (A].l)

Comparing the real and imaginary parts.

From Real part:

(zq + X1)’i1q = Vig— Xotig + Igsind (A.12)
. ‘/bd + IS sin @
_— A,
T X X+ (A-13)

and from Imaginary part:

eq' - (.’L‘d' + Xl)ild = V&I + Xyi19 + XoIg cos (A.14)
, ey — Vg — XolIgcosO
= A15
" Xi+Xo+ 24 ( )
Expression for V,,:
from equation A.3
Vm =V + jia X (A.16)
Vind + §Vig = Vg + Vg + (i14 + jirg + Is cos 6 — jIgsin6) X, (A.17)
V;nd + ]‘fmq = (‘fbd - X27:1q + XZIS sin 9) +
j(‘/;,q + Xot1g + Xols cos 0) (A.18)
Comparing real and imaginary parts:
Vina = Voa — (t14 — Issin6) X, (A.19)

Ving = Vg + (114 + Is cos 6) X, (A.20)
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Substituting the value of 4,4 and ¢;4 from equation A.13 and A.15:

[ Via + Is X2 sind .
rd = - -1 | X A.21
Vima = Vi X X, + 2, Sst 2 (4.21)
F‘/bd + Ist sin g — (Xl + X2 + .’L'q)IS sin 6
Via = Ve — X A.22
md bd i X] +X2+.’13q 2 ( )
-Vbd - (X1 + .’L‘q)IS sin 6
— A
Vina = Vi | X+ X + 2, X (A.23)
(Voa + XaIgsin0) (X + z,)
Vin A.24
d X1 + X2 + Tq ( )
Similarly,
eqd — Vig — Xalgcost
- W g bg 275 I 01 X. A2
qu ‘bq + [ X1+ X5 + 24 + {5 COS 2 ( 5)
v o eq + V(X1 + ') + (X1 + 24 ) XoIs cos b (A.26)
™ X1+ Xo 424 '
The non-linear model is given by the following equations:
§ = ww (A.27)
o = El? [P — P, — D] (A.28)
. 1
where
e,'V, V2 zd —x
P, = —4- T ginf+-2 g in 26 A.30
2 T X T Y G A X))@t X)) (A.30)
(Xl + xq)V sin é + Ist sin 9(X1 -+ IL'(I)
Via = A.31
d X1 + X2 + Tq ( )
X "W cosé "Xy + IgX (X !
Vg = (X1 424 )V cosé+e,/ X, + slgcos (X1 + z4') (4.32)
X1+ Xo + 14
Vi = Vi +3Vimg (A.33)
A
f = tan™! (L:::) (A.34)



89

For Linear Model:

Vina
tanH = -‘—/:n— (A35)
X + Xz + (L‘d,

(X1 +zg)Vsind + IsXosin 0(X; + z,) (A.37)

(X1 + 24 )V cos b + e,/ Xo + Xo (X1 + z4')[scos o

Let

X1 + Xz -+ .’Ed' '
di = —— - A.38
! X; + X, + 7, (A.38)
d2 = (Xi+z)V (A.39)
d3 = X2(X1 + .’L'q) (A40)
d4 = quXQ (A41)
ds = (Xy+z)V (A.42)
de = Xz(Xl + xd’) (A43)

dgsind + dsIgsinf

0= A,
tan & dy + dscosd + dgls cosf (A-44)
(A.45)

By Cross multiplication:

dytanf + dstan 6 cos§ + dglgsinf = dydasind + dydzlgsiné  (A.46)

dytan @ + dstan 0 cosd + (dels — didslg)sinf = didy sind (A.47)
Differentiating equation A.47 with respect to ¢ assuming 6 depends on §

06 00 .
dy sec? 655 + dscosdsec 0-8—-5 +dstanf(—siné) +

(dgls — dyd3lg) cos 09—9-

EY; = d1d2 cos ¢ (AAx48)
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[dysec® 0 + ds cos d sec® 6 + (dgIs — dydsIs) cos 6] % =
didycos b + ds tanfsind (A.49)
Let
dy = dysec? 0 + ds cos § sec® @ + (dgls — dydsls) cosf (A.50)
Therefore, equation A.50 becomes:
o _1 [d1d2 cos ¢ + ds tan Osin J] (A.51)
06  dy

