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ABSTRACT

This thesis is a prelude to the development of a knowledge based
system (KBS) for controlling a hvdc system feeding into a weak ac
system. Knowledge is generated by evaluating various control schemes
and controller configurations. The evaluation of various control
schemes and controller configurations is carried out by investigating
the system stability and the system recovery from various faults,

The steady-state stability is determined at the inverter feeding to
the weak ac system by using the root Tocus technique for various control
schemes., It 1is observed that system stability may be improved by
reducing controller gain, by reducing the sending ac system short
circuit ratio, or by increasing the receiving ac system short circuit
ratio. It is also observed that all control schemes may have the same
stability margin and settling time provided an appropriate controller
gain 1is used. Similar results are obtained for the detailed hvdc
system.

The system recovery from various faults is investigated by evalu-
ating individual control schemes at the inverter terminal. This study
is performed on a real time, physical model simulator. The digital
simulation is carried out using the EMTDC package for a detailed hvdc
system feeding to the ac system with a 1.5 short circuit ratio. The
transient performance of each control mode is examined by substituting
the various control modes for a few cycles just after the fault and
thereafter reverting the system operation to the extinction angle
control to have minimum reactive power requirements during steady-state.
It is found, through digital simulation, that the dc power recovery time
for all control schemes may be the same with proper optimization of
controlier parameters. Further, it is determined that switching among
the control schemes does not lead to instability. However, the dynamic
overvoltage profile can be 1improved by using the dc or ac voltage
control during transients.

Investigations show that the I-P controller has Tlittle value for
hvdc systems because of the limitation on the choice of gain. Further,
the modified I-P control is suggested to replace the P-I controller.
The modified I-P controller improves the system stability but it worsens
the system recovery from various faults in comparison to the P-I
controller. '

New state identification techniques are proposed to discriminate
and identify various faults. It is shown that the right decision for
identifying various faults may allow room for the KBS to change
controller parameters, control schemes and controller configurations.

In addition, a technique is suggested to Jinearize non-linear
equations involved in hvdc control systems over a wide range of system
operation with #5% error. The linearized expressions are used to
investigate the system stability. It is observed that the system is
Tess stable than what is predicted by small signal analysis.
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LIST OF MOST-USED SYMBOLS

Magnitude of fundamental component of 1ine current
Direct current

Instantaneous three phase current
Reactive current

Integral square error

Kurtosis

Integral gain of a controller
Proportional gain of a controller
Smoothing reactor inductance

AC system inductance

Number of bridges connected in series
Transformation ratio (secondary to primary)
Power supplied to load

DC power

Reactive power absorbed by load
Reactive power absorbed by dc system
Load resistance

Smoothing reactor resistance

AC system resistance

AC system equivalent resistance
Laplace Operator

Skewness

Fault duration

Peak instantaneous overvoltage duration

XX



Dynamic overvoltage duration

D

tr DC power recovery time

ti Instant at which system operation reverts to the
extinction angle control

ts Instant at which step change 1is made in the reference
signal of direct current control system

tst Starting time for the system

V or VR RMS value of three phase ac voltage

Vas Vpo Ve Instantaneous three phase ac voltage

Vn Normal steady-state instantaneous voltage

Vd or VDC Direct voltage

VD Peak of dynamic overvoltages

Vp Highest peak of instantaneous overvoltages

X, or XC Commutating reactance

Xs or X, AC system equivalent reactance

x! Transient reactance of the machine

YC Admittance

Zs AC system equivalent impedance

o Firing angie

Y Extinction angle

Ynin Minimum extinction angle

8 Ignition angle

é Power factor angle

g Firing angle for the inverter bridge

ai Equivalent voltage of firing angle of inverter bridge

XX i



o Minimum firing angle

min
ar Firing angle for the rectifier bridge

a; Equivalent voltage of firing angle of rectifier bridge
Te Time constant of controller

U Mean

g Variance

Xx11



CHAPTER I
INTRODUCTION

It is well known that hvdc schemes have distinct advantages over
hvac schemes. One of the major advantages of the hvdc scheme is its
fast controllability. The major part of this thesis is devoted to the
evaluation of the performance of various control modes at the inverter
terminal for a hvdc system feeding to an ac system having relatively
high impedance,

The evaluation of various control modes 1is carried out for
determining their effectiveness in terms of dc power recovery time,
duration and magnitude of overvoltages. As well, the influence of the
sending and the receivihg ac system impedance on the system stability is
studied. This is done 1in order to determine the effectiveness of

various control modes for different operating conditions.

1.1 BRIEF REVIEW OF HVDC TRANSMISSION CONTROL SCHEMES.

Normally, in hvdc schemes, the complete control system is realized
at three levels, i.e., master control, pole control, valve control. The
details of each level of control are described in references [1-7].
The typical arrangement of these three levels of control is shown in
Figure 1.1 [6]. The master controller generates the current order for
the pole control system. It also provides the interface between the ac
and dc system controls. The pole control system provides current

margin, current 1limits, tap changer control and signals needed
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for the valve control. The valve control generates the firing angle to

obtain the desired Tevel of voltage and current in the system.

Rectifier Pole Control

The pole controller at the rectifier has two control modes, i.e.,
minimum firing angle control and constant current control (Figure 1.2).

Minimum Firing Angle Control: The minimum firing angle, o, is
selected on the basis of minimum reactive power demand and sufficient
positive voltage across non-conducting valve to ensure successful

commutation. A typical value of o_. is 5° [6]. This control mode

min

operates for low voltage Tevels on the rectifier terminal.
Current Control: The rectifier generally operates in this control
mode during steady-state operation of a hvdc system. The current is
kept constant in the dc system by making appropriate changes in the

firing angle for changes in the system voltage.

Inverter Pole Control

The inverter may operate in one of the following control modes
(Figure 1.2).
i) Extinction angle control [7]

ii) Current control [7]

iii) AC voltage control [8]

jv) Reactive current control [9-10]

v) Power factor control [11]

vi) DC voltage control

vii) Reactive power control

viii) Active power control



d 3
—— Real Power Control
\a\\
— Reactive Power Contro)
g-Control
: «=—'—= DC Voltage Control
I v-Control
]
|
l — = = Rectifier Control
Inverter Control
|
| -1y
Figure 1.2 Steady-State Characteristics
for Different Control Modes
Vdi
&\\\\
a2
1
3

Figure 1.3 Three Point Instability Due to
the Extinction Angle Control



5

Most hvdc schemes provide extinction angle and current control at

the inverters. In order to cope with the special problems created by
the connection of hvdc links to weak ac systems, other control modes

(ii1 to viii) have been proposed in the recent literature [8-111,

Extinction Angle Control

There are two basic methods for this control to be realized, namely,
predictive control and closed Toop control [12]. The inverter normally
operates with the control during steady-state. The advantage of using
this control is essentially a minimum reactive power requirement and
generation of minimal harmonics. The typical value of the extinction
angle (y) is 18° [6]. The major demerits associated with this control
are:

i) The extinction angle control is usually prone to commutation
failures. As the inverter side voltage drops, the extinction angle
is reduced to normalize the voltage. This reduction in the extinc-
tion angle may reduce fts valtue below the minimum extinction angle
(18°), thereby causing a commutation failure.

i1) This control presents the negative resistance to the dc line as

shown in Figure 1.2, The negative slope of Vd-Id characteristics

becomes steeper as the ac system impedance increases. Thus, it
causes voltage/power instability [10].

111) The extinction angle control can lead to a three point instability

as shown in Figure 1.3. Most v controllers are modified to

min
prevent such instability. It is accomplished by modifying the

slope of the vy characteristics in the current margin region as

min
shown in Figure 1.4,
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Current Control

During disturbances such as dc Tine fault, starting of the system,
and power reversals, the inverter operates on the current control. It
has been demonstrated [13] that this control works efficiently in
the power reversal mode. The probability of commutation failure is
minimized in this control mode because the extinction angle is always
greater than the minimum. Normally, the inverter is provided with a
current margin of 10%-15% to allow the current controller to be operated

at both the rectiffer and the inverter ends independently [7].

AC Voltage Control

The fundamental component of the ac current at a hvdc terminal
lags the commutating voltage. Consequently, the dc terminals absorb
reactive power. If the host ac system has a relatively high source
impedance, it becomes increasingly difficult to maintain the required
voltage Tlevel at the ac bus. To overcome this problem of a load-
dependent ac voltage fluctuation, compensating equipment is used at the
ac bus. Alternatively, the inverter terminal can be controlled in such
a manner that it strives to keep the ac bus voltage constant [14]. It
has been suggested [8] that ac voltage control must operate only when
the ac voltage level exceeds a pre-set value. The reason for implement-
ing the overvoltage constraint is that in an overvoltage condition y is
increased, which Teads to higher reactive power absorption (a corrective
step). If a constant ac voltage is administered during undervoltage,
the controllier attempts to reduce y which, if it falls below Ymin® will

lead to commutation failure.
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The ac voltage control offers advantages such as Tow losses and

a low probability of commutation failure. However, it has the disadvan-
tage of higher valve stresses due to its operation at the higher

extinction angle,

Reactive Current Control

The firing angle of the inverter is regulated in a manner that the
reactive current absorbed by the inverter remains constant [9]. This
control scheme has two main advantages. First, there is a reduced
probability of commutation failure because the inverter operates at a
higher extinction angle. Second, it leads to a reduction in station
cost by decreasing the size of VAR compensating equipment. However,

this scheme operates at an extinction angle larger than vy Hence,

min®
there is a Targer reactive power demand during the steady-state

operation.

Power Factor Control

To maintain the constant power factor at the inverter terminal, the
dc voltage at the inverter terminal is controlled by controlling the
firing angle, while ac voltage variations are compensated by a tap
changer [11]. This control scheme operates on a high extinction angle
during partial Tload conditions. Furthermore, at full Tload, its
operating characteristics are exactly the same as the extinction angle
control. This control scheme has a serious drawback, that is, the time
needed to change the transformer tap during and soon after a disturbance
is 1 to 2 s. This makes the control either respond stowly or to operate

as a dc voltage control. Hence, it is a pseudo-power factor control,
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A pure power factor controller has been developed [15] which is

described later in the thesis. This contrel does not need a tap changer
control. The power factor control offers the following advantages:

i) The extinction angle is increased as the direct current reduces
and, hence, the probability of commutation failure is reduced.

1) As the power factor remains constant, the real power transferred

and the reactive power consumed are directly proportional to the

direct current. Hence, the possibility of high reactive power

consumption can be minimized.

DC Voltage Control

This control is designed by either controlling the mid-point dc
Tine voltage [13] or by controlling the inverter terminal dc voltage
[16]. This control has an advantage of minimizing the line losses (IzR)
and utilizing the insulation most effectively for the given power. It
is also possible to maintain the extinction angle close to its minimum
value with the help of the tap changer. However, this control responds
slowly because of the slow tap changer movement which normally takes
1.00 to 2.0 s [6]. However, the dc voltage control discussed later in

the thesis does not need the tap changer control.

Reactive Power Control

So far, the reactive power is used as a modulating signal for pole
control to produce secondary signals, such as dc voltage at the
inverter [17-18]. This control apparently has an advantage over the
reactive current control because of its additional capability to

suppress the variation in the ac bus voltage.
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Active Power Control

This control shows two operating points in the steady-state as
shown in Figure 1.2. Hence it causes two point instability. This

control mode is not discussed any further for this reason.

1.2 PROBLEM STATEMENT

In the foregoing section, advantages and disadvantages of each
control mode are briefly outlined. There 1is, however, a need to
evaluate the effectiveness of each control scheme in comparison to
others in greater detail. In the literature where new control modes
have been proposed, the authors have, at most, compared their proposed
control mode with one or two other modes. There is no consistency
between the test systems used in separate papers. It is important,
therefore, that a systematic comparative evaluation of all control modes
be carried out, so as to develop a dependable guideline for the
designers and users of hvdc systems feeding into.weak ac systems. Also,
1t is believed that this study would produce a knowledge base for the
future application of adaptive and knowledge based controllers.

The ultimate objective of this investigation is to lead towards the
development of a knowledge based controller which would operate a dc
inverter connected to a very weak ac system in a stable manner. At
present, inverters operate principally with extinction angle and current
controllers with numerous secondary modifications.

The controller switches from one control mode to the other by using
a simple selection circuit which chooses the minimum of the two firing

angles produced by the two control modes. For a more sophisticated
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controller, if determined to be advantageous, initially several control
modes can be programmed on a processor {or several processors). The
selection of the output from the controller can be made dependent upon
inference from several features such as system parameters and system
state (disturbance). Additionally, the structure of each control mode
can be altered to arrive at the optimal performance for a given set of
system conditions. Finally, an off line learning loop can be incor-
porated in the controller to make it self tuning.

In an attempt to ultimately accomplish this larger objective, the
investigation is subdivided into parts consistent with the requirements
for a Ph.D. thesis.

For this thesis it was important to evaluate the effectiveness of
various modes and study their sensitivity to system parameters. The
comparison of various controller configurations has also been done. As
well, system identification techniques have been investigated to
discriminate and identify system faults.

In order to carry out a systematic comparative evaluation of various
control modes at the inverter terminal of a hvdc system, the following
tasks are set forth:

(a) Evaluation of steady-state stability of various control modes.

(b} Evaluation of the influence of system parameters on the performance
of the control modes.

(c) Evaluation of the dc power recovery time, duration and magnitude of
dynamic overvoltages, when system is subjected to various faults.

(d) Evaluation of the inf]uence of the sending end ac system impedance

on the system recovery and stability.
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(e} Evaluation of the influence of various controller configurations on

the system stability and recovery.

1.3 SCOPE OF THE THESIS

The first two tasks, (a) and (b}, are achieved by carrying out a
steady-state stability analysis using the root locus technique [Chapter
II]. During the course of the investigation, a new approach for
handling the non-Tinearities of the hvdc system has been developed
[Chapter IIT]. A stability analysis is carried out using this approach.
The results are compared with those from a conventional small signal
analysis. Objective (c} is met by implanting various control modes on
the real time physical component simulator [Chapter IV] and simulating a
hvdc system on a digital computer using EMTDC (ETectro-Magnetic
Transient DC program) software package [Chapter V]. Objectives (d) and
(e} are achieved by investigating the step response of the detailed
system and the recovery of the system from some faults [Chapters VI and
VII]. |

As a prelude to developing a knowledge based controller (where,
depending upon the state of the system, the most appropriate control
mode can be applied with optimized structure), it is necessary to
develop real time, on line, system state identification techniques.
Techniques have been developed which may discriminate and identify the

type of system faults at high speed [Chapter VIII].

1.4 TEST SYSTEM
To test the effectiveness of various control modes, a simple test

system is selected. It is characterized by a SCR of 4.0 at the sending
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end and SCR of 1.5 at the receiving end of a dc system. The dc line is
represented by a distributed model. Figure 1.5 shows the test system
details.

It should be observed that the SCR at the inverter side is
purposely chosen to be 1.5. At this time, this value may be regarded to
be least acceptable because it results in a most difficult to operate
system. The Tow SCR of 1.5 leads to unusual voltage fluctuations on
the ac side due to load changes and system disturbances. Also, because
of the high impedance of the receiving ac system, the inverter is prone
to commutation failures. Dynamic overvoltages and slow system recovery
are other characteristics of such a system. On the basis of the
aforementioned problems, the selected system turns out to be most
suitable for testing the effectiveness of conventional and newly
proposed control modes. Systems of this kind can be made acceptable
when furnished with dependable and effective controls.

Variations are made in the system parameters for some

investigations. These are described in detail at appropriate places.
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CHAPTER II

THEORETICAL INVESTIGATION OF THE STABILITY - SMALL DISTURBANCES

2.1 INTRODUCTION

The steady-state stability of a hvdc system 1is investigated to
determine the stability boundaries of various inverter control schemes.
Further, the influence of the system and controller parameters
on the stability boundaries of various control schemes at the inverter
terminal is investigated. This study provides the information and
knowledge about the trends of sensitivity of the system stability to
controller gains and time constants, and system parameters. This study
is also useful in determining the control system response in terms of
system damping and settling time and providing information about
controller design for various operating ranges. The controller settings
obtained from the steady-state stability analysis are normally used as
an initial guess for optimizing the controller parameters for system
recovery from various disturbances [19-207.

A simplified model of a hvdc system was presented to design the
current controller [19], To modify the current controller, the
influence of the 1lead-lag compensator was studied for the similar
simplified hvdc system model [20]. These studies were based on the
assumption that the inverter bus voltage does not change significantly.
However, this assumption is not valid if the inverter is feeding to an

ac system with relatively high impedance. Hence, this assumption was
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dropped in the study reported in references [21-24]. These studies have
not included details of the compensator and integral control. Hence,
the results obtained in references [21-24] are not of very practical
significance. Furthermore, the scope of these studies is limited only
to the extinction angle control on the inverter terminal.

The technique presented in this chapter overcomes the above-
mentioned drawbacks. In addition, the following control modes at the
inverter terminal are also incorporated.

{a
(b

Extinction angle control,

Power factor controil,

(e
(f

)
)
(¢c) DC voltage control,
} Reactive current control, and
)

Reactive power control.

