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ABSTRACT

. This thesis presents a brief description of the steady state and
dynamic operation of a high voltage d.c. transmission|link. A block
diagram model and the state space equations are develpped from the small
signal equations. The system stability regions and the current controller
parameters for near-critical damping of the integral controller with and
without phase lead compensation are determined from rpot locus plots.

The time domain response of the system using these coptrollers was
calculated by digital computer solution of the state space equations.

These studies were repeated on a small scale model angd. the digital solutions
were found to be similar to the simulator performance. ' : '

The state regulator technlque was app11ed for|optimal -and suboptimal

control of a h.v.d.c. link. The dynamic performance pf the optimally

and suboptimally controlled system were digitally calgtulated. The
suboptimal controller was also designed and used for tonstant current
control of the simulator. The calculated system perfprmance compares
favourably with the simulator response. The tracking|technique is
“also used for constant current controller optimizatiop and is found

to increase the system response speed considerably.

- This research was supported by the NationallResearch Counci1
under Grant Nos. A-2765 and A-7249.
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1. INTRODUCTION

The economic and_technioel edyantages of high voltage direet
current transmission bas been known for many decades The present '
development phase of h.v. d c. transm1551on started in 1952 with the
development of mu1t1 electrode grld controlled mercury arc ‘valve. (6
Since then the d c. technology has suff1c1ently advanced and this
transmission mode must be considered in the appralsal of long dlstance '
transmission, marine or underground cable 1nstallat10ns and 1nter- |
connections between systems operating at different frequencies.( 6)

- The steady state performance of d.c. linesband convertor
statione is deecribed in therlitereture.(6) Tbe system dynemic
performance dependsron:the oontroller'characteristics. ~ Constant
current or-constant poner control at the rectifierretation and constantr
extinction angleicontrol at the inverter has been developed and used
for many d.c. transmission lines.(zz;zs) Automatic frequency ratio‘-
control ‘has been applied for.tbe maintenance of system frequency by
controlling-the transmitted‘powerf(4’26) The-d.c..transmission'control
schemes.are briefly described in Chapter 2. Small signal equations for
the d.c. 11ne, convertor station and the controllers are derived from
the steady state equations The transfer function and a mathematlcal
model of the d.ct“transmission-system have been developed from the small
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 mathematlcal studies

The comP°51te a.c:/d.c. system performance follow1ng a.c. and

d.c. faults has been examlned(5 16~ 21) The d.c. system dynamic'



_ performanCe' for small deViations nas also been analyzed using
Bode's éﬂd Nyquist PIOtS-(Tpls) These methods indicate the eystem‘
~ stability regione and do.not proride a time domain solution. The -
‘small signal equations have been used to fOrmulate the state space
mathematical model. The e1genvalues of the characteristic matrlx arer
calculated for 1ncrea51ng current controller amplifler galn and the
root locus plots are used to synthe51ze the controller. The system
time domain performance ie obtained by integratingrthe state space
equations for a current_order and for an-inverter commutation voltage
‘step change using'the fourth'oroer Runge;Kutta method and an IBM 360/50
digital computer. ‘The nathematical studies rererepeated on the simulator
and performance eimilarity confirms the mathematical model validity.
The state regulator optimization technique is applied to
“improve the system performance All the system states are used in the
'optlmal controller. The_igggrter and the transmission line midpoint

~ state 51gnals are not readlly ava11ab1e ina hlgh voltage d.c. scheme.

| A suboptimal controller using the,rectifier station state 51gnals-on1y
-is:developed. The performance of the system eouipped with’optimal'and
suboptimal.controller‘nasstudied from the mathematical model. ‘The

.suboptimal controller developed has also been used in the simulatorlstudies.

~ The system -performa;nce 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 Syeten .

damping have been usedt- The system performance improves by providing

phase lead compensation in many cases. The parameters of the integral
current controller withcpnase lead compensation are calculated from the

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



i the simulator studies‘using this controller are included. The
tracking féchnique has also been examined for improving system
response. The system dynamic studies using this optimization -

' technique are given in-Chapter 6.