Similarly differentiating equation A.47 with respect to Is assuming 6 depends on

Ig:
00 00 00
d, sec? 6% + d5 cos 6 sec? 95}; + (dels — d1dsIs) cos 9@ +
sin a(ds - d1d3) =90 (A52)
0 00 )
[d4 sec® 0 + ds cos 8 + (dgls — didsls) cos 0] 3= sin 6(dyds — ds) (A.53)
5
00 1
where
dg = dysec® 0 + ds cos § + (dgls — dydzls) cos (A.55)

By linearizing equation A.31, A.32 and A.33, around equilibrium point. We got

AV, = KVM,)"A(S + KVmIsAIS (A56)



and
AP, = Kp,sAd + Kp. 1Al
where
av,
K = T
Vind 5
OV
Ky,1s = ol
OP,
K = =
P.s 55
OPF,
K = =
Fels ol
Calculating the coefficients
dP,
Krs = 35
0P, 06
Kres 80 06
o[ e'Vin . V2 (x4 — x,)
K - g 'm _m q
5= 59 [Xl Tzg N S G R X)) (@ + X))
31— [ds tan fsin § + dyd; cos d]
7
1 [ e/Vim V2(zd — z,)
= - 9 + m q
P 4, [Xl Fag T (g + X1 (mg + X1)
[ds tan 6 sin & + d;ds cos 6]
Similarly,
OP,
Kpis = als
aF, 06

90 ol
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(A.57)

(A.58)
(A.59)
(A.60)

(A.61)

(A.62)

(A.63)

(A.64)

(A 65)

(A.66)

(A.67)
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1] €'V V2 (x4 — z,) .
= — 0 L 20 - A,
Kp 1o oy cos 6 + (o + X1)(zy + X)) cos 26| [d1ds — dg) sin 6 (A.68)
. OVn OV : : .
In order to obtain 55 and TR applying the relation for the magnitude of the
s
mid bus voltage Vp,:
Vi = V2, + V2, (A.69)

Differentiating partially with respect to ¢ and Ig

an _ 8de ' anq
S = Vgl g Vi A
Ym 3T ma~gr + Vma g (A.71)
where
8de X1 + Tq ISXZ(XI +zx ) a0
= Vcosé 1 0— A.72
86 (X1+X2+xq S X X, 1z, Va6 (A72)
and X1 + Zq Ing(Xl =+ iL'q)
= V cosd
86 (X1+X2+a:q St N X,
Cos 0;— [ds tan @ sin 6 + dqd; cos 6] (A.73)
7
and
OVing 1 _ N A
% "X T, +$d'[ (X1 + 24 )Vsind — IsX2 (X1 + z4') sinf x
di (ds tan @sin 6 + dida cos §)] (A.74)
7
OVmg (X1 + z4') IsXos5in0

=— Vsi
dé (X1 + X2+ .'L‘d') sind + dy

- (dstan@sind + dida cos 6) | (A.75)
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and _ 1 . aa X
0ls — X1+ Xs+az, [XZ(XI +2g)sind + IsXa (X1 + 24) cos 6 - B_I—g—] (A.76)
(Xl + -'Eq)XZ R Is .
Xy X5 + 2 sinf + e cos B - (d1ds — dg) sin@ (A.77)
Similarly
avmq 1 ! ] . 60
= X - L
als S Ay [Xz( 1 +24)cosb — Is Xy (X1 + z4') sin6 oL (A.78)
(X1 +z4) X2 Is ,
X1+ Xo + zd cos ¢ ds sinf - (d1ds — dg) sin6 (A.79)

Substituting back into equation A.70 and A.71

oV,

Vb = 55" (A.80)

Vind (X1 + zg) [
Ky 5= 2me. V cosd
Vel =y X Xt | 0T

_qu (.X]_ +wd,) . l . .
Vo (X1 % Xo + 20) stné—i—d7IsX281n9(d5tan9s1n6+dldzcosé) (A.81)

1
dr

Is X5 cos 6 (dstan@sind + dydy cos 6)]

oV
Kv,1s = Bl (A.82)
Ve (Xi+z)Xe [ 1 .
Ky, 13 = Vi 0+ Xz 2g) sin @ + d—SIs cos 6 (dyds — dg) sin

