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ABSTRACT

"
This thesis presents a brief description of t e steady 'state and

dynamic operation 'of a high voltage d.c. transmission link. A block
diagram model and the state space equations are deve.l ped from the small

signal equations. The system stability regions and t e current controller,

parameters for near-critical damping of the integral' ontro11er: with and
without phase lead, compensation are determined from r ot locus plots.'
The time domain response of the system using these co trollers was

calculated by digital computer solution of the state pace, equations.
These studies were repeated on a small ,scale model an ,the 'digital solutions
were found to be similar to the simulator performance

The state regulator technique 'was applied for optimal -and suboptimal
control of a h. v .d , c. link. The dynamic performance f the optimally
and suboptimally controlled system were digitally cal ulated. The

"

suboptimal controller was also designed and used for onstant current
control of the simulator. The calculated 'system perf rmance'compares
favourably with the simulator response. The ,tracking technique is

,

also used for constant current controller optimizatio and is found
to increase the :system response speed considerably.

This research was supported by the National R search Co�cil
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1 • INTRODUCTION

The economic and technical advantages of high voltage direct

· current transmission has been known for many decades. The present

development phase of h.v�d.c. transmission started in 1952 with the

development of multi-electrode gr Id-cont.ro.l Ied mercury arc valve. (6)

Since then the d.c. technology has sufficiently advanced and this

transmission mode must be considered in the appraisal of long distance.'

transmission, marine or underground cable installations and inter-
·

connections between systems �perating at' different frequencies. (26)

The steady state performance of d�c. lines and convertor

station's is de�crrbed in the literature. (6) The system dynami.c

performance depends on the controller' characteristics. '. Constant

current or constant power control at the rectifier station and constant

extinction angle control at the inverter h�s been developed and used

f d t
. .

.

.

l' (22-25) A 'f t'or many . c,. ransnu ssaon mes .

. utomat rc requency ra 10

control has been applied for.the maintenance of system frequency by
.

.

(4 26)controlling the transmitted power.
'

. The d.c. transmission control
.

.

V .

'.

schemes are briefly described in Chapter 2. Small signal equations for

the d.c. line, convertor station and the controllers are derived from

the steady state equations. The transfer function and a mathematical

model of the d.c·.·· transmission ·sYstem have been developed from the smail

signal equations and this model has been used for dynamic stability

studies. A high voltage d.c. simulator described 'in Chapter 3 has been
·

used ,to verify the mathematical studies .

.

The composite a .. c�/d.c .. system performance fo l Iowtng a.c. and

d.c. faults has been' examined�S,16:"21) The d.c. system dynamic'

.
-!

I'



.2

performance for small deviations has also been analyzed using
. .

(7-13)Bode r. s and Nyquist plots. These methods indicate the system
.

stability regions and do not provide a time domain solution •. The
..

..

. small signal equations have been used to formulate the state space

mathematical model. The eigenvalues of the characteristic matrix are

.

calculated for increasing current controller amplifier gain and the

root locus plots are used to synthesize the controller.. The system

time .domain performance is obtained by integrating the state .space

equations for a current order and for an inverter commutation voltage

step change usin� the fourth order Runge-Kutta method and an IBM 360/50

digital computer. The mathematical studies �ererepeated on the simulator

and performance similarity confirms the mathematical model validity.

The state regulat�r optimization technique is applied to

• improve the system performance. All the system states are used in the

optimal controller. The inve!-ter_ .. and the transmission line midpoint__..-:'.... -

.stat e signals are not readily available Ln a high voltage d. c .. scheme.
.

.
.

A suboptimal controller using the rectifier station state signals only
. is developed. The performance of the system equipped with optimal and

suboptimal controller was studied from the mathematical model. The

suboptimal cont;roller developed. has also been used in the simulator studies •

.

The system -performance can also be improved by proper selection
.

.

of the current controller feedback loop parameters, Two methods of

mOdifying the current controller feedback loop for near critical system

damping have been used. The system performance improves by prov id ing

phase lead compensation in many cases. The parameters of the integral

_
...

.

..

current controller with. phase .1ead compensation are calculated· from the

root locus plots for near critical damping. The digital computer and



'

...

the simulator studies usi�g this controller are included. The

tracking technique has also been examined for improving system.
.

.response ... The system dynamic studies using this optimiZation

technique are given in Chapter 6.

.
,

-

,

\ ..
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2. HIGH VOLTAGE DIRECT CURRENT TRANSMISSION

The first high voltage direct current scheme using mercury arc

-valves was commissioned in 1954 following the development of high

voltage grid �ontrolled mercury arc valves·by /,-SEA" .Sweden. (6) High

voltage d.c. is preferred for (i) long distance transmission of large
.. .....

.

blocks of power, (ii) transmission of power using underground and .

submarine c�bles and (iii) interconnecting power systems operating at

d'ff f
. (26)

1 erent requenc1es. .

The economic and technical advantages of high
. ..

voltage direct current. transmission led to the development of other
. .

operating at present.·(1-4) A few high ·voltage ...
.._.

schemes ·which are also

direct current schemes are at different stages of pl.anrring and

construction. The theory o� high voltage d.c. transmission and different

types. of controllers· is reviewed. The small signal convertor and line

performance equations are de.rived and subsequently used for system dynamic

performance studies.

2.1 . General

A typical high volta�e di�ect current scheme consists of two

converting stations and a transmission line· as shown in Figure 2.1.·

Each converting station includes ·bridge connected mercury arc valves,
.

. bypass valve, convertor transformers, d.c. reactors, a.c. and d.c.

filters, valve damping circuits and surge diverters as shown in .

(45)
.

Figure 2. �. High voltage solid state valves have been developed and

are being used in the Eel River h.v.d.c. convertor. st.at.Lon ..
(44) A six

valve full ·wave bridge converts a.c . voltage to d .c . at the rectifier



.
A.C.BUS

-

FROM. A.C.

SYSTEM.

0::
LIJ

g
IJ..

"

... +
D.C. REACTOR

..

TRANSM�SSION· . D.C. REACTOR
� -._ ---.--- "Y'"'r

·AA

.
.

-. TRANSFORME.R

LINE

<lA

�.-----�--�

INVERTER

TRANSFORMER.

FIRING

CONTROl

RECTIFIER STATION·

FIRING
I I CONTROL

..

iNVERTER STATION

Figure 2.1 General layout· of Q h.�.d.C. sClierne Interconnecting

two e.e. systems.

-

A.C.BUS

TO A.C ..

SYSTEM

cr
l.IJ
}
..J
IJ..

,

,

,

... tf.1



.... ..v', ··.·6·.·

· station. A similar arrangement converts d. c. to a.c. at the inverter
.

"

station. Bridges a!e connected in series .to Increase the d .. c. voltage
·

level. Wye-wye and wye-delta convertor transformer connections are

used to reduce voltage andicur.rerrt harmonics .In d.c. and a , c. systems
. '.

respectively. Filters are provided to eliminate the harmonics from the a.c.

and d.c. systems .. D.C. reactors keep the direct current almost

. invariant during normal'operation and limit the rate. of rise of
.

...._.*-_._ ..

'current during convertor and d. c. line faults. The. damping circuits

provided across "the valves' suppress the high frequency oscillations and the

. surge diverters protect the valves from overvoltages in the a·.c. and
·

.
.

.
..

d.�.· systems. The firing of rectifier valves is' usually delayed by

.

a small angle of five to· fifteen degrees. Firing delays of greater

than nine�y degrees are required at an inverter station. A convertor

station can operate as a rectifier or an inverter depending on the valve

firing delay used.

2.2 Convertor Analysis -- Steady�State Operation

A functionai repre�'entation of a' bridge .connected convertor

station is shown in Figure 2.3. The inductance Lc represents the
.

.... '.
.

.

commutation reactance and.the equivalent a.c. system reactance if no

a..c , filters are pr<!vided. To facilitate convertor performance arialysis

the . following assumptions are made. (6)

(i) The transformer and a.c. system resistances ar� negligible.

(ii) .

The voltage drop in a conducting valve 'arid reverse current .,
.

through a nonconducting valve are negligible.
'. .

.,(iii) The d.c. voltage and. a .c . Currents at the convertor station
are const.ant and free from harmonics.'
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. � c.
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7;" . lsolating transt� t.or·.aUx� power
8. :.

.

Condenser bushings
.

.

9 � �rthing switches
10 a. V�veS.

. ,

10 b. By-pass valve-
.

ll.� D-C Isolator tor v4ve group
.12. By-pass switch
13. Measuring transductor .

.

14. Smoothing reactor
15. Surge diverter tor SIIIoothing reactor
16. D8mping circuits

.'.
. .'

17. 'Surge protection capacitor'with
d8!llping eircuits'

.

Spark gap' '
.

D-C'Isolators .'

.

Electrode line 'capacitol' .'

. Cathode and' anode reactors·

'.:
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(iv) "The a .c . system vo ltages <i-' ey and eb �re balanced. '

.
-

.'

The voltage and current wave forms of a bridge connected

rectifier including firing ddays'and finite commutation intervals,

are shown in Figure 2.4(a). The d.c. voltage wave form of an inverter

is shown in Figure 2.4(b).
,

.

"

The average d. c. voltage, V
dr

and d. c. current, Id; at the ,

(6)rectifier are given by
,

'312 '3 '

Vd = -,- E Coso - �L Id·r � r �,r r

....�

.2.1

I --
12 Er {Coso _ C ( )}

,

dr
,

2rot;:
.... os o+y .

2.2

Where'Er is the line to line r.m.s� voltage of the rectifier

tr.!!!.,Sformer secondary at no load.

Lr is the commutation inductance for the rectifier 'circuit.

a is the rectifier firing delay angle.

'y is the coIiunutation angle for the rect'ifier current.
,

'

The power factor at a rectifier ,transformer primary is given by
\

,

=
3 Cosa + Cos(a+y)Cos +r 2� . nt ;.. 3'l' (a,y)} : , 2.3

'Where

'l'('a.'y') 1 Siny {2 + Cos(2a+y)} - y{1 + 2Cosa Cos(<x+y) }
,

=

2�, {Cosa - Cos(a+y)}2

The average d.c. voltage, Vdi and d.c. current, Idi at the

inverter are given by(6).,
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. 312'.' 3
Yd' = - E. cess + -wL.ld·.

1 � 1 . � 1 1
2.4a

V
.' 312·s C .�

..

3
L I:d'· = --

. os\) - � .

d i. 1 � 1 �. 1 1
2.4b

{2.Ej .

Idi =

2wLi (Coso.':' CosS) .'
. 2.5

Where Ei is the 1 ine to line r rm , s � voltage of the inverter
transformer secondary at no load.

Li is the commutation inductance for the inverter circuit.
"

8 is the Inventer firing advance angle ..

0' is the deionization margin angle at the inverter.

The power factor at an inverter transformer priinary is

given by(6)

Co's cI>i
3 Coso + Cos(o+y)

=

2�' 1{1 - 3'¥(o,y)},
2.6

Where

'¥(o,y) =
1 Siny{2 1- Cos(2o+y)} - y{1 + 2 CosoCos(o+y)} .

. 2� {CostS, - Cos(o+y) J2

Thefundamental frequency currents at a convertor a .c .. bus

lag the fundamental frequency voltages d�e t� valve firing delays and
..

A convertor) . theJ�fo�e) absorbs r�activefinite commutation times.

power. An Increase in the firing de l.ay at the rectifier Or. de.lonf.aat Ion
.

. .....

margin· at the' inverter increases the reactive power requirements..

.

J
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2.2.1 Equivalent circuit representation

The �quivalerit circuits for convertor operating characteristics

derived from equations 2.1 and 2.4 are shown in Figure 2.6. The
•

312 . ·3h· . ....
.

.

terms --- E Coso and _._ E.Cosf3 represent source voltages in the
.

. � r �]. .
.

equivalent circuits. The series resist�ces of �L and �L. ohmic
.

.

�. r �].

values produce voltage drops representing the 'finite commutation effects.•.

The voltage, sources of Figure 2.6 can he regulated either by �ontroiling
the. a ,c ..supply voltages E and E. or by controlling the firing delay

, r 1.. .

angle a. at the rectifier and'the firing advance angle (3 at the inverter.

, A d.c� system is gperated at minimum deionization margin at the

inverter and small firing delay at the. rectifier to keep the line losses

.

and reactive power. requirements to a 'minimum. The convertor a.c. voltages

are controlled by automatic tap changing devices such that the d. c .: line

.

operates at near nominal voltage and 'the rectifier operates with five

to fift'een degrees valve firing delay. The mercury arc.valves are
'
..

'

.' .

sensitive to overcurrents. The line current is maintained at a desired

value by contr.olling the rectifier d.c. voltage. The char.acteristics of
\

.
.

a ·convertor provided with a constant current controller is shown

in figure 2.5.

3{2
E

� Cosao

Vd' Constant firing delay
/

t
.

.- Constant current
�� �� �Id

o f
Inverter·

1
\

Rectifier Increasing firing delay

\ Decreasing firing advance \
l. 3/2'

E coss
� 0

1-0-------
-

t . '. . .'.
Constant.extinction angle

Figure 2. 5 The characteristics of a: convertor equipped with a
.

constant current controller.
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�he rectifier normally operates in the. constant current .region and

the inverter·in the constant extinction angle region as shown in

�I Operating
condition

,..-------...
'\

.
.

Constant extinction angle
characteristic of inverter

.. \ldS.o '----------..-,__------------- I'd
. 1--1 -+Idm

Figure 2;7.

312
E Cos a

'If r 0

312
E. Cos �

'If .1 0

v·d

.- Constant current characteristic
. of rectifier

..

Figure 2.7 Operating characteristics of ad. c •. interconnection �

A constant current controller. is also provided at the inverter to

avoid running 'down of the d.c. l�nk in case of (i) low a.c: system

voltage at ·the rectifier and (ii) high..a.c.system voltage at

the inverter.

7

2.3 Conve:r:tor Analysis - 'bynamic Operation

The characteristics of controllers, protective devices and·

system parameters determine the dynamic behaviour of ad. c. link.

AC,:"DC composi te system performance during a disturbance. produced by
.

.

..
.

.

. .... .

. .... . (516'1718-21)
.a..c, system faultsvhas been reported earher.. 1 , ,

... These

studies .are based. on major changes in �he system operating conditions
.

and parameters. . The performance of d. c. systems following small
. '".

disturbances has also received attention. (7 -IS). Even



small fluctuations of load or a .c . supJ>ly voltages cause varf.at lons

in 'the firing delay angles of the valves, d.c. voltages and d.c. line

" ,

currents. The small signal equations for rectifier and inverter

, voltages derived from equations 2.i and 2.4 are given by:

2.7

312 ", 3/2 "

3
= {--- cose } 6E.-{�.SinB }66+-WL.6Id", u 0 1 U lOU 1 1

2.8

Where A represents the small deviation and the subscript 0 denotes
the initial value of the associated variable.

The d.c. c�rrent changes depend on the d.c. line parameters and changes
. .

.

.

.

of the rectifier and inverter d.c. voltages.

2.4 H.V.D.C. Convertor Controllers

A high voltage d.c. system can be controlled to deliver

constant current or constant power to the receiving end a. c. ,system.,

A higher order control based on frequency ratio can also be used'to

maintain a.c. system frequencies. The constant current and constant

power controllers are used when the r�ceiving end system base load is

allocated to the d .c . line. The freque�cy' ratio controller allocates

,the, receiving end system peak load to the d.c. interconnection.