.y -



L2, HIGH VOLTAGE DIRECT CURRENT TRANSMISSION

| The first-ﬁigh voltage_direct current schene‘using mercury arc
-valves was‘comnissioned in 1954 following the development of high
voltage grld controlled mercury arc- valves by ASEA, Sweden (6) High
voltage d.c. is preferred for (1) long dlstance transm1551on of large
blocks of power, (ii) transm1551on of power usxng underground and
submarine cables and (iii) 1nterconnect1ng power systems operating et
different frequenC1es @ ) ‘The economic and technical advantages of hlgh
voltage d1rect current transm1551on led to the development of other -
schemes whlch are.also operatlng at present « 4) A few high voltage o
direct current schemes are at different stages of plennlng and -
construction. Tne theory of high voltage d.c. transmission and different
types of controllers is reviewed. AThe small signal convertor end-line
performance equations are”derived and subsequently‘used for systen.dynamie.
performanee studies. o |
2.1 . General g

A typrcal high voltege'direct current‘seheme consists of two

converting stations and a transmission'line as shown'in Figure 2.1,
~ Each converting station includes bridge comnected mercury arc valves;
. bypass valve, convertor transformers d.c. reactors a.c. and d;c,'
fllters, valve damplng circuits and surge diverters as shown in
_Figure 2. ZHS)High voltage SOlld state valves have been developed and

are being used in the Eel R1ver h. v. d.c. convertor station. (44) A six

valve-full'Wave bridge converts'a.c, voltage to d.c,-at the reetifier
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-statién.- A'siﬁilar arrangément converts d.c,-fo a.c; aﬁ the'invertfr
.station. Bridges a?e connected in sefies to increase the d.c. Voltage
“level. Wyé-wYe and wyé-delté coﬁverfér transformer cénnections are

‘used fo feduce voltage and current harmonits in d.c. and a.c; systems
rgspectively; Filtérs‘are.pfbvided to éliminate fhe harmonics from the a.c.
and d. é. systems. D.C. Vreactors keep the direct current almﬁst

e

\fnvarlant dur1ng normal 0perat10n and 1imit the rate of rise of

-current during convertor and d.c; line faults. The damplng circuits
prov1ded across the valves suppress the high frequency osc1llat10ns and the
surge dlverters protect the valves from overvoltages in the a.c. and
d,c.'systems. The f1r1ng of rectifier valves is usually delayed by

a Smalltangle of five to~fift¢en degrees. Firing delays of greater

- than ninety degrées aré réquired at an inverter sfation. A convertor.

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

firing‘delay used.

l 2;2 Convertor Anal&sis -- SfeadyeState_Oﬁeratidn'

A functionéi repregentation of a bridge connected convertor
station is shown in Figure 2.3. The 1nductance L represents the
.commutation reactance and the equlvalent a. c. system reactance if no :
a.c. filters are provided. To facilitate convertor performance analysis
the following assumptions are made.(6) -‘;. |

'(i) The transformer and a.c. system re51stances are neg11g1b1e.

(ii) The voltage drop in a conductlng valve and reverse current
- through a nonconducting valve are negligible.

.{iii) The d.c. voltage and a.c. currents at the convertor statlon
- are constant. and free from harmonics.
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:(iv) The a;?. syéte@'voltages%r..%r'and eg are balanced;
The voltage and curfent wave forms §f # bridge connected
_ rectlfler 1nc1ud1ng firing delays and finite commutation 1ntervals
are shown in Figure 2.4(a). The d c. voltage wave form of an’ 1nvertef o
is shown in Figure 2.4(b).
The average d c. voltagé,.Vdr.and d.c. cﬁrfént, Idf‘at the

()

rect1f1er are glven by

e 372 BT
vdr = = E Cosa - F@LrIdf : ,271
1, = '—/Z—E-\?--{Cosa - Cos (a+y)} o | 2.2
dr 2wl T - o e