2.2 SYSTEM MODEL AND EQUATIONS

The following assumptions are made to determine the steady-state
stability boundaries. The system considered for the study is shown in
Figure 2.1.

i) The ac system of the rectifier is supplied by an infinite source.
That is, the capacity of the system is much larger than that of the
hvdc transmission. Hence, the voltage on the sending end ac bus
can be considered to be constant.

ii) The receiving end ac system is represented by an equivalent
machine. This equivalent machine is represented by a voltage
source behind the machine transient impedance.

i1i) The time constants of the excitation system of the receiving end

equivalent machine are assumed to be much Targer than those of the
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dc system. Hence, the dynamics of the excitation system are
ignored,

iv) The ac voltage is balanced and contains no harmonics. This implies
that the filters absorb all harmonics generated by the dc system.

v) The impedance of the receiving ac system, including the machine
transient reactance, is represented by an equivalent series connec-
tion of lumped resistance and reactance (RSZ’ XSZ)'

vi) Single capacitor (CZ) represents the capacitance of the ac system
and the compensating equipment. The reactive power of loads can be
considered as a reduction in the value of this capacitor.

vii) The total Ld and Rd represent inductance and resistance, respec-

tively, of the dc Tine and the smoothing reactors on both sides.

The system shown in Figure 2.1 1is wused for investigating the
steady-state stability of various control schemes at the inverter
terminal. The phasor diagram at the rectifier end is shown in

Figure 2.2. From the phasor diagram, the following set of equations are

obtained.
2 2 2
V. = (V1 + AVl) + (dvl)
2
- v+ (Py * Py) Ry + (0 * Qy) Xp)
1 V1
(Py + P 1) Xgq = (Qg + Q1) Rep)?
1 L1’ 7Sl 1 L1/ 7S]
. ; (2.1)
1
where
Y, = rms value of the generating station bus voltage

1e
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= rms value of the rectifier bus voltage

1
P1 = Vlll C0S¢q
_ 2
Pl = Yy
Ql = Vlll 51n¢1
- 2 _ 2
Qg = - uly¥ym = - Yol
I1 = /3x fundamental current component of the ac side current
Cos¢; = power factor at the rectifier terminal
RSl = equivalent resistance of the rectifier ac system
XSI = equivalent reactance of the rectifier ac system

Equation (2.1) is further simplified to the following relationship by

substituting expressions of the active and reactive power,

ve

S1

loo

_ 2 . . \ 2 2
= FVm 4 2V 1 (C1 cosg; + D; sing ) + Igy I1 (2.2)
(1+ fs1 Xey Voi)2 4 (2L 's1 ¥ Ry Yo )2
rLl S1 1 Ll S1 'C1
_ /a2 2
//R + XSl
2
Z
51
= R + =
S1 rLl
N 2
= X517 Y1 I

During steady-state, the power factor is defined as [1]

X 1

CoS$) = cosa - crd (2.3)

Yo V1n1



_ 3 V2 mn
m
where
Xcr = commutating reactance at the rectifier terminals
e« = fTiring angle
n, = transformation ratio (secondary to primary side)
m = no. of bridges connected in series
Id = direct current in the dc system
K o= 3 VY2 mn
R T T
¥

The 1inearized version of equation (2.2) is given below.

AVl = - fdr AId - faPAu
where
f. = fg . f = fﬁ
dr fl ? or fl
KoV - V. cosa
_ ! R"10 do 0
f1 = FiVyo + Kplgo Cpcosay + DiKp 1o Vs
foo= K, Z I, +CH(V, -R._I.,)+D(V, + Rer 1do Yao
2 R “s “do 1''do er do 1Y ds Vds
froo= K, V,o I, sinae (D Vdo _ ¢!y
3 R Y10 “do “ ‘91 Vs 1
- 3
Rer = Fh Xcr

20

(2.5)
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Vao = Kg V1o c0Sey - Ry, Ido

2

v do

)2 -y

(K, V

ds R "10

The subscript "o" represents the steady-state value of the variables.

Similar equations are obtained at the inverter end.

Modelling of DC Link

The following equation represents the dc 1ink.

d Id
Lo 3t * Ralg = Var = Var (2.6)
where
) = K, V, cosa - §-X I
dR R "1 T crd
v = K; V, cosB +-—:Jl X .1
dI I 2 w citd
The incremental equation of the dc link is written as below.
H —
(Td S + l)IdO = Ha Ao + HB AB (2.7)
where
H = _._-_d_z_ H = ._._._d—3_ T' = __[:.d__...
o Rd-d1 B Rd—d1 d Rd-d1
dl = KI fdf cosg, - KR fdrCOSa - (Rer + Rei)
d2 = KR (far cosa, + VlO sinao)
dy = K (fai cosg, + YV, sinso)
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2.3 DEVELOPMENT OF BLOCK DIAGRAM AND CHARACTERISTIC EQUATION

Constant Extinction Angle (CEA) Contro]l

In steady-state we have [1],

/2 Xci
cosB = cosy - VEHE__ Iy (2.8)
where,
B = ignition angle
y = extinction angle
Xci = commutating reactance at the inverter bus
V2 = the inverter bus voltage {rms)
n, = transformation ration

The incremental equation is obtained as follows using equation (2.8).

Ay = 52 AB - S1 AId (2.9)
where

RS fai Tdo

S1 TV, sinvy. (1+ _"TT—""")
20 > 20
S - 1 (SinB _ ‘/? f{):'l XCT IdO)
2 sinYO 0 V2
20

Using equations (2.7) and (2.9), the block diagram of the complete
system is obtained as shown in Figure 2.3. This block diagram is used
to determine the steady-state stability of the hvdc system operating
with various control schemes at the inverter terminal. The root locus

technique [19] is used to determine the stability of the system as it
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has been used successfully in the past [19-201. To determine the locus
of the most sensitive roots, the characteristic equation of the system
has to be determined. The characteristic equation of the system using

block diagram (Figure 2.3) is obtained in Section 2.3.2.

Characteristic Equation Derivation

The controller configuration at the rectifier and the inverter has

been considered as follows.

SK_+ K 1+TS
D a

- [

The converter is represented by the following transfer function [13].

1

T(s) = (3‘177:;7§) (2.10b)
e
The transfer functions of measurement blocks
Ko ‘ K1
- TT_i—T;§T (Rectifier); Tfi—Tgig {Inverter) (2.10¢)
From Figure (2.3) we have
- € Ko H H = (1+T'S) ¢ 2.11
(T17;§7 + R GCI(S) o X g = ( p } (2.11)
K} 6¢alS)
S St G T st
CS, Ky G~ (S)
1 1 €2 = x (2.12)

(1 + Tfls) + K1 GCZ(S) 52

where x = output of converter block at the inverter terminal.

Simplifying equation (2.11) with the help of (2.12) we get,
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G (S H, (1 +Te8) {(1+ TyS) + Ky 60,(5) S,)} (2.13)

f1
(1+Tds)(l+T S} {(1+T S) + K1 GCZ(S) 82} + H8 S1 GCZ(S) (1+TfS) Kl

L.
R

+ Kobiop(S) Hy {(1+TeyS) + Ky Gp(S) S,)

Characteristic Equation Simplification

The following characteristic equation can be obtained from equation

(2.13).

(L+TES) (14TLS) (14T1S) + K (1+TS) (147,S) Gy (S) Sy + Sy Geo(S)(1+T,S)

+ K G

o Cl

Ha (1+Tf15) + K1 GCZ(S) KO GCI(S) HaS1 (2.14)

The final form of the characteristic equation (C.E.) can be written as
equation (2.15) by substituting for the converter model and controller

as follows in equation (2.14).

( ) )
6 (5) - Kip + KpS) [+ TS 1
C1 | S I TS T+ TgerS)
o (s) - [(Kip + KppS|  [1+ T8 1
c2 \ S | T szsJ (T +Ty,,5)
C.E. =
(L4T4S) (14T,S) (14T,8) (S) (14T, ,8) (14T 08) (S) (14T,,S) (1+T4015)

d
Sy Ky (14T48) (14T,S) (Kpp#KpoS) (14T ,8) (S) (14T, S) (14T S)

+ S, H Kl (1+Tfs) (K;n+Ky,S) (I+T S) (S) (1+Tb13) (1+Tdels)

178 12 P2

+ K, H (14T S) (K 1Kp1S) (1+T 15) (8) (1+T 5S) (1+T de? S)

+ KO KI Ha 32 (1+Ta15) (1+TaZS) (KPIS+KII) (KP25+KI2) (2.15)
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The characteristic equation for various controls remains the same
as equation (2.15) but the values of S, and S, change. The derivation

to determine SI and 52 for various control schemes is discussed below.

AC Voltage Control

The change 1in the ac bus voltage at the inverter terminal can be

calculated in a fashion similar to that used in deriving equation (2.5),

T.8.,
AV2 = - fdi .f_\.Id - fB]. AB {(2.16)
where
-F = jg_- 'f: = j§
di 7,0 o 7,
K.V v COSB
_ . V20 = Vgoo COSB,
fg = Fplpg + Cy K I, cosp, + DZKI Ido v
ds?
R .V
_ 2 52 . ei d20
fs = KpZss Tgo * CalVog = Reilgg) * DaVyes - ““V&;g“)
D, V
. 2 V420
foo = Ky Von I, sing. (——= - C!)
6 1 Y20 1o ™o TV 2
_ A
Vas2 = /(K Vo)™ = Voo
Vago = Ky Vp cosgy + R: Ty
. 3m Xci
el T
R X
) 52 2 52 2
F, = (1 YR, Xsp Yeo)© * ‘ﬁ[g * Rep Yoo
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) R
gy =y (Rgy + Xg5)
2
C' = ..R _._Zg
2R,
. 2
Dy = Xgp = Yoo Zsp

Power Factor Control

The power factor at the inverter terminal is defined as [1].

+
y = cosg; = COSy ! cosB

The incremental equation for the above expression of power factor is

ay = Ay siny 5 AB sing (2.17)

Substituting Ay from equation {2.9) into equation (2.17), we get

CA T

1 +3S

sy = 0.5 1S 5

.

d AB] (2.18)
- o er oL . .

where S1 = S1 siny; 82 = (S2 siny + sing)

Reactive Current Control

The reactive current at the inverter terminal is defined as [1]
IR = KI Id sing;

The Tinearized equations around the operating point of the reactive

current are obtained from the above equation as follows:

Al = AId Si‘+ ABSé' (2.19)

R
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where 1 = K; (Sin¢i + 14 cos¢, (-0.5 siny/sin¢i))

S5 Ky Iq cos¢, (0.5 (52 siny + sins)/sin¢i))

Reactive Power Control

The reactive power at the inverter bus is defined as

The equation representing small changes in reactive power is obtained

from the above expression, i.e.,

AQ = Si" Al + Sé" AB (2.20)
where Si" = (Si' V2 - fdi IR)
Sptt =S Vo - F Tp)

DC Voltage Control

The dc voltage at the inverter terminal is given by the following

expression.
Vazo = K1 Vop cosg, + R, Iy (2.21)

The incremental equation of dc voltage given by equation (2.21) is

_ 1V 1v
v
51 (Rgq - Ky fgy cosB)

w
I

5 = (KI COSB, fai + KI V20 s1nso)
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2.4 RESULTS AND DISCUSSION

The influence of the system and controller parameters on system
stability are discussed next. The following controller configuration is

implanted at the inverter terminal.

(KpS + KI) (l + TaS)

Goy(S) = S T+T,S
S+ 1, ,1+T.S,
- ("c ) ( a>)
B TR S o (2.22)
where KC = controller gain
L controller time constant

The system parameters used to investigate the steady-state stability for

the base case are reported in Table 2.1.

The Influence of Controller Gain on the System Stability

The sending ac system and the receiving'ac system impedances are
fixed so that the ac systems of the receiving end and the sending end
have short circuit ratios of 4.0 and 1.5. The dc Tine time constant is
fixed to 0.167. This system data is used for the base case. The basic
reason for choosing the low short circuit ratio for the inverter ac
system is that it causes larger voltage fluctuations and can cause
voltage and power instability. Consequently, the controller must be
designed to achfeve good performance for these operating conditions.
For digital simulation the dc 1ine is represented with distributed

parameters. Hence, the equivalent inductance and resistance of the
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Table 2.1 Base Case System Parameters.

Sending AC System Receiving AC System
Rai *s1 Yoo o M Reo  Xsp Yoo T
SCR  (Ohms) (Ohms) {mhos) (Ohms) SCR  (Ohms) (Ohms} {(mhos) (Ohms)
18 18
4.0 0.5 5.7 0.0045 10 1.5 7.8 36.57 0.0080 10
Effective Inductance of DC Links = 2.5 Henry.
Effective Resistance of DC Links = 1.5 Ohms.

Line tc Line Voltage at the Inverter AC Bus = 230 kV.
Line to Line Voltage at the Rectifier AC Bus = 138 kV.
Base Value of Controller Gain = 5.0.

Base Value of Controller Time Constant = 0.08.



31
distributed dc line is considered here so as to produce the same time
constant.

The influence of the controller gain in the range 5.0 to 25.0 is
shown in Figure 2.4. The most sensitive roots of the characteristic
equation are plotted in Figure 2.4. The following conclusions are
drawn:

(a) As the controller gain increases, the system becomes less stable
for various control modes.,

(b) It is possible to obtain the same settling time for all control
modes but for different gains.

(c} The system damping for all ranges of gain 1is Tless than 0.707.

Hence, to achieve a system damping greater than 0.707, the control-

ler gains need to be reduced. However, lower gain values may

produce sluggish response [25].

The Influence of Receiving AC System's Short Circuit Ratio of the System
Stability

The controlier gain for all control modes is fixed to 5.0 so that a

sufficient stability margin is available to study the effect of the
receiving ac system's short circuit ratio. The receiving end short
circuit ratio is varied from 2.00 to 1.05 to investigate its influence
on stability. The reason for selecting these values of short circuit
ratio is to determine the stability of the system around the base case
of short circuit ratio of 1.5. The dc 1ine time constant is fixed to

its base value of 0.167. The movement of the dominant roots (positive
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imaginary part) is shown in Figure 2.5. The following conclusions may
be drawn: v
(a) As the short circuit ratio of the receiving ac system is reduced,

the system response deteriorates and the system tends to become
unstable.

(b) The controller gain must be lowered as the short circuit ratio of
the receiving end reduces to achieve the desired response.

(c) The degree of stability varies for different control modes for the
same controiler setting. However, it can be forced to be the same
by proper adjustments of gains as discussed in the previous
section.

The Influence of the Sending AC System's Short Circuit Ratio on the
System Stability

The receiving ac system impedance, dc 1line impedance, and
controller gain are fixed to base values (Table 2.1). The sending ac
system impedance is varied to obtained short circuit ratio 1.0 to 88.0.
These numbers of short circuit ratios are chosen to represent very weak
to very strong ac systems. Hence, this study will indicate the trend of
stability within the two extremes.

The movement of the dominant roots (positive imaginary) is illus-
trated in Figure 2.6. It is observed from Figure 2.6 that, as the short
circuit ratio of the sending end decreases, the system becomes more
stable. This is a surprising result. It is further investigated in

Chapter VI,
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The Influence of DC Line Resistance on the Stability of the System

The sending end and the receiving end short circuit ratios are
fixed to base values of 4.0 and 1.5, respectively. The influence of the
variation of dc line resistance is shown in Table 2.2. The lower value
of dc Tine resistance indirectly indicates its length. It car be
observed from Table 2.2 that an increase in the dc line resistance
improves the system stability because the total Toop gain is reduced as

the dc system time constant becomes smaller.

2.5 CONCLUSIONS
With regard to improvement of the steady-state stability, the
following conclusions are drawn from the study reported in this chapter.
i) High controller gains lead to instability.
ii) Higher short circuit ratio of the receiving ac system improves the
stability.
iii) Lower short circuit ratio of the sending ac system improves the
stability.

iv) Higher dc Tine resistance provides better damping.
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CHAPTER III

AN APPROACH FOR HANDLING THE NON-LINEARITIES
OF HVDC SYSTEMS FOR STABILITY ANALYSIS

3.1 INTRODUCTION

A hvdc system has many non-linear relationships among the different
variables, e.g., the controller output 'o' relates to' the converter
output voltage through a relationship which contains the terms 'cosa'.
Therefore, the small perturbation technique has been used widely [26-28]
for stability analysis. However, this technique takes into account only
small changes around the operating point. Hence, a controller resetting
may be needed for large changes in the operation. It has been shown
that the converter [29-31] and the extinction angle control [13, 20] can
be modelled as a Tlinear system for large changes in the operating
points, but the assumptions used are not realistic for this study. To
overcome these limitations for the design of a control system for a hvdc
scheme, a new approach is suggested to linearize the non-linearities of
the hvdc system.

It is shown that the non-Tinearities introduced by the converter,
real power and reactive power equations can be linearized over a wide
range by using the integral square error (ISE) method. This chapter
presents the modelling of each component of the hvdc system by using the

ISE method for various control schemes described earlier on the inverter

terminal (Chapter I1I).
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A stability analysis of the reactive current control and the ac
voltage control is reported in this chapter by using a new linearized
model of a hvdc system. Power factor control modelling is also dis-
cussed. A stability analysis of the current control, the dc voltage
control, and the predictive extinction angle control has been presented
in reference [7], but the effects of Tinearized converter model and
extinction angle equations are reported here.

The major assumption made for this study is that the voltage at the
rectifier ac bus is constant. This assumption corresponds to the worst
case for the stability analysis because the highest short circuit ratio
of the rectifier ac system represents the least stable system (Chapter
II}. By using this assumption, the system modelling for stability

analysis is discussed in subsequent sections.