Vg (X1 +5) X0 [

1. _
Vm (X1 + X +2d) "OS‘"—-’ssm(’(dlds—de>sm9](A.83>

dg



Appendix B

Derivation of the Detailed

Dynamic Model of SMIB installed

with STATCOM

The voltage and current relationship for the power system with STATCOM shown

in Fig. B.1 are expressed as

jLo = jLod"'jfLoq

Vo, = ¢Vpe(cosy + jsiny) = cVpely (B.1)
dVpc Ipc c :

= DS _ _€ (I, .cost+ I, sint B.2

i Cho CDC(LdCOS'W"‘ Log Sin¢) (B.2)
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Figure B.1: STATCOM installed in a single machine infinite bus power system.

where

From Fig. B.1,

= mk

AC Voltage
DCVoltage

= modulation ratio defined by PWM

= defined by PWM

V; = j Xl + jXelig + Vs

(B.3)



Now

I = ILp—1Ip,
jLo — VL - V:z
JXspr

Vi = Vi—Xuly

Substituting in the expression for I p

Vi — i XLy -V, _ iXsprliy — Vi + j X Iy

I_LB = ftL -

JXspr JXspr
Eq. B.4 becomes
I > T .
Vi = jXuly + = (L Xspr = Ve + i XLy + V)
JXspr

. = . = X _ i X, X _ X

Vi = ]XtLItL +.7XLBItL-— LB V’t_{__J tL LBItL+ LB Vg
Xspr Xspr Xspr

XrB ) - XiB - ( Xi ) =
1+ - Vi — Vo—-Ve=j{Xu+ X1+ I
( Xepr t Xepr B =] tL LB Xepr tL
Let
XiB )
Z = {1+
( Xspr
X
A = (XtL+XLB+ 1L )
Xspr
_ X _ _
ZV, — 2V, - Vg = jAL,
SDT
Now

Vi = Va+iV,=a,0q+iled — z,04)
Vo = cVpecosy + jcVpe siny

Ve = Vgsind + jVgcosé

96

(B.7)

(B.8)

(B.9)

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)
(B.15)

(B.16)
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Ly = Lipa+jltLg (B.17)
Substituting all in B.13
. ’ ’ XLB , . .
A [qutLq +j(eq — detLd)] X (cVbe cos ¥ + jeVpesiny)
XSD

—-(VB sin<5+jVB COs 5) = jA(ItLd +thLq)

XiB
Xspr

cVpe cosp — Vg sin 6] +j [Z(eq' - x:iItLd)

XiB
Xspr

[quItLq -

CVDC SiIH/) - VB CcoSs (5] = —AItLq + jAItLd

Comparing the real and imaginary parts,

for real part

XLB

Zﬂ?thLq - ECVDC COS'(,b - VB sind = _AItLq (B18)
X
(Z:L'q + A)ItLq = LB CVDC COS¢ (B.lg)
Xspr

XLB_ Vo cos ¥+ Vpsind

I — Xspr )
tLo (Zzy+ A) (B.20)
-%!‘B—CVDC cosyy + Vpsind
Ly = B — Y (B.21)
X+ Xop + 2tk + (14 222 2,
Similarly from imaginary part
' ’ XLB .,
Z(eq — zylira) — cVpesiny — Vgcosd = Alyrq (B.22)
Xspr
, r Xip o
(A+ Zzy)lipg = Zeq — e cVpesiny — Vgcosd (B.23)

s§DT



] . ,
Zeq — %%CVDC siny — Vpcosd

I = 7
tLd A+ Z.’I/'d

(1 + XL{SL;%) eq — )—?%f;cvpc siny — Vgcosd

XtL+XLB+—XLL+

Xspr Xspr

Lira =
(1 + Xun ) T,

Therefore the nonlinear model is given as:

6 = wyw
w = i[Pm—P — Duw]
M e
! 1 ’ 7
eq = TdO; [Efd —eq — (SEd - xd)ItLd]
. 1 Ky
FE = ——(Etg— Etgo — (Vi —
fd TA( fd fd)+TA (W Vt)
. C .
where
P, = wglipg +velirg