Where E, is the line to line r.m.s, voltage of the rectifier
tpgﬂ;former secondary at no load. '

L. is the commutation inductance for the rectifier circuit.
o 1is the rectifier firing deléy angle,
'y is the commutation angle for the rect1f1er current

The power factor at. 2 rectifier transformer pr1mary is glven by

by(G)
Cos ¢, = gﬁ'cﬂz;-t gﬁ?gg;%% S o f 2.3.
‘Where
T(u;fj'= 1__31nY-{2 + Cos (20+y) } - 1{1 + 2Cosa Cos(a+y)}

{Cosa - Cos(a+y)}‘

: N

The‘avefage d.c. voltage, V

i at the .
(6) '

and d.c. current, Li;
: ‘ 1

1nverter are given by



_-'Figure 2.3 A functional representation ofa bridgé connected' conver_ior'. ‘
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2.4b

v . 3/2 3 :
vdi = ———-E CosB + —wL Id .2'43
Y 3

V_Vdi = ———-E Cosﬁ - me Id
I,. = “2 (C s§ - CosB) S ' 2.8

di ~ 2wLj
ﬁhere Ei is the line to line r.m.s. voliage'of the inverter
: transformer secondary at no load.
Lil1s the c0mmutat10n inductance forlthe inverter c1rco1t
B is the inverter firing advance angle
6: is the de10n1zat10n margln angle at the inverter.
The power factor at an inverter ‘transformer pr1mary is

glven by (6]

3 Cosé + Cos(S+y)
2n V{1 - 3‘?(6,_7_) }

Cos $; = 2.6

- Where

'?(G-Yj_— i SlnY{Z 4 Cos(26+y)} - Y{l + 2 CoséCos(8+y)} .
T ) {C056 - Cos(&+y)}*
" The fundamental frequenc§‘ohrrents at a cthertor-a.c..busr
~ lag the fundamenfal'frequency voltages due to‘vaife firing delays and.
.finite commutafion oimes A convertor, theéefore, absorbs reactive
power. An 1ncrease in the firing delay at the rect1f1er or delonlzatlon'
ﬁargin at_the'lnverte: increases the reactive power requlrements. |

T



‘ ‘_11_

B .Figuxl-e 2.4 Three phase bridge ..con'nécted_ convertor output waveforms
' (a) Rectifier d.c. voltage Vg4,; direct, valve and phase
currents. (b) Inverter d.c. voltage V,;. :
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2.2.1 fqui&alent cireui{‘representation'
_ The equivalent circuits fquconverfer operating chefacteristits

derived from equafions 2.1 end 2.4 are shown in‘Figure‘z 6? The

terms §;E-ErCosa and éég-E CosB represent source voltages in the.‘
equivalent circuits. The ser;es re51stances‘of %er and ;wLi ohm;c'
values produce voitage drops representing the.finite commutation effects.
The voltage.SOurees of Figure'2.6 can be regulated either by eontroiling
the a.c. supply voltages Er and E, or by controlling the firing delay
engle a at the rectifier and the firing'advance angle B at the invertei;
- " A d.e. syetem is pperate& at minimﬁm'deioniiation‘margin'at the
inverteffand Small fi?ing delay atltheArectifier to keep the line‘losses
and reactive power requirements to a minimum. The convertor a.c. voltegee .
.are controlled by automatic tap changing deviees such that the d.c. line
operates at near nominal voltage and‘the éectifier bperafes wiih five
{ to fifteen degrees valve firing delay. The mercury arc. valves are
sensitive to overcurrents. The line current is malntalned at a d351red
value by controllihg the're?tifierid,c; vqltage. The charécteristics of.

a convertor provided with a constant current controller is shown

~in Figure 2.5. ‘Vd' ’fCoﬁstant firing delay
3/2 E Cosa_ | .
Rectifier Increa51eg firing de}ay |
} Y= Constant current
°t
Inverter x Decreasing firing advai)ce \ '
-.i?l-ECOSGO-.___._----- 1 . ‘