.
'

'2.4.1. Constant current control

Constant'current controllers are provided'at the'rectifier and'

inverter stations for reasons ,already discussed in section 2.2.1. A'

'" rectifier normally operates, on constant current control and, an inverter

,

"':' 'on .constarrt extinction angle control. Two basic methods' are used to

,',
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�chieve this control characteristic:

(i) Individual phase or consecutive grid control.

(ii)' Equidistant firing control.

Individ��!._J?E���__

control

The operation of. this controller is based on equation 2.5

which is of the form

-12 HCos(3 =IZECoso .: 2roLid 2.9

A time varying voltage is obtained by substituting(1800 rot)

for f3 in this equation.
.

.

e = -/2 E Cos rot - 12 E Coso + 2roLId 2.10
.

This voltage is zero when
.. (18.0'7�tl equal s t.he�firing: advance angl e p for

a specified deionization margin angle 0c and d.c. line current Id.
Six control circuits, one .for each valve, based. on .this concept are ...

used to. achieve constant ext InctLon angle control of the inverter. An

. additional signal V -

-, .the amplified difference of the desired current .

� .... '. .
.

and'the line current; is us�dto achieve the rectifier constant current
..

characteristic. based- on the following equations:

2.i1

e = -/2'a Cos rot - vz E Cosoc ". 2roLId + 'Icc 2.12 .

Where G is. the transfer funct Ion of the cur-rent error amplifier.·

Equations 2.10 and 2�12 are similar. The d.c. current settings at the

rectifier and inverter are the same ...·.A margin current signal is provided
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'

. at the inverter in addition to the desired current. setting. �it-25)
The net current setting at the inverter is thus smaller .than the line

current. The following operating requirements for the constant

current controller are thus established:

.(i) I
.

< I
ds d

V ='0;
cc

convertor should operate in constant
.extinction angle control mode.

V' . is finite;
cc

convertor should operate in constant
current control mode.

A schematic block diagram to achieve this control mode is shown in

Figure 2.8
.

12 E Sin et
..

R=2wL

-12 E Coso
c

Figure 2.8" A schematic block diagram of an individual phase control.

Equidistant firing control .

•

:
•• " •• ' •• ' _ _

..
M•••" •••••••• _ •••_._. \•

.

The individual phase control uses the amplified current error

feedback signal and a.c. supply voltages. This method is adversely

affected by the presence of even s�all harmonic contents in the a.c.

voltages. ( 28-31 ). In addition to the normal (6k ± l)th current

harmonics in the a.c. system, abnormal harmonics of other orders may'

also be experienced due to unbalanced a.c. line voltages and convertor

firing angle asymmetries. The abnormal harmonics are further

. amplified due to controller feedback action.

.,i·
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Equidistant firing. control provides symmetrical' firiJi8 of the,
,

' (i8)valves and therefore, practically no' abnormal harmonics are experienced. '

The pulse repetition freque�cies are directly proportional to the

control signals derived from the rectifier constant current controller

and the inverter minimum deionization margin angle controller.' Under

, normal operation, pulse repetition frequency is six times the a.c.

system frequency. A block:c;liagram of this controller is' shown in

Figure 2.9. A further improvement, consists of linearizing the current

control signal at the rectifier for faster controller response.
(29) A

.
.

.
.

predictive type controller is used to provide enough deionization,
, .

,

margin 'for inverter'operation along with 'the modified equidistant

firing . controlle.r for rectifier operation.,
..

. . .

.'

2.4.2 C�E.��nt power con�rol
'

.....:-:. .. :.* ._._.�. .. . .�
.. � "_" ::... ',.... __ "H.;"�

The constant current control does not maintain transmitted
. .'

power duringa.c. -system voltage fluctuations� A constant 'power controller

determines the desired current setting which is continuously updated. (18)

,The mercury·arc valves are '�ensitive to overcurrent: The desired current
\

is inversely proportional to the d.c. voltage for any power setting and

therefore ail upper limit on the current. setting d s Inctuded , Constant

.
,

extinction angle and constant:current controls described in

section 2.3.1 are Inc'Iuded to maintain the desired d,c , voltage and

current levels in the system. "

2.t.3 Automatic frequency ratio control

'The.automatic frequency ratio' control device provided in

conjunction with automatic f:requency.controllers of the Interconnected
'. .'

a.c., systems reduces the frequency deviations and the response
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.

. ..

A simplified block diagram of an automatic frequency
..

.
�:.

ratio cqntrol1er is shown in Figure 2.10 .. The frequency ratio deviation

". AF of two a. c.· systems computed by the frequency detectors is

given by

AF = k Afr:.. k. Afi··
r·f 1. . f.

ro io
2.13

Where k .Ls the sensitivity. of the frequency detector.
rand i denote quantities associated with the rectifier

and inverter a.c. systems respectively.

If the frequency ratio deviation is larger than the deadband , the d. c.

line power setting is changed by APd which is 'given· by

.

AP = :>'(ki Afr _ k , Afi)d fro 1. fio

A.C. System

. f
.T

Rectifier Pd Inverter

2.14

A�C. System
B

o

+

Ilf·
1.

f..
;a.O.

Figure 2 .. 10 A simplified block diagram of an automatic frequency
ratio controller .

.

.

This power flow change improves the a ,c , system frequency damping

characteristics ..
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.

2.5.'· D.C. Transmission Line

.

A transnn ssdon line. is a distributed parameter system and
. :..

its �erformance is usually examined in the form of voltage and current

.

.

(32) .

travelling waves.
.

The representation of a transmission line by

a number of equivalent tee or pi sections leads to reasonably accurate

·solutions .. In d.c. transmission studies,a line is quite frequently

represent'ed by a single equivalent tee network as shown in' Figure. 2 .11.

The parameters of this equtvatent network are given as fol lows .

(32)

Ye. = (Ge + jwCe) = }- Sinh {rlCTf + jwnc)d
o

2.15a

Zo{Cosh(r/c/t + jwfic)d - I}.
Ze = (Re + jwLe)- ==

Sinh(rllc/l + jwffc)d

Where Zo is the characterdstdc Impedence , It/c.

d is the transmission line .length in miles.

r J 1, and c are resistance J' ind�ctance and capacitance per
mile length of the transmission line.

.

G , C , Rand' L are conductance, capacitance , resistance .

. .

e ana inauctancg of the equivalent tee network elements.
\.. . .' .

"

-

._------.--------------------------�-----------_o

Figure 2�11 . Equivalent tee network foro.h.v.d.c., transmission line.
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The rectifier and inverter outputs are applied to the transmission'

line. through d .c . reactors •. The small signal rectifier and inverter

vOltages given by equations 2.7 and 2.8 and the tee network

representation are combined to obtain the dynamic representation of a.

... "

d.c. transmission system �hown, in figure 2.12.'

Rectifier Transmission line
.

choke
....

' .

.-
.._. _. -, r'

_. - . _. - . - � --:-.
_.

� r'
_ ..

_.,
.a. wL

.

R L' '. ' R L
"

L R I' L "R .

'If r ! chr chfl e' e .

e e.! chi ch\
I

..

····_·_·-:-'1

. Inverter
choke

+ I
'AV·

. t1
I

flV .

dr. fle
r_

;- ..._, .. - ... _ ..._ ..._.I

.a. wL ..
'If ,1.

+

- s«,
1.

Figure 2.12 Dynamic representationofaH.V.D.C. transndss lon syst.ea ,

The small signal voltage-current equations repr�senting the system

. are" given by

fle
r

A 'R AI L' dflIdi
_ AV'-Llei =

2Ll di
+

2. dt
-.,- .Ll

C

flV·
1

!( I I)'c =. C· fl
dr

fl
di dt

e

3h .
.

3h· .

. /le
'.

=, (- Cosa ) flEr' -'(- E Sina ,) fla '

r ''If 0 'If . r . 0

2.16

2.17

2.18

2.19
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Ae. - (312 cose ) AE. - (31.2 E.Sin8) A{3
"

, 1 � 0' 1 ,� 1 0,

2,.20,

Where Rl is the series combination of the rectifie.r choke
resistance I

.3.. times the commutation reactance and '

', the equivalei'lt line resistance.

R is the series combination of the inverter choke.
,2

resistance, .3.. times the commutation reactance and
the e'quivalei'lt line resistance.

,L1 is the series combination of the rectifier d.c�
reactor inductance and the equivalent inductance
of the line.

Li 'is the series combination of the inverter d.c.
reactor inductance and the equivalent inductance

,

of the line.
,

.

The rectifier and inverter voltages depend on the a.c. system

voltages and valve firing angles. ,The firing angles in turn depend on,

the dynamic behaviour of the controllers. The rectifier and, inverter

voltage, changes given by equatioris 2.19 and 2.20 were modifie� to include

the effect of controllers for, the system studies reported in this

thesis.

A general historical,.background of the development of h.v.d.c.

'systems' has been descr ibed.. The steady-st.ate and dynamic operation of

convertors has been discussed. .The small, signal deviations approach

introduced in,this chapter will be subsequently used in the stability

'studies of the, d. c. systems.,

...
_

.......
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3 .. H.V.D.C. SIMULATOR - COMMISSIONING AND TRANSFER·

FUNCTION IDENTIFICATION

�e performanc:e of a system can be predicted from digital

or analog'studies.· Most digital .studies consist of obtaining a solution
.

.

of system performance equations·by direct andlor.iterative techniques�

Analog studies may use a'mathematical model or an actual system model

comprised of small size syst�m equipment and 'scal ed system parameters.

A h.v.d.c. simulator and an I.B.M. 360/50 digital computer have been

used for the d.c� transmission system studies included in this thesis.

The working of the h.v.d.c. simulator componen�s is briefly described.

The simulator transfer function was developed and is reported in. thi s

chapter�

3.1 H.V.D.C. Simulator

The h.v.d.c. simulator used for this work was purchased from

MIS Robinson and Partner, London, England by means of.a N.R.C. grant.

The simulator has all the e\�sential features of an actual h.v .d .c ,

transmission scheme and has a d.c. nominal rating of 100 volts and
. .

.

1 ampere .. It consists of back-no-back connected 3-phase bridge convertors,

a transmission line, two smoothing reactors, protective and control

circuits and a d.c.' supply unit. The transisiorised control circuits

provide the individual phase control described in section 2.3.1. The

major components of this simulator as listed in Table 3.1 are briefly

described in. this chapter ..
.. )

.
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Table 3.1 Major components of the h.v.d .c. simulator

Name of the component . Quantity - sets

Convertor units 2

Transmission line.uriits

Manual control units

Protection units

Fault simu1ator.unit

D.C. power supply unit

2

2

2

1

3.1.1 Convertor units

Each convertor unit consists of seven thyristors forming a

three phase· bridge convertor with a bypass va1ve� The necessary R-C

damping circuits are provided across each thyristor· to suppresshi�h

frequency oscillations .. Three,single .phase, three winding, 230/130/85

·vo1ts transformers provide �.c. supply to the convertors. The transformer
.

.

. .,
.

primary arid tertiary windings are wye and del t.a connected respectively.

The transformer secondary windings have six taps and can be wye or

delta connected for 8S volts nominal output ... A d ,c , current transformer

is. provided in each.convertor anode terminal. Three single phase

transformers provide six phase output for manual and autom�tic control

. circuits.
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3. 1. 2
, Transmission line

Each transmission line unit consists of twenty pi sections.

Each pi s�ction can be used to simulate an overhead or a cable

transmission line by suitable element combinations. The rating of

the pi sections elements provided are listed in Table 3.2'. The

voltages and currents can be monitored at the pi section terminals.

Table 3.2 Rat ings-of each pi section elements.

5 mH

CableElements Overhead line

L =

R = 0,25 ohm '

L = 2.5 mIl

Series branch R = 0.5 ohm

Each shunt branch C = 0.022 pF C = 1.022 pF

3.1.3. Manual control unit

The manual control unit of each convertor includes a phase

shifting device and six fi�.ing pulse circuits which are used for manual

,
' '

as wei! as automatic control. ,A reduced three phase voltage is applied
, .

to the phase shifting device which provides a phase controlled output.

A phase angle controlled six'phase supply is obtained from three single

phase transformers excited by the synchro output. The convertor bridge
,

, valVes are fired at the synchro output voltage positive going zero

crossing detected by a Schmitt level detector. The firing delays are

controlled by �djusting the synchro output phase angles with respect
,

to the a.c. system voltages.
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A schemat i.c diagram of the manual control arrangement is shown in·.·

Figure 3.1.

. 3.1. 4 Automatic contro l . uriit
.

The simulator uses individual phase control discussed. in

section 24.1 for operation in th� automatic mode. The system consists of

six constant extinction angle (c.e.a.) control circuits· and a constant

current controller for each convertor. Each valve is independently

controlled and .Lt s firing instant is computed
.

every cycle. The

c.e.a. control uses the .integration of. commutation voltage to determine

the required firing instant .. A block diagram of the arrangement is

shown in Figure 3.2� The control circuit voltage -12 E sin rot
.

.
.

proportional to one of the six commutation voltages is integrated by

an operational amplifier integrator. A Schmitt level detector 'A'

detects the zeros of control circuit voltage. A pulse operates a clamping

circuit at the .posf.t tve going zero of the control circuit voltage for the

minimum dionization time·e. The circuit Ciischarges the. integrator and
c

clamps the output to ground· for the minimum deionization time. The
.:\

.

.

integrator output is, therefore, given by

. rot
I - 12 E s in rot dot

.

-1£+15
·c

.A signal proportional to 2roLId is obtained from a potentiometer connected

to the d ..c. cur-rent. transformer output. This signal .and the integrator

= -12 E cos rot - 12 E cosec'

output are added at a summing junction to obtain the time varying voltage

e of equation 2.10 reproduced here

..
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'

e .> -12 E COs et - h E Cos 0 + 2(1.)LId,c
3.1

The convertor, valve is fired when the time varying voltage e passes

through a positive going zero. An individual control for each of the

six bridge thyristors is provided for inverter constant ext�nction

angle control. The difference between the d.c. current trans�ormer output

proportional to Ids is, amplified by the constant current control

operational amplifier circuit to obtain the voltage signal Vcc' This

output is provided for "Ids � Id and is also applied to the summing,

junction descr-Ibed above to reduce the firing delay for the rectifier,

operation. The diode D1 as shown in Figure 3.3 clamps the amplifier

output if Ids .Ls less than Id and the 'convertor operates in the constant

extinction angle mode. The time varying voltage e can be positive at'all

times if V is too large. No firing pulses will be provided under these
cc '

circumstances. To avoid this form of convertor failure, a negative

pulse. of width 5 electrical degrees is added to the c.e.a. output at the
. . .

"

negative peak as shown in Figure 3.4. This negative pulse is provided
,

\-

'by the clamping circuit of the c.e.a. contro lt c irrcuit of the other

,

.

, thyristor in the same arm of the bridge as shown in Figure 3.5.

,

3� 1.5 Protection unit,
,

Abnormal operating conditions such as overcurr-entj
: commutation

failure and back-fire can damage the 'convertor valves. The protection unit

detects'these faults and initiates the convertor blocking ,circuit which
'.' .