= eq Lipa+ (T4 — 2g) lialirg

V, = \/vﬁ +oZ = \/(efI' — zylia)? + 7,

For Linear Model

' . )
(1 + X—}—{j;%) eq — %%CVDC siny — Vg cosd

Lipg = " " ;
XtL+XLB+_I‘$L+ (1_*__11&)1"1

Xspr Xspr

]. ! XLB .
I [, _ V; h— 1/,
tLd ] [Zeq Xaonn cVpe siny — Vp cos (5]
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(B.24)

(B.25)

(B.26)
(B.27)
(B.28)
(B.29)

(B.30)

(B.31)

(B.32)
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where
X X '
[A] = X + Xpp + —2 + (1 + L8 ) z, (B.33)
Xspr Xspr
&
X
Z=1+2E8 (B.34)
Xspr
Linearizing
1 ' X
Aliza= —[Z0eq — 2B Vo cos Pol — LB ¢, sinppAVpo
[A] Xspr Xspr
_ LBy o singole + Vasind,A8]  (B.35)
Xspr
_ Z ' VB sin (50 XLB .
AlLig = mAeq + 4] Ad + (—XSDT[A] Vbco sm't/)o) Ac x
XLB
~ LB _ A
( XSDT[A] coVpco €os "/’o) P+
XLB . o
(—mco 81n1,bo> AVDC (B-j())
ALy = CsAeq + CsAS+ CrAvp + CsAc+ CoAVpe (B.37)
Where
VA Vpsind, X18¢oVDcoCOS Y,
Cs=-—=  Cs= . Cr=-—
VY ’ [4] ! Xspr[4]
O = X1.8Vpcosiniy, Co = _ X1LBCosint,
s Xspr[A] ° Xspr|A]



Similarly

Vgsind + }J%DLTCVDC cos

XtL+XLB+Mﬁ+(1+M)xq

Xspr Xspr

ItLq -

1 . X
ItLq = [—BT [VB sind + ﬁCVDC (0] ’lﬁ:'

Linearizing

1 X
sty = A z

] VB 08 6,A8 — ———¢,Vpco sin Y,AvY

Xspr

X

+ X1p CoSin W, AVpe + LB Vbco sin woAcoJ
Xspr Xspr

_ Vpcos do XiB .
AItLlI - {B] Ad+ ( XSDT[B] ¢oVDco sin "/)o) Ay

X1B )
+ —————Vpep cOS Ac

TLB
— A

-+

Al = C1Ad + CoAy + CsAc+ C1AVpe

where

Xip

_ Vpcosd, B
Xspr[DB]

Cl———a C2=

[B] CoVDCo sin v,

X1eVpcocos i,
Xspr[A]

Ci = X1BCoCOS P,
Y7 Xsprld]

C3 =

100

(B.38)

(B.39)

(B.40)

(B.41)

(B.42)



101

The linearized model of (B.27) to (B.30) is

A§ = wAw (B.43)
1
Aw = -M[AP8+DAw] (B.44)
: 1 ,
Ae'q = 7—,—[—Aeq +AEfd] (B45)
do
: 1 K4
= — AEs— A .
AEgq TAA fd TAAV} (B.46)
(B.47)
DeltaVie = ——[L1og €08 + Iiogsin 1] (B.48)
Cpc

Since

eq = eq + (g — x:i)ltld

Therefore by linearizing
Neq = Aeq + (xg—z,) ALy
Calculation of AP,
P, =eq Iyg + (2 — ©2) Inalug (B.49)
linearizing

AP, -—-eq;AIth -+ querq' + (xq - x;)‘I“dOAqu + (.’L'q - a::i)]thoAI”d (B50)

= [eq; + (2 — Ty) Tnao| Alug + Tugoeq + (T4 — 7o) LgoAlug (B.51)
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Substituting the value of Alyy & Aly,

AP, = [eg, + (24 = ) uo] {C100 + CoAY + CAc + CatAVpc} + Tugoreq
+ (24 — 2p) Tugo {csAeq’ + CAS + CrAp + CsAc + CgAVDc} (B.52)
= {eq; + (zq — 2y)lyao C1 + (zq — ) Ldo Ce} A+ [Itho {1 + (zq — x:i)C’s}] Aeq
+ :{eqlo + (2 — x:i)Iud,,} Cy+ (zq— z:i)qung: AVpe