' - : ' Constant_extinction angle

Flgure 2.5 The charatterlstlcs of a convertor equlpped w1th a
< constant current controller. '
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- Figure ._2.6 thivalent circuits representing - (a) reclifier

. ond (b) 'iriverter_ performances.
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The rectlfler normally operates in the constant current reglon and

the 1nverter in the constant extinction angle region as shown in

Flgure 2. 7
i vy
ééz-ﬁ Cos o | 7 | ,
5/ . ' y, Operating condition

———-E Cos 6 e e == -

Constant extinction angle
characteristic of inverter

« Constant current characteristic
of rectifier

o , I -
o RLEA —]

d
'rk—ldm-.l R

_Figuré 2.%' Operating‘cﬁaracteristics 6f a d.c.‘interconnection;r
-A_constant current éontroller.is also.provided af the inverter to
avoid running down of the d.c. link in case of (i) low a.c. éystem
voltage at the rectifier an& (ii) high,a.c;igystem'foltage ét
the inverter. | |
2.3 ‘Conye;tor‘Analysis ——}bynamiCVOPerafion '

. The charécteristigs éf contfoilérs, frotective devices and
systém parémeters determinerthe dynamic,Béhaviour of a dfc..link.
AC-DC composite System_perfdrmance'during a distﬁrbance:ﬁroduCed by
a.c. system faults has been repofted earlier.(5’16517’1gf21) These
| studieé.are.baséd.on major changes in the.systém operating conditions
- and parameters. The performance of d c. systems followlng small |
| T-18)  pyen  F

dlsturbances has also recelved attentlon Even



‘'small fluctuations of load or a.c. supply voltages‘cause variations

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

currents. The small signal equations for rectifier and inverter.

- voltages derived from equatipns 2.1 and 2.4 are given by:

_ B N 3 | |
_Avdr = {-——~ Cos ao}AEr-{—;—BrSmao} Ao-—wl AT dr 2.7
&y, = {i'/ic s } 8B, {5‘/—25 ;Sin, }AB+—wL (AT, 2.8

Where A represents the small deviation and the subscript o denctes
the initial value of the associated variable.

~ The d.c. current 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 receiving end system base load is

allocated to the d.c. line. The frequency ratio controller allocates

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

'2.4.1. Constant current control ' 7 -

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 constant extinction angle control. Two basic methods are used to



achieve this control characteristic:
' (i) Individual phﬁsé or-consgcutive grid control.
(ii) Equidistant firing control.
Iggl!£g9al phase control -
The operatlon of this controller 1slbased on equatlon 2 5

whlch is of the form

/2 E CosB = /2E Cos§ - 2wLId 2.9

A time varylng voltage is obtalned by subst1tut1ng(180 - wt)

for B in this equatlon

e = -2 E Cos wt - 2 E Cos§ + 2uLl, 2.10 .

This vditage is ZEeTO wﬁen..(isofmt)‘eQuaIS' thé.ftriﬁg;advapgg;angle p fot
a ;pecified‘deionization mgrgin angle &, and d.c. iine current Id‘

Six control cifcuits, one fdr‘each valve, based on this concept ére

used to achieve constaﬁt extiﬂction angle control of thé inverter. An
additional 51gna1 V a the ampllfled difference of the de51red current .
- and the line current, is used‘to aghleve the rectlflerlcqnstant current
charactériétic-baSed.on‘the fdliowing equatibns: |

Ve =6 (I - Iy - B 2

e = -2 E Cos'mt‘— V2 E Cosé,, +.szId V. . 2.12
Where G is the transfer function of the current error amplifier.
Equations 2,10 and 2:12 are similar. The d.c. curfent settings at the

rectifier and inverter are the same. -A margin_current'signal is provided
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" at the inverter in addltlon to the desired current setting., (22 25)

The net current settlng at the inverter is thus smaller than the llne
chrrent The following operatlng-requlrements for the constant‘
current controller are thus established:

=0 ; convertor should operate in constant

(1) 1, <1
- extinction angle control mode.

ds. d? vcc

ii) I, > I, ; V__.is finite; convertor should operate in constant
ds — °d cc P
current control mode.