. .' .' .

switches'off the valve firing pulses and provides a deblocking pulse to
'

.
.

.

.

.

. ,,' .' '.

,

,

blocking of a bridge.
-t.he bypass vatve , Thed ;c , system can be manually reset following the
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3.1. 6 Fault simufator unit

.The failure to fire, fire through or back fire single contingency

fault can be simulated on either of the convertor· units .. The initiation,

fault delay and duration of these faults can be contro l led . The failure·

to fi�e, fire through or back fire faults are simulated by valve selection,

initiation and; biasing .cir.cuits.

The simulator was found inoperative when·initially started; The

causes of improper functioning and the remedial measures adopted are

reported in Appendix IV. The parameters of the convertor transformers,

d.c. current transformers and control circuit input/output were established as

reported in Appendix IV .. These settings were used to determine the
,.

operating point in the system. identification.

3.2 The Simulator Transfer Function Identification

The transfer function of a system can be evaluated using a direct or

an indirect approach. The direct approach �omputes the transfer function

from the known dynamics and parameters of the system elements. If the

dynamics and parameters of the syst.em components are not known completely.

from design information or cannot be separately. evaluated, indirect methods
\.. .

are used to obtain the transfer function. Bode's decomposition or Levy's·

curve fitting techniques can be used if the frequency response can be

determined(34) �nd the Simoi� technique if the transient response is known.(33)
The main components of the h.v.d.c. simulator and its controllers

are shown in Figure 3.6 .. The dynamics and parameters of the simulator

elements are either known.or can be measured. The transfer function of

the simulator is, therefore, obtained by: direct evaluation.

-.
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3. Z.1 Convertor bridge transfer function

A convertor bridge is a nonlinear switchirig device and requires

different describing functions for different operating conditions. In

high volt.ag.e d.c. transmission system .studdes it is reasonable to assume

that the convertor output is equal to its average vol�age output.
(7)

The rectifier and inverter performance can, therefore, be represented

by equations 2.7 and 2.8 whd.ch are reproduced here.

�V . = �e - �L �Id. dr. r 'If r r.

�e. (3/2 C .) �E' (3/2 E Sina0) �a.
- -- OSa -

r
.

'If 0 r
.

'If. r

/lVd· = /le. + .awL. �Idi.

1 1 'If 1

.' .

/le. = ('S/2 Cose) -6E. {3/2 E. Sinl3 ) �f3
l' 'If 0 1 . 'If. 1 0

3.2

3.3

3.4

.

3.5

The block diagrams and transfer functions representIng the small signal

equations 3.3 and 3.5 are shoWn in Figure 3.7

\-

312 .

-- Cos a
'If 0

312
E

'If r

(a)

312
'--. Cos f3
'If. 0

/lE.
1

312 .

'.
-.-. E. S1n13
'If 1 0 ;,

(b)

'. Figure 3. 7
.' "Transfer functions of (a) rectifier and (b) inverter
bridges for zero commutation reactance.
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. The commutation reactance drop is simulated as a resistance in ser i.es

with the transmission I'Ine .

3. 2.2 Inverter. firing control

The inverter firing advance angIe 6 for a valve is determined ..

by the c.e.a. control circuit simulating the equation·

3.6

The small slgnal equation at an operating point is given by

12 (Cos6 - Cos� ) AE. -(/2E.SinS ) A8 + 2wL.6Id. = 0 3�7
. 0 c· � . 1 .. 0' 1 1

·Where the subscript () denotes the values at the operating point.

The firing advance angle change AS due to d. c. current. and a. c.· voltage

changes is given by
. 1· {f2.(cosSo· -Cosoc.) AE1· + (2wL1·) Ald1. }66 =

hE . .sinS
1· 0

3.8
..

The block diagram and transfer functions for inverter firing control are

shown in Figure 3. g .,
\.

AE. h(CoSB -Coss )--
1 .

o· C

Figure 3. 8 Transfer funct ions of inverter firing control.

.

i
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3.2.3 Rectifier firing control

The rectifier firing is controlled by c.e.a.,' ,commutation

reactance drop compensation and constant' current controller cfrcui ts ;

A rectifier valye'is fired when the,voltage'at,the'summation'junction

of Figure 3.2 is zero and is increasing. At this instant the following

#
'

equation is, satisfied

1"
'

1
--K(-/2ErCosa - 12E Cos6 ,+ 2wL Id ) + � = 0
2 '

r
" c r r Kp cc

3�,9 "

The small signal' equation at the operating point is given by

The constant current controller, output Vcc is given by

V =Rl C' J(Id," signal d.c.c.t. .output.) dt
cc

"

a, a
s

3.11

In Laplace domain
\

,

,"'"

V ,,

cc
3,.12

The saal I signal: equat i.on at, the, operating point is given by

3.13'

.....

I"
','

...
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The rectifier firing delay angle change b.a due to small changes 1n the

set: d.c. current and a.c. voltage obtained from equation 3.10 is .
,

given by

The block diagram and transfer functions for rectifier firing control

obtained from equations 3.13 .and 3.14 are. sho�� in Figure 3.9 .

6E
r h(Cosa +Coso

. 0 c

+.
1

. AI -------. 2(l)L
dr r liz Er Sina

o

Figure 3.9 Transfer functions of rectifier firing control.

3. 2A . Transmission line
\-

An equivalent tee representation of the transmission Line,
.

.
.

d.c. reactors and equivalent resistance representing the commutation

vol tage drop is shown 'in Figure 2.12. The small signal equations for

this element are given by

(R sL1
1

.

b.Idr
1

b.Id·
. 3.15. 6e = "+ + -) (Cs). r . 1

.

Cs
.
�.

1 .• 1')
,'.

.6e. = (Cs) .6Id - (R .

+ sL2 .+- b.Idi 3.16
1 . r 2 . Cs

..
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The d..c , current changes obtained from equations 3.15 and 3.16 can

-, -

- be expressed in mat.r ix. form as follows:

l1Id-·_ 1

Where Gll (s)

D(s) -

/le
r

3.17

l1e.
1.

_1_ (s2 + Rjs + !_)
= L1 -

_ L2
_

- L2C
-D(s)

_(
1 -

-

G1-2(s) = L1L2C
)

Des)

1

G21 (s).- = L1L2C
_ D(s)

_ 1
_ (2 R1 _ r

)
= L2 \.

S + 'i:') +

LIC.

G22 (s) D{s) .

- --
.

. .
'

The block diagram and transfer functions for the transmission line and

.. the commutation- reactance drop obtained from equat ion 3.17 is shown

in Figure 3.10-.-_

.-,
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!le
r

!le.
1

Figure 3 � 1 0 Tr-anafer
'

functions of the transmission line .

..• A complete block diagram and the transfer functions of t.he simulator

and its controllers are shown: in Figure 3.11. This Diodel forms the basis

of the state space analysis in Chapter 4.

The simulator components and their functions, circuit faults

noticed and the changes made have been briefly described in this

chapter. The simulator transfer functions and block diagram model

.,'
. "

.'

representing small perturbations about an operating point established

in this chapter can be used for system analysis and controller synthesis.\.

..

,
.

I
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4. SYSTEM ANALYSIS

.Two basic system analysis techniques viz classical and modern

.

are used in ·Control Engineering. (34) Second and higher order

differential equation representations, poles and zeros and frequency

response constitute the classical approach. In this technique the

controller design and optimization is based on Bode's, Nyquist ·or

�oot Locus plots.· It aoes nQt provide a time domain solution but only

indicates whether the system is stable or unstable. Moreover it is not

. convenient for fifth or higher o!der system studies. The first order

differential equation representation called the state space technique and
.. . ..

.

Hamilton's principle are used for system studies, controller design and

optimization in the modern approach. This technique·provides a time domain

. solution of; the system dynamic equations. H.V.D.C. system stability
... . ..

.

.
.

. studies using Nyquist plots have been· reported in the past. (7�l3)· The

performance of a hypothetical high voltage d.c. system interconnecting

an isolated generator to an infinite bus has been investigated using the

.

. (14 15)state space technd.que .

,. The state equations describing the h.v.d.c.

simulator dynamics are formulated from the transfer functions developed

in Chapter 3 .. A digital computer program including the controller non

linearities was developed and used for system stability studies. Simulator

tests are included to confirm the digital model and stability studies.

\
,

4.1 State Space Theory

A set ·of first order· differential equations are obtained by a.

transformation of the·system dynamic equations. (34�37) If a. system
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is described by.an nth order differential equation

(n-l)
xf(x, X, �, .• � ... , u t)

,
.

, Where u is the forcing function.

x is the system variable

t denotes time

and
.

denotes the first derivative.

then new variables xl' x2' x are described such that
n

xl =
(0)

=.X.x .

x2 = x(l) = x = xl

X· =
(2)

= x = x2,g
x

........................

(n-l) \
xn = x = xn_l

Using equation 4.2 x(n) is expressed as

Equations 4.i and 4.3' provide n first order differential equations.
. .

.
.

llsual Iy a. system has more. than one input and output •. The state space

4.1

4.2

4.3
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!equations of an nth order system with r· inputs and m outputs are

given by

u·
1

x· .

x2,
.

. ... � . , x
• l' n •

.. States •

• •

INPUTS. SYSTEM OUTPUTS

Figure 4.1 A linear system with r inputs, m outputs 'and n states.

Where i = 1, 2, ......' n.

. . . .. , x
.

are state variables.
n

. . . . '. , ur are the forcing. function.s .

The .output variables Yl' Y2.', � •••.

\

y. = g�(xl' x2' •••••. , xn; up u2' ••••. , ur ; t.) 4.5
) ) .

, yare expressed by
. m .

Where j = 1 , 2 , ••••• , m m -e. n •

:

-
.

The. state space equations �. 4 and 4.5 are expressed In matrix" form

as fo l Iows

.
[xl =' [A] [x] + [B) [U]·'

[Y] = [c][x]+ [D] [u]
4.6 .:

4.7
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. Where [x] _ nxl state vector.·

(A] _ nxn state coefficient matrix

[ B] - nxr forcing function coefficient matrix

. [u] rxl forcing function vector

[ y]
.

mxl output vector .:

[ C]
.

- mxn state-output coefficient matrix

t D] � mxr forcing function output coefficient matrix.

This method is used to. formulate the state space equations from a second

. :'.

or higher order differential equation.

A system may be described by a transfer function with m poles and .

.

n zeros instead of high order differential equations.

m . m-l
.

V(s)· K(ams + am_l s + + a1s+l)
G(s) .

=

-U(-s-)
= --.-n----n--""""l------

(bns . + bn:"l s + + b1s+l)
.

4.8

".
,

Whe.re K
.

is the· system gain ..

yes) and U(s) represent system output and input

s is the Lapla�e operator.

Rearranging equation 4.8 anddlvdd ing by sn� the following equat ion is

obtained

+!( ... + !C(b1V(S)- Ka1U(s)) + !CV(S) - KU(s))) ... ) =0 4.9
.1
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...

> .'. ,X new variables are defined such that
n

"

s xI(s) = V(�) - K U(s)

. " " " " " " "',, " " " " " " " � " " " " " " " " " " " " " " " " " " " "

" " " " " " " , " " " " " ! " " " " " " " " " " " " " " " " " " " " " " "

,

',5 Xn (s) = 'bn_1 Yes) + Xn_1 (5) ,
, 4.10 ,.

equation 4.,9 reduces to the form

b Yes) = -xn(s)n

,4.11
,

'

I x (5)Yes) = -

� 'n :

n

The time domain equations are obtained from equation 4.10 by substituting

for Yes) from equation 4.11.

x1(t)
I \

= --:l{ (t) - K U(t).b n
n

X2 (t) = Xl (t)
- � xn (t ) - K a'l U(t)

x3'(t) =. x2 (t) - �2 xn (t) - K a2 iJ,(t)
n

" " � e." " " " " " " " " " " " " " " " " " " " " " " " " " " " e' ",. "

" " " " " .• " " " " " " " ",. " e'" " " " " " " " " " " It

•.

" " " " ," " "

"En.::l.,
.

x'Ct) = X let) -

b xn(t)" n n-
n '

4.12
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Equation 4.12 is conveniently expressed in the matrix form

[)c]= [A] [x] + [B] Iu 1

o· 0 0 0
1

· " ...

-bn

[A] =

.

'1 0 0 0 !?l_.
· .... -b

n
. .[B] = -K,

O· , 1 0 0 _b2
· .. '.' .bn .

� •••••••••• " ••••••••••• +.•••••.

'

,
.

o ..... 1 _!?nd.. .

b
n

4.13 .

1

o

a .

m .

.

.

o

.
.

.

. These equations can be used for :. single input and single output system

dynamic studies. The h.v.d\c� transmission schemes and the simulator

are multi-input,' multi-output systems and therefore multivariable'state
. .

space' representation' of equations 4.6 and 4.7 has been used in this thesis..
.

.

In the classical approach roots of the IA - AI I
.

= 0- characteristic
. �

equation called eigenvalues determine the stability ofa system, The

. system is stable if the real parts of all eigenvalues are negative .. The

damping ratio and' the damping factor ,also known as the figures of merit .

indicate the relative stability .. Percentage overshoot, rise. time and

settling time indicate the stability criteria in time domain.

I.

" .
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4.2 Mathematical ·Mo4el of the H.V.D.C. Simulator

The d.c. simulator model is described by equations 3.2 to 3.16

and by the block diagram of Figure 3.16. The small signal equations

4· .14 to 4.17· describing the simulator dynamic performance are obtained

from this model.

d�tdr -(R - .bwL ) 1 .

K
. 1 1f r

�Idr (.3.. � .!_) bVdt
= - -�V +

L . L1 c 1f .Kp L1 cc
. 1

312
�E-(- Coso)

. 1fL c r
1

dt.1di -(R2 ., -DWL.)
+�V _(3f2coso )

1f 1

�Idi �E.
dt

-

L·
2 .. L2 c

.

1fL2 c 1

4.14

4.15

at.V
c l'

I
.

1 .:

-- = - � - - �I
dt

.

C . 'dr C di 4'.16

=:
dt

= -K K �Id· + K K �Id. car . ca.· s .

4.17.

\
Where Ka is the gain of the amplifier = 1/RaCa.

� denotes a small· change
..

in the assocdat.ed .quarrt i ty.

Defining �Id ' �Id· ., �V and �V as the four system state variables
. r 1 c

.

cc
.

.x1' x2' x3 and x� respectively equations 4.1� through 4.17 are.

expressed as

'"
.
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,',.

Xl
.

- CR -.6.wL ) 0 -1 3 K2 1 'x1 -n: r
.

Ll if"" . Ll
. 1

L 1£
1 P

x2 0
. -CR2- �Li) 1 0 xl

L2 L2

x3
1 1

0 0 x3C -C

..

-K K 0 0 0 x4x4 c a

+

_C312 �oso .) 0
1£ L c

1.
o

.controt ler. settings. The equipment parameters of a d.c. transmission

. llEr

_C312 Cosoc)
. 1£.

L
2

o !lE.
l.

·4.18

.

Equation 4.18 describes the d.c. simulator state space model used for

stability analysis reported. in this chapter.

4.3 Stability Analysis .I - Root Locus Technique·
.

. The stability of a system depends on the �quipment' parameters and the

system are chosen considering transmission capability requirements in

addition to its dynamdc stability�· In the h.v.d.c. s Imulatorythe constant.