3.2 CONVERTER MODELLING
The converter introduces non-linearity and delay [29] in the system
as shown in Figure 3.1. Few attempts have been made for converter
mode11ing [29-31]. The converter has been represented, so far, in the
following three ways.
i) Simple delay [29]
ii) Transportation lag [30]

iii) Zero order hold [31]



-sT

%= Cos

Delay

COosSau

-do

Vdo CoSa

Figure 3.1 Converter Model
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Bjarestem [29] relates the controller output to the converter

output as shown in equation (3.1).

-ST./2
- 0 .
Vd = e Vr, (3'1)
i.e.,
-ST./2
T(S) = e o
where
Vd = converter output voltage
Vr = control voltage
TO = period by which output voltage of converter pulsates

However, the influence of the firing angle is ignored in the model. The
model given by equation (3.1) has been simplified by Parrish and McVey
[30] and the following transfer function has been suggested to represent
the converter.

T(S) = — e (3.2)

1 + TdS

where Td = 1/1440 for a twelve pulse converter,

The above model has been developed on the following assumptions.
i) The bandwidth is small in comparison to the sampling frequency.
ii) There is a Timited excursion of the thyristor firing angle.
Hazell and Flower [31] derived the converter transfer function as

Zero Order Hold, i.e.,

T(s) = L-¢&" (3.3)
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where T = sampling time (T = 3.33 milliseconds typically for the

six-pulse converter)

It is shown in reference [31] that the model given by equation (3.3) may
cause large errors as the value of the firing angle, 'a', increases,
The relationship among the above-mentioned models is derived by

applying Pade's approximation to equations (3.1) to (3.3),

ST /2 ) | . o-ST T
e 0 ‘1+ST02’a”d S = TF ) (3.4)

So, from the continuous system modelling viewpoint, these models are
nearly the same, but all of the models include only small changes in
firing angle,

A new converter model 1is presented here, which can include large
changes in firing angle. The converter 1is represented as shown in
Figure 3.1. The non-linearity in the model is introduced in terms of
obtaining cosa from a. The principle used for obtaining the equivalent
Tinearizing function from the non-linear function is called minimization
of the integral square error (ISE}). Suppose 'cosa' is to be linearized

in the given range, then the problem can be defined as follows:

s
J = min J 2(Aa + B - cosa) da (3.5)
o
1
where J = cost function or error function
A = slope of the straight line
B = constant
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The typical values of oy and a, are 15° to 60°. Then the following

approximations of cosine and sine are obtained.

1.16 - 0.58a (3.6)
0.924 - .0083 (3.7)

COSu

Sing

Errors produced by the approximate Tinear relationship (equation (3.6))
are 5% as shown in Figure 3.2. The important point indicated by
equation (3.6) is that the converter model shows a negatiﬁe sTope.

The block shown in Figure 3.1 for the converter model shows delay,
which is justified in the sense that the change in the firing angle can
be observed only after T/p duration, where T is the period for
fundamental ac voltage wave form and p is the pulse number of the
converter. The influence of linearizing 'cos «' term on the converter

model is shown in Figure 3.3.

3.3 LINEARIZATION OF REACTIVE AND REAL POWER FUNCTIONS
Reactive power and real power for the ac/dc/ac system can be

represented as follows at the inverter terminal [1].

L
i

L sin¢i (3.8)

Vi cos, (3.9)

v
It

-2
il

where 1 rms l1ine to 1ine ac voltage at the inverter bus

bt
]

I,, rms value of the fundamental component of
lTine current

2|5

power factor at the inverter terminal

=
—t
1]
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Further, the power can be expressed as a function of the firing angle,
‘'direct current, commutation reactance, and ac voltage as shown in

equation (3.10).

XcId
COS¢, = COSBR + (3.10)
! 72V,
The problem can be stated as follows:
Lo B
Min J, = (Q - (As +BI, + €))7 ds dI, (3.11)
Lap By
and,
lao B2
. _ 2
Min J2 = J (P - (Als + BZId + Cl)) ds dId (3.12)
lan B
where
Jl, J2 = error functions
Q = reactive power
P = real power
g = ignition angle
A, Al’ B, Bi’ and C, C1 = coefficients of the lTinearized expression
Id = direct current

From equations (3.11) and (3.12), the following expressions of linear-

ized P and Q are obtained for a commutating reactance, XC = 10%.

Q = (0.7028 I,+0.588 - 0.4225) Vl (3.13)
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P = (0.6135 I, - 0.5996 8 + 0.4543) V (3.14)

d 1

The errors between the non-Tinear and linearized functions for P and Q
are shown in Figures 3.4(a) and 3.4(b). The error caused by a linear
rate approximation is within +#5%. These linear relationships are used
for the design of the controller and to determine the stability

boundaries in the next section.

3.4 BASIC EQUATIONS FOR LARGE DISTURBANCE STABILITY STUDY

It has been assumed that the rectifier side ac system is strong,
i.e., the variation in the ac voltage at the rectifier bus is neglected.
It is proven by the small signal analysis of Chapter II that the system
stability improves as impedance of the ac system of the rectifier end
becomes higher. This means that the design of the controller parameters
for the system provides the user the controller parameters which would
give a better response than expected.

The ac system on the inverter end is represented as shown in
Figure 3.5. The following relation is obtained on the inverter terminal

from Figure 3.5.

Pr_ + Ox Px. - Qr_ 2
- s s s s
1 1
Suppose 92 = Vo/8, ﬁl = V,/0, then 6 can be defined as
X P-rQ
tane = 2 > (3.16)

2
V1 + Pr2 + sz
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For small perturbations, equation (3.15} can be simplified to the

following relationship.

r. + Xx_ tans X - r_ tano
- 5 S 5 5
&y = - (——y ) AP - (= ) 4Q
1 1
AV 1
+ {(rs X tang) P + (xS - T tane) Q}-;E—— (3.17)
1

3.5 BLOCK DIAGRAM FOR DIFFERENT CONTROLS AT THE INVERTER TERMINAL
The modelling for various control modes at the inverter terminal
along with the constant current control at the rectifier terminal is

discussed in this section.

Constant Current Control

During transients, it is possible that both the rectifier and the
inverter operate in a constant current mode [20]. Hence, it is
necessary to design a current controller at the inverter end. A block
diagram can be obtained by substituting appropriate values from

Table 3.1 into the block diagram of Figure 3.6.

Extinction Angle Control

This control 1is generally used with a minimum y during a steady-
state condition. The converter needs a minimum reactive power and
generates the minimum magnitude of harmonics while operating in this
control mode. The extinction angle is calculated from equation (3.18)
as

V2 X 14
COSY = COSB + ——j— (3.18)

1
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Table 3.1 The Expression of S1 and 52 for Various Control Modes.

Type of Control S1 52
Extinction Angle X + /2 X
Control V
1
Current Control 0.0 1.0
Ignition Angle 1.0 0.0
Control
DC Voltage Control 1.35 V1 0.0
AC Voltage Control {0.58 + 0.5996 Kr) Vl (0.702 + 0.6135 Kr) Vl
Reactive Power re + X tane rs + x_ tane
Control - 7 ) .599 ( 7 ) 0.632
S 5

Power Factor Control Xq X

V2 V1

+
rs Xs tang

where K. =
r xS - rs tane
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The non-Tinear relationship of the extinction angle can be linearized by

using equation (3.6) as

/2 xCId
1.16 - 0.58y = (Xl - Xo g) + —v (3.19)
1

Values of X1 and X, can be assigned depending upon the range of interest
of the ignition angle and these values can be calculated by using
equation (3.5). The simplified version of equation (3.19) is obtained

as given below.

V2 xCI

—cdy (3.20)

y =1.724 {(1.16 - Xl) + XoB = Vl

The complete block diagram for obtaining the characteristic equation can
be realized as shown in Figure 3.7. Appropriate values of S1 and 52 may

be substituted from Table 3.1.

AC Voltage Control

This control has been suggested by Hammad [8] but its stability
analysis has not been performed. Hence, system modelling is carried out
to study the effectiveness of the control.

For ac voltage control, change in voltage would be zero. Hence,
equation (3.17) reduces to the equation (3.21) as given below.

(rs X taneg)

AQ = - (x, =7, tans) AP (3.21)

The integration of equation (3.21) produces equation (3.22).
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(rs * Xg tane)
Q = - (xg - v, tane) P+ 0 g (3.22)

where Qdo = Constant of integration.

The non-linear equation (3.22) can be 1linearized by using equations

(3.13) and {3.14). We get,

r5+xs tang
(0.7021d + 0.58g - 0.4225)V1 = Vl

;;:F;-Eaﬁg}{0.61351d- 0.59968 +0.454}

+ Qdo (3.23)

where Qdo is the reactive power required to maintain 1.0 p.u. ac voltage
at the inverter bus at zero power factor, i.e., Pd = 0.0. The block
diagram shown in Figure 3.6 has been obtained by substituting the value
of S

and 52 from Table 3.1. The influence of controller and system

1
parameters has been investigated in the next section.

DC Voltage Control

Controlling the inverter at a constant dc voltage during certain
operating range has been suggested so that the instability introduced by
the negative slope of y-control can be avoided [13]. The non-linearity
in the dc voltage expression is due to the 'cosg' term. Linearization
of this term has already been discussed in Section 3.2, and a complete
block diagram can be obtained by substituting the appropriate values of

S, and S, from Table 1 (Figure 3.6).




Reactive Current Control

This control has been suggested [10] for improving the power/

voltage stability because of the positive slope characteristics,

Rewriting equation (3.17), we have

(r_ + x_ tano) (x_ - r_ tane)
avy = - S VS AP - S VS AQ
1 1

AVl
+ {(rs * X tang) P + (xS - T tane) Q} ;ﬁ—

1

where AP = APL + Apd = ——RL— AVl + Apd
AQ = AQd - AQC = AQd -2 Yc AVI Vl

The change in the ac voltage Avl can be further simplified, as given

below, by using equation (3.17}), {3.24a) and (3.24b).

AVl = - (aaPd + bAQd)
where
a = (rs * X tane)/KS
b = (xS - T tane)/KS
Ko = {1+2 (r_ + x  tane) _ (xg = rg tane)Y | vy
R

For constant reactive power control, AQd = 0 and, hence, we get

AVI = ~-aA Pd

53

(3.24a)

(3.24b)

(3.25)

(3.26)
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By integrating equation (3.26), the following expression can be

obtained.

Vl = a Pd + KO (3.27)

where KO is the constant of integration. It can be seen from equation
(3.27) that the ac voltage support should be maintained in accordance
with the dc power flow to obtain the constant reactive power control.

Linearization of equation (3.22) can be given as below by using
equation (3.14). Thus,

+
v = (Y‘S XS tane)
1 ) KS

{0.6315 I,-0.5996 g + 0.4543} VI + K0 (3.28)
1

The block diagram for reactive power can be obtained by using

appropriate values of S; and S, (Figure 3.6) from Table 3.1.

Power Factor Control

The power factor at the inverter terminal is normally given as

chd

V2V

(3.29)

COS¢; = coOsg +
1

Equation (3.29) can be linearized by using equations (3.6) and (3.19),

which yields,

1.16 - 0.58 b5 = (x1 - %o B) + —y

d
67 = 1724 {(1.16 - x;) + x, B - ——=} (3.30)
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The block diagram for this control can be obtained by substituting

appropriate values of S1 and 52 from Table 3.1.

Ignition Angle Control

The output of control circuit is firing angle (a) as shown in

Figure 3.6. The ignition angle (B) can be calculated as
B=m-a {3.31)
The value of S1 will be zero in this case.

3.6 RESULTS

The controller configuration at the rectifier and the inverter are
considered similar to those given in Chapter II. The influence of the
controller gains, the receiving ac system short circuit ratio, and line
resistance on system stability is investigated. The results obtained
from the steady-state stability are compared with results obtained from

the new techniques.

Influence of Controller Gain on System Stability

The trends of system stability are similar to what has been
demonstrated by a steady-state stability analysis. However, it is
observed from Figure 3.7 that the new technique indicates that the
system 1is Tless stable. It ds Jjustified because the controller
parameters obtained from the steady-state stability analysis are always

higher.
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Influence of the Receiving AC System Short Circuit Ratic on System
Stability

As the short circuit ratio of the receiving ac system is raised,

the system becomes less stable, as shown in Figure 3.8. It is also
observed from Figure 3.8 that the value of the short circuit ratio at
which the system becomes unstable is higher than that obtained from the

steady-state stability analysis.

The Influence of Line Resistance on System Stability

As the dc resistance of the transmission Tine increases, the system
stability improves (Table 3.2). Again, the new technique indicates that
the system is Tess stable than what is indicated by the small signal

analysis (Table 3.2.)

3.7 DISCUSSION

A new technique has been suggested to linearize the non-Tinearities
involved in the converter equation, active and reactive power equations.
The Tinearization of these equations is valid for a wide range of
operation. The principle of integral square error (ISE) has been used
to minimize the error between the non-linear equations and their corre-
sponding versions. It has been determined that the influence of the
firing angle (15°-55°) can be included in the model of the converter by
just modifying the converter model gain to 0.58. The linearization of
the active and reactive power expressions can be performed over a
relatively wide region of operation of the hvdc system by minimizing the
ISE. The direct current range of 0.8 p.u. to 1.5 p.u. is considered
along with 5°-35° firing angle range to linearize the active and

reactive power expressions. It has been observed that the error
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Table 3.2{a) Influence of Line Resistance on the System Stability for
AC Voltage Control.

DC Resistance Dominant Roots Dominant Roots
in Ohms Small Signal Analysis Large Signal Analysis

15.0 -26.0 + j294.0 -16.0 + j273.0

30.0 -29.0 £ j300.0 -17.0 £ j277.5

Table 3.2(b) Influence of Line Resistance on the System Stability for
Reactive Power Control.

DC Resistance Dominant Roots Dominant Roots
in Ohms Small Signal Analysis Large Signal Analysis

15.0 -33.0 + j282.0 -21.5 + 249.0

30.0 -35.5 + j289.0 -23.0 +257.0
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produced by Tlinearization of the converter, active and reactive power
equations is only #5%. These linearized expressions have been used to
investigate system stability with ac and the reactive power control.
The resuits obtained from the stability studies indicate that the system
is relatively less stable than what has been shown by the small signal
analysis in Chapter II. However, sensitivity to the controller gains,
the sending ac system impedance, and receiving ac system impedance have
been observed to be similar to small signal analysis studies. The
control system analysis reported in this chapter provides the background
for designing the controller for relatively larger changes in the

operating points.

3.8 CONCLUSIONS
The following conclusions are drawn from the study in this chapter.
i) Non-Tinearities of the hvdc system can be linearized over a
wide range with +5% error.

i1} The effects of the firing angle for the stability analysis can
be included by modifying the converter model by simple gain of

0.58 in the converter model block.
iii) Stability predicted by the steady-state stability analysis is
on the higher side than what is determined from the new

technique.
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CHAPTER IV

EXPERIMENTAL STUDY OF HVDC CONTROLS AT THE INVERTER TERMINAL

4.1 INTRODUCTION

In Chapter II a theoretical study was performed to develop an
understanding of the influence of various controls and system parameters
on the system stability. In this chapter the results of an experimental
study are described, The experimentation could not be very extensive
because of hardware limitations. The purpose of this study was to
develop a quick feel for the relative effectiveness of various control
modes at the inverter terminal. Further, the study may be used to
select critical faults. The effectiveness of various control modes is
measured in terms of the dc power recovery time and magnitude and
duration of overvoltages at the inverter ac bus. The study was carried
out on the real time, physical component simulator available at the
University. Various control schemes were considered at the rectifier

and the inverter terminals.

Rectifier Terminal

a) Minimum firing angle control, and

b) Constant current control

Inverter Terminal

a) Extinction angle control
b) Constant current control

¢) Power factor control
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d) Reactive power control
e) DC voltage control

f) AC voltage control

Extinction angle and constant current controls are normally
provided at the inverter terminal of hvdc schemes [1]. This combination
of controls will hereafter be referred as the conventional control
for the inverter terminal,

Time of the dc power recovery, magnitudé and duration of over-
voltages on the system are studied subsequent to the application of
various system faults. These studies are vrepeated as the inverter
operates with different controls. The system specifications and typical

faults used for the investigations are discussed in subsequent sections.

4.2 TEST SYSTEM
The hvdc system shown in Figure 4.1 is used to investigate the
effectiveness of various control modes at the inverter terminal. This
is a very simple system because an extensive system cannot be
represented on the real time physical component simulator on account of
the limitations on the number of available components. The following
simplifications are made to realize a hvdc system with six-pulse
converters,
i) AC filters at the rectifier terminal are not modelled.
ii) DC line is represented by one lumped = section.
iii) DC filters at the dc side of the rectifier and the inverter are

not modelled.
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jv) AC filters at the inverter terminal are modelled as 5th, 7th,

and 12th harmonic filters. The 12th harmonic Filter is
modelled in place of 11th and 13th harmonic filters.

v} VDCL and commutation dc ramp circuits are not implemented.