+ {eq:, + (zg — x:i)Itldo} Cs + (x4 — m:i)lthng_ Ac

+ -{eq:, + (zq — x;)zud,,} G + (2 = ) TugoCr| A9 (B.53)
Let
Cin = eq; + (xq - x:i)ltldo
Cu2 = (iEq - x:i)-[tho
Therefore
AP, =(Ci1 C1 + Criz Cg)Ad + [Ith,, {1 + (24 — x:i)Cg,}] Aeq
+ (C111C4 + C112C4) AVpe + (C111C5 + C112Cs) Ac
+ (011102 + 011207)A’(/1 (B54)
AP, =K1A8 + KyAeq + KppoAVie + KpeAc + Kpy A (B.55)
where
K, = Cin1 Gy + Ci1 Cs, Ky = Ly {1 + (x4 — x:i)cs}
Kypc = Ci11Cy + C112C%, Ky = C111C3 + C112C5

Kpy = C11:Cy + C112C7
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Calculation of Aeq

Aeq = Aeq' + (x4 — x:i)AIt,d
= Deq + (04— a3) (Coeq +CoAd + CrAY + CoAc + CoAVig)
= {1 + (zq — x:z)Cs} Aeql + (zq — x:i)C’sAé + (x4 — x:i)C'7A¢

+(:L‘d - .1::1)08AC + (.’IId — .’E:l)CgAVDc

Let
(zqg—xy) =J (B.56)
Aeq = (14 JC5)Aeq + JCeAS + JC;AY + JCsAc+ JCyAVpe
= KiAeq + KiAS + Kpy Ay + KpoAc + KopcAVpe
where

K3 =1+ JCs, K,y = JCs, Kq¢=JC7

ch - JCg, KqDC = JCQ

Calculation of AV,

Vo Vio
AV, = —‘-/%Avd*!-%AVq (B.57)
= Yoo, g Y50 (A — 24l
= m(wq th)+V_to( eq — z4AIyq) (B.58)
Vo ,
= 75 (2Csleq + CoAd + CrAg + CsAc + CyAVipg)
to
Vio, 1 s
+—(Aeq — z4ALyq) (B.59)

Vio
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Let L = 3~
therefore
AV, = L(Vgp,Cy — Vo yC6) A8 + LV,o(1 — 2,C5) Aeq
+L(Vio4Cs = Vot yCo) AV + L(VioqCs — Vo yCs) Ac (B.60)
+L(Viox,Co — Vo, Cr) At
AV; = K5 A6 + KeAeq + KyvpcAVpe + KycAc+ KyyAy (B.61)
where

K5 = L(Vao,Cy — Vo ,Cs),
Ko = LVyo(1 = 2,Cs),  Kyy = L(Vapz,Co — Vot 4Cr)

Kve = L(Vao1,Cs ~ Vio14Cs),  Kvpe = L(Vap,Cs — Vot yCa)

Substituting all values in the linearized model given by equations (B.44) to (B.48)

Ab = wAw (B.62)
. 1
Bw = —[{K1AS + Kz, + KppeAVpe + Kpele + KpyAp} + DAw]
= —%Aé . %Aeq' - Kgfl’c AVpo — %Ac - %ij - —]%Aw
K D K, . K K, Koy
= —Hlm — 5w = —M?Aeq - ﬁcAVDc — e - —ﬁiA¢ (B.63)



AEsy
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1

do’

(—Aeq + AEfa4) (B.64)

1 :
[~ (Ksleq + KaAd + KgpAp + KoeAc + KqpcAVpe) + AEjd]
do’

K, K3 KqDC ch

' 1
Ad — Aeq + —AE¢q — AVpe — Ac
Tda’ do’ ’Tdo' f Tdo' Tdo’
kqw
T A (B.65)
1 Ka
1 Ky
= AT
[KsAS + KeAeg + KypoAVpe + kyee + KAy (B.67)
Kaks KsKeg, + 1 Kskvpc
= - AS — =22 Aeq — —AE;y — —A
T, 0 T, 4~ 7 Efq T, Vbce
c Ky, K
_KveBan,  BveBan, (B.68)
TA TA
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In Matrix form