_
current controller gain can be conveniently varied. The eigenvalues

of the simulator characteristic·equation for different values of the

o

o o o

o o K K
c a
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.. t .

\.,'
'

,
'

amplifier gain were calculated using the I.B.M.' Scientific Subroutine

Programs HSBG and'ATEIG. Subroutine HSBG transforms the state coefficient

matrix A to an almost trianglular matrix Al using the Hessenberg
..' ..

similarity transformation inethod. ,
The modified characteristic equation

. .... . .

IA1-AII::0 is then solved for the eigenvalues by the ATEIG subroutine.

The root locus plot for increasing amplifier gain is, shown in Figure 4.2.

It is noticed that roots 1 and 2 are complex c�njugates and move slowly

as the amplifier gain Ka increases. These roots correspond to 1212

rad/sec frequency which is close to the transmission line natural

frequency , Roots 3 and 4 are real and negat Ive for K� � 3.2 and complex

conjugates for higher'gains. ,These roots show a marked change'with

increased gain for Ka > 3.2 move almost vertically at a rate faster

than that of roots 1 and 2.
,

Therefore the system response largely

depends on'these dominant roots. The ,amplifier gain for a 0.707 damping

ratio as calculated from the root locus plot is 7.5. The current

amplifier saturates if 7.5 gain is used as its output overshoots the
,

'

, ,

permissible limit before the d.c. line current increases to the set value.
.

.
'.

.
.

. .'

,The amplifier feedback gain is adjusted to provide a gain of 10'which

corresponds to a 0.495 damping ratio and allows 'successful simulator

starting.
,

4.4 Stability Analysis II - State Space Technique
The simulator dynamic performance equations are obtained

'

by substituting the system parameters in equation 4.18 and are as,
..

follows:
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X 0 -23.98975 1.29870 0 x22
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x3
.'

5.68181 105 -5.' 68181 X 105X 0 0 X
3

x4 -17.86400 ' '0 0 0 X
4

-1.72750 0 0 AE
'

r

0 ...1.72750 0 AE .

1.

0 '0 ,,' 0 AIds

0 0 -17.8640 4.19

"The simulator d. c . ,line current is 0.924 amps if the inverter and rectifier

commutation voltages,
.

inverter dedoni.zat Ion margin angle and the rectifier

delay angl e are 76.S volts;, 76.5 volts, '10 and 15 electrical degrees

respectively. The constant;current controller output and midpoint d.c.

transmission line voltages are 2.5 and 80 volts respectively. These,

operating values are selected as the initial conditions of the four

system states for the digital and simulator studies. The commutation

voltages have been assumed to remain constant. The fourth-order

,

Runge-Kutta method and a time interval of 0.001 sec were used to

caicu1ate the 'system responses by the state space technique.

A step change ,of +0.04 amps current order was applied. The

.',

.

. ..'

digitally calculated d.c. line current'due to the current order cbange

is shown in Figure 4.3. The line current settles at the new set value

of 0.964 amps after a transien-t: period of 0.27 secs. The rise t imed s
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·O.05.secs and appro�imately 25 percent overshoot occurs 0.11 secs after

the step change is applied .. The constant current controller output is

also plotted .In Figure 4.3 ... The changes in r�ctifier and inverter

d.c. voitag.es and firing. angles during the transient a!e showh in

Figure 4.4 and 4.5 respectively. These resJ>onses are similar to

t.hat. of the d. c. line curren't. The conunutation reactance drop.

compensation signal is small. and therefore the inverter firing advance'

angle and the inverter· d.c. voltage changes are rel�tively small:

The inverter response time delay is due to the transmission line

time -const.ant •. The line current and rectifier and inverter dvc .vo.l tages

recorded at the s�mulator for the same current order step change are

. shown in Figure 4.6.. .

The current order change increases the constant

current controller. output Voltage. ·which decreases the rectifier firing

delay. This in.turn increases' the rectifier d.c. voltage and.hence

the d.c. current. The increaseq.d.c. current modifies the conimutation

··reactance drop compensation and t�is increases' the firing'advance angle.

The inverter d. c •. voltage decreases and further increases the d, c. line

current. When ·the· d.c. �in� current overshoot� the set value the

above process repeats with converse changes.· The settling time� rise
. .

time and percentage overshoot from digital and analog studies are shown in

Table 4.1.
.

The system responses obtained from digital and ana log studies

are comparable in form and magnitude. _

I.

i
I
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.Table 4.1 .Time domain performance of the simulator from digital
and analog. studies.

Ddg i.t.al
:

Analog.

Settling time 0.27 sec 0.29 sec

Rise time 0.05 sec 0.055 sec
..

Overshoot 25%· 24%

.
Time to overshoot 0.11 sec 0.13 sec

A sudden decrease of load in the· inverter a.c. system will increase

its cOmmutation voltage. A two percent step increase of the invert.er

commutation voltage was considered to assess the stability of the system.

The rectifier co�utation voltage and the d.c. line current order were 76.5

.
volts and 0.924 amps respectively and did not change during the disturbance.

The digitally calculated d.c. line current.during the disturbance is shown
..

.

in Figure 4.7. The line curr-ent settles within +0.05% of the set value

after a transient period of 0.27 secs , A minimum line. current of
\.

app+oximately 2.8 percent less than the current order was experienced

0.06 sees after· the step change was applied •. The constant current controller
.

.

output .is shown in Figure 4.8 .. The changes in the rectifier and inverter

d.c. voltages and firing angles during the transient are shown in
.

.

.

Figures 4.9 and 4.10 respectively. The rectifier volta�e settles �t the

. new value of 100.4 volts after a transient period of 0.30 sees. The

rise. time is 0.07 secs and approximately 25% overshoot occurs 0.15 secs
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Figure 4.6 The d.c. line current, rectifier'and inverter. d�c.
voltage changes forCl+O.04 aap,' current order step
change recorded from the simulator.
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after the step change is applied. The system performance for this

disturbance has also been studied on the h.v.d.c. simulator. The line

current and rectifier and 'inverter d.c. voltages recorded at the

simulator are shown in Figure 4.11. The inverter commutation; .vol tage

change increases the inverter d.c. voltage which decreases the d.c.

line current. The decreased d. c. current modifies the commutation

reactance drop compens�tion decreasing the firing advance WIgle. This

in turn increases the inverter d.c.• voltage further decreasing th�
current. The drop in d .• c. current increases the current error and

hence increases the constant current controller output decreasing the

rectifier f�ring delay angle. The rise in rectifier -d,c . voltage

. increases' the d. c. current. . The sett l ing time J rise time and percentage

overshoot for the rectifier voltage from digital and analog studies are

shown in Table' 4.2. The. system responses obtained from digital and

analog studies are comparable in form and magnitude.

Table 4.2 Time domain performance of the simulator from
digital and analog studies.

\.

. Digital Analog

Settling time 0.30 secs 0.33 secs

Rise time 0.07 sees . 0.08 secs

Overshoot 25% 28.5%

Time to overshoot 0.15 secs 0.18 secs
.,
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'A five electrical 'degree ,rect�fier d�lay angle lower :iimit is '

,. provided in:, the :s.imli�tor. '. -The ,digital:' computer pr�gr� developed
, ,

'

also ,includes, this DO�.lineari1:y. " rhe sys�em response to' a 0.06' amps.' ,

.,'
'

.... ,. ,:'

current order step e�,e,'is'alS() digita.llY calculated and experIaerrtal Iy

checked.

'

Th'e catcutazed d'.c�'line current .fin' this study Is ehown in

Figure 4.12. Thetconver'to'r d .c . voltages and firing angles are shown

in Figure 4.13. The rectifier firing delay angle decreases and remains,
'

, '

. . .
.

'constant at 5 electrical degrees for 0.075 secs:due to high ,constant

current controller output. Vcc� The d.c. line current a�d th'e convertor

voltages recorded during the simulator study are shown in Figure 4.14.

The digital model ,results compare favourably with thos� o.btained from

the simulator study.

,The performance of '8. simulated 500 mile H.V.D.C. transmission line has'

al so been examined. The system wasassumed';to be equipped with i�dividual

phase controllers discussed in Paragraph 2.4.1. The system parameters

are listed in Appendix I. It is noticed that the commutation reactance

drop compensation positive feedback exceeds the damping effect of the
\'

d ,c , line resistance and the system is therefore unstable." The'

commutation reactance d:rop compensation is not essential at the rectifier

staticn and the control system is �odified accordingly. The reactance to
, ,

resistance ratio of-this,system is quite different'from the reactance to

rest stance ratio of the simulator d .c , .Line , Therefore the' system was

not, studied experimentally. The analytical results are also given in '

Appendix L

.......
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.

'. ·The state space techn ique has been used to develop a

mathematical model of the h.v.d.c. s1mulator. A root locus for

. .

varying constant current controller amplifier gain has been calculated

and plotted; The system transient responses have been·calculated

using an I. S.M. 360/50 digital .computer and have been recorded from the

h. v .d.c , simulator experiments. The system responses obtained from

analytical studies and simulator experiments .are similar in form and

magnitude, which establishes "the validity of the mathematical model in

. the operating range considered.·

,

\.
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5. OPTIMAL AND'SUBOPTlMAL CONTROL Of A H.Y.D.C. SIMULATOR

The performance quality of an h.v.d!c. transmission system is
. .. .

. ...

judged
.

from the current or power .settling time 'and overshoot during a

..
'

· disturbance. The current or power deviation· in the steady state should'

also be small. A number of ·techniques such as state.;...regulator,

tracking, energy miniinization have'been developed and applied to improve

the system performance for a spec i.Hed criterion•. The. optimization may

not be achieved due to the difficulties of realizability, availability'

of component� and economics. (42,43) In these techniques a mathematical

performance criterion called the cost function is estabii�hed and minimized

by Pontryagin's principle or dynamic programming to achieve an

approximately ideal performanceP9-42)
·H.Y.D.C. controllers have been designed in the past by Bode

and Nyquist plots. (7-13) The method is laborious and time consuming

and the performance may or'may not be·optimal.(42) The state-;regu-Iatoi

·

techmque was used to optimize the h.v .d .c . simulator performance to

maintain the d.c. line'curr�nt at the .ordered value. A suboptimal

controller. was. also designed and used on the simulator.

·

5.1 Optimal Control Theory'
. . .

The. optimization consists 'of minimizing the cost function.

describing the system performance criter.ion. A .feedback signal derived·
.

·

from all the system states is provided to the controLl er for optimal

operation. The input vector is a null vector if the system'

inputs are steady. The modified system.state . equations .' .

.
.
--.

.
.
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are given by

5.1:

Where[x(t)] - nx1 state vector

.

[A]· - nxn state coefficient matrix

[E) nxm control coefficient matrix

[wet)] -:-
mxl control vector .

.

. The state-regulator cost function J (w) is given by

J(ro) ': H�xT (t) Qx(t)) • (roT(t) R ro(t))1 dt
.

. 0
...

. T . T
.Where· x (t ) and w (t) are transposes of x(t) and wet)

respectively .

5.2

• Q - ·nxn state penalty matrix

R - ·mxm control weighting.matrix

Equation 5.2 penal ize s the large deviation in the system states and.high
.

.
.

.'

.

value elements of the. control vector more than the smaller values. The

.

optimization problem is to �inimize the cost function satisfying the·

equality constraint of equation 5.1. A co�tate vector pet) similar to

.. i.�;; Lagrange mul.tIp l i.er' is used in optimal 'cont.rot theory.to include the

equality constraint: The Hamiltonian H based on Pontryagin
'
s

principle" is given by

1 T· .

1 T· T
H = 2(x (t) Q x(t)) +·2(00 (t) R wet)) + p (t) (Ax(t) + Ew(t)) 5.3 ..,

-; ....
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.

.
.

.
.

.

.. .

.. .

. .
.

. In addition to satisfying equation 5.1
'.
and'minimizing the cost function,

the following canonical equations must be satisfied for optimal control
. (39) .

.
,

of .a system.

.:

'

". '"
.

.:
.

.

,'The nxt costate vector p'Ct) ';·K x(t)

K is, the nxn positiv'e definite symmetric Riccati matrix.

aH
x(t)ap(t)

::

.aH
0aw(t')

=

. ,

aH
-pet)ax(t)

::

5.4

5.5

5.6

. The Riccati matrix J( and t.he control vector w(t), are calculated from .

.

equations 5.7 and 5.8.

5.7

wet) :: _R-1ET� x(t)'
\

5.8
.'

These equations are derived from equations 5.3 through 5.6'as shown

in Appendix II. ' The control vector. wet) is eliminated from equations

5.1 by substituting its value from equation 5.8. The modified state

equations are given by

·5.9

.. '

...
'

.

n(n+1)Equations S� 7 represents 2.. independent. non1 inear first order

differential equations for a'�th order ·system. The elements of the
. . .

symmetric Riccati matrix K are used in equation 5.8 to calculate the
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co:ntrol input wet). : The system stability is determined by the

eigenvalues··· of the characteristic ·matrix (A - ER-IETK) of the
modified state equat Ions �. The transient response of the system

is·c�lculated by solving equation

x(t) = (A - ER;.,lETK) xCt)·:I- B u(t) 5.10

. Wtere u(t) is the input vector as defined in Chapter ·4.

5.2 Optimal Controller Design

The simulator block diagram of Figure 3.16 and the pr�posed
control input to the rectifier controlier is shown in Figure 5.1. A

control input ·can also be provided at the inverter station. Since the

d.c. line current is controlled at the. rectifier station, the

advantages of the control input to the inverter eont.ro l Ierwill be

negligible. The control signal wI is.applied through a lag network to

the summing junction at the rectifier constant current controller

output in the studies reported in this thesis. The system equations

.
including the control signa'! at the rectifier station are given by

d�I
. dr
dt

. K·
+

300 _2 �V1
.

1fL1· K w
. P

.5.11

Av1 =
wI

.

Where u

w. (s + 1000}
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dtHdi -(R2' - �Lil '

100 r
dt

=,
L flId·' +

-L flV "

,

2
,1

2'
e'

5.12
". '.

5.13

'"
.

1
dflV

ec

dt
-

-K K
e a

100 flIdr 5.14

5.15

bV'
1 e

,Where fiVe =

100

flV flV
flV

1 ee
and flvl =.�.

ce
=

100 00 100

bV1 ,

as the system state variables
00,

Xl' x2' x3' x4,and x5 respectively, the state equations 5.11 through

5.15 are'given by

,[x] = [A] [x]+ [E) [00] 5.16

5.17

.,

5.18
'
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-(R - .DwL) .....
100 300 K2 300 . K2. 1 'If r .. 0

L . -:r:-:- 'lfL Kp 1fL! '.K1 1
. 1 P

- (R -.fiwL.). 100
0

2· 'If
.

l, .

0 0
L2 --s-

[A]= 1 .1
o· 0 0

100,C -100'C

-K K
c a

100
o o oO.

o o o -m

and [EJ = [0 0 0 0
.

IJ T

The control input loop transfe; function of !+1000 is used to provide
.

a small time lag to enhance the optimal controller response. The
. .

characteristic matrix A for the h.v .d .c , simulator is given by :

. \
10320.79688-23.98975 . 0 -129.87013 10320.79688

o .. -23.98975 129.87013 0 0

.56.81.81652 . -5681. 81652 0 0 0

[A] =

..;0.17864 0 0 0 0

0 0 0 0
.