The elimination of the ac and dc filters at the rectifier terminal
may cause distortion of voltage at the ac bus. This distortion may
cause higher magnitude of 6th harmonics at the dc terminal. However,
the 6th harmonic filter is provided in the voltage and current measure-
ment circuits. Hence, the current control performance at the rectifier
terminal may not be influenced. The influence of harmonics on the
firing circuits and control system is normally significant only for high
gains of control loops [1]. In addition, the ac and dc filters are also
provided to reduce telephone interference with neighboring transmission
Tines and to minimize Heating of capacitors and generators and noise on
the telephone 1line [1]. However, in the simulator study of various
inverter controls, the above-mentioned effects of ac and dc harmonics
are not important. Hence, the influence of ac filters at the rectifier
terminal and dc filters at both the rectifier and the inverter terminals
may not influence the control characteristics at the inverter termina1
since all measuring circuits are provided with low pass filters.

The voltage dependent current 1imit (VDCL) and direct current ramp
circuits are normally implanted to improve the system recovery [32].
Since none of the control schemes is provided with these features, the
relative performance of control schemes may not be influenced.

The ac systems, dc line, and ac filter parameters are listed in

Appendix Al. The system is characterized by a short circuit ratio of
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4.0 for the sending ac system and a short circuit ratio of 2.0 for the
receiving ac system. Consequently, the influence of the Tlow short
circuit ratio of the receiving ac system on system recovery from various
faults may be studied. Various faults and their durations are reported

in the next section,

4.3 FAULTS FOR SYSTEM TEST
The following faults are applied to the system to determine the

effectiveness of various control modes at the inverter terminal.

Three Phase to Ground Fault is the most severe fault [33]. Hence,

it is necessary to determine the system recovery from the fault to
evaluate various control modes. The direct and remote faults are
appiied at the inverter ac bus. As well, this fault is applied directly
to the rectifier bus. Three phase ac faults applied directly at the
inverter bus or rectifier bus depress the ac voltage at the ac bus to
zero, whereas, a fault applied remotely from the inverter bus reduces
the voltage at the inverter bus to a Tow value but not to zero. Remote
faults are, therefore, applied in the model through impedance as shown
in Figure 4.1. For the tests described in this chapter, the fault
impedance (Zf) is chosen in such a manner that for duration of the fault

the ac voltage at the inverter bus is depressed to 0.5 p.u.

Single Phase to Ground Fault is the most frequent fault [33] which

occurs on the system. Hence, this fault is applied directly and remote-
ly at the inverter terminal as described above, and this fault is

directly applied on the rectifier terminal.
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DC Line Fault is applied on the dc terminal of the inverter as

shown in Figure 4.1, The duration of this fault has been kept at
200 ms.

These faults are created by using the computer program available on
the simulator written in Turbo-PASCAL. This software package has the
facility to vary the duration and the type of the fault. The computer

controlled relays are used to apply various faults.

4.4 MEASURE OF EFFECTIVENESS FOR VARIOUS CONTROL MODES
The following two measures are used in evaluating the effectiveness
of various control modes at the inverter.

i) Peak Value of Overvoltages at the AC Bus of the Inverter: The

magnitude of instantaneous overvoltages determines the
insulation level and stresses on the valves. The voltage of
only one phase (phase A) is shown in the results discussed in
this chapter.

i1} DC Power Recovery Time: The faster the system recovers from

faults to a healthy condition, the better it is for the
consumer and for stable operation of the system. The dc power
recovery time is defined as the time elapsed for the dc power
to recover to 80% of its steady-state value.

The measurement of the dc power is performed by the use of a
programmable  oscilloscope. Two  channels of the oscilloscope
simultaneously scan the dc voltage at the inverter terminal and the
direct current. The wave-forms in these two channels are multiplied to

obtain the dc power.
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The dynamic overvoltage trace was not recorded due to limitations

on the number of available channels of oscilloscopes.

4.5 IMPLEMENTATION OF VARIOUS CONTROL MODES

Measurement Circuits

Standard measurements circuits were available on the simulator to

measure currents, voltage and extinction angle [34].

Current Measurement: The direct current measurement at the

inverter and the rectifier terminals is performed by using the LEM
shunts. The magnetic flux in the iron-core of the LEM shunt is measured
with a Hall probe and compensated to zero by means of subsequent
electronic circuits. An additional circuit is available to compensate

the dc offset [34].

Extinction Angle Measurement: The measurement of the extinction

angle is performed by using an 8087 microprocessor chip. The voltage
across the non-conducting valve is used to calculate the extinction
angle [34]. The extinction angle measurement card is available in the

simulator,

AC Voltage Measurement: The ac voltage in all three phases

is measured by using a divider and compensation network at the inverter
ac bus [34]. The outputs of all the three transducers are fed to the
full wave diode rectifier to obtain the rms value of the three phase
voltage. The smoothing of ripples is performed by using a filter tuned
to the 6th harmonic frequency to eliminate the effect of the 6th

harmonic component.
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DC Voltage Measurement: DC voltage measurements are carried out in

‘a manner similar to the ac voltage measurement at the dc terhina? of the

inverter.

Reactive Power Measurement: The instantaneous reactive power can

be defined as follows [35].

1

¢ =7 (Vabic * Vpelp * Vcaib)

Equation (4.1) is valid for a balanced circuit. It is evident

(4.1)

from equation (4.1) that a multiplication chip is required.
The analog multiplication chip No. MC1594L [36] is used. Three
multiplications are carried out simultaneously and their
outputs have been added through operational amplifiers with a
proper gain of 0.577 to accommodate the factor of 1//3 of
equation (4.1).

Power Factor Measurement: The power factor can be calculated

approximately by the relationship given below [1].

di
CoS¢p = T (4.2)
Kivac
where cos¢ = power factor
Vdi = dc voltage at the inverter end
Kivac = no load dc voltage

The measurement of the power factor is carried out by using Chip

No. MC1594L [36] and signals Vy; and v, .
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The complete block diagram representing the salient features of the

real time, physical component simulator available at the University is
shown in Figure 4.2, A1l control circuits are realized with the P-I
controller. The P-I card is supplied by Brown Roveri. The functional
block diagram for realization of various control modes at the inverter
terminal is shown 1in Figure 4.3. Each control mode (c-f) is tested

without the combination of the current control at the inverter terminal.
4.6 SYSTEM RESPONSE TO VARIOUS FAULTS

The system response to various faults is observed for each control
scheme. The controller parameters are selected by repeating the experi-
ments. However, the instant of the fault could not be controlled.
Hence, the controller parameters were selected by observing the best

response for the single phase to ground fault at the inverter bus.
The control parameters used for system recovery are listed in

Appendix Al. The same controller parameters are used to investigate the

system recovery for other faults.

AC VYoltage Response: The following comparison can be made for

different faults by considering only the ac voltage response at the
inverter ac bus. The control mode which produces the minimum magnitude
and duration of the ac overvoltage and minimum dc power recovery time is

normally regarded best.
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Three Phase Fault at the Inverter Bus: Records of the ac voltage

for various control modes are shown in Figure 4.4. The following
observations can be made from Figure 4.4,

a) The duration (100 ms) of overvoltages is the same for all
cases.

b) The slowest recovery from ac voltages is observed for the power
factor control. The reason is that the division circuit goes
into saturation because of an undefined value of the power
factor defined by equation (4.2). The solution to this problem

is considered in Chapter V.

Similarly, the ac voltage response can be observed for other
faults and traces of these faults are presented in Appendix A2. The
results for the ac voltage response for all faults are summarized in

Table 4.1(a) to Table 4.1(g).



72

i r, “ llll{pjll*[“]"l"l‘"’*" :
lﬂw" '

'.. 'rln I’;.I

Case CONTROL ON SCALE

THE INV, X-axis Y-axis
~ms/div volts/div
a. Conventional 100 10
b. Power Factor 200 10
¢. DC Voltage 100 20
d. AC Voltage 100 10
e. Reactive Power 100 10

Figure -%4.4 AC Voltage Response for the Three Phase
To Ground Fault at the Inverter AC Bus
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Table 4.1(a) System Response to the Three Phase to Ground Fault at the

Inverter AC Bus.

Instantaneous VYoltage Response

Highest Magnitude Duration DC Power Recovery

Control in p.u. in ms Time in ms

Sch v t t

cheme 0 b -
Conventional 1.22 100 45

Power Factor 1.11 100 75

DC Voltage 1.18 100 75

AC Voltage 1.20 100 130
Reactive Power 1.22 100 75

Table 4.1(b) System Response to the Single Phase to Ground Fault at the

Inverter AC Bus.

Instantaneous Voltage Response

Highest Magnitude Duration DC Power Recovery

Control in p.u. in ms Time in ms

S

cheme Vp tp tr
Conventional 1.20 58 85

Power Factor 1.20 70 45

DC Voltage 1.20 65 76

AC Voltage 1.20 100 135
Reactive Power 1.20 58 43

Table 4.1(c) System Response to the Remote Three Phase Fault at the

Inverter AC Bus.

Instantaneous Voltage Response

Highest Magnitude Duration DC Power Recovery
Control in p.u. in ms Time in ms
h v t
Scheme o b tr
Conventional 1.17 50 62
Power Factor 1.17 80 62
DC Voltage 1.20 80 62
AC Voltage 1.21 130 85
Reactive Power 1.10 66 62
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Table 4.1(d) System Response to the Remote Single Phase Fault at the

Inverter AC Bus.

Instantaneous Voltage Response

Highest Magnitude Duration DC Power Recovery
Control in p.u. in ms Time in ms
Scheme Vp tp tr
Conventional 1.15 50 36
Power Factor 1.15 65 25
DC Voltage 1.15 80 36
AC Voltage 1.15 50 64
Reactive Power 1.15 66 25

Table 4.1(e) System Response to the Single Phase to Ground Fault at the

Rectifier AC Bus.

Instantaneous Voltage Response

Highest Magnitude Duration DC Power Recovery

Control in p.u. in ms Time in ms

Sch i

cheme D tp tr
Conventional 1.15 50 29

Power Factor 1.15 66 29

DC Voltage 1.15 0 29

AC Voltage 1.20 0 22
Reactive Power 1.20 30 29




Table 4.1(f) System Response to the Three Phase
Rectifier AC Bus.

75

to Ground Fault at the

Instantaneous Voltage Response

Highest Magnitude Duration DC Power Recovery

Control in p.u. in ms Time in ms
Scheme Y t t

P p r
Conventional 1.20 30 257
Power Factor 1.20 58 36
DC Voltage 1.20 58 50
AC Voltage 1.20 0 22
Reactive Power 1.20 16 29

Table 4.1(g) System Response to the DC Line
Terminal.

Fault at the Inverter

Instantaneous Voltage Response

Highest Magnitude Duration DC Power Recovery
Control in p.u. in ms Time in ms
S v t t
cheme b D "
Conventional 1.10 500 671
Power Factor 1.15 580 671
DC Voltage 1.15 65 71
AC Voltage 1.20 0 128
30

Reactive Power 1.15 0
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DC Power Recovery

Shorter recovery time of the dc power indicates better system
stabiTity. Hence, the control scheme which produces the fastest
recovery of the dc power without causing instability is regarded as the
best control scheme. The dc power recovery from various faults is

discussed below.

Three Phase to Ground Fault: The dc power recovery from the three

phase to ground fault at the inverter is illustrated in Figure 4.5. The
duration of recovery for each control scheme is listed in Table 4.1(a).
The following observations may be made from Figure 4.5.
a) The recovery time for the reactive power control, the power
factor control, and the dc voltage control is the same {75 ms).
However, the dc power recovery is not acceptable for the power
factor control because of Tonger settling time.
b) The slowest recovery is achieved through ac voltage control

(130 ms}).

Simitarly, the dc power recovery can be observed for various
faults. The traces of dc power for other faults are presented in
Appendix A3. The dc power recovery time for all faults is summarized in

Table 4.1(a) to Table 4.1(g).
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CONTROL ON SCALE
THE INV. X-axis Y-axis
ms/div Watts/div

Conventional 100 6.0
Power Factor 100 6.0
DC Voltage 200 6.25
AC Voltage 100 6.0

e. Reactive Power 100 6.25

Figure 4,5 DC Power Recovery from the Three Phase

to Ground Fault at the Inverter AC Bus



78
4.7 DISCUSSION

Various centrol modes at the inverter terminal are implemented on
the real time, physical component simulator available at the University.
The effectiveness of each control mode is determined by the system ac
voltage response and the dc power recovery time from various ac and dc
faults.

The system response for the remote ac faults and the single phase
to ground fault at the rectifier ac bus has been determined to be
similar (Table 4.1(c) to Table 4.1(e)). Further, it has also been
observed from Table 4.1(a) through Table 4.1(g) that the performance of
the reactive power control and the dc voltage control is comparable.
However, the value of the vresults obtained 1in this chapter is
qualitative because of the Tlimitation of the real time, physical
component simulator. A more detailed representation is used for digital
simulation in the next chapter. Hence, no attempt will be made to
correlate the physical simulator and digital simulation results.
Further, this study has been performed to generate a quick impression of
the relative performance of various controls and to determine the
possible critical faults.

The concept of operating the hvdc system during steady-state with
any control mode other than the extinction angle control is undesirable
because all other control modes operate at a higher extinction angle.
The operation at the a higher extinction angle causes higher reactive
power demand and stresses on the valves. Hence, it is decided to intro-
duce any of the control modes during transients only. Once the steady-

state is reached, the system operation is reverted to the extinction
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angle control. Influence of the switching control modes on the

operation of the system is reported in subsequent chapters.
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CHAPTER V
DIGITAL SIMULATION STUDIES

5.1 INTRODUCTION

The steady-state stability analysis of the hvdc system with
various control schemes at the inverter terminal has been reported in
Chapter II. Further, an initial impression of the relative performance
of various control schemes at the inverter terminal has been obtained
for the system recovery from various ac and dc side faults at the
rectifier and the inverter terminals in Chapter IV. The vresults
obtained in Chapter IV are qualitative because of the limitation of the
setup. Hence, a more detailed representation 1is used for digital
simulation in this chapter, and no attempt is made to compare the
results of the physical simulator and digital simulation.

There are various techniques available in the literature for
simulating hvdc systems in detail on a digital computer [37-39].
However, the use of the EMTP and EMTDC packages has become more popular
because of their versatility and user friendliness [40-42]. These
simulation studies of hvdc systems are Timited to conventional control
modelling at the inverter terminal of the hvdc system. This chapter is
devoted to the modelling of the hvdc system and its various control
schemes using the EMTDC package for digital simulation and study of the
system recovery for some of the critical faults reported in Chapter IV,

Power system dynamics is simulated in the time domain with three

phase representation of an ac network in the EMTDC package. Subroutines
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are available to model a frequency dependent distributed transmission
‘Tine, generalized six-pulse thyristor bridge with dampiné circuits,
transformer saturation, metering system, and the dc conventional
controls. Various control schemes (c-f) are reported in Chapter IV in
Section 4. In addition, the reactive current control is modelled at the
inverter terminal and interfaced with the EMTDC package to complete the
literature.

These computer programs can be used to interface various control
schemes with the EMTDC package at the rectifier terminal by appropri-
ately changing limits on the firing angles and controller gain and time

constants.

5.2 MODELLING OF AC-DC-AC SYSTEM
The point to point ac-dc-ac system shown in Figure 5.1 is modelled

and simulated to investigate the system recovery from various faults by
using different control schemes. The system with the following specifi-
cations at the inverter is modelled.

Rated active power = 810 MW

Current in the dc system = 1.8 kA

Length of dc transmission line = 895 km
The detailed representation of the ac system at the inverter/rectifier
bus is shown in Figure 5.1 The ac system impedance (component values are
given in Appendix Bl) at the rectifier and the inverter is adjusted to
provide short circuit ratios of 4.0 (rectifier) and 1.5 {inverter) with
138 kv at the rectifier ac bus and 230 kV at the inverter bus. These
short circuit ratios are chosen to study the influence of a low short

circuit ratio of the receiving ac system on the system recovery from
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different faults for various control schemes. Further, each converter
at the rectifier and the inverter terminal consists of: -

i) Three series connected six-pulse valve groups per pole, each
rated at 150 kV, 1.8 kA.
ii) Converter transformer with leakage reactance of 13% at its own
base.
iii) Smoothing reactor of 0.75 H.
iv) DC filters tuned to 6th and 12th harmonics (component values
are given in Appendix B1).
tach six-pulse converter at the rectifier and the inverter terminal is
simulated using B6P110 subroutine [43]. In this subroutine, each valve
is individually modelled with an equivalent R-C snubber circuit and
phase lock oscillator, which is used to generate firing pulses for each
valve [43]. Additionally, the converter transformers are modelled with
saturation as shown in Figure 5.2. The saturation is accounted for by
adding an additional flux dependent current to the current computed by
the linear part of the mode! [44]. The V-1 characteristics of the
transformers are modelled with a knee point voltage of 1.2 p.u. and with
an air core reactance double that of the leakage reactance.
The 895 km long dc transmission line separating the inverter and
the rectifier stations is modelled as a frequency dependent, mutually

coupled, distributed 1ine with the following parameters.

Line resistance = 0.0155 ohms/km in the steady-state at 5.0 Hz

0.019 ohms/km in the steady-state at 90.0 Hz

Mode travelling time = 3.037 ms

Characteristic impedance = 300.00 ohms
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T1

Figure 5.2 The Converter Transformer Model
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The ac system feeding the converter bus at both ends is modelled as

an infinite bus. The ac system‘ impedances are represented by R-RL
networks having the same damping at the fundamental and the second
harmonic frequency. AC filters comprised of the 5th, 7th, 11th, 13th
harmonics and high pass are connected at the converter buses as shown in
Figure 5.3. The filter banks at each converter are divided into two
equal sections to enable the switching out of 50% of filters after
6-cycles following the dc block for controlling dynamic overvoltages.