AS 0 wp 0 0 AS
Aw -Ki/M —-D/M —K)/M 0 Aw
= +
Aeg’ ~K4/Tyy 0 —K3/T,y /T,y Aeq’
| AEjq | | —kaKs/Ta 0 —KuKe/Ta —-1/Ts | | AEg |
0
- pDC'/M
AVpe +
=Kpc /Ty,
i —KsKvpc/Ta |
0 0
—Kpe/M —Kpy/M Ac
(B.69)
- qC/ Tdo' _Kq¢/ Tdo’ Ay
i —-KsKve/Ta —KasKvyy/[Ty |
Now,
. Vi —Vo
I, = = B.70
to JXspr ( )

- Vii =i Xuly — Vo
I, = +———t B.71
v JXspr ( )
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Substituting values of I1,, Vi, Lir, Vo

- 1
I i1 = X, 1 i(eq’ — X4HI -7 ] —_
lod + 71 10g jXSDT[ olirg + j(eq altra) — 5 X (Iia + 31iLq)
cVpe(cosy + jsiny)) (B.72)
- 1 . .
Diog + jlioq = 7 [2eliLqg + j(eqd — xylira) — jXeripa + XerIing —
JASDT
cVpccosy — jeVpesinyg) (B.73)
— 1
] B X — . ! !
Tioq + j110q Xy [{(zq + Xi£)ltLq — Ve cosp} + j{eq' — (af + Xor)Iiq
—cVpe siny}] (B.74)
= eq — (z!, + X ) Iipg — cVpesin
Ilod'l‘]-[loq = q ( d th) the ,lp
SDT
cVpe cos z, + X1
{ pe cosp — (xy + Xer)Iing} (B.75)
Xspr
- Comparing real & Imaginary Parts
- eq !+ X1, cVpe sin
Tpog = —2 (zg + Xe)ling Vg sing (B.76)
Xspr Xspr Xspr
- cVpe cos b+ 2 ) Ihp
Tiog = —22 LG _ Mg (B.77)
Xspr Xspr
linearizing equation B.76 and B.77
- 1 (=, + XiL) ¢Vbco Co Sin,
Al = Aeq' 4 Alj P A — —————A .
tod ZSpT “ Xspr 4T Xepr cos Yoy Xspr Ve (B.78)
Vbco sin '(,/)o
— ______A .
XspT ¢
— o X
Al = L Aeq' —~ (g + Xor) {C5A6ql + CsAd + C7AY + CgAc +
Xspr Xspr
ColAVavpy } — VPC cos g Ay — 5B Yo py
Xspr -XSD
Vbeosini, :
—_——Ac B.7
Xspr ¢ (B.79)
- 1 ! )
ATy = {1—(wﬁi+XtL)C5}Aeq’—MCGAé—M—t—L—lC7Aw—
TSDT LSpT Xspr
) g ) " p
("’d + AtL)CgAC _ (":d ’+ XtL)CgAVDC _ ¢oVDCo Cos P, A(/) _
Xspr Xspr XspT
Co Sin 1, AVpe LDC,, sin 1, Ac (B.80)

Xspr Xspr
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Let
' X ot
Tat ML _ poang E% _ g
Xspr Xspr
- 1
Alig = {1 (g + XuCs)}Aeg' — EGs A6 — ECrAw — EGyAc
SDT
V
~ECoAVpe — S&YBCVo nyy o AVpo — GVpooAe  (B.81)
Xspr
Alig = Croled +CnAd+ Cr2Ay + Crz3Ac+ CryAVpe (B.82)