A schematic block diagram to achieve_fhis control mode is shown in
Figure 2.8

Y2 E Sin wt

i

(Ids-rd) © Y2 E Sin wt
| ~— §
Regulator :
u © -/2 E Cos wt

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

Pulse -
. generator

-/2 E Cosé
c

Equidistant firing control
DO PR nhe FRRVIDAL

" 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 small harmonlc contents in the a.c.

| voltages.( 28-31 )

In addltlon to the normal (6k * 1)th current
harmonics in the a.c. system, abnormal harmonics of other orders may
also be experiencéd due to unbalanced a.c. line voltages and convertor

firing angle asymmetries. The abnormal harmonics are further

‘amplified due to controller feedback action.
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Equidistént firiﬁgAcoﬁtrql provides-symmetficai‘firing of the
valves and the;efore, practiéally AO‘abnormgl harmonics are expeiienced;(zsi
‘The pulse fepetifion frequencies.aré difectly pioportiohal to the
control signais dérived from the rectifier constaﬂt current controller
and fhe inverter minimum deionization margin angle controller. Under .
normal operation, pulée repetition freqﬁency is six times the a.c.
system frequency. Ablock:diagrémof this controilér is»showﬁ in
Figure 2.9. A further improvement consists of linearizing the current
control signal at the rectifier for faster controller responée}(zg) A
*predictiVe type controlier is used to provide’enougﬁ deionization
margin -for inverter opérafion'albng with the modified eduidistént
firing - controller for feétifier operation. |

2.4.2 Constant power contrOI-

.

The cdnstant‘cufrent céﬁtrol does not mdinfain transmitfed
powef during'é.c.~system voltége f;uctuations; A‘constant‘pﬁwer'controiler
defermines the desired curfenf‘setting which is cdntinuougly updatéd;(ls)
VThe'mercu?y arc falves are-§ensitiyg to.overcurrent; 'Thé desired current
is ihversely,pr0por£iohal to the &.c. voltage for any power setting and
therefore an upper limit on the current settingfis inéluded; éonstant

extinction angle and cénstan;fcurreﬁf.céntrqls ae5cribed iﬁ

section 2.3.1 are iﬂéludéd.to-maintain the de;ired d.c. voltage and
- _current levels in the system. . | o
2.4.3 Automatic frequency ratio control

'The,automatic-fréquency ratio control device provided in.
:conjunction with automatic frequeﬁcyAcontrollersrof the interconnected

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

B



1

411

Bridge connected

converior
Cz
] L
14 :

+— Oscillator

— & measuring | Vez
circult one Ves
v per valve L
_ ry N
S5 ™.
-]

, —%: o Six slage

. ring counter

Figure 2.9° A -schembfic 'diogrbm of an equidistant firing

~controb

Firing pulses
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‘time. (26, 27) A simplified block-diegrem of an automatic.frequencx

ratio controller is shown in Flgure 2.10. The frequency ratio deviation
© AF of two a.c. systems computed by the frequency detectors is

_ given by

o ey B 215
v f i 7F. : ‘ . ,
TO
Where k is the sensitivity  of the frequency detector

r and i1 denote quantities associated with the rectifier
- and inverter a.c. systems respectively.

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

line power setting is changed by-APd which is ‘given-by

AL Af;
APy = A(ky =2 - k —1)
d LI Tia 2.14
A.C. System . Rectifier Pd Inverter AlC. SYstem
N Jh'_ /L -M" ! ‘ "‘IQ" W_M ‘ :
’ | N
i o B
w1 AFRC  po—- ' . ‘ :
5T, | Y PR
fro fio

Flgure 2.10 A simplified block diagram of an automatlc frequency
" ratio controller.