The components values for ac filters are listed in Appendix Bl.

5.3 DC SYSTEM CONTROLS

The dc system is assumed to be operéting in the constant current
mode without higher level controls. The rectifier operates on constant
current control, whereas the inverter controls the voltage by operating
at a constant extinction angle control under steady-state. The pole
controller (POL1C6) determines the firing angle for the complete hvdc
system by maintaining the direct current at a constant level [43]. The
firing angle generated by the pole controller (Figure 5.4) is compared
with the firing angle generated by the valve controller (VG1C18) [43]
shown in Figure 5.5. The minimum of the two firing angles is selected
to send the signal to the firing circuit.

The voltage dependent current limit is incorporated to modify the
control characteristics as shown in Figuré 5.6 in order to help the
system recover from the faults by reducing the direct current order for
low operating voltages. If the dc voltage at the rectifier terminal

falls below V for more than 20 msecs, the VDCL is activated and,

min
hence, the dc voltage at the rectifier end is limited by the current
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s2

Figure 5.3 AC Filter Representation
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order to Imin' This current order is maintained until the dc voltage on
the rectifier is less than Vmin' Once the rectifier voltage is greater
than Vmin’ the current order is ramped to 1.0 p.u. The modified control

characteristics are shown in Figure 5.5. The current is ramped from 0.3
to 1.0 p.u. in Tvdci (70 ms). The commutation ramp is activated when
commutation failure is detected. The current order at the inverter

terminal is normally forced down to I and maintained there as Tlong

min
as the commutation failure persists. Once the inverter is free of
commutation failures, the current order is ramped to the steady-state

value., The duration of this ramp is chosen to be 150 ms.

5.4 INTERFACING OF VARIOUS CONTROL MODES WITH EMTDC
The following control modes are realized by writing computer
programs in the FORTRAN programming language.

a} AC Voltage Control: The measurement of effective three phase

voltage is performed by using a six-pulse diode bridge. The
rectified voltage is passed through a Tow pass, first order filter
network to model the delay introduced by the measurement circuit
and filters as shown in Figure 5.8. This filtered signal is
subtracted from the reference signal (1.0 p.u. voltage) to generate
the error signal. The error signal is processed by the controller
to generate the firing angle. The firing angle is limited between
108° and 180° [42]. The limiter circuit is realized by two IF

statements.
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DC Voltage Control: The dc voltage is measured before the smooth-

ing reactor at the inverter terminal. The measured signal is
passed through a delay circuit to simulate the measurement delay.

The delay circuit is realized as follows.

P 1
Delay Circuit = (T—;—ng)
where Td = delay in secs; S = Laplace operator. .
The measured signal is compared with the reference signal to
generate the error signal. The error signal is used by the
controller to generate the firing angle.

Power Factor Control: The power factor at the inverter terminal

has been calculated by the following relationship [1] and passed

through delay circuits to simulate the measurement delay.

cosS¢ = Eg% (5.1)
i :
where Kiv = no load dc voltage
Vdi = dc voltage at the inverter terminal

During faults, it 1is possible for 'V' to be zero. Hence,
equation (5.1) causes an overflow. This problem has been overcome
by setting the power factor at 1.0 for the duration of the
disturbance. The power factor 1is frozen to 1.0 rather than a
steady-state value to provide appropriate direction to the firing
angle after the clearance of the fault. The error signal is

generated by subtracting the measured signal and processing similar
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to the above-mentioned control schemes. This control is realized
without a tap changer control.

Reactive Current Control: The reactive current at the inverter

terminal can be calculated by using equation (5.2).

Iq = Kj Id sing (5.2)
. _ 2
where sing = V1 - cos¢
cos¢ = power factor
Iq = reactive current

This calculated signal is passed through a simple delay circuit to
simulate the measurement delay. The firing angle generated by this
scheme is similar to that obtained from the ac voltage control.

Reactive Power Control: The reactive power absorbed at the inver-

ter terminal is calculated by using equation (5.3).

Q@ = VIq (5.3)

where v rms voltage for three phase ac voltage

I

q reactive current

The measurement of 'V' is carried out exactly as mentioned for the

ac voltage control. The 'Iq' is calculated by using equation (5.2).

The calculated reactive power is passed through a delay network to

simulate the measurement delay. The error is calculated by subtracting

measured reactive power from the reference value of the reactive power.

The firing angle is generated in a fashion similar to that described for

the ac voltage control.
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The functional block diagram to realize various control modes at
the inverter terminal is shown in Figure 5.8. The measures to evaluate
the performance of all control modes at the inverter terminal,
controller design for each control scheme, and the system response to
critical faults are discussed in subsequent sections,
5.5 MEASURES FOR DETERMINING THE EFFECTIVENESS OF VARIOUS CONTROL
SCHEMES
A comparison of various control schemes is carried out on the basis
of the measures discussed in Chapter IV (Section 4.4). In addition, the

dynamic overvoltages (DOV) are considered.

Dynamic Overvoltages (DOV): The rms value of three phase ac

voltage is measured to indicate the dynamic overvoltages. The effec-
tiveness of varjous controls 1is measured on the basis of both the
duration and magnitude of the dynamic overvoltages. The duration of the
dynamic overvoltage is defined as the time elapsed in milliseconds for
the magnitude of the overvoltages to remain at or above 1.1 p.u. [45]

following a disturbance.

5.6 CONTROLLER DESIGN FOR VARIOUS SCHEMES
The following controller configuration is used for various control

schemes at the inverter terminal of the hvdc system.

(5.4)

TS+ 1) (1+75)
6.(5) = k. |= (T+7,5)

where G (S) controller transfer function

_~
i

controller gain
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controller time constant

-
H

time constant of the lead-lag network

The controller optimization has also been carried out for the
evaluation of the effectiveness of all control schemes. The controller
for each control scheme is optimized by observing the system recovery
for a given disturbance over a range of controller parameters. The
selection of the controller parameters is performed on the basis of the
optimum system vrecovery from the disturbance. The procedure of
optimization is repeated for all control schemes for various faults.
The optimized controller parameters for various faults are given in
Appendix B2. However, the optimization df various control schemes is
valid only for a given system configuration. Once the system configur-
ation changes, the optimization of the controller parameters is to be
carried out again for all control schemes and various faults as
indicated by the small signal analysis in Chapter II.

5.7 SYSTEM RECOVERY FOR SOME FAULTS WITH VARIOUS CONTROL SCHEMES AT THE

INVERTER TERMINAL

Extinction angle control operates best during the steady state
because it minimizes harmonic generation and reactive power consumption.
The suggestion of totally replacing [9] the conventional controls by one
of the new control schemes is undesirable because these alternate
control modes operate at higher extinctibn angle, which results in
higher harmonic generation, reactive power demand and losses. Subse-
quently, the total cost of the station increases.

A better solution [8] is to introduce the new control just after

the disturbance for a few cycles to limit overvoltages and minimize the
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possibility of potential commutation failure. This technigue has the
merit that during the steady-state condition the system operates with
minimum reactive power demand.

The concept used in this chapter to evaluate the effectiveness of
various control modes is to replace the conventional control by one of
the control schemes {b-f) for 300 ms just after a fault and then revert
back to the original conventional control. This concept of replacing
conventional control by ac voltage control has been reported in
reference [8]. However, this latter study is limited only to three
phase faults at the inverter ac bus. In this chapter the effectiveness
of the ac voltage control is studied for some other faults. In
addition, to complete the literature, the effectiveness of new control
schemes like the dc voltage control, the reactive power control, and the
power factor are also investigated.

The power factor control reported in reference [11] is not a real
power factor control because it needs assistance from the tap changer
control, which makes the power factor control response very slow. A
pure power factor control, discussed in Section 5.4, which does not
require the assistance of the tap changer is used for comparison.

The reactive current control [9] and the reactive power control
have the same characteristics in steady-state. However, during
transients, the ac bus voltage is not 1.0 p.u. and the characteristics
of the reactive power control become different from the reactive current
control. Hence, the investigations are also carried out for the

reactive power control,



97

Effectiveness is determined in terms of the magnitude and duration
of the dynamic overvoltages, dc power recovery time, and the peak
overvoltages, which are discussed next.

The following faults are applied to the system to compare various
control schemes mentioned in Section 5.4 because the previous investiga-
tions seem to show these faults to be critical.

a) Three phase to ground fault of 100 ms duration at the inverter and
the rectifier ac bus. |

b) Single phase to ground fault of 100 ms duration at the inverter and
the rectifier.

c) DC 1ine fault of 200 ms duration at the inverter,

System Response for Various Faults

The system response for various control schemes is studied by time
domain simulation on the EMTDC digital program. The results are summa-
rized below.

a) Three Phase Fault on the Inverter Bus: The following variables are

observed to determine the effectiveness of each control scheme.

i) Instantaneous AC Voltage (Figure 5.9): The duration (200 ms)

and magnitude of overvoltages (2 p.u.) are the same for the
power factor and the conventional control. The ac voltage
control, the dc voltage control, reactive current control, and
reactive power control behave similarly. For these four
control schemes, the duration of overvoltage is shorter by
5 cycles and the magnitude of peaks is smaller by 20% for the

Tast 3 cycles in comparison to the conventional control.
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ii) Dynamic Overvoltage (DOV) (Figure 5.10): The most effective

control to minimize DOV is the ac voltage control because it
produces DOV for only 110 ms. The DOV characteristics for the
dc voltage control and the reactive power control schemes are
comparable in duration and magnitude (Table 5.1). The duration
of DOV for the reactive current control is almost the same as
the conventional or the power factor control. However, the
relative magnitude if DOV is less by 10% in the case of the
reactive current control in comparison with the conventional
control.

jii) DC Power Recovery (Figure 5.11): The duration of the dc power

recovery is about 210 ms for all control modes.

Similarly, results are obtained for other faults and the traces of
the above-mentioned variables are presented in Appendix B3. A summary
of the durations and the magnitudes of overvoltages and the recovery
time for the dc power for all faults is presented in Table 5.1{a) to

Table 5.1(d).
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Table 5.1(a) System Response for the Three Phase to Ground Fault at the
Inverter AC Bus.

Instantaneous Dynamic Overvoltage DC Power
Yoltage Response Response Recovery Time
Highest Highest
Magnitude Duration Magnitude Duration ¢

Control in p.u. in ms in p.u. in ms r in
Scheme Vp tp VD tD ms

PFC 2.00 210 1.40 210 210
DVC 2.00 142 1.35 142 210
RPC 1.80 136 1.40 136 210
AVC 2.00 110 1.35 110 210
RCC 1.80 122 1.40 122 210
CEA 2.00 230 1.48 230 210

Table 5.1(b) System Response for the Single Phase to Ground Fault at
the Inverter AC Bus.

Instantaneous Dynamic Overvoltage DC Power
Voltage Response Response Recovery Time
Highest Highest
Magnitude Duration Magnitude Duration t

Control in p.u. in ms in p.u. in ms r in
Scheme Vp tp VD tD ms

PFC 1.45 71 1.40 71 140
DVC 1.83 80 1.33 80 140
RPC 1.66 122 1.33 122 140
AVC 1.83 52 1.20 52 140
RCC 1.60 135 1.26 135 140

CEA 1.85 135 1.33 135 140
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Table 6.1(c) System Response for the DC Line Fault at the Inverter

Terminal,
Instantaneous Dynamic Overvoltage DC Power
Voltage Response Response Recovery Time
Highest Highest
Magnitude Duration Magnitude Duration ¢

Control in p.u. in ms in p.u. in ms r in
Scheme Vp tp VD tD ms
PFC 1.5 123 1.5 126 115
DVC 1.5 84 1.5 84 115
RPC 1.5 122 1.5 122 115
AVC 1.5 65 1.5 65 115
RCC 1.5 125 1.5 125 115
CEA 1.5 110 1.5 110 115

Table 5.1{d) System Response for the Three Phase to Ground Fault at the
Rectifier AC Bus.

Instantaneous Dynamic Overvoltage DC Power
Voltage Response Response Recovery Time

Highest Highest

Magnitude Duration Magnitude Duration "
Control in p.u. in ms in p.u. in ms r in
Scheme Vp tp VD tD ms
PFC 1.41 70 1.5 70 132
DVC 1.41 100 1.5 100 132
RPC 1.5 128 1.5 128 132
AVC 1.5 55 1.5 55 132
RCC 1.5 128 1.5 128 132

CEA 1.5 85 1.5 85 132
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5.8 DISCYSSION

The evaluation of the effectiveness of various control schemes at
the inverter terminal of the hvdc system feeding to a relatively weak ac
system has been carried out. The effectiveness of various control
schemes is determined on the basis of system recovery from different ac
and dc faults in terms of peak instantaneous overvoltages, dynamic
overvoltages (magnitude and duration), and dc power recovery time. The
concept used for determining the effectiveness of various control
schemes is that each control scheme is introduced for 300 ms from the
instant of the fault and thereafter the inverter operation is reverted
to the conventional control. The concept is used because it has the
advantages of the minimum reactive power demand and minimal harmonic
generation during steady-state, and it minimizes the overvoltages
following the faults. It is also found that switching from one control
to another without producing significant voltage and power oscillation
is possible (Figure 5.9 through Figure 5.11).

It is observed that when appropriately optimized controllers are
used, similar power recovery is achieved (Table 5.1(a) through Table
5.1(d)). However, the dynamic overvoltage profile differs, as seen in
the computed results shown in Table 5.1(a} through Table 5.1(d).
Further, it is observed from Table 5.1(a) through 5.1(d) that the
overvoltages can be minimized by introducing the dc or ac voltage

control for 300 ms just after the fault.
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5.9 CONCLUSIONS

The evaluation of all control schemes at the inverter terminal

of the weak ac system has been performed. The following important

conclusions can be drawn:

i)

iii)

The same dc power recovery time car be achjeved by proper
optimization of the controller parameters for every control
scheme.

Dynamic overvoltages can be minimized by introducing either the
dc voltage control or the ac voltage control for 300 ms
immediately after the disturbance (Table 5.1(a} through
Table 5.1(d)}. The dc voltage control should be preferred over
the ac voltage control because it minimizes the complexity of
the control circuit by eliminating the need of a bridge
rectifier and three ac voltage measurement circuits. In
addition, there is no need for the 6th harmonic filter for the
dc control because it already exists in the system.

The dynamic overvoltage response is different for various
control schemes. However, it s believed that economical
devices like a metal oxide arrester (MOV) can be used to
improve the DOV characteristics. Hence, the proper optimiza-
tion of the conventional control scheme is sufficient to obtain
a desirable system response and there is no need to replace the

existing conventional control.
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CHAPTER VI

INFLUENCE OF THE SENDING END SHORT CIRCUIT RATIO
ON THE PERFORMANCE OF HYDC CONTROLS

6.1 INTRODUCTION

This chapter deals with the study for determining the influence of
the sending ac system short circuit ratio on the performance of the
controls of a hvdc system. This study is performed to investigate the
system vresponse to a step change in direct current and the system
recovery from various faults. Several authors [46-49] have investigated
the influence of system performance having a low short circuit ratio at
the receiving end. However, the influence of lowering the short circuit
ratio of the sending end ac system has not been studied in detail. To
investigate the influence of the sending ac system short circuit ratio
on the performance of the hvdc system, the -following three cases are
undertaken,

Case {a) A weak receiving and strong sending ac system.

Case (b) A weak receiving and weak sending ac system.

Case (c) A strong receiving and weak sending ac system.

The ac/dc/ac system is represented as mentioned in Chapter V. The
following studies are carried out to evaluate the system performance for
the conventional control,

Direct Current Step-Response: This study is performed to evaluate

the system stability and to verify some of the results reported in

Chapter II.
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System Recovery: Some of the faults discussed in Chapter IV are

applied to study the system recovery for the three cases aforementioned.
The comparison of system recovery for all three cases is performed in
terms of the instantaneous peak overvoltages, dynamic overvoltages and

dc power recovery time.

6.2 DIRECT CURRENT STEP RESPONSE OF THE HVDC SYSTEM

The step change in the direct current is simulated for the three
cases mentioned earlier by raising the current reference from 1.0 p.u.
to 1.1 p.u.

DC Power Recovery: The step change in the direct current for case

(a) causes oscillation in the dc power and it takes about 300 ms
(Figure 6.1} to settle down to the steady-state value. For case (b) the
dc power reaches to its steady-state value in 170 ms. This indicates
that by Towering the short circuit ratio of the sending end improves the
system response. Further, Figure 6.3 reveals for case {c) that the dc
power takes 80 ms to settle down to its steady-state value, which shows
the improvement in system response.

RMS Voltage Response: The rms voltage of the three phase system is

measured to determine the influence of the sending ac system short
circuit ratio on the dynamic overvoltages. It 1is observed from
Figures 6.1 and 6.2 that the fluctuations in the rms voltage are almost
eliminated by reducing the short circuit ratio of the sending ac system.
However, further improvement in the rms voltage response is observed
from Figure 6.3, which indicates that an increase in short circuit ratio

of the receiving ac system also improves the voltage response.
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Direct Current Response: A 18% overshoot is observed for case (a)

only (Figure 6.1). The settling time for case (b) and case (c) is
almost the same (Figures 6.2 and 6.3) and is shorter by 86 ms in
comparison to case (a). This also indicates that lowering the short
circuit ratio of the sending ac system or raising the short circuit

ratio of the receiving ac system helps to improve the system response.