-1000
..

..



The penalty matrices Q and Rare' selected from a. number of, t:rials (see

, AppEmdb IIi) . 'the best
"

The following values provided system characterLst tcs ,

20 0 0 0 0

0' 20 0 0 0

[Q)=
,

0 0 10 0 0 [R]= 0.1

0 0 0 20 ()

0 0 0 0 20 5.20

The d. c. currents are to be controlled and the controIler vot tages .
affect

the valve firing delays which in turn affect the d�c. voltages and

currents. Therefore heavy penalties are' applied 'to these variables in

the selected Q matrix.

The fifteen Riccati equations of the simulator are formulated

from equation 5.7 by substitutiTig for 'the A, E, Q and, R natr tces defined above ..

The elements of the Riccati matrix K are zero at t + 00. The 'Riccati

equations are solved backwardsdn time from t = 10 sees using the .

Runge-Kutta method for an integration interval of 0�,601 secs. One of

\. :

the many solutions of the Riccati equations is given by ,

0.540637 ,-0.463907 0.007672 0.272476 2:571946

-0.463,907 0.520344 ' -0.005094 -1.086940 -1.947429

[K] = 0.007672 ,-0.005094
'

0.021112 -0.75'6757 -0.410363

0.272476 -1.086940 -0.756757 3731. 545898 23.726196
..

2.571946, -1'.947429 '

-0 . .410363 23.726196' 23.731277 5.21

-
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.

S 1 t I •.• (36)
..

l··d· h k
.

f he Ri
.

t·yves er s cr rter ion .. wasapp re to c ec 1. t e rccat r ma r ix

.•. K is positive .
definite or not. The determinant of K .and the principal

minors of the det.ermmarrt were calculated and were found to be positive ..

The control input 001 as obtained from equation 5.8 is given by

. 001 � -25;71946 Xl + 19.47429 x2 + 4.10363 x3 - 237.2619� x4

237.31277 x5

The state space equatiqns of the h.v.d�c. simulator equipped with

an optimal controller are given by
.

'.
.

.

.

I x }= [A - ER-1ETK] [X] + [BIl u 1
� 1G] [X] + [B] [u)

Where

-23.98975 0 -129 .• 87013 10320.79688 10320.79688

0 -23.98975 . 129.87013 0 0

[G] = 5681.81642 ':'5681.81642 0 0 0

-0.17864 0 0 0 0

.-25.71946 ..19.47429 -237:26196 -1237.312774.10363

"" '
"

5.23



75 .1
'.' -:

[B] =

/ .

-172.75 0 O·
�

.

0 -172.75 0

O· 0 0
5.25

0 0 ..17.8640

0 0 0

1
�E.

�E.
�

1
=

100

Equation 5.23 is used for 'stability analysis in complex and time

.

domains.

For .stability studies. in. the complex domain, the' edgenva lues of the

cha�acteristic equation IG - AIl =.0 are calculated using the LB.M.

'Scientific Subroutine pro�ams HSBG'and ATEIG .. The dominant
v

eigenvalues are shifted to �27.8908844 ± j 23.4443207 which corresponds
..

'

to a damping factor' and damping ratio of 0.. 765 and -27.89 as compared
."

to 0.52 and -i2.0 of the original system.:. The Riccat I matrix, control

input and the dominant eigenvalues for different �ombinations .of Q

and R matrices are given in Appendix III.

The fourth order Runge-Kutta method and a time interval. of

0.001 sees were used to calculate the time domain optimal system
_I

"

'. responses .. The system was-considered to be operatmg at. 0.924 .amps

'.
.
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d.c. line cur-rent', commutation vo l tages ·of 76.5 vo lt s and 10 and

15 electrical degrees inverter deionization margin angle and

rectifier delay angle respectively as in paragraph 4.4. A 0.04
. .

amps current order step. change was applied. . The conunutation voltages
.

.

were assumed to remain constant. Thedigitali.y calculated d .c •. line.

current due to the current order change is shown in Figure 5.2.

The line current settles at 0.964 amps - the updated current order

after a·transient period of 0;132 secs. The rise time is 0.09 secs

and approximately 2-per�ent overshoot occurs 0.16 secs after the

..

step change is applied. The constant current controller output is

.. also plotted in Figure 5.2. The .changes in rectifier and inverter firing

. angles and d.c. voltages during the transient are sho\'ffi in Figures 5.3

and 5�4 respectively. The original system responses· reported in

Ch�pter 4 are also plotted for comparison., The system response is

significantly improved by the optimal controller. The optimal and

original·system·performance is compared in Table 5.1.

Table 5.1 Digitally.calculated time domain performance of the d.c.
simulator.equipped with (i) original·and (ii) optimal

.
controllers •

. Original

� 0.132 sec·
.

0.09 sec

2%

Settling time

Optimal

.
.

Rise Tiine

Overshoot

Time· to. Overshoot

.

0.2� sec

0.05 sec

25%·..
..

·0.11 sec 0.16 sec
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A two. percent step increase of inverter commutation voltage::

�Q$.considered for system response quality. The rectifier commutation
.

.
.

voltages and d.c. line current order are 76.5 volts and 0.924 amps

respectively and do not change during the disturbance. The digitally

calculated d.c. line·current during the disturbance ·is shown in

FigUre 5.5. The line current settles within ±0.5 percent of the set

value after a· transient period of·O.18 secs. The minimum.line current

of approximately 1.6 percent overshoot. occurs 0.055 secs after the

step change is applied. The constant current controller output is

also shown in Figure·5.5. The changes in rectifier and inverter

firing. angles and d.c. voltages are shown in Figures 5.6 and 5.7

respectively. The original system responses reported in Chapter 4

are also plotted for comparison •.. The rectifier voltage settles at

the new value of 100.4 voits after a transient period of 0.11 secs.

The rise time is· 0 . .085 secs and approximately 3% overshoot occurs. The

system response is significantly improved by the optimal controller in

this case also. The optimal and original system performance is .

\
.

compared in Table. 5.2.

Table 5.2 Digitally calculated time -doma in performance of the
d.c. simulator equipped with (i) original and
(ii) optimal controller;

Original Optimal

Settling time O.�O sec 0.11 sec

Rise time 0 • .07 sec 0.085 sec

Overshoot· 25% 39q
Time to Overshoot 0.15 sec . 0.17 sec
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5.3 Suboptimal Control of H.V.D.C. Simulator

All 'system states are measured and used for optimal control.
·

It is not possible to conveniently measure aU the system' states in
.

·

a pract Ical h.v.d.c. system.. The on-line computation of the unavailable
.:....--�... ....�..

.

'

I
.

.

.

I
'. (42) Th kid f hstate sagna s 1S an attj-act tve a t.emat tve .'; .

e now e ge 0 t e

remote states of a h.v.d.c. transmission system such as inverter current

· and d.c. transmission line midpoint voltage will have to be transmitted

over communication channels. '. This is expensive and introduces a phase

shift in the state information provided to the controller. A suboptimal.

controller using the system states available at the rectifier only was

designed and u�ed for studies on the simulator and by digital modelling.

'The current controller output state is the dominant element

of the control input defined by equation 5.22. The inverter and
I

.

rectifier currents were similar in form and magnitude in'the system

being studies. The inverter and the rectifier CUTrent feedback gains

are combined and used .with the rectifier current state. The d.c.,

transmission line mid-poin� voltage state is not used in forming
'

.. the control input. The·modified control input w! obtained from

equation 5.22 and Riccati matrix Kl obtained from equation 5.21 are

given. by

1
. WI

= -6.24517 Xl
- 237.�6196 x4 - 237.31277 x5 5.26

'r

_ ..

.

,

'.'
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·0.540637 . -0.463907 0.007672 .0.272476 0.624517

-0.463907 0.520344 -0.005094· -1.086940 0

[Kl] = 0.007672 -0.005094 .0.021112 -0.756757 0 5.27

0.272476 -1.086940 -0.756757 3731.545898 23.726196,

0.624517 0 0 23.726196 23.731277

The system state equations are therefore given by

[x] = [A - ER-1ETK1] [x] + [B] [U]
= [G1 ][x] + [B) [U] 5.28

Where

-23.98975 0 -129.87013 10320.79688 10320.79688 .

0 �23. 98975 129.87013 . 0 0

[G1 J = 5681.81641 -5681.81641 0 0 0
.,

\

-().17864 0 0 0 0

-6.24517 o· 0
. -237 � 26196 -1237.31277

-172�75 0 0

·0 -172.75 0

[B ]= 0 0 0

0 0 -17.8640
..

0 0 0
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, The dominant eigenvalues of, this system are -25.6419373 .!. j 22.2673492 ,

� .,-'�'-
_ .

. ..

'.'

and corresponds to a damping factor and damping ratio of 0.755
•

•••••

¥'
••

•••••••• _'

and -25.6419373. 'The eigenvaiue, damping factor and'the damping ratio
, ..

_
.

are quite close to those of the optimal system. Therefore, the suboptimal

system performance is expected, to be very similar to that of the optimal,

system.

A suboptimal controller based on equation 5.26 was designed

and used on the simulator as shown in Figure 5.8. The system was

considered to be operating at 0�924 amps d.c. line current, 76.5 volts

commutation voltages and 54.5 and 15 electrical degrees inverter

firing advance angle and rectifier ,firing delay angle respectively.

A step change of 0.04 amps current setting was applied. The com-

mutation voltages have been assumed to remain constant., The digitally

calculated d.c. line current due to the cu�rent order change ,is shown

in Figure 5.9. The line current settles at 0.964 amps - the updated

current order '- after a transient period of 0.146 secs . The rise time is

0.11 secsand approximately 1 percent overshoot occurs 0.17 sees after
. . \ .

the step change is applied. The constant current controller output is

also plotted in Pi.gure S.9� The changes in rectifier and inverter

'firing angles and d.c. voltages during the transient are shown'in

, Figures 5.10 and 5.11 respectively. The d.c. line, current, constant

current controller output, and the rectifier voltage recorded at the

simulator due to the current setting step, change are shown in

'Figure 5.12. The digital and analog studies of the simulator performance

.
,

, are compared in Tabl e 5.3.
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Table '5.3' Time domain performance of the d.c. simulator
from digital and analog studies.

Digital Analog

Settling time 0.146 secs' 0.18 sec

Rise time 0.11 sec 0.12 sec

Overshoot 1% 3%

Time to overshoot 0.17 sec 0.20 sec

These studies provide reasonably similar results. The performance Qf
.

'

.. :' .�.
.

original, optimal and suboptimal systems is compared in Tahl e 5.4.

Table 5.4
,
Time domain performance of the d.c. simulator

equipped with (i) original,(ii) 'opt�mal and

(iii) suboptimal controllers.

Original OPtimal
'

'

Suboptimal
Digital Analog Digital Digital Analog

Settling time 0.27 sec 0.29 sec 0.132 sec 0.146 sec, 0.18 sec

Rise time' 0.05 sec 0.055 sec 0.09 sec 0.11 sec 0.1-2 sec

Overshoot 25% 24% 2% ,1% ' 3%

Time to overshoot 0.11 sec 0.13 sec 0.16 sec 0.17 sec 0.20 sec
.

A two percent step increase of inverter commutation voltages �

also considered to evaluate the performance of the system equipped with
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a suboptimal controller. The rectifier commutation voltages and d,,'c ..•.
<'

'.' •

'.
•

••

line current order were 76.5 volts and 0.924 amps respectively and were

not changed during the disturbance. The digitally calculated d .c , line

current and·constant cu,rrent· controller output during the disturbance

is shown in Figure 5.13. The changes in rectifier and inverter firing

angles and d.c. voltages are. shown in Figures 5.14 and 5.15 respectively.

The d.c. line �urrent, constant current· controller output, rectifier and

. inverter voltages recorded at the simulator are shown in Figtire 5.16.
. .

.

The performance" of the original, optimal and suboptimal system is

compared in Table 5.5.

Table 5.5 Time domain performance of the d. c. simulator equ ipped
with (i) original,· (ii) optimal and (iii) suboptimal
controllers.

.

Ori�inal Ont Imal .. Suboptimal
Digital Analog Digital Digital Analog

Settling time 0.30 sec ·0.33 sec 0.11 sec 0.125 sec 0,145 sec

Rise time 0.07 sec 0.08 sec 0.085 sec 0.087 sec 0.105 sec

Overshoot 25% 28.5% 3% 1% 5%
\.

Time to overshoot 0.15 sec. 0.18 sec 0�17 sec 0.18 sec 0.20 sec

.. These results also indicate that the performance of the suboptimally controlled
. \ .

system is similar to that of the optimally controlled system.

The state regulator technique of optimization has been described

and .used .fo'r optimal controller design of a h. v.d .c, scheme. A suitable·

combination of state penalty and control weighing matrices has been
. .

. ..'
"

.

.

selected to provide near critical system damping.· the transient response of
� . . ..

. the system equipped wtth8;,optimal controller has been digitally calculated
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.....

for (i) a current order and,'(ii) an inverter commutation voltage step

change. A suboptimal, controller using, the, states available at the

rectifier station has also been designed and used on the h.v.d.c.

simulator. The transient response of the simulator equipped with the

suboptimal controller has been digitally calculated and also varified

from, the simulator tests.

,

,

\
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6. ADDITIONAL STUDIES

The single bridge convertor output includes 6th, 12th, 18th, •...•

6kth order harmonics in addd.t ion to the d .c . voltage. The real time

dynamic response is more accurately determined by considering the

actual convertor voltage wave forms. The·system dynamic performance was

studied including the effect of harmonics in the convertor outputs. Two

methods of modifying the cur:r;ent controller feedback loop. to provide'
.

.
.. .

.

7.S current .controller gain. (corresponding to 0.707 damping ratio) for
.

. .

normal operation were examined. The current controller feedback' loop was

. mod if i.ed to include phase lead compensation .. The modified state-space.

equations were derived, the compensator parameters were evaluated f'rom the

root-locus plots. The controller optimization by the tracking technique

was e�amined for reducing the' system respons'e time. The digital and

simulator system stability studies are included.
. .

.6.1 .Stability Analysis - Effect of Voltage Harmonics
l ••

•

convertor operation consists of consecutive two and three

valve conduction modes .

i·

Typical rectifier and inverter voltages and

.
the equivalent a.c./d.c. systems are shown in Figures 6 .• 1. The dynamic

performance is more accurately determined considering the actual

exciting voltage wave forms and the system 'reactances in two and three

. valve conduction modes. The assumptions made in this analysis are:

(i) The transformer and a ,c , system resf st.ances are negligible.

(U) Voltage drop across a conducting valve and the reverse current

through a nonconducting valve are small and hence negligible�
.-
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(iii) The a .c . system voltages e , eb,· and e are balanced.·
.. a c .

rhe .system inductances in two and three valve conduction modes are

2.0 and 1. 5 times the pe·r phase equtvat ent a� c. system inductance

respectively. The equivalent source voltages in two and three valve

conquction modes at the rectifier terminal are given by

hE Cos { rot (n-l)
11' 11'

·e - .'3"+1)}2r .

r

13
Er Cos {rot - (n-2) .

11'
}e . =

72. 3r '3".

n· = 1, 2, 3,

6.1

. 6.2·

. Where EJ" is the line to liner.m.s. voltage of the rectifier
transformer secondary at no load;

Subscripts 2 and 3 represent two and three valve
conduction modes. .