Tnis power flow change improves'the a.c. system freqeeney damping

characteristics,
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2.5 -D.C. Transmission Line

'Afransmiséionlliné is a distributed'paramétef systém and
its.performance is usuaily examined in the fofm of voltage and current
travelling waves. 32) The representatlon of a transm1551on line by
a number of equlvalent tee or pi sectlons leads “to reasonably accurate
‘solutions. . In d. c transmission studles a line is qu1te frequently

' represented by a 51ng1e equlvalent tee network as shown in F1gure 2.11.

The parameters of this equlvalent network are glven as follows. (32} -
Ye.= (Ge f.ije) = %—-Slnh (xr/e/2 + Jw/_b)d _ ; 2.15a
Zé - (Re . j“Le}'é Zn{Cosh(rﬁclﬁ + jw/Eb)d -1}

Sinh(rvc/L + jw/ic)d

Where Z, is the characteristic impedance, filc.
d is the transmission line 1ength in miles.

r, 2 and c are resistance, inductance and capacitance per
- m11e length of the transmission line. |

G R and Le are conductance, capac1tance resistance
anﬁ 1n3uctance of the equivalent tee network elements.

Figure 2.11 Equivalent tee network‘forah.v.&.c._transmission'lina.



The rectifier

line through d.c. reactors.

S22

and inverter outputs are applied to the transmission

The small signal rectifief and invertér

~ 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 shown in Figure 2.12.

Rectifier ilnverter'
Transmission line choke
choke 3
""""_ CrTT T T T S T Y A _
3 _ X . wk.
m ok, 1 chr Lch;r| Re Le L Re ! chhi Rchi -t
=ANN —: \ : .
! f -
+ |
_ AV
-Aer(;) Avdr
]!

—— 4.4 S § ¢

Figure 2.12 DynamiC'representafion ofgH.V.D.C. transmission System7

The small signal voltage-current equations representing the system

are given by

| - Vo dAlgy . o : ‘
Aer = RlAIdr + L1 - * AVC - 2.16
‘ dAI : :
e, = szldl + Ly _(Ed.:_, - AV 2.17
W o=l s LAt )dt:“f | PR
c C, - -dx di’” ST
-Ae; = (E%E-Coé ) 8E, - (éfz-ﬁ Slna ISLLE 2.19
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Where Rl is the series comblnatlon of the rectifiexr choke
resistance, 3—t1mes the commutation reactance and -

.the equ1va1ent 11ne Tesistance.

‘R, 1is the series comblnatlon of the invérter choke

- T resistance, 3~t1mes the commutation reactance and

the equlvalent line re31stance.

L, is the series combination of the rectifier d.c.

yeactor inductance and the equivalent 1nductance

of the line.

" L. is the series combination of the inverter d.c.

reactor inductance and the equivalent 1nductance
of the line. . - BN

" The rectifler and-1nverter,voitages depend on the a.c. ﬁystem
foltagéé and §alve firing anglesf ,Tﬁe firing angles in turn depend on.
-the dynamic behaviour of the controllers.. The réﬁtifier and_inVefter
voltage changes éiven by equations 2.19 and 2,20 weremodified to inclﬁde
~ the effect of controllers for. the sYstém studies réported in this
" thesis. | -
| .A general historicalibackground of tﬁé developmént of h.v.d.c.
'fsystems'has been described.. The stéadyﬁstate and dynamic operation of
convertors has been discussed. The small Signa; deviations approach
introduced in-this chaptef will be'subseqﬁeptly uéed in thé stability

studieé of the d.c. systems.-'
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'3, H.V.D.C. SIMULATOR - COMMISSIONING AND TRANSFER .

FUNCTION IDENTIFICATION

_The pefformancglof a system can bé.predicted from'digital

or anaiog'studies. 'Mdst‘digit51 studies consist of obtaining a solution
of system performahce equation# by direct an&/or,iterative techniques.
Analog studies may use a mathematical model or an éctual systeﬁ model
comprisedrof small size systém equipment and écaled'system parameters.

A h.v.d.c. siﬁulator and an I.B.M. 360/50 digital computer have been
used for the d.c. transﬁiésion system.studies included in this.thesis.
The working of the h.v.d.c. simulator components is briefly described.
“The simulator transfeirfunctiOn was developéd rahd is réportéd in this

" chapter.