6.3 SYSTEM RECOVERY FROM VARIOUS FAULTS

The three phase to ground fault, the single phase to ground fault,
and dc line fault are applied at the inverter terminal to determine the
influence of short circuit ratio of both the rectifier and the inverter
ac systems on the system recovery. The system response to these faults

is discussed next.

Three Phase to Ground Fault: The following observations can be

made from Figure 6.4 through Figure 6.6 regarding system recovery from

the fault.

a) The peak instantaneous ac overvoltage in the first cycle in phase-A
shows a higher overshoot in cases (b} and {c) than case {(a). How-
ever, the duration of the overvoltage is the lowest in case {c),
while case (a) and case (b) have the same duration (Figure 6.4).

b) The rms voltage at the inverter bus indicates the lowest under and
overvoltages for case (c). A comparison of case (a) with (b)
shows that the overvoltages in Figure 6.5 are less in case (b} by
10 ms than case (a). However, the magnitude and duration of the

undervoltages in case (b} are more than those in case (a). This
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indicates that the reactive power demand is higher for a few cycles
following the fault in case (b) (Figure 6.5).

c) The dc power recovery time in case (b) and case (c) is almost 180
ms and, at the same time, it is 210 ms for case (a). Hence, the
reduction in short circuit ratio of the sending ac system may
decrease the dc power recovery time.

The traces of the peak fnstantaneous overvoltages, the dynamic
overvoltages and the dc power recovery for the single phase to ground
fault and the dc fault at the inverter terminal are presented in
Appendix C. The results for the system recovery for various faults are

summarized in Table 6.1 to Table 6.3

6.4 DISCUSSION

The influence of both the rectifier and inverter ac systems' short
circuit ratios have been studied by investigating the direct current
step response and the system recovery from various faults for the same
controller settings. It has been determined that the reduction in the
short circuit ratio of the sending ac system improves the direct current
step response. This may be because the rise in the direct current is
controlled by the sending ac system impedance.

The study of system recovery from various faults indicates that the
dc power recovery time is reduced (Table 6.1 and Table 6.3) for the
balanced faults by either reducing the éhort circuit ratio of the
sending ac system or increasing the short circuit ratio of the receiving
ac system. However, for the single phase to ground fault at the

inverter ac system, the best dc power recovery is observed for case (a)
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Table 6.1 System Response for the Three Phase to Ground Fault at the
Inverter AC Bus.
Instantaneous Dynamic Overvoltage DC Power
Voltage Response Response Recovery Time
Highest Highest
Magnitude Duration Magnitude Duration
in p.u. in ms in p.u. in ms tr in
Cases Vp tp VD tD ms
Case {(a) 1.88 170 1.25 170 200.0
Case (b) 2.13 180 1.25 180 169.0
Case (c) 2.10 0 1.10 0 178.0
Table 6.2 System Response for the Single Phase to Ground Fault at the
Inverter AC Bus.
Instantaneous Dynamic Overvoltage DC Power
Voltage Response Response Recovery Time
Highest Highest
Magnitude Duration Magnitude Duration
in p.u. in ms in p.u. in ms tr in
Cases Vp tp VD tD ms
Case (a) 1.88 70 1.2 70 100.0
Case {b) 2.00 130 1.2 130 131.3
Case {c) 2.00 0 1.06 0 150.0
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Table 6.3  System Response for the DC Line Fault at the Inverter
Terminal.
Instantaneous Dynamic Overvoltage DC Power
Voltage Response Response Recovery Time
Highest Highest
Magnitude Duration Magnitude Duration
in p.u, in ms in p.u. in ms tr in
Cases Vp tp VD tD ms
Case (a) 1.25 100 1.2 100 103.0
Case (b) 1.25 100 1.2 100 94.0
Case (c) 1.07 60 1.12 60 85.0
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(Table 6.2). This may be because asymmetrical faults cause higher

harmonics [50-51]. These harmonics may influence the dc power recovery.

6.5 CONCLUSIONS

The study reported here has investigated the influence of the short
circuit ratio of the sending ac system on the performance of the hvdc
controls. The following conclusions can be drawn from the investiga-
tions.

i) A reduction in the short circuit ratio of the sending ac system
improves the system damping. This is because the rise 1in direct
current is controlled by the sending ac system impedance.

ii} The increase in the short circuit ratio of the receiving ac system
improves the system stability.

ii1) The system recovery improves for symmetrical faults as the sending
ac system short circuit ratio decreases and/or the receiving ac
system short circuit ratio increases,

jv) For asymmetrical faults, the system recovery worsens as the sending
ac system becomes weaker or the receiving ac system becomes strong-
er. This trend can be due to the influence of non-characteristic
harmonics generated due to the asymmetry of faults during the

system recovery,




CHAPTER VII

APPLICATION OF RECENT CONTROLLER
CONFIGURATIONS TC A HVDC SYSTEM

7.1 INTRODUCTION
The most commonly used controller configuration in a hvdc system

is the proportional-integral (P-I) controller. This scheme is used

because it has the following advantages.

a) The steady-state error is zero because of the integral term [52].
Hence, the system response can match the reference signal
accurately [52].

b) It is not necessary to use the higher proportional gains required
in the proportionaj—on1y controller [52].

c) Proportional-integral control has been found to be quite robust and
satisfactory in a variety of applications and schemes [52].

However, the P-1 controller scheme has the following drawbacks.

a) Higher gains are needed to be used for a fast system response.
Hence, P-I control causes a relatively higher overshoot and longer
transient duration [53].

b) The system can be designed without ovefshoot, but then the response
to a Toad disturbance becomes very slow [53].

Recently, & new controller configuration called the I-P controller
has been suggested for dc motor drives [53-54]. It has been claimed
that the I-P controller allows a faster system response without a high

overshoot [53-54]. The above-mentioned advantage of the I-P contraller
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over the P-I controller has motivated the investigation of the perform-
ance of the I-P controller for hvdc systems. The realization of P-I and
I-P controllers for single input and single output systems is shown in
Figure 7.1 and Figure 7.2, The following transfer functions can be

obtained for both systems.

KI + KpS ,

T(s) S{TFTS) + K57 K (7.1)

where
T(S) = transfer function for first order system controlled by

the P-I controller’
K1

1) = TSy RS+, (7.2)

where
Tl(S) = transfer function for first order system controlled by

I-P controller,

Comparing equations (7.1) and (7.2), it is evident that the I-P
controller eliminates the "zero" of equation (7.2). However, the
characteristic equation for both controllers 1is the same. The
elimination of the "zero" causes smaller overshoot [51]. Hence, high
gain values can be used to achieve a fast response [52]. The comparison
of these two controllers is carried out in the next section for the
detailed hvdc system. The detailed hvdc system representation and its

controls are reported in Chapter V.
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] 1
R Kps + K : C

Figure 7.1 P-I Controller Configuration.

K78

Figure 7.2 [-P Controlier Configuration
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7.2 DIRECT CURRENT STEP RESPONSE FOR A DETAILED MODEL OF THE HVDC
SYSTEM FOR I-P AND P-I CONTROLLERS

Cnly the current control configuration at the rectifier end has
been changed from P-I to I-P controller because the inverter is
operating in the predictive control. The following variables are
observed for determining the effectiveness (Figure 7.3 and Figure 7.4).

Instantaneous AC Voltage: The undervoltages produced by both the

I-P and P-I controllers are similar in duration and magnitude.

Three Phase RMS Voltage: The rms voltage response is superior to

the P-I controller because of fewer fluctuations, as shown in Figure 7.3
and Figure 7.4,

D.C. Power: It can be observed from Figure 7.3 and Figure 7.4 that
the dc power takes about 150 ms more for the I-P controller than the P-I
controller to settle to the steady-state value. However, the smaller
settling time is desirable for dc power from a stability point of view
[6]. Hence, for the given gains for I-P and P-I controllers, the P-I
controller performs better.

Direct Current: The direct current response would be affected the

most because step change is made in the current reference. The
overshoot in the direct current is vreduced by 10% for the I-P
controller. However, the settling time for the P-I controller .is

reduced by 150 ms, as shown in Figure 7.4,
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Influence of the Controllers' Gains on the Direct Current Step Response

The traces of the instantanebus voltage, dynamic overvoltage, dc
power and direct current showing the influence of the controllers' gains
on the system response are presented in Appendix D1.

The current step response study indicates that the I-P controller
can produce a better system response for high values of proportional
gain. However, there 1is a limit to the proportional gain for the
current control controller. The contribution to the firing angle from
the gain should not exceed 5 to 8 degrees in steady-state operation
because the normal operating firing angle is around 10 to 13 degrees and
the minimum 1imit for the integral controller contribution is 5 degrees.
Hence, the maximum proportional gain of 0.080 to 0.082 can be used. The
proportional gain for the I-P controller is related to the firing angle
as follows.

Firing angle due to proportional gain = Kp * Id;
Id = 1.0 p.u. in steady state.

The above-mentioned proportional gain range does not offer any
advantages for the I-P controller over the P-I controller. Hence, the
I-P controller has not been considered for further investigations.
It is also observed that the increase in the integral gain for both the
I-P controller and the P-I controller worsens the system response.

Another contreller configuration is considered next which provides

the transfer function similar to I-P controller with no restrictions on

the gains.




126

7.3 MODIFIED I-P CONTROLLER
The modified I-P Controller configuration is shown in Figure 7.5,

The transfer function can be written as follows (Figure 7.5).

K
+S{1 + A

T.(S) = 7.4
2! Ts? K) + K (7.4)

1

Equation (7.4) is exactly the same as equation (7.3), provided

The comparison of the modified I-P controller with the P-I controller is

reported in subsequent sections.

~J
.
I

DIRECT CURRENT STEP RESPONSE FOR DETAILED MODEL OF THE HVDC SYSTEM
FOR MODIFIED I-P AND P-I1 CONTROLLERS

The proportional and integral gains are chosen to be the same for
the P-I and modified I-P controllers, so» that the characteristic
equation for both cases has the same roots. Comparing Figure 7.6 and
Figure 7.7, the following observations can be made.

i) The rms and dc power response is faster by 30 ms for the P-I
controller,

ii) The overshoot in the current response is reduced by 1% in the case

of the modified I-P controller. In addition, the settling time for

the direct current is reduced by 50 ms for the modified I-P

controller.

iii) The overshoot in the dc power for the modified I-P controller is

reduced by 1%.
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S

1 + A S (=l—

Figure 7.5 System Controlled by Modified I-P Controller
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Influence of Proportional and Integral Gains on the Direct Current Step
Response :

The system responses in terms of system variables discussed in

previous sections for changed gains of controllers are presented in
Appendix D2,

It 1is observed that the modified I-P controller offers the
advantage of a faster system response without overshoots by using higher
proportional gains. However, an increase in the integral gain for both
modified I-P controller and P-I controller gains worsens the system
response.

Further, investigations are carried out to determine the ability of
the modified I-P controller to recover the system from some critical
faults and its influence on system starting.

7.5 INFLUENCE OF CONTROLLER CONFIGURATION ON THE SYSTEM STARTING AND

THE SYSTEM RECOVERY FROM FAULTS

System Startup: It is observed from Figure 7.8 and Figure 7.9 that

the system starting time is shorter for the modified I-P controller by
30 ms. In addition, the overshoot is less by 10% in the direct current
for the modified I-P controller,

The system recovery from the dc Tline fault, three phase to ground
fault, and single phase to ground fault is investigated to compare the
performance of the modified I-P controller to the P-I controller.

System Recovery: The system recovery from various faults reported

in Chapter VI is studied to evaluate the relative performance for both

the I-P and P-1 controllers.
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Three Phase to Ground Fault at the Inverter Bus

The system recovery from the three phase fault at the inverter bus
is shown in Figure 7.10 and Figure 7.11 for the modified I-P controller
and the P-I controller in terms of variables discussed in Chapters IV
and V. The following observations can be made from Figure 7.11 and
Figure 7.11.

i) The dc power recovery is increased fof the P-I controller by

200 ms.

ii) The dynamic overvoltage magnitude is the same, but the duration is
reduced by 200 ms for the P-I controller.
111) The duration of the peak instantaneous overvoltages is increased by

12 cycles for the modified I-P controller.

iv) Commutation failure 1is observed (Figure 7.10) for the I-P
controller.

Similar results are obtained for the single phase to ground fault
and the dc fault at the inverter terminal. The traces for various
variables are presented in Appendix D3. The results for all three

faults are summarized in Table 7.1 through Table 7.3.
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-Table 7.1 System Response for the Three Phase to Ground ?au]t at the
Inverter AC Bus

Instantaneous Dynamic Overvoltage DC Power
Voltage Response Response Recovery Time
Highest Highest
Magnitude Duration Magnitude Duration

Controller in p.u. in ms in p.u. in ms tr in
Name Vp tp VD tD ms
Modified '

1-p 2.16 290 1,28 290 319

P-1 1.63 200 1.25 200 200

Table 7.2 System Response for the Single Phase to Ground Fault at the
Inverter AC Bus.

Instantaneous Dynamic Overvoltage DC Power
Voltage Response Response Recovery Time

Highest Highest

Magnitude Duration Magnitude Duration
Controller in p.u. in ms in p.u. in ms tr in
Name Vp tp VD tp ms
Modified
I-p 2.4 150 1.20 150 200

P-1 2.25 140 1.19 140 200
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Table 7.3 System Response for the DC Line Fault at the Inverter

Terminal,
Instantaneous Dynamic Overvoltage DC Power
VoTtage Response Response Recovery Time
Highest Highest

Magnitude Duration Magnitude Duration
Controlier in p.u. in ms in p.u. in ms tr in
Name Vp tp VD tD | ms
p-1 1.25 170 1.25 170 175

Modified
1-P 1.60 320 1.38 320 338
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7.6 DISCUSSION

It is observed that the I-P controller provides a better current
step response than the P-I controller. However, for the current
controller on the rectifier terminal the steady-state firing angle
normally is around 10 to 13 degrees. Hence, a small proportional gain
can be used only for the I-P controller. It is found that the merits of
the I-P controiler are exploited only for high proportional gain. To
overcome the Tlimitation on the proportional gain, a modified I-P
controller is used. It is understood from the investigations that the
performance of the modified I-P controller is better than the P-I
controller for the step change in the direct current. However, it is
also observed from Table 7.1 to Table 7.3 that the system recovery from

various faults is worse for the modified I-P controller.

7.7 CONCLUSIONS
Various controller configurations are examined in this chapter.
The following conclusions are drawn.

i} The I-P controller performs better than the P-I controller for high
proportional gain. However, the I-P controller cannot be used with
high proportional gain due to the requirements of the current
controller. Hence, it may be concluded that this controller is of
little use in hvdc system applications.

ii) The modified I-P controller is proposed as a replacement for the
I-P controller. The modified I-P controller improves the direct
current step response. In addition, the system starting time is

reduced by the use of the modified I-P controller. Further, there
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iv)
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is no Timitation on the choice of proportional gains as existed for
the I-P controller,

It is also observed that the best system recovery cannot be
achieved by just designing controllers by small signal analysis or
the step response. This is due to the fact that the modified I-P
controller performs better than P-I controller for the current step
responses. However, the system recovery from various faults is
poorer for the modified I-P controller,

No significant advantage is gained by changing the P-I controller

to the I-P controller.
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CHAPTER VIII

STATE IDENTIFICATION FOR HVDC SYSTEM:
SOME NEW PARAMETERS FOR SIGNAL PROCESSING

8.1 INTRODUCTION

Adaptive controls for hvdc systems show better results than fixed
parameter contro]iers [55]. However, the convergence time required for
the adaptive control algorithms can be significant [56]. To overcome
the problem of slow convergence, the look-up table concept has been
proposed [56] for real time applications. One of the essential steps
for the application of a look-up table is the fast state identification
in order to make decisions about the choice of controller parameters.
However, state identification has not been well discussed in the power
system control literature. Hence, some of the techniques used for other
systems for state identification [57-58] are examined for hvdc systems.

This chapter is devoted to evaluating the effectiveness of various
discriminants to identify varfous faults. It is assumed in the study
that task-oriented VLSI chips can be designed to achieve the required
speed of computation. The speed of computation is important because
only 100 ms duration of fault is to be utilized to perform the following
tasks:

i) Calculate the discriminants,

i1}  Match patterns of the discriminants to identify the fault, and

iii}  Change controller settings.
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It is proposed that in order to perform the above-mentioned tasks,

information about the signal may be utilized in the first two cycles.

8.2 DESCRIPTION OF VARIOUS DISCRIMINANTS

State identification is the most important aspect in the whole
decision-making domain because the system status will confirm what
decisions should/can be made and how the decision-making process' output
has to be implemented.

The following class of state-identification techniques are
considered:

i) Statistical Techniques:

This class can further be divided into subclasses as follows:
a) Mean value based decisions

b) Variance/standard deviation based decisions

¢) Kurtosis value based decisions

d)  Skewness value based decisions

i) Frequency Domain Techniques:

Sometimes it is easy to obtain information in the frequency domain
and, hence, the following parameters may be used as discriminants.
a) Spectrum
b) Harmonic and frequency factors
These techniques have been chosen from available techniques for the
following reasons,
i) These can be implemented without performing the complex mathemati-
cal calculations. Consequently, the computer time needed to make

decisions is small.
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ii) Algorithms give different discriminant values for various faults.