..

n denotes the valve firing counter •.

The equivalent source voltages at the inverter terminal are similar except

for a half cycle phase displacement. The. equivalent network representing

two and three valve conduction modes is shoWn· in Figure 6.2.

·e
·2r

Figure 6.2 An equivalent circuit of the h.,v.d. c. transmission

syste'!l representing two 'and three valve conduction modes.
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Where Rl is the series combination of rectifier d.c. reactor
resistance and equivalent line resistance.

R2 is the series combination of the inverter d.c. reactor
resistance and equivalent line resistance.

. .. .

Ll is·the series combination of the rectifier d.c. reactor
inductance and the equivalent inductance of the line.

.
.

L2 is the series combination of the inverter d.c; reactor
inductance and the equivalent inductance of the line.

L. is th� equivalent a.c. system inductance per phase.

Subscript r. and idenote the associated rectifier and
inverter quantities .

.

The system equations are given by

6.3

-e.
1

6.4

'6.5

\
Where K is ��O and 1.5 in two and three valve conduction modes

respectively.

The voltage e is defined by equations 6.1 and 6.2 depending on the
. .

.

r

conduction.mode. The voltage ei is similarly defined.· The commutation

processes are given by

di dI
.. iLr d� ': Lr d� = 12 Er sin Coot - Cn-2) . -})

.

6.6
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di. ar .

.

2Li -d-� - Li d� = 12 Ei sin (wt - (n-2) .-} - -}) 6.7·

Where.i and I are short circuit and d.c� line currents

respectively.

The simulator dynamic performance equations 6.1 through 6.7 and the

control equations 2.10 through 2.12 �uadigitally solved by

Runge-Kutta method for a step change of 0.04 amps current order

(from 0.924. amp to 0.964 amp). The d.c. current due to the ctlrrent.

order change is shown in Figure 6.3. The average current compares

favourably with,that calculated from the average d.c. excitation voltages

as shown. in Figure 4.3. The superimposed oscillation magnitudes are

approximately two percent of the average value in this case·and are

due to the convertor output voltage harmonics .. Harmonic filters'are

provided on most practical high voltage d.c. lines and the effective

excitation is the average d.c. voltage. The harmonic exciting voltages·
.

can be neglected in system studies in. view of the low magnitude of the

harmonic currents.
\

6.2 Modified Constant Current Controller Feedback.

. ,

Two methods of modifying the constant current controller feedback

loop to provide 7.� current controller gain (corresponding to 0.707

damping ratio) for normal operation are shown in Figure 6.4.
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Zener diode

1
c .

3 .

V.>-----
cc

I
.

ds

I
d

I .

"dr
'

(a) (b)

Figure 6.4. Modified current controller feedback arrangement.

The. size ?f the feedback. capacitor c1 was selected to provide an

amplifier gain of 10 for simulator starting. When the l1ne current

rose to the set value Ids the additional capacitor c2 was switched in.

parallel with c1 � The. rating. of c2 was selected such that the parallel

combination provides 7.5 current controller gain corresponding to 0.707

damping ratio. The second method tried cons�stedof providing the

.

capacitor c3 such that the\amplifier.gainwas7.S. The voltage output of

the amplifier was limited to 9.1 volts by the zener diode connected as shown .

. in Figure 6.4(b). The 9.1 volts current cont.ro l Ier output liinit ensured

at least five electrical degrees rectifier firing delay during the

siinula.tor starting 'al so , The ·z.en.r diode waS ineffective during normal

'. operation ...

The system response of the si.ulator equipped with·a 7.5 gain

current controller was calculated for a step increase of 0.04 ampd. c.

. current order (from 0:924 amps to 0.964· amps). The d ,c , current changes

� t
.•

... -
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and conver-tor voltages for this study are shown in Figure 6.5. A. two

percent . increase of inverter commutation voltage was also considered

as before. The d ,c , current changes and convertor voltages are

shown in Figure 6.8. These studies were also repeated on the simulator·

and -the analog results .are shown in Figure 6.9 and 6.101'espectively.

The digital and analog performance is compared in Table 6.1. The

d . c , line current rise"time in this case is higher than when the·

compared system is equipped with a 10 amplifier gain controller. The

settling-time and percenta,ge overshoot.are comparatively smaller.

6.3· Modified H.V.D.C. Controller

The current controller feedback loop modification to include phase·

. lead compensation usually reduces the output overshoot and time delays.

The constant current controller including 'the phase lead compensation

is shown in Figure 6.6 ... The state space equations for the d.c.

transmission system including the modified controller werederi�ed.

The desd.rabt e compensator parameterswere evaluated from the root -Jocus

plots. The transient response of the simulator was digitally evaluated

and simuiator test results were obtained to confirm digital model validity �

.
.

.

6.3.1 Dynamic equations and stability analysis

.The series·R-C branch of the constant current controller

·feedback. loop shown in Figure 6.6 provides the phase lead compensation.

The modified current controller transfer function is given by



Table.6.1 Time domain performance of the d.c. simul.ator for the current·
.

controller gains. of (i) 1"0 and (H) 7.5 •.

. "

Step Change in. Inverter
Commutation Volta�e

Gal.n = 7.5

Settling time in
0.27- 0.29· 0.20 .. 0.24 0.30 0.33 0.21 0.22seconds

Rise time in I 0.081' 0.15 I ,;.

seconds' 0.05 0.055 0.13
.

0.13 O.0'Z 0.17
Q',
......

'Overshoot in
percent I ·25· I 24 I 5 1 5 I 25 I 28.5' I 4 I 1

Time. to overshoot.
in seconds I 0.11 I 0.13 I 0.26 .1 0.30 '." 0.15 , 0.18 , 0.27 I' 0.30
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Figure 6.6 Modified, integral controller with phase lead
. compensation.

G(s)
·K

a (1 + sT)
(1 + saT)

.=-

5

T = R2C2

", C(
a :: -=-----

C1 + C2

Where '<1 is a constant

T is tbe time constant in seconds

Ka is the current controller gain.

6.8

6.9(a)

6.9(b)

6.9(c)

The magnitude of a is less than 1 and is usually kept low to obtain low

noise to signal. ratio. A small time co�stant is provided for a
.

.

relatively. high bandwidth operation. (35)

.

'
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The d.c. transmission system equipped with the modified current

. cont.rol ler is represented by the block diagram of Figure 3 .. 16 except
.

.'

K K
that the current controller blOCk.K2RcC is replaced by
'.

. p a as

.K2Kc
. (1 + sT)

Kp Ra (Cl+C2)s (1 +. saT)'

X2 0
. -.(R ;...6wL.)· 1. 2 11" ]..

L2 L2
i

*3
1 -1

=

C -0 0

x4 0 0 0

The system state space equations are given by

xl
- (R -.6wL ) -1.

.

K .

1 11" r
0 _J__l_� 0 xl

L1 Ll 11" Kp Ll

o

o

o

KcKa R -.6wL
_ ( 1 11" r '_1 )a L1 T.

o
KK 1: KKK2; 1ca ',3_ca.
-:a:- L1 :-11" aK Ll :

-

aT
. p :

Xs

o

o

1 .

X'
4

_312 L cess .. 0 0 AE
11". L1 c r

0
-312 CoslSc 0 AE.

6.10- '1.
+ 11" L

..
2

0 0 '0 AIds
.0 0 0

.� Coso. 0 �
a -c aT
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"

,

/lId ' Md" /lV , AV and «: are the five system state
.ur 1. c cc

variables xl" x2' x3' x4 and Xs respectively. Equation 6.12 is an

.

'. extens�on of equation 4.18 and includes the additional state

variabl e xs· = ' /lV
cc

• The eigenvalues of the characteristic equation
.

were calculated: for amplifier gain Ka"; 10, a = 0.1 and 0.2 and T·

increasing from 0.01 to 0.14. The root locus plots are shown in

Figure 6.11 and the system instability regions are listed in Table 6.2.

Table 6.2 System instability regions.

a System unstable for T .

0 . .1 (i)
.

Less than or equal to 0.018 secs .

(ii) Greater than or equal to 0'.042 secs. but
. Iess than or equal to 0.10 secs.

0.2· (i). Less than or equal.to 0.01 secs.

(ii) Greater than or equal. to 0.025. secs . but
less than or equal to 0.042 secs.

The values of a and T corresponding toaO.707 damping ratio for the
t ".' .

dominant roots are O.z' and 0.018 respectively. The parameters of the

current controller feedback loop for a=O.2 and T=0.018 secs as

'. calculated using equations 6.9(a)" 6.9(b) and 6.9(c) areC1 = 1.34 ].IF,

..R2 = 3.36kohm 'and'C2 = 5.36 ].IF.
.�

,

A st�p, change of 0.04 amps current' order (from 0.924 amps to .

0.964 ampsj was aJ?plied. The calculated. d.c.· iine current and th)-:'
current cont.ro l Ler output due to the current order change are shown in

. Figure 6.12. 'The line current settles at the new value of 0.964 amps
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'

.
. .

.

after a transient period of 0.142 secs. , The rise time is 0.065 sees

and approxim:;ttely 6 percent overshoot occurs 0.135 secs after't�e
step change is'applied. The changes in,rectifier and inverter firing,

angles and d ;c, voltages during the transient are shown. ,in Figure 6.13.

The simulator current controller feedback loopwas modified ': to include'
. '

phase lead compensation and the current order step change study was

repeated. The simulator line current and d .c . voltage changes

,

.

recorded ,are shown in Figure 6.14.

'A two percent step increase in inverter commutation voltage, was

,also considered. The digital results for d.c .. current and current

controller output are shown in Figure 6.15. The changes in convertor

firing-angles and d.c. voltages are 'shown in Figure 6.16. The

simulator results for a similar change are shown in Figure 6.1"7.

The performance of the system using (i) integral and

(ii) integral with phase lead compensation current controllers 'is

compared in Table 6.3� , It is observed that integral contro l Ier with

phase lead compensation reduces the overshoot and rise and ,settling

times compared to the' il1tegrd -�ontroller.

'6.4 Optimization by the Tracking Technique.
'

_

The tracking technique in optimization theory determines a

control signal that ,minimizes the error between the desired and actual

outputs.(39ihe system state space equations are already defined in

Chapter 4. The tracking cost function J(w) is given by .,



Table 6.3 Time domain performance of the d.e. simulator equipped with (i) integral
(ii) integral with phase lead. compensation. current controllers.

..

Step change in current order Step change in Inver-ter
commutation voltage

Inte�ral Phase lead Integral Phase lead

Digital Analog Di!!ital AnalolZ DilZital Analog Digital ·Analo2

Settling t Ime
:

_.
.

in seconds 0.27 0.29 0.142 0.15 . 0.30 0.33 0.19 0.23

Ri�e.time
in seconds 0.05 ··0.055 0.065 0.07 0.07 '0.08 . 0.067 0.07

Overshoot in

percent
..

2S 24 6 .7 25· 28.5 7.5 lO

Time to overshoot
in seconds 0.11 0.13 0.135 .0.14 0.15 0.18 0.15 0.20

.....
......
(1.1.
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1 eo T············.····T.········

J(w) =

"2 Jo le (t) Q e(t) + w (t )' R wet)] dt 6.11
. . .. ..

This·cost·function is similar to the cost fuhction defined. by

equation S.2 except for the error vector e(t) which is given by
.,

e(t) =
.

Z(t) .

- yet)

yet) = c x(t.)
.

Z(t) ..
Z
o·

6.12

6.13

6.14

Where Z is the mxl desired output vector
y�t) is the mxl output vector
C is the mxn output-input coefficient matrix .

. Including the effect of the desired output, the costate vector is given

by· pet) = K(t) x(t) � get) 6.15

Where K(t) is the nxn Riccati Matrix

get) is the nxl column vector due to desired output.

The canonical equations 5.4 through 5.6 provide the following'set of

equations:

6.16

. \.
g = - [(A - E R�l ETK)Trl CTQZo

_R-1 ET (K x.�·g)

6.17.

w = 6.18
.

The Riccati matrix K is calculated from equation 6.16 and the control

vector w is calculated from equations 6.17 and 6.18 .. The system.

. equations are therefore given by
.., '.'



x = Ax + Eoo

.
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.

.

..

.

.'

-1 T·
'.'

-1 T
= (A - ERE K)x + ERE g , 6�19

.

.

..

The tracking control.system,block.diagram is shown in Figure 6.7.

g

. -1 T'
G = (A - E R B K)

K

. Fdgure 6� 7 ., Tracking control system block diagram .

. '.

For the d. c . simulator system'

61dr .

'0

\

Mdi
.0

1 0 0 0

I C']'
0 1 0 0

=

o 0 0 0

0 0 0 0



"

..

.. 116

Wher'e A1dr . and .A1di
.

are the desired current order changes. The
o .0 .

. following values of Q and R were selected from a number of trials.

..•

1 0 0 0

[Q] =
0 1 0 0 [R]= 0.01

"

.

0 0 1 ,0.

'0 0 0 1
...

.
..

The calculated Riccat d matr ix K is. given by ..

0.1127
.

-0.1009 .

0.0008 0.2385

1� ]
-0.1009 0.1049 .-0.0004 -0.1211

=

0.0008 .-0.0004 0.0045 . -0. 084.2

0.�2385 -0.1211 :-0.0842 5.0608'

The feedforward gains calculated from equations 6.17 are

[.-0.07037·1·······-Q.07037 .

The system solution is obtained by using equations 6.19 for a step

change of +0.04 amp. currerit order (from. O. 924 .amps to 0.964
.

amps ) � •.

The digitally ca.Icufat.ed d.c. line current due to the current order change
.

is shown in Figure 6.18. 'The line current settles at the set value
.. .

of 0.964 amps after a transient period of 0.020 sees. The rise time

is '.0.016 sees and approximately 2 percent overshoot occurs 0.03 sec



. '.

:Jl1

•...

.
.

after the step change is applied. The current controller output is

also plotted in �igure. 6.18 � The current controller output reaches'

a peak at 0�01 sec as expected ,
'. The convertor voltage- and firing

.

angle changes are shoWn :in Figure 6.19.

The calculated performance of original, state-regulator

optimal, phase-lead compensated.and tracking optimal d.c� simulator:

systems is compared in Tab1 e 6.4.··
.

.
: Table 6.4 Time domain performance of the d ..c. simulator

'.' equipped wit.h (i) or'Lg inaf (ii) state-regulator
.optimal (iii) phase lead compensated'and
(dv) tracking optimal contro l Ier's .

. ,

Orig�nal . State -regulator Phase-lead Tracking
Optimal Compensated .Opt.dmal

"

Settling time. 0.27 SaC
.

0.132 sec 0.142 sec 0.020 sec

.'

Rise time 0.05 sec 0.09 sec 0'.065 sec 0.016 sec

Overshoot 25% 2% 6% 2%
..

Time to overshoot 0.11 sec. 0.16 sec 0.20 sec 0.03 sec.
;.

.

•....