3.1 H.V.D.C. Simulator

The h.Q.d.cf simulatorfused for this work was purchésed'from
-M/S Robinson and Pértnef, Lohdon, England by means of a N.R.C. gréﬁt.
The simulator has all the eéééntia% features of an actual h.v.d{cf
- transmission scheme and.hasra d.c. nominal rating df 100 volts and :
l‘ampere. It consists of back-to-back connected 3—§hase bridge conyertors,‘
a transmission line, tWo'smdothing reactors, protective and éontrol
circuits and a d;c.'supply uﬁif.  The transiétorised_controlrcirbuité
provide the individual phase control described iﬁ section 2.3.1¢V-The
najor cdmponents éf this simulat&r as listed in Table 3.1 aré-briefly

described in this chaptér,
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Table 3.1 Major components of the h.v.d.c. simulator

" Name of the component ‘. Quantity - sets
Convert&r units B -l 2 ’
Transmission 1ine.units : . : 2

| Manual control units ‘ j 2
Protection unitér . ' B | 2
Fau}t simﬁlatbr.ﬁnit - - : 1
D.C. power supply unit | . | , 1

- 3.1.1 Convertor unpits:
Each convertor unit:consists of seven thyrisfors formigg a .
three phase bridge convertor-with a bypasé valve. The negéssary R-C
damping Ciréuits are provided across each thyristor to suppréss'high
frequency oscillations. ‘Three,single_phasé, three winding, 230/130/85
' 'volys transformers provide a.c. supply fo the convertors. The transformer
priﬁﬁry and tertiary windings are Wye_and delta connected reSpectivély.
The transformer secondary windings have six taps and can be wye or -
‘delta connected for 85 volté nominal output. A dfc. current traﬁsformer
is provided in eachﬁconvertor anode terminal. .Threé gingle pﬁasé
| tranéfofmers provide six phase oﬁtput for manual and automafié control

circuits.
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S 3.1.2 leanSmission line
. Each transmissjon line unit consists of twenty pi sectione.
Bach pi section can be used to simulate an overhead or a cable
transmission line by suitable_element combinations.r-fhe rating of
E the pi sections elements provided are listed in Table 3.2. Tﬁe

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

Table 3.2 Ratings of each pi section elements.

Elements Overhead line ! Cable

Series branch 0.5 ohm R

R = = 0.25 ohm
L= SmH L=25 mH
Each shunt branch C = = 1,022 uF

0.022 yF ¢

3.1.3. Manual control unit

The manual control unit of each‘convertor includes a phase
shifting:device and six firing pulse circuits which are used‘for manual
as_weil'as autoﬁatic control. A reduced three phase voltage is appiied
to the phase shifting device which provides a phase controlled outpot.
A phase-angle'controlied six phase supply is obfained from tﬁree single
‘poaee tfansformets'exeited'by the synchro output. Tﬁe coﬁvertor bridge
valves are fired at the synchro output voltage ooeifive going Zero
cr0551ng detected by a Schm1tt level detector. The firing delays ere
controlled by adjusting the synchro output phase angles w1th respect

‘to the-a.c system voltages
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A schematic diegram of-the'manuallcontrol artangement'is showe in
‘Figure 3.1. | | ‘
3.1.4 Autometic control unit -

| The simulator uses individual phase control discussed in
section 241 for:operetion in the automatic mode. The system consists of
_six consteﬁt extinction angle (c.e.a.).oontrol circuits-and a constant
current controller for each convertor. Each valve is independently
Vconttolled and its‘firing instant‘is computed every cycle. The
c.e.a. control uses the.iotegration of commutation voltage to determine
the required firing instaht : A block dlagram of the arrangement is
shown in Figufe 3.2. The control circuit voltage -Y¥2 E sin wt
proportlonal to one of the six commutatlon voltages is 1ntegrated by
an operational ampllfler 1ntegrator. A Schmitt level detector 'A? ::
detects the zeros of control circuit voitage. A pulse operates e.clemping ‘
circuit at the pQSitiVErgoiog zero of the control circuit voltage for the

minimum dionization time-a . The c1rcu1t discharges the 1ntegrator and

clamps the output to ground for the'mlnlmum delonlzatlon tlme. The

L
v

1ntegrator output is, therefore, glven by.