Hence its authenticity and reliability is high.

iii) Algorithms' output can easily be related to decision processes.

8.3 APPLICATION OF VARIOUS DISCRIMINANTS FOR FAULT IDENTIFICATION

Statistical Techniques

Mean, variance, skewness, and kurtosis functions as defined below

have been used for fault discrimination [59].

§
i51 &
Mean = o= N
N
I (Xew)?
Variance = ¢ = 1=1 T
N
I en)®
Skewness = Sk = W 1=1
3/2
g
N
'zl (Xi-U)4
is = =4 1=
Kurtosis = K = N 02

where Xj = value of signal at ith

instant.

(8.1)

(8.2)

(8.4)
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Frequency Domain Techniques

The spectrum of each fault can also be used as one of the
discriminants [58]. However, pattern matching for the spectrum is time
intensive. Hence, new discriminants are defined which utilize the

information contained in the spectrum,

Harmonic Factor (HF) = 1&1 =1 (8.5)
I &
i=1
N
) 6;° 7

Frequency Factor (FF) = li#———————— (8.6)
¥ G,
i=1 !

Power stored at the ith frequency

ith frequency

where Gi

-
It

summation over given interval

I~
1]

There can be a problem in calculating a spectrum because of wide
variations or small changes in the signal of interest for various system
disturbances. To amplify or 1imit these variations, a transformation is

used, which is discussed next.
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8.4 LOG-TRANSFORMATION
Normally, cepstrum is used [59] to extract information from a
signal about its frequency contents. However, dual of cepstrum may be
used to extract the information of characteristics of the signal in a
time domain. The dual of cepstrum may be calculated by applying the
log-transformation on the time domain signal. The log-transformation

has the following properties:

a) Elimination of Convolution Problem in Frequency Domain

Any given function x(n) can be any of the following forms:
i) x(n) can be a simple function, i.e., x{n) = sin t or x(n) = n.
ii) x(n) 1is the product of two or more functions, i.e., x{(n) =
xl(n) . xz(n).
The frequency domain information of x{(n) can be determined by
taking Fourier transform of x(n). However, in case (ii), the problem of
frequency domain convolution is to be solved. One method of overcoming

the convolution problem is to take log of x{n), i.e.,
x(n) = xl(n) . xz(n) (8.7)
Taking Tog of equation (8.7), we get
Tog x{n} = log xl(n) + log xz(n) (8.8)

By defining, y(n) = log x(n); yi(n) = Tog xl(n); and yz(n) = Tlog

xz(n), we get,

y(n) = y;(n) + y,(n) (8.9)
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Equation (8.9) follows superposition. In this way, the convolution

problem can be eliminated.

b) Fault Identifier

The properties of direct current are used to identify the faults
because the frequency of short faults is much higher than open faults.
During short faults the voltage may become zero and can cause a computa-
tion problem for spectrum analysis.

The direct current is genera11y normalized to 1.0 p.u. to represent
the steady-state value and log of 1.0 is zero. Hence, any definite
value of the log-transformed direct current will indicate the disturb-

ance in the system.

¢} Trending
Data which is segregated can be compressed and wide variations can
be smoothed with the use of a log-transformation. For example, if the

® to 100, this variation can

variation in the signal is taken between 10~
be reduced to -6 to 2 by taking the log, and better trending can be
obtained.

d)  Frequency Domain Information

The frequency domain information of the signal remains unaltered,

e.g., if y =a + b sin t; then Togy = Tog (a + b sin t).

8.5 RESULTS

The direct current signal has been used to calculate different
discriminants. The direct current signal has been used for two main
reasons. First, the probability of short faults is much higher than

open faults. Secondly, it represents the equivalent current of three
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phases of the ac system of the rectifier and the inverter terminals.
This minimizes the total number of measurements.

The spectra of the direct current for a fault duration of 100 ms
are calculated for various faults. It is observed from Figure 8.1 that
the spectrum for each fault is different. To improve the computational
efficiency for pattern matching, the harmonic factor and frequency
factors are calculated and tabulated in Table 8.1. It is observed
that the harmonic factor is nearly the same for various faults, but the
frequency factor is a good indicator for identifying the fault. The
repetition of the experiment shows for different instants of faults a
maximum of 1.0% variation in the value of the frequency factor. Hence,
this factor is chosen as a viable discriminant for further investi-
gation. Skewness and kurtosis are also calculated and their values
are shown in Table 8.1. These factors are calculated without log-
transformation. The difference in the values of kurtosis and skewness
is not very significant for various faults. - However, these discrimi-
nants can be used to confirm the decision.

These results are obtained on the real time, physical component
simulator which has 1limitations for representing the system
(Chapter IV). Hence, further investigations are carried out in the
detailed system using EMTDC to determine the influence of sampling rate
on the value of discriminant.

It is observed for various faults that the 64 samples/cycles is an
optimum number because discriminants values do not change significantly

for more than 64 samples/cycles (Appendix E}.
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Figure 8.1 Frequency Spectra for Different Faults
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Table 8.1 Discriminants Values for Various Faults.

Case Harmonic Frequency
No. Type of Fault Skewness Kurtosis Factor Factor
1 Remote three phase fault 0.955 2.59 1.34 725.0
on the inverter side

2 Remote single phase fault 0.97 2.56 1.58 735.0
on the inverter side

3 Single phase to ground 0.82 2.26 1.18 754.0
fault on the inverter
ac bus

4  Three phase to ground 0.995 2.63 1.22 844,92
fault on the inverter
ac bus

5 Single phase to ground 0.149 2.06 1.18 685.50
fault on the rectifier
ac bus

& Three phase to ground 1.079 3.15 1.17 651.00
fault on the rectifier
ac bus

7 DC 1ine fault on the -0.429 1.55 1.22 629.00

inverter end
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8.6 DECISION PROCEDURE

It is very important to make the right decisfion to identify the
fault. It is observed from Table 8.2 through Table 8.4 that a good
decision can be reached if more than one discriminant is used to
identify the fault. The problem of computational time can be resolved
by using a parallel processing technique because all five discriminants
can be calculated independently and simultaneously.

The experiment was repeated only three times because 6f the
required computer time for the simulation of hvdc systems for different
instants of faults. It is observed that the trends of these discrimi-
nants remain unchanged. The values of the standard deviation, skewness,
and kurtosis change within only 2%. Variations in the harmonic index
are negligible, but the changes in the frequency factors lie in the 5%
range. Hence, it is decided not to use the frequency domain technique.

The standard deviations, skewness, and kurtosis are also calculated
by performing the log-transformation. It is determined that better
resolutions of the discriminants can be obtained by using log-
transformation, as can be observed by comparing case (3) and (5) shown

in Table 8.2 and Table 8.3 respectively.
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Table 8.2 Discriminants Values for Various Faults.
No.
Case Standard Samples/
No. Type of Fault Deviation Skewness  Kurtosis Cycles
1 Steady State 0.01904 -0.66926 -0.80294 64
2 DC Line Fault at the 0.26314 1.04508 -0.18054
Inverter
3 Single Phase to Ground 0.16703 -0.70157 -0.67145
Fault at Inverter
4 Three Phase Fault at 0.41887 -1.08409 0.32083
the Inverter Bus '
5 Single Phase to Ground 0.17011 0.84698 -0.59688
Fault at the Rectifier Bus
6 Three Phase to Ground 0.38108 0.86997 -0.55785
Fault at the Rectifier Bus
Table 8.3 Discriminants Values for Various Faults with Log-
Transformation.
No.
Case Standard Samples/
No. Type of Fault Deviation Skewness  Kurtosis Cycles
1 Steady State 0.02053 -0.69240 -0.76304 64
2 DC Line Fault at the 1.52101 -0.43476 0.02533
Inverter
3 Single Phase to Ground 0.14441 -0.89675 -0.23274
Fault at Inverter
4  Three Phase Fault at 0.50846 -2.32771 5.80805
the Inverter Bus
5 Single Phase to Ground 0.20897 0.64886 -0.97401
Fault at the Rectifier Bus
6 Three Phase to Ground 2.00063 -0.86988 -0.07058

Fault at the Rectifier Bus




Table 8.4 Discriminants

Analysis).

Values
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Various

Faults
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(Frequency Domain

Log Transformation

No.

Case Harmonic Frequency Harmonic Frequency Samples/
No. Type of Fault Factor Factor Factor  Factor Cycles
1 Steady State 1.26 128.9 1.27 129.2 64
2 DC Line Fault at the 1.13 124.0 1.31 131.2
Inverter

3 Single Phase to Ground 1.01 119.4 1.02 119.9
Fault at Inverter

4  Three Phase Fault at 1.04 120.4 1.40 135.2
the Inverter Bus '

5 Single Phase to Ground 1.19 126.2 1.13 124.1
Fault at the Rectifier Bus

6 Three Phase to Ground 1.18 126.0 1.14 124.2

Fault at the Rectifier Bus
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8.7 DISCUSSION

Yarious frequency and time domain discriminants have been examined
for identifying different faults, using a pattern matching technique.
The selection of these discriminants has been made on the basis of
computational time and their resolution for discriminating various
faults.

The study has been divided 1into two parts. The results are
obtained on the physical component simulator for 100 ms fault duration.
It has been determined that the frequency factor provides the better
resolution for identifying various faults. However, the kurtosis,
skewness and harmonic factor have not produced good resolution in their
values for various faults. It has been observed that after determining
the type of fault, one may need to change system and/or controller
parameters for optimum system recovery. Hence, duration of the signal
for which discriminants were calculated may be reduced. The second part
of the study has been devoted to calculating these discriminants for two
cycles duration, and the remaining duration of the fault can be used to
make changes in the system and controlier parameters.

It has been determined that the frequency domain discriminants have
not produced the proper resolution for a signal of two cycles duration.
Hence, another discriminant called standard deviation also has been
considered. It has been observed that time domain discriminants provide
better resoiution. However, one should consider the standard deviation,
skewness, and kurtosis together in reaching the decision of identifying
the fault to fimprove its reliability. It has been determined that 64

samples/cycles have been adequate to calculate these discriminants.
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Decision Tree

Transients Steady State
Yes No -- Go to Fault
Classifier
Small Large
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Classifier

Control Changes
Actions in System
Configuration

Fault Classifier
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Open Fault
Classifier

Go to Short
Circuit Fault
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Figure 8.2 Decision Tree for Fault Detection
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In addition, the log-transformation has also been suggested to

improve the resolution of the various discriminants.

8.8 CONCLUSIONS

Various discriminants are discussed for fault identification for an

hvdc system. The following conclusions may be drawn from the study

reported in this chapter.

i)

ii)

iii)

iv)

Frequency factor is a good discriminant for identifying
various faults, provided that the duration of the signal is
100 ms.

Harmonic index provides poor resolution for identifying various
faults irrespective of the duratfon of the signal.

It is determined that more than one discriminant must be used
to identify the fault.

The fault can be identified by pattern matching of standard
deviation, skewness, and kurtosis.

The resolution of discriminant values may be improved by using

log-transformation.
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CHAPTER IX

CONCLUSIONS

This thesis is a prelude to building a knowledge base system (KBS)
for the controiler of a point-to-point hvdc scheme feeding to weak ac
systems. A knowledge base about various control schemes at the inverter
terminal is generated. Various controller configurations are evaluated
to produce knrowledge about the effectiveness of configurations to be
used for different type of disturbances.

The effectiveness of various control schemes is evaluated by
investigating the system stability and the system recovery from various
faults at the ac and dc sides of the inverter and rectifier terminals.
Furthermore, influence of the controller and system parameters is
studied to determine sensitivity of the stability boundaries and the
system recovery time. The system performance subjected to disturbances
is evaluated by examining the instantaneous peak ac voltages, the
dynamic overvoltages (their duration and magnitude), and the recovery
time of the dc power.

The small signal stability of the system is carried out by using
the root locus technique. The following conclusions may be drawn for
all control schemes.

i) Lower values of controller gains improve the system stability.

ii)  Higher values of the short circuit ratio of the receiving ac

system improve the system stability.
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iv)
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Lower values of the short circuit ratio of the sending ac
system improve the system stability.
A1T control schemes, 1if properly optimized, can provide

essentially the same damping.

In addition, a new technique 1is suggested to handle the non-

linearities of hvdc systems. It is concluded that the technique can be

used to determine the system stability for relatively large changes in

the system operating points with only #5% error of linearization.

Several investigations have been carried out on the real time,

physical
relative
detailed

computer

component simulator to generate an impression about the
performance of various control schemes. For simulating the
system, including converter transformers saturation, digital

study using the EMTDC package has been performed. The follow-

ing conclusions may be drawn from the investigations.

i)

i1)

The same recovery time can be achieved for the dc power by the
appropriate optimization of each control scheme.

It is proposed to introduce a chosen control §cheme for a few
cycles (300 ms) just after the fault and then revert the
system operation to the conventional control scheme. This
technique retains the advantage that the system is operated
with the conventional controls during steady-state, which
keeps the reactive power demand and the harmonic generation to
the minimum. Whereas, during transients the ac or the dc
voltage control scheme can be inserted to improve the voltage
characteristics at the inverter terminal. The switching among

controls does not Tead to system instability.
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Investigations are carried out to determine the influence of the
sending and the receiving ac system short circuit ratios on the system
recovery. The following conclusions may be drawn:

i) The reduction of the short circuit ratio of the inverter ac

system may degrade and slow down the system recovery.
i1}  The reduction of the short circuit ratio at the rectifier side
may improve the system recovery.

The investigations carried out for the rectifier terminal control-
ler selections show that the modified I-P controller may be used to
improve the system stability and system starting. Whereas, to improve
the system recovery from various faults, the P-I controller may be used.
An intelligent controller can make such switching practical.

From earlier discussions, it 1is observed that knowledge base
systems must have the knowledge about each event and corresponding
changes to be made in controller configuration, control schemes, and
the controller parameters. To identify the event or the disturbance,
new discriminants are suggested. It is determined that 64 samples over
two cycles are sufficient to identify the faults. The use of log-
transformation 1is suggested to improve the vresolution of these

discriminants.

SUGGESTED FUTURE WORK
The work presented in this thesis can be further extended in the
following directions.
a) Possible application of expert system/knowledge base systems using
the decision procedure may be suggested. However, the extent of

the variation of these discriminants needs to be evaluated with
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various configurations of the ac system at the receiving and the
sending end. Areas of knowledge representation for fast
computation of decision variables can be explored.

The reduction 1in short circuit ratio on the sending ac system
improves the stability of the system. Hence, switching in/out
extra resistance/impedance can be used as an alternative damping
control,

Custom-designed microprocessor chips can be used for the imp1emen—

tation of various controls and forming an intelligent controller.
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Table Al.1(a) Parameters for the Receiving AC System.
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AC Bus Voltage

R1 L1 {Line to Line) Filter Ratings
SCR {Ohms ) {mH) {(Volts) {VA)
2.0 69 45.6 25.0 5.0

Table Al.1{b) Parameters for the Sending AC System.

AC Bus Voltage

R2 L2 (Line to Line
SCR (Ohms ) (mH} (Volts)
4.0 16 5.0 25.0

Power flow in the dc 1ine = 12.5 W.
Current at the rectifier end = 250 mA.
Smoothing reactor (Ld) = 300 mH.

DC resistance of the smoothing reactor = 29.

The resistance of transmission line = 1q.

The inductance of transmission line = 54 mH.
The capacitance of transmission line = 0.676 yuF.



Table Al.1{c) AC Filter Data.
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Resistance Inductance Capacitance
Harmonic (Ohms} (mH) (uF)
5th 1.1 41.4 6.8
7th 1.1 20.7 6.9
12th 46.9 15.55 7.1

Table Al.1(d)

Parameters for the Controller on the Inverter Terminal.

S.No. Type of Control Integral Gain Proportional Gain
1 Conventional Control
a) y-control 10.0 0.8
b) Current Control 40.0 0.75
2 P.F. Control 5.0 0.50
3 D.C. Voltage Control 10.0 0.60
4 A.C. Voltage Control 30.0 - 0.75
5 Reactive Power Control 15.0 0.60
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on the Inverter AC System
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a. Conventional 100 5.75

b. Power Factor 100 6.25

c. DC Voltage 100 6.00

7 0 WEn RENOX. d. AC Voltage 100 6.00
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e. Reactive Power 100 6.00

Figure A3.1 DC Power Recovery from the Single Phase to
Ground Fault at the Inverter AC Bus
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Figure A3.2 DC Power Recovery For the Remote Three Phase
Fault at the Inverter AC System
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Figure A3.-3 DC Power Recovery from the Remote Single
Phase Fault on the Inverter AC System
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c. DC Voltage 200 6.0
d. AC Voltage 100 6.0
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Figure A3.4  DC Power Recovery From the Single Phase to

Ground Fault at the Rectifier AC Bus
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Figure A3.6

CONTROL ON SCALE
"THE INV. X-axis Y-axis
ms/div Hatts/div
a. Conventional 500 5.0
b. Power Factor 500 6.0
c. DC Voltage 200 5.0
d. AC Voltage 109 6.0
e. Reactive Power 200 2.5

DC Power Recovery from the DC Line Fault at the

Inverter Terminal
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APPENDIX B1

Table Bl.1{a) Data for the Receiving AC System.

z SCP

L-L, Filter
R1 R2 L2 Mag Angle Mag. Angle Voltage Ratings

SCR (Ohms) (Ohms) (Henry) (Ohms) (deg) (MVA)} (deg) (kv)  (MVAR)

1.5 5.2074 523.81 0.0975 37.385 78 1415 78 230 200

Table B1l.1(b) Data for the Sending AC System.