These results indicate that the tracking opt Imdzat Ion provides the

fastest d.c .. line c.urrent response. The current. controller output and

'. rectifier vo l tage changes are quite violent and may be 'objectionable

for operating a high voltage d i c ;: system. T1?e system response speed'

can be reduced by changing the. penalty matrices Q arid R.
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Two modified current controller feedback loops ,have been used

and'simulator successfully started with 7.5 amplifier gain corresponding
.t'o 0.707 damping ratio .. The system performance was examined using

,
' ,

the digital computer and the simulator. The effects of direct' voltage

harmonics on the transient behaviour of the'simulator was al so' examined. '

'

The suitability of a phase lead compensated controller has been

investigated. A suitable phase lead compensated controller parameters

have been calculated and the system'performance has' been examined.

The possibility of control optimization by the tracking technique has

,also been investigated and was found to reduce the rise time, settling

time and overshoot considerably.

.

.. ,: . .'.
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,,7. CONCLUSION'

, ,

A brief rev"iew of the historical development of h.v .d ,c ,
,

transmission and its control techniques has been preserited. The

small signaL equations are presented for system dynamic performance

studies. A h.v.d .c , simulator equipped with individual phase

controllers is described; The constant current controller synthesis

and state-space system analysis techniques are 'briefly discussed.

,A block diagram model ',and the transfer function of the simulator'

equipped with an integral type constant current controller have been

developed. The small signal system equations have been transformed to

the state-space form. The dynamic reSponse of the system following a

step change of (i) current order and (ii) inverter commutation voltage

has been digitally calculated from the state-space model. These studies
, , '

,

have also been repeated on the simulator., The dynamic simulator response

compares favourably with the digital results which establishes the

m�thematical model validity ,in the region studied.
\'

The st�te-regulator optimal control technique consisting of an

all,state feedback'regul;;ttor has been used to improve the'system dynamic

performance. All syst'em states cannot, be conveniently measured and'

therefore a suboptimal controller, using the rectifier station 'state

.

signals only has been tried., The performance of the system equipped with

,the subopt ina.l 'con'troller W(l.'S digitally calculated. The suboptimal

controller was designed and used in simulator studies. The system per

"fo�ance is' improved and the 'digit�l' and: simulator results are similar.,



133

.

'. '.,. ..

'

.

'

'..

'

". '. .

'.. ..' '.'
"

..
"

.

The system performance can also. be improved by a proper sel�ction
of the controller feedback loop parameters. The 7.5 integral current

. .

controller gain corresponding to 0.707 damping would improve system

per�ormance but this satu�ates the control amplifier during simulator

.
.

starting and the rectifier valves fail to fire.
..

Two methods of modifying

the'current controller feedback' loop for successful starting and providing
·7.5 gain during system operation have been demonstrated. The digital and

.. analog studies of the system using 7.5 current controller gain Inc luded in

this thesis indicate an increase i� rise time and a decrease in overshoot.

The effect of including phase lead compensat Ion in the current 'controller

feedback loop bas been examined and the controller feedback network'

parameters determined by root-locus plots for 0.707 damping ratio. The

feedback loop of the �urrent controller has been modified and performance

of the system using phase lead compensation is examined .. The digital

computer and the simulator studies indicate a constderabty faster. response

with marg ina.Hy increased overshoot.' The tracking optimization technique

of minimizing the error between the desired and actual d.c. cur'rent s is also
. \.

.

examined for improving the system response. This method increases the d.c.

current response' speed but the current controller output, the firing
"

.

.

angles and the d.c. voltages are initially subjected ·to·violent changes.

The effect of convertor output voltage harmonics has also been examined.

It is noticed th�t the average d;c. current changes due to a step

change in current order -are similar when calculated' from (i) average

d.c. voltage excitations and (ii) actual convertor output excitation

including harmonics.' The average d.c� excitation can, therefore, be' used

in dynamic performance studies.



134
.... :

8 .' ,REFERENCES,

L Erith, H�'A., "H.V.D.C. Transmission", Joint EIC/IEEEMeeting
at Montreal, Que., Canada, Feb. 27, 1968.

2. Bateman,: 1.. A., Haywood, R. W. and Brooks, R. F., "Nelson

River D.C. Transmission Project", Trans. IEEE,
Vol. PAS�88, No.5, May 1969, pp� 888-894.

G.D., Hunter, E. M.,'Engstrt1m; P. G.'and Stevens, R. F.,
"The Celio Convertor Station of the PacificHV-DC

'

Intertie", Trans. IEEE, Vol. PAS-85,No.'11, Nov. 1966,
pp. 1116-1128.

3. Breuer,

, 4. Kuwahara � S. and Hag lof , L." "Sakuma Frequency Convertor -

Early Operational Experience", IEEE Conf. on High
Voltate D.C. Transmission at Undv. of Manchester,
Part I, Sept. 1966, pp., 34':'41..

'

s. Sachdev , M. S., "Analysis of Composite A-C and D-:-C Systems", ...,r"
Ph.D. Thesis, 1969" University of Saskatchewan,

,

Sask.atoon, Canada.'
,

�"
'

6. 'Adamson, C. and Hingor�ni, H. G., "High Voltage Direct Current
, Power Transmdssdon", Garraway Limited, London, 1960.

7. Reider, A. M., "Analysis of the Stability of the Control Systems'
of Kashira-Moscow Direct Current Transmission Line",
Direct Current, Vol. 3, No.7, Dec. 1�57, pp. 227-240.

8. Kvyatkovskdi , V. M. and Melgunov, N. M., "The Steady'State
Stability �f a D.C. Transmission Link When Operating
into' a Receiving Power Supply System of Comparable
Capa�ity", Direct Current, Vol. 8, No.4, April 1963i
pp. 107.-115.

9,. Hay, J. L., Bhatti, J. S. and Hingorani, N.G., "Simplified
Dynamic Simulation of H.V.D.C. System by Digital
Computer, Part II - Design of Controller and Test

, Results", Trans. IEEE, Vol. PAS-90, No.2, March/April
'1971, pp� 865-875.

10. ,Erikson, K. Liss, G. and Persson, E., "Stability of the Control'

System for H.V-.P.C. Transmission Analysis using
Theoretically Calculated, 'Nyquist Diagrams",

,

Trans. IEEE, Vol. PAS-89., May/June 1970, .pp , 733-740.



,

"", l.35'
'

11. Clade, J,., and Lacoste, H., "Simplified Study of the .St.abd l Lty
of Regulation of aD.C. -Lmk'", Direct Current ;'
Vol. 12, Feb. 1967, pp. 9-22.

,

,12,. Persson , Erik V., "Calculation of Transfer Function :in Grid
,Controlled Convertor Systems with Special Reference
to H.V.D.,C. Transmission", Proc. lEE, Vol. 117,
No.5, May 1970, pp. 989-997.

'

13. Carroll, D. P. and Krause, P. C., ,"Stability Analysis of D.C.
Power System", Trans. IEEE, Vol. PAS-89, No.6,
July/AUgUst 1970, pp., n12 - 1119.'

'

.14.

15.

16.

Burton, R. S., "State-Space Representation of:a H.V.D.C.
Tie-line", M.Sc. Thesis, July 1970, Univ. of
Saskatchewan, Saskatoon, Canada.

\."
e-

,_..

Earle, Dennis S., "Frequency Control Studies in A. C. - D.C
\:'Systems", M.Sc. Thesis, Dec. 1968, Univ. of '.,

'Saskatchewan, 'Saskatoon, Canada.

Clifford" J. F. and Schmitt, A� H., "Digital Representation
of a D.C. Transmission System and its Controls",
Trans. IEEE, Vol. PAS-89, No.1, Jan. 1970,
pp. 97-105."

17.
'

Machdda , T., "Improving the Transient Stability of A.C .

.

System by Joint Usage of D.C. System", Trans. IEEE,
Vol. PAS-85, No.3, March 1966.

18.

19.

20.

.Breuer , G. D., Luini, J. F. and Young , C. C., "Studies of

Large AC/OC System on Digital Computer", J'rans. IEEE,
'Vol. PAS-?5, No.l1, Nov. 1966.

\
C. and Carroll, D � P.; "A Hybrid Computer Study
of a D.C. 'Power System I",. Trans. IEEE; Vol. PAS-87,
�o.4, April 1968.

H. A.., Krause, P. C., Luini, J. F. and Thomas, C. H.,
"An Analog Computer Study of a Parallel AC and
DC Power System", Trans., IEEE, Vol. PAS-85, No.3,
March 1966, pp. 191-209.

Krause, P.

Peterson,

21. Peterson, H. A. and Krause , P. �., "A Direct and Quadrature
Representation of a Parallel AC and DC Power System",'
'Trans. IEEE, VoL, PAS-85', No.3, March 1966, pp. 220-225.



. 13�.·

22. Ainsworth, A. D. and Martin, C. J. B., "Principle of Control
for H.V • D . C. Transmission",· lEE· Conference on H. V . D • C •..
Tl;'ansmission at Urriv , of Manchester, Part I,

.

Sept. 1966,
pp. 158-160.

23 .. Bngst.rtnn , P. Gq "Operation and Control of H.V.D.C. Transmission",
Trans. IEEE, Vol. PAS-83, Jan. 1964, pp , 71-77.

24. Hingorani, N. G. and Chadwick, ·P., "A New Extinction Angle
Control for AC/DC/AC Static Convertors",
Trans: IEEE, Vol. PAS-87,. No.3, March 1968.

25. Por.sel L, Harry, "The Gotland D.C. Link: the Grid Control and

Regu Iat.Lon Bqu ipment t'j
: Direct Current, Vol. 2,

No .. 7, June 1955; pp. 109-114 and Vol. 2, No.7 ..

Dec. 1955, pp. 166-170.

2�. Machida, T., Yoshida, .Y. and Nakamura, H., "A Method of
Automatic Frequency Ratio Control·by D.C. Systems",
Trans. IEEE, Vol. PAS-86, March 1967�

27. Yoshida, Y., Machida, T. and Hingorarri , N. G., "Analog ..

Computer Study of Automatic Frequency Ratio Control
on an HYDe Transmission System", Trans:. IEEE,
Vol. PAS-87, No.3, March 1968 .

28.
.

Ainswortp., J. D., "The Phase-Locked Oscillator - A New Control

System. for Controlled Static Convertorsv,
Trans. IEEEJ Vol .. PAS-87, No.3, March 1968.

Bkst rom; A. and Liss·, .G., "A Refined H.V.D.C. Control System",
trailS. IEEE, Vol. PAS-89, May/June 1970.

,

30. Phadke , A. G., "Gener'at i.on of Abnornormal Harmonics in·-
High-Voltage AC-DC Power Systems", Trans. IEEE,
vei.' PAS-87, No.3, March 1968, pp. 873-883 ..

. 31. Ainsworth, J. D., "Harmonic Instability Between Controlled
Static Convertors and A.C. Networks", Proc. lEE,
Vo�l. 114, No.7, July 1967,. pp. 949-957.

32. Stevenson, W. D .. , "Elements of Power System Analysis", ·McGraw
Hill Book Company,

.

Inc. 1962, New York, Second Edition.

33� Simoiu, M. P., "Determining the Coefficients of TransferFunction
for Automatic Control Elements. and Systems",
Automatic and Remote Control, Vol. XVIII, No.6,
.June 1957, pp. 556�571.

.



137

34. Chen, C. F. and Haas, 1. J., "Bl ement s of Control System Analysis:
Classical and Modern Approaches", Prentice-Hall, Inc.,
Englewood Cliffs, N.J., 1968.

35. Kuo , B. C., "Automatic Control Systems", Prentice-Hall, Inc.,.
Englewood. Cliffs, N.J., 1967.

36.· Ogata, K., "State Space Analysis of Control Systems",·
Prentice-Hall, Inc. 1968.

37. Hsu, J. C,. and Meyer, A. W., "Modern Control Principles and

Applications", McGraw-Hill Book Company, New York, 1968.

.
.

1. B.M. Application Program, "System/360, Scientific Subroutine

Package"; 360A-CM-03X, Version III, Programmer IS
Manual, pp. 167.

39. Athans,·M. and Falb, P� L., "Optimal Controltl, McGraw-Hill
Book Company, New York, 196q.

38 .

40.. YiI, Y -. N., Vongsuriya, K. and Wedman L. N., "Application of an

Optimal Control Theory to Power Systems",
.

Trans. IEEE, Vol. ·PAS-89, No.1, Jan. 1970, pp. 55-62.

41. Kanngiesser,· K. W. and Lips, H. P., "Control Methods for
.

Improving the Reactive Power Characteristic of HYDC

Link", Trans IEEE, Vol. PAS-89, No.6, July/Aug. 1970.
. .

42. . Merriam, C. W., "'Opt Imfzat Ion Theory and the Design of Feedback
Control Systems", McGraw-Hill Book Company, N.Y.,.
1964.

43. Gray, L. D., Remfer, .P. S.· and Stevenson, L., "Application of
Quadratic 'Optimization to Helicopter. Flight Contro l",
J�A.C.C. Conference 1969, pp. 240.

44. Ryder, F� H. and MacLoon, F� C., "The Eel River H..V.D.C. Convertor
Station and Development ·of Electric Utility Inter
connections in Eastern Canada and U.S.A." Meeting
Power System Planning andOperatmg section, Canadian
Electrical Association, March 1971.

45. Burglund, O. and Liden, I., "Layout Area and Building Volume

Requirements for H.V.D.C. Terminals", Trans. IEEE
.

Vol. PAS - 86, No. 10, Oct. 1967, Fp. 1161 ..: 1169.

.46. Sachdev , M.S., Chand, J. and Fleming, R.J., "H.V�D.C. Transmission
,

link stability analysis by state space technique",
85th Annual General Meeting, The Engineering Institute
of Canada, Sept. 1971.

.

.

.. '; '"



138
.. :

'

..

"

.'

9 •• APPENDICES

Appendix. I - A 500 mile H.V.D.C. Transmission Scheme.

A 500 mile two terminal h.v.d.c� transmission scheme considered.
.

. '.
.

.

has a nominal d .. c ..·voltage and current ratings of450 kv 'and 1.� 1<1\

respectively. It is assumed that. individual phase control is used to

maintain constant current in the line.
.

Integral constant current· ..

.

controller at rectifier end and. constant extinction angle contro l at

inverter terminal are used ·to control convertor firing angles. The

line parameters and convertor ratings are given in Table 9.1 .

.

The systein parameters have been c.onverted to ·100 voIts base

voltage and 1 ampere base current and are .listed in .Table 9.2� The

constants of the state .space model developed in Chapter -4 are modified

and used to determine the �ystem stability and dynamic performance.

The· eigenvalues of the characteristic matrix are· determined

for increasing current controller amplifier gain using an IBM 360/5.0

dlgital.computer. The system was found ti�sta.ble and tinaffected· by the

. " .

magnitude of amplifier gam. The commutation reactance drop compensation·

signal at the rectifier terminal provides a positive feedback resulting

in system. instability in this case. This feedback is not essential for

the r�ctifier �peration and the system was modified accordingly. The
.

.

.' .
..

eigenvalues of" the modified characterLst Ic equation have been determined.

and the root locus plotted for variable current controller amplifier gain

is shown in Figure 9.1. .An amplifier gain of 4.0 corresponds to near

critical damping.
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The d.c. system was operated such that the, line current and

d.c. midpoint voltage were 0.924 amperes and 80�0 volts respectively.