- J ~V2E sin wt dot = -/2 E cos wt - V2 E cosé _.
-n+8 ' : ' '
C

A signal proportional to 2wLI; is obtained from a potentiometer connected
to the d.c. 3current transformer output. Thls signal and the 1ntegrator

output are added at a summlng Junct1on to obtain the time varylng voltage

e of equatlon 2.10 reproduced here
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€= -/2E Cos ut - /2 E Cos 8_ + ZwLId 3.1

The cénvertor‘vélvé-is fired'ﬁhen fhe time:varying voltage'e passes "
throughAa'pogitive gding zero. An individual control for each of'the.

: gix-bridge thyristors.is pfbvided for.invérter constant ex;inction :

angle control. The difference Bétween the d.c. cufrent transforméruoutput
proportional to.Ids isiamblifie& by the cpnstant current control |
operational ampiifier éircuii to obtain the voltage signai Vcc. Thisr

dutput is pfovided for I 3~Id and is also applied to the summing .

ds
'juhction described above to reduce the firing delay for the rectifier
operétion. The diode D1 as shQWn in Figure 3.3 clamps the amplifier
outpu; if Ids.is lesé_thaﬁ L and the convertor operates iﬁ the constant
extinction angle mode. The time varying volfage e can be positive at all
times if vcc is too largg.' No fifing ﬁulses will be provided’ﬁnder these
lciréumstances.' To avoid fhis fofm of convertor failure, a negative

. bulse of width 5.electrical degrees is added:to the c.e.a. output at-;hé s
' negafive Qeak aé'shoﬂn in ﬁigure 3.4. This'négative pulsé_is ﬁrovided
by'fhe clamping ciféuit of tﬁe'c.e.a. contr§1 circuit of the other
thyristor in the éame‘érm of the bridge as shown in Figure 3.5.

3.1.5 Proteétion unit;‘

. Abﬁorﬁél operating conditions su;ﬁ as ovérpurrent,'commﬁtation
féilure and‘back-fire can damage the convertor fﬁlvés. The protection unit .
detects these fauits and initiates the convertor blocking éiréuit'ﬁhiéh
skitchés off the valve firing pulses and provides ; dgblocking-puise'to '
the bypass Vé;Qé. The:d;c} syéteﬁ can be manually resef following the -

~ blocking of a bridge.
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3.1.6 Fault simulator uni.t- ‘
~ .The failure to fire,rfiré through orlback fire éingle cdnfingeﬁcy

fault can be simulated on either of the convertor units. The initiation,
- fault delay and duration of fhese faults can be controlled. The failure‘i
to fire; fire through or back fire fauits are simuiated by valve selection,
iniﬁiafibn and biasing circuits. |

The simulétor_was found inoperative when initially started: The
causes of improper functioning and the rémediai measures adopted are-.
reported in Appendix Iv. VThe parémeters of the convertor transformers,
d.c. current transformers and control circuit input/outﬁut vere established as
reportéd in Appendix.IV. .These'settings were uéed to determine the |
6pérating point in the syétem‘identification. .
'3.2: The Simulatoi Transfer-Functiﬁh Identification

The transfer function of a system can be evaluated using a direct or
an indirect approach. The direc; approach pomputeé the.tranéfer function .
" from the known dynamics and parameters of tﬁe system elements. If thé
. dynamics and parﬁmeters of the system coﬁponeﬁts‘aré nét known completely .
from design information of gaﬁqot be séparately.evaluated, indirectrmetﬁods
are uéed'to obtain the transfer function. Bode‘s‘decomposition or Levy's"

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

HEZy (33