VA SCP
L-L, Filter
R1 R2 L2 Mag Angle Mag. Angle Voltage Ratings
SCR (Ohms) (Ohms) (Henry) (Ohms) (deg) (MVA) (deg)  (kv) (MVAR?

4.0 0.3059 180.16 0.0139 5.261 85 3620 85 138 200

Table B1.2 DC Filters at the Inverter and Rectifier Terminal.

Fi1ter Tuned Resistance Inductance Capacitance
(Frequency) {Ohms) (Henry) {uf)
6th 24.0 0.2444 0.80
12th 12.0 0.1222 0.40
Smoothing Reactor Inductance = 0.75 Henry,
Smoothing Reactor Resistance = 1.0 Ohms.
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Table B1.3(a) AC Filters Components at the Inverter Bus.

Filter Tuned Resistance Inductance Capacitance
(Frequency) (Ohms) (Henry) (uf)
5 14.22 0.2986 0.9425
7 14,22 0.2986 0.4810
11 5.32 0.0786 0.7395
13 5.32 0.0786 0.5280
HP 94.80 0.0072 2.2795

Total MVAR Supplied by Filters = 200 MVAR
Number of Each Filter = 2

Table B1.3(b) AC Filters Components at the Rectifier Bus.

Filter Tuned Resistance Inductance Capacitance
(Frequency) (Ohms ) (Henry) (uf)

5 5.37 0.1094 2.5725

7 5.37 0.1094 1.3130

11 3.56 0.0207 2.1570

13 3.56 0.0207 1.544

HP 47.20 0.0026 6.1790

Total MVAR Supplied by Filters = 200 MVAR
Number of Each Filter = 2
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APPENDIX B2

Table B2.1 Controller Settings for Three Phase to Ground Fault at the
Inverter Bus.

Name of

Control

Scheme Kp KI Ta Tb Remarks
PFC 0.60 9.0 0.10 0.02 . For conventional
AVC 0.65 18,00 0,06 0.01 control YS = 0,3,
DVC 0.20 3.00 0.03 06.01 YL = 0,5 has been
RCC 0.30 4.50 0.10 0.02 used.
RPC 0.250 5.50 0.05 0.01

Table B2.2 Controller Settings for Single Phase to Ground Fault at the
Inverter Bus.

Name of

Control

Scheme Kp KI Ta Tb Remarks
PFC 0.50 12.00 0.10 0.01 For conventional
AVC 0.45 30,00 0.10 0.03 controi YS = 0,5,
DVC 0.30 4.50 0.10 0.01 YL = (,70.
RCC 0.60 15.00 0.10 0.01
RPC 0.70 8.00 0.10 0.01

PFC: Power Factor Control
RCC: Reactive Current Control
AVC: AC Voltage Control

DVC: DC Voltage Control

RPC: Reactive Power Control



Table B2.3 Controller Settings for DC Line Fault.
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Name of

Control

Scheme Kp KI Ta Tb Remarks
PFC 0.5 10.5 0.10 0.01 For conventional
AYC 0.40 40.0 0.10 0.03 control YS = 0,35,
DVC 0.35 5.0 0.10 0.01 YL = 0,55,
RCC 0.80 18,00 0.10 0.03
RPC 0.85 9.00 0.05 0.02

Table B2.4 Controller Settings for Three Phase to Ground Fault at the
Rectifier Bus.

Name of

control

Scheme Kp KI Ta Tb Remarks
PFC 0.40 12.00 0.10 0.01 For conventicnal
AYC 0.50 38.00 0.07 0.01 control
DVC 0.40 7.00 0.10 0.01 YS = 01,3330,
RCC 0.75 16,00 0.10 0.02 YL = (,450.
RPC 0.70 11.00 0.10 0.01

PFC: Power Factor Control

RCC: Reactive Current Control

AVC: AC Voltage Control

DVC: DC Voltage Control

RPC:

Reactive Power Control
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APPENDIX B2
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APPENDIX E

Table E.1 Discriminants Values for Various Faults.

No.
Case Standard Samptes/
No. Type of Fault Deviation Skewness Kurtosis Cycles
1 Steady State 0.02059 -0.63523 -0.85885 8
2 DC Line Fault at the 0.24602 1.07803 -0.09430
Inverter
3 Single Phase to Ground 0.16668 -0.60095 -0.96216
Fault at Inverter
4 Three Phase Fault at 0.47623 -1.,17381 0.40806

the Inverter Bus
§ Single Phase to Ground
Fault at the Rectifier Bus
6 Three Phase to Ground

0.16237 0.89047 -0.54031

0
Fault at the Rectifier Bus

0

0

.36291  0.91433  -0.49629
1 Steady State .01970 -0.65604 -0.82257 16

2 DC Line Fault at the .25599  1.06310 -0.13241

Inverter

3 Single Phase to Ground 0.16631 -0.64965 -0.82023
Fault at Inverter

4  Three Phase Fault at 0.44255 -1.,13468 0.40285

the Inverter Bus
5 Single Phase to Ground
Fault at the Rectifier Bus
6 Three Phase to Ground
Fault at the Rectifier Bus
1 Steady State

[aw]

.16681 0.86735 -0.56667
.37356 0.89082 -0.52522
.01926 -0.66509 -0.80873 32
2 DC Line Fault at the .26079  1,06167 -0.16287
Inverter
3 Single Phase to Ground
Fault at Inverter
4 Three Phase Fault at
the Inverter Bus
5 Single Phase to Ground
Fault at the Rectifier Bus
6 Three Phase to Ground

Fault at the Rectifier Bus
1 Steady State

.16670 -0.68316 -0.72365
.42660 -1.10304 0.35611

o O o o o o

.16906  0.85404  -0.58590

o

.37862  0.87720 -0.54603

o

.01904 -0.66926 -0.80294 64

2 DC Line Fault at the 0.26314 1.04508 -0,18054
Inverter
3 Single Phase to Ground 0.16703 -0.70157 -0.67145

Fault at Inverter
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Table E.1 {Continued)

No.

Case Standard Samples/
No. Type of Fault Deviation Skewness  Kurtosis Cycles
4  Three Phase Fault at 0.41887 ~1.08409 0.32083 64

the Inverter Bus
5 Single Phase to Ground 0.17011 0.84698 -0.59688

Fault at the Rectifier Bus
6 Three Phase to Ground 0.38108 0.86997 -0.55785

Fault at the Rectifier Bus
1 Steady State

(]

.01893 -0.67126 -0.80034 128

[an)

2 DC Line Fault at the .26431 1.04157 -0,18995
Inverter
3 Single Phase to Ground

Fault at Inverter

o

.16723 -0.71111  -0.64472

4  Three Phase Fault at 0.41509 -1.07386 0.30025
the Inverter Bus
5 Single Phase to Ground 0.17062 0.84335 -0.60267

Fault at the Rectifier Bus

6 Three Phase to Ground 0.38229 0.86625 -0.56409
Fault at the Rectifier Bus

1 Steady State 0.01887 -0.67224 -0,79913 256

2 DC Line Fault at the 0.26489 1.03977 -0.19478
Inverter

3 Single Phase to Ground 0.16734 -0.71594 -0.631725
Fault at Inverter

4  Three Phase Fault at 0.41318 -1.06855 0.28919
the Inverter Bus

5 Single Phase to Ground 0.17088 (0.84152 -0.60565
Fault at the Rectifier Bus

6 Three Phase to Ground 0.38289 0.86437 -0.56728
Fault at the Rectifier Bus

1 Steady State 0.01885 -0.67272 -0.78954 512

2 DC Line Fault at the 0.26518 1.03836 -0.19724
Inverter

3 Single Phase to Ground 0.16740 -0.71838 -0.62448
Fault at Inverter

4  Three Phase Fault at 0.41224 -1.06584 0.28347
the Inverter Bus

5 Single Phase to Ground 0.17101 0.84060 -0.60715
FauTlt at the Rectifier Bus

6 Three Phase to Ground 0.38319 0.86342 -0.56890

Fault at the Rectifier Bus
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Table E.2 Discriminants Values for Various Faults for Different
Sampling Rates with Log-Transformation.

No.
Case Standard Samples/
No. Type of Fault Deviation Skewness  Kurtosis Cycles
1 Steady State 0.02224 -0.65920 -0.82041 8
2 DC Line Fault at the 1.67518 -0.60154 -0.02200
Inverter
3 Single Phase to Ground 0.14216 -0.74419 -0.73821

Fault at Inverter
4  Three Phase Fault at 0.70071 -2.38890 5,08907
the Inverter Bus
5 Single Phase to Ground 0.20271 0.70728 -0.90367
Fault at the Rectifier Bus
6 Three Phase to Ground P
Fault at the Rectifier Bus
0

1  Steady State

.10167 -1.02839 0.52254
.02126 . -0.67964 -0.78286 16

2 DC Line Fault at the 1.51929 -0.36785 -0.02372
Inverter

3 Single Phase to Ground 0.14275 -0.81853 -0.49150
Fault at Inverter

4 Three Phase Fault at 0.58892 -2.46791 6.24159
the Inverter Bus

5 Single Phase to Ground 0.20643 0.67489 -0.94181
Fault at the Rectifier Bus

6 Three Phase to Ground 2.01688 -0.88984 0.05386
Fault at the Rectifier Bus

1 Steady State 0.02077 -0.68840 -0.76882 32

2 DC Line Fault at the 1.47865 -0.23804 -0.02663
Inverter

3 Single Phase to Ground 0.14375 -0.86925 -0.32284

Fault at Inverter :

4  Three Phase Fault at (0.53444 -2.,39734 6.13425
the Inverter Bus

5 Single Phase to Ground 0

Fault at the Rectifier Bus

20814  0.65769  -0.96300

6 Three Phase to Ground 2.00289 .-0.86784 -0.06338
Fault at the Rectifier Bus
1 Steady State 0.02053 -0.69240 -0.76304 64
2 DC Line Fault at the 1.52101 -0.43476 0.02533
Inverter
3 Single Phase to Ground 0.14441 -0.89675 -0.23274

Fault at Inverter
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Table E.2 (Continued)

No.
Case Standard Samples/
No. Type of Fault Deviation Skewness  Kurtosis Cycles
4  Three Phase Fault at 0.50846 -2.32771 5.80805 64
the Inverter Bus
5 Single Phase to Ground 0.20897 0.64886 -0.97401
Fault at the Rectifier Bus
6 Three Phase to Ground 2.00063 -0.86988 -0.07058
Fault at the Rectifier Bus
1 Steady State 0.02041 -0.69431 -0.76047 128
2 DC Line Fault at the 1.52496 -0.45217 0.02122
Inverter
3 Single Phase to Ground 0.14478 -0.91085 -0.18709
Fault at Inverter
4  Three Phase Fault at 0.49596 -2.28600 5.58627
the Inverter Bus
5 Single Phase to Ground 0.20937 0.64439 -0.97961
Fault at the Rectifier Bus
6 Three Phase to Ground 1.99903 -0.87047 -0.07489
Fault at the Rectifier Bus
1 Steady State 0.02035 -0.69523 -0.75929 256
2 DC Line Fault at the 1.51677 -0.40571 -0.02111
Inverter
3 Single Phase to Ground 0.14497 -0.91796 -0.16422
Fault at Inverter .
4  Three Phase Fault at 0.48984 -2.26382 5,.46453
the Inverter Bus
5 Single Phase to Ground 0.20957 0.64215 -0.98242
Fault at the Rectifier Bus
6 Three Phase to Ground 1.99829 -0.87098 -0.07632
Fault at the Rectifier Bus
1 Steady State 0.02032 -0.69569 -0.75871 512
2 DC Line Fault at the 1.52055 -0.42971 0.02111
Inverter
3 Single Phase to Ground 0.14507 -0.92154 -0,15277
Fault at Inverter
4  Three Phase Fault at 0.48682 ~2.25246 5.40155
the Inverter Bus
5 Single Phase to Ground 0.20966 0.64102 -0,98383
Fault at the Rectifier Bus
6 Three Phase to Ground 1.99777 -0.87091 -0.07818

Fault at the Rectifier Bus
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Table E.3 Discriminants Values for Varfous Faults (Frequency Domain

Analysis).
Log Transformation
No.
Case Harmonic Frequency Harmonic Frequency Samples/
No. Type of Fault Factor Factor Factor  Factor Cycles
1 Steady State 1.37 133.2 1.38 133.6 4
2 DC Line Fault at the 1.12 123.5 1.46 136.9
Inverter
3 Single Phase to Ground 1.00 119.3 1.02 . 119.7
Fault at Inverter
4 Three Phase Fault at 1.13 123.9 2.10 159,4
the Inverter Bus
5 Single Phase to Ground 1.23 127.8 1.15 124.9
Fault at the Rectifier Bus
6 Three Phase to Ground 1.21 127.3 1.03 120.2
Fault at the Rectifier Bus
1 Steady State 1.32 131.3 1.33 130.2 8
2 DC Line Fault at the 1.13 124.1 1.54 132.2
Inverter
3 Single Phase to Ground 1.00 119.3 1.02 119.8
Fault at Inverter
4  Three Phase Fault at 1.05 121.7 1.96 146.1
the Inverter Bus
5 Single Phase to Ground 1.20 127.2 1.15 124.3
Fault at the Rectifier Bus
6 Three Phase to Ground 1.20 126.9 1.32 123.7
Fault at the Rectifier Bus
1 Steady State 1.29 129.2 1.30 130.2 16
2 DC Line Fault at the 1.13 124.0 1.33 132.2
Inverter
3 Single Phase to Ground 1.00 119.3 1.02 119.8
Fault at Inverter
4 Three Phase Fault at 1.05 120.8 1.69 146.1
the Inverter Bus
5 Single Phase to Ground 1.20 126.6 1.14 124.3
Fault at the Rectifier Bus
6 Three Phase to Ground 1.19 126.4 1.13 123.7

Fault at the Rectifier Bus
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Table E.3 (Continued)

Log Transformation

No.
Case Harmonic Frequency Harmonic Frequency Samples/
No. Type of Fault Factor Factor Factor  Factor Cycles
1 Steady State 1.27 129.3 1.28 126.5 32
2 DC Line Fault at the 1.13 124,0 1.26 129.4
Inverter
"3 Single Phase to Ground 1.00 119.4 1.02 119.8
Fault at Inverter
4  Three Phase Fault at 1.04 120.4 1.52 138.7
the Inverter Bus
5 Single Phase to Ground 1.19 126.2 1.14 124.1
Fault at the Rectifier Bus
6 Three Phase to Ground 1.19 126.0 1.13 123.9
Fault at the Rectifier Bus
1 Steady State 1.26 128.9 1.27 129.2 64
2 DC Line Fault at the 1.13 124.0 1.31 131.2
Inverter
3 Single Phase to Ground 1.01 119.4 1.02 119.9
Fault at Inverter
4  Three Phase Fault at 1.04 120.4 1.40 135.2
the Inverter Bus
5 Single Phase to Ground 1.19 126.2 1.13 124.1
Fault at the Rectifier Bus
6 Three Phase to Ground 1.18 126.0 1.14 124.2
Fault at the Rectifier Bus
1 Steady State 1.26 128.8 1.27 129.0 128
2 DC Line Fault at the 1.13 124.0 1.32 131.6
Inverter
3 Single Phase to Ground 1.01 119.4 1.02 120.0
Fault at Inverter
4  Three Phase Fault at 1.04 120.3 1.38 133.7
the Inverter Bus
5 Single Phase to Ground 1.19 126.1 1.13 124.0
Fault at the Rectifier Bus
6 Three Phase to Ground 1,18 125.9 1.14 124.3

Fault at the Rectifier Bus
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Table E.3 (Continued)

Log Transformation
No.

Case Harmonic Frequency Harmonic Frequency Samples/
No. Type of Fault Factor  Factor Factor  Factor Cycles
1 Steady State 1.26 128.7 1.26 128.9 256
2 DC Line Fault at the 1.13 124.0 1.30 131.1
Inverter

3 Single Phase to Ground 1.01 119.4 1.02 120.0
Fault at Inverter

4  Three Phase Fault at 1.03 120.3 1.37 132.9
the Inverter Bus

5 Single Phase to Ground 1.19 126.1 1.13 124.0
Fault at the Rectifier Bus

6 Three Phase to Ground 1,18 125.9 1.14 124.4
Fault at the Rectifier Bus

1  Steady State 1.26 128.7 1.26 128.9 512

2 DC Line Fault at the 1.13 124.0 1.31 131.3
Inverter

3 Single Phase to Ground 1.01 119.4 1.02 119.9
Fault at Inverter :

4  Three Phase Fault at 1.03 120.3 1.36 132.6
the Inverter Bus

5 Single Phase to Ground 1.19 126.1 1.13 124.0
Fault at the Rectifier Bus

6 Three Phase to Ground 1.18 125.9 1.15 124.4

Fault at the Rectifier Bus
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