The rectifier and inverter commutation voltages, inverter firing

advance ang le , ·the rectifier firing delay angie and constant, current

controller output are 76.5 volts, 76.5 Volts, 54.50,150 and 2.5 volts

respectively. With the system operated at this level a step change of

, +0.04 amps current �rder was simulated on the digital computer. The,

calculated line current is shown in Figure 9.2. The d.c. line current

settles at the new set value �f 0.964 amps., after a transient period of

0.34 secs , The rise time is 0.14 sees and approximately 6 percent

overshoot occurs 0.30 sees after the step change is applied. The settling

and rise time can be decreased 'by phase lead compensation ,or optimization

techniques. "

Table 9.1' The line parameters and rating of the 500 mile
h.v.d.c. scheme.

Direct voltage 450 kv
'

Direct current
.

\ i.,s kA

No of bridges at each terminal
,

, D. C. reactor i�ductance
Commutation reactance

Line resistance

Line inductance',

Line, capacitance

'·3

1.0 henry each

11.4 ohms.

7.2 ohms�

0.62,henry
10.0 llF.
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Table 9.2
.

The original andequivalen� parameters of the

'system.

.. Original Equivalent

D.C. reactor inductance in
henries (each) 1.0 0.4

.. Commutation reactance in
.

.

ohms 11.4 4.56

Line resistance in ohms .. 7.2 . .2.88

Line inductance in henries 0.62 0.248

Line capacitance in J.lF 20:0 50.0

',,'

,

\ .

,
.

.

.
.
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Appendix. II - Riccati Equations and Control Vector.

The Hamiltoni�n for the state-regulator optimization of a

.. sy�tem' described by .

x = AX + Ell) 9.1
.'

.

is

9.2
-.

The canonical equations and the costate vector are given by
.

= x 9.3

=

aoo
aH

o 9.4

aH

ax
. =

. -p . �.5

P
.

= Kx 9.6

The partial differentiation of Hamiltonian H l\'.r. to costate .vector

P is \

it

aH. .

ap
- x = Ax + Eoo 9.7

Differentiating equation 9.2 w.,r. to 00 and subst Ltut ing in equation
aH

9.4, aoo
is given by'

aH
= 9.8

. Substituting .the value of p from equation 9.6 'in equation 9.8, the

control vector w is given by.
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-1 T
w c ..R . E' K x

The system equation 9.t is, therefore, given �y

.

.

.' �l T
x = (A -: E R .. E K) x

Similarly differentiating equation 9:2 w.r. to x and. substitut.ing for

aH
ax

in equation 9.5, the resulting equation is given by

. aH
.

T
ax

= .Qx + A P = -P

From equation 9.6, p is given by

p'=Kx+Kx

Substituting the value of x from equation 9.10, p is given by

.• (K' KA KER-1. ET. K)X·.. p = +.

Substituting �he values of p .and p f�om equations 9.13 and 9.6 into

9.11, K is· given by

The Riccati equation 9.14 and controt equation 9.9 corresponds to

'equations 5.7 and 5.8 respect.Ivety,

"

.

9.9

9.10

9.11 .

9.12

9.13

9 • .14
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Appendi� III - Effect of penalty factors on the Riccati matrix; control
input and dominant eigenvalues.

Five.different.combinations·of state.penalty matrix Qand control

weighing matrix R were consider�d� .... The Riccati matrix, 'co�trol input and

.

dominant 'ef.genvalues . were calculated for these penal ty and weighing factors ...
. ..

.

... .

.

The combination of matrices Q and R· corresponding to critical damping. was

used in system studies included in Chapter 5. The Riccati matrix K, control

input wland the dominant eigenvalues Zd for other combinations of the.

diagonal matrices Q arid R are as follows

(i) 'Q . - (20, 20, 5, 10, 10)

R = 0.05'

0.831519 -0.575999 0.009219

0.777937' -0.002636

K = 0.029775

Symmetric

0.209852

-0.678671

2.193560

-1. 081713

-o. 501536' -0.309907

3190.448486· 10.634712

10.644429.

001= -43.8712 xl + 21.63426x2 + 6.19814 x3 - 212.6.9424x4.·
- 212.88858 x5 .

. \ .

Zd = -28.99003 ± j18.34220

(ii) Q .= (20, 20, 5., 10, 10)

R = 0.01

0.450415
.
-0.292103 0.011646 0.233255 1.169645

" 0.402684 -0.002741 -0 .. 681778 -0.611570

K = 0.014'679 -0.219912. . -0.112387

Symmetric.
1612.379639 5.012238

.: 5.021511'
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(1)1 = .;.116.9645 xl + 61.1570 x2 + 11.2387 x3
- 501.2238.x4
- 502.1511' x5

'. .

.Zd = -29.05824 ±j19.84342

.(iii) Q. = (20, 20, 5, 10, 10)

R = 1.0

2.334960 -1.828709 0.008315 0.089890 5.893825

. 2.308349 -0�006138 -0.521388
.

-3.312471

K = 0.093929 -1.707610 -1.116225 .

Symmetric
7380.949219 31.143.417

31.150955

(1)1 = ·-5.893825 Xl' + 3�312471 x2 + 1.116225 x3 - 31.14341? x4
.

- .31.150955 x5
.

.
.

.

Zd = -�4 .89904 ± j 27 .52045

(iv)
'.

Q = 1, 1, 1, 1, 1
. \

\
R = .1.0

0.367128 . -0.345457 0.001693 0.013280

0.365684 -0.001630 -0.168497

K .-, 0.01.6170 -0.622690'

1.620099

-1.407995

-0.369651

1259.423096 16.582794

16.5&3771

.

(1)1 = �1.620099xl + 1.407995 x2 + 0.369651 x3 - 16.582794x4

Symmetric,

"

..

- 16.583771 x5
. .

Zd := -10.97055 ± j29.58S00
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Appendix IV. - The Commissioning of the H.V . D.C. Simulator

The initial commissioning of a system is usually performed
.

accord ing to a set procedure provided by the . manufacturer . The operation

manual supplied by MIS Robinson &. Partners Ltd., London, England was used

to start the ·simulator which was found inoperative. The simulator

performance was investigated. The commissioning procedure and the

remedial measures to rectify the defects noticed are reported in this

Appendix.

The h.v.d.c. simulator is designed to. operate either in a manual

or automatic control mode. The convertor units, d .c, reactors, transmission

line units, pulse circuits, d.c. power supply unit and protection units

are used in either modes of operation. A synchro unit provides firing

signals to the pulse circuits of a'convertor for manual operation. The

.. constant extinction angle and constant current control circuits provide

firing signals for automatic control operation of the' convertors. Before

commissioning the simulator the convertors were interconnected using

d .c , reactors and transmission line units .. The manual, automatic and

grid control switches were turned off. The convertor transformers were

excited from 230 volts, three phase, 60 cycles per second supply

and the d.c. power supply unit was' energized from a 120 volt, single

phase, 60 cycle per second source. The d .c , sup�ily to manual and automatic.

control units and protection unit was checked and found satisfactory.

. ..

.

.
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. L) Manual control ope�ation
The convertor manual-control operation depends'on the performance of

the convertor units, transmission line units, synchro units and pulse

circuits.' The synchro rotors were adjusted t.o 150 and 1600 for rectifier

and inverter firing delays respectively: The manual control operation

switch was 'turned on' and the outputs of the thyristor pulse ci rcui.t s

were found to be inconsistent and of other than 120 electrical degrees.

duration. The synchro device and pulse circuits of each convertor unit

were checked and adjusted as follows:
.

Synchro device

The voltage outputs of the synchro units were measured." There'

was no output. from one rectifier synchro phase which was traced to

one open synchro brush contact .. The brush contacts were cleaned and the

system re-energiied. A three phase balanced voltage was measured at

the synchro output terminals •. The synchro outputs are fed to three
.. .

.

.

single phase transformers of the manual control unit and a six phase .'

output is obtained as shoW11vin Figure 3.1. ,The six phase output was

balanced in magnitude and phase by adjusting the R-C circuits provided

for this purpose.

Pulse circuits'

The six phase balanced voltages of the manual control circuits

are applied to the six pulse.circuits •. The pulse widths were observed

to be 120 + 10 electrical degrees. The pulse �ircuits of Figure 3.1

consist of aSchmitt level detector and a .bistable circuit. The variable

biasing resistors of the. Schmitt level detector used in the pulse .circuits
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were adjusted to eliminate pulse duration errors.

,Auxiliary transformers

,

Three single phase centre tapped auxiliary transformers provide
, '

'

six phase a.c. voltages at a reduced level for valve firing co-htrol.'

,

The 'auxiliary transformer primary windings can be connected either in
.

. '.' .

.

.'

•

.'

•

>.'

star or in delta configuration by a switch provided for selecting th�

convertor transformer secondary connections. The commutation voltages

'lag the convertor transformer secondary phase voltages by 30 electrical

degrees ; To obtain this phase displacement", the auxiliary transformer

I , primary windings should be delta connected if.the convertor transformer
\.i>\

secondary is wye connected and vice-versa. It was observed that the

auxiliary transformer primary ,

and the' convertor transformer secondary
.�:: �<

windings were similarly connected. The selector switch connections

were modified to obtain asix. phase a .c , supply which is in phase with .the

valve commutation voltages. After'incorporating the ch�ges and adjustm�nts

described, above, the simulator was successfully operated at different

rectifier and inverter fir��g angle delays.
, il) Automatic control operation

,

,Arl.' attempt· to operate ,the simulator in the automatic eon..

,·trol mode was unsuccessful due to unstable outputs of, the valve firing

pulse circuits.
,

The constant extinction angle control, constant current

control and commutation reactance drop compensation (2wLId) circuits
were'checked to locate the causes of pulse instability. The

, observations and findings of the investigation are described in the

following: section. '
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Constant extinction angle control circuits
.

. .

.. .',.
.

.

. .'

A printedcircuit :board consisting of monoat.ahle , clamping,

integrating and level detecting elements as shown in Figure 3.2. is
. .' : .

. '.' .'
provided. for constant extinction angle control of each convertor valve.

Any sudden changes of a .c . voltages ·are also detected by this

circuitory and the inverter valve firing is advanced to avoid

commutation failure. The constant extinction angle control circuits

were analyzed and the outputs'noticed were compared with the desired forms.

The actual and the desir�d output wave-forms are shown in Figure 9.4.

The printed circuit boards and their components were tested. Some

transistors were.found defective and were, therefore, replaced. The

§c�� t.t level det.ector-" tAI output. had an undesirable spike due to stray

capact tance effect. A series R-C (22(2 - 100 pF) damping circuit was

provided.across the output resistor.R309 as shown in Figure 9.3. The

level detector output was synchronised with the commutation voltage by

adjusting the biasing resistor �301.

R309

-\-,------�------���-----------�12V
,

22(2

100 pF

. Output

68k

__� �� �
+4V

Figlire 9.3. Schmitt level detector 'A' for constant extinction
angle control.
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I
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Transient
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.-..__------..........---... wt

I
I
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..-_wt . circuit

Output.
.

I
. .

.
I

....
'. •.

·40. �:' .• _

(a) Observed outputs .

wt

'. (b) . Desired outputs

Figure t.. Outputs of CEA circuit elements (a) observed
(b) desf.red .'.

.

:.
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Co�tation react�ce drop compensation circuit

The d. c. current transformer provides ad. c, voltage output propor-
" ,

tional to the current. This voltage is applied to, a 2�O ,ohm potentiometer

arid'a voltage proportional to 200Lld signal is tapped. The c.e.a. control

circuit output, the constant current controller output, the minimum
I

delay angle pulse and the commutation reactance drop compensation

components are applied to a summing junction as shown in Figure '.5 .

.
'

The commutation reactance ooL and the d.c. current transformer and the

summing junction output-input ratios ar� evaluated to determine the
,

'.

2ooL.Id �otentiomet,�r setting.' The input and output wave' forms without
....
_*

'\ :,

--,--
2.6V

I

SOk
Negat Ive ...--"vvv--_

pulse 20k

CEA

t 20k

-12 E(Cos oot+Cosoc)
,

Figure 9.5,' Summing junction components and .Input=output wave forms.

'2ooL1d and constant current controlleri�puts are also shoWn in
,

,

Figure 9.5. The effective ground resistance R' at the output of the'
g
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suimning junction is 13.7 ki Iohms. as given by the equation·

.,.

·Rg = summing junction output peak to peak voltage 2.6

20+Rg summing junction input peak to peak voltage
=

6.4.

A short· circuit test was performed on the convertor transformers
•

>., •
•

•

.

applying three phase, 6 volts, 60 cyc l es Zsec , supply to the secondary

terminals. The short circuit current and power input at the secondary

terminals were 1.1 amperes and 10 watts respect IveIy .. The commutation·

..
.

reactance assuming that the convertor transformers are connected to an

. ..

infinite bus was calculated to be·1.6 ohms.

The bridge convertor was disconnected from the main transformer and
.

transmission line and the ar-rangement .0£ f.iguI'"e· .9�6 .w�s used to determine

the d.c. cur-rent transformer output-input ratio. The d .c , current input

. To A.C. Supp ly---

______ , ----.d.c.c.t output

SOV

Figure 9.6 Circuit diagram to determine d. c. current transformer.
output-input ratio. ,.,

.

was var-ied from 0.0 to L 0 amperes and the total output voltage was·

measured ..
·

Figure 9.7 shows a 4.4·v()lts/amp. linear relation between the
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5

4

o

o ·0.1 0.2 0.3, 0.4 ·0.5 0.6 0.7 0.8 0.9 1.0 1.1
,
...

Current in amps.

Figure 9.ft.i D. C.C.T. output vrs. d ,c , current plot.
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d.c. current transformer output and input.

The su�ing junction output shown.in Figure $.5 is given by

. equation 9.15.

9.15

Where � is the ratio of the conunutation voltage to the summing
. junction output.

K is the s�ale factor for constant current c.ontroller
p output given by Rg .

.

20+Rg

E is the r.m.s; line to line convertor· transformer secondary
voltage at no load.

The 12 E/K2 and the conunutation vo ltage E are 1.3 and 76.5 volts

respectively. The scal e factor K2 is, therefore, 83
••
3. The summing·

. 2wLIrJjunction input· for conunutation reactance drop compensat10n of 83.3.vOlts
is therefore,

so ;gRg 2wL1d = 2wLId volts The deshed potentiometer83.3 17�9
.•

setting for conunutation reactance drop compensation simulation is given by

(4.4 Id)
500

\

R_.. =? 12.75 w L

=.. 20�4· ohms ..

The commutation reactance drop. compensation potentiometer was, therefore, .

. adjusted r:to.20.4 ohms. ·The convertor transformers and d.c. current

transformers of both terminals are similar and therefore the potentiometer

for both units were adjusted to 20.4 ohms.
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Constant current controller

The constant current controller prov ides the signal V
.

for
cc .

rectitier firing control. The current controller gain, R1 C
can be

a a

varied by changing the size ·of the feedback capacitor. The simulator

started ?uccessfully when a 6.7 }..IF capacitor was used in the feedback

loop. The constant current controller amplifier saturated for capacitors

of appreciably higher .or lower sizes .. The amplifier gain .i s .1.0 when a

",

6.7 }..IF capacitor is used in the feedback loop.

'

..

'. \..

. '. .
.

.
.

•....

. .:
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