where Cig = %—{1 — (25 + Xu.C5)}, Cuu = —ECs

Xspr

012 — _{EC7 + M‘l}, 013 e "’{ECS + GVDCO}

Xspr

Cu = —{ECg + Gco}

Similarly
¥ on [ ! [ 4 o Vi 4 l
AToy = ¢ 1;? sin Az/)+c cos 1 AVpe + D; coswAc
sDT sDT spT
_(zg+ xtL)AItLq (B.83)
Xspr
ATloq _ _COVI;?,, sin Y, A+ C, COS Q/JOAVDC + VD)C;, coSs wAc _
SDT spT $DT
X
(qu—_ZDTt—L—){ClA5 + CoAy + C3Ac + CyAVpe} (B.84)
- + X + X,
Al = —L{q—f————tQClAd — {coVDeoG + (%—(J)CQ}Aw +
Aspr spT
0 o X
{c cos P, (xq—I— tL)C4}AVDc'+
Xspr Tspr
VbcoCOSYo  ,Zq+ Xir }
+ Cs ¢ Ac B.85
{ Xspr ( Xspr Cs ( )
Let

() -
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CoCOSY,

Ay = —WC1AS — {cVpcoG + WC} AP + { e - WCy}AVpe +
spT
{Kw — WCs}Ac (B.86)
Xspr
Al = Ci5A6 + Ci6Atp + C17AVpe + Cigc (B.87)
where C15 = —-WCl, 016 = —{COVDCOG + WCQ}
Ci7 = {cocoswo - WC’4}, Cis = {w - WCs}
Xspr Xspr
Now since the expression for Ve is given as
Voo = ——(Liacosy) + J1048in9)) (B.88)

Cpc

linearizing with — =N
Cpc

AVpe = N{(Lioa, €080 + Liog, sintPo) Ac + o(—1Iioa, $inWs + lig, COSY0) Ay +

Co (€089 AL1pq + s1n1P AlLoq)] (B.89)
Substituting the value of Alj,q and Al

AVpe = N{(Iioq,c08%0 + I1og, $110) Ac + Co(—T10d, 51110 + L1og, cO8%0) Atp +
co{costpo(Croleq’ + Cr11 A8 + CioAtp + Ci3Ac + C1yAVpe) +
sinpo(CisA0 + C16A% + C17AVpe + CisAc)}] (B.90)

AVpe = Neo(cosoCii + sinpoCis)Ab + (NC,Cosip,Cio) Aeq' +
Nco(cospoClra + SinpoC17) AVpe + N (Lipa, Cosho +
T10g, 5110 + €059, C13 + cpsini,Cig) Ac +
Neo(=Iioq, sin%o + I1og,€05%0 + €051,C12 + sin1h,Che) At (B.91)

AVpe = K706+ KgAeq' + kgAVpe + KpcAc + Kay At (B.92)



where

K7 = Ncy(cos,Chy + sin ¢,C)s)

Kg = N¢,cos19,Chg

Ky = Nc,(cos ,Crq + sin 9,Cl7)

110

Kpe = N(ljod, €08 ¥ + Iiog, S, + ¢, €08 1,C13 + ¢, 8in 1,C13)

k)d,p = Nco(_Ilodo sin ’l/)o -+ Iloqo COS ’l,bo -+ cos ¢0C12 + sin @boCm)

In Matrix form

- AS - - 0
Aw —-K\ /M
Aeg' = —K4/T,y
AEyy ~KaK5[Tx
AVpe K,
0
—Kpe /M
~Koe/Tyy
~KaKy./Ta
i Kpc

Wy 0 0
-D/M -Ky /M 0
0 —-K3/T,, 1/T,,
0 —KaKs/Ty —-1/T4
0 K30 Ky
0
—Kpy/M
Ac
- qw/Tda’
Ay
—KaKyy/Ta
Ky

0 Ad
- pDC’/M Aw
~Kypc[Tao Aeg |+

—KaKypc/Ta AEgy

0 i AVpe J

(B.93)



Appendix C

STATCOM and Controller Data

o Parameters for the approximate model (in p.u. except indicated)
H=3s, D=40, K=1.0,21 =03, 2, = 03, 2, = 0.3, 24 = 1.0, T = 0.02,

I, =0.

e Parameters for the Detailed model (in p.u. except indicated)
H = 3s, Ty, =63, 54 = 1.0z, = 03, z, = 0.6. D = 4.0, zp; = 0.3,
XL = 03, rspTr = 015, KA = 10.0,TA = 0.013., TC - 0.053., CDC = 1.0,

co = 0.25, 9, = 46.52°

e Nominal Plant Operating condition :

P, =09V, =1.0pf =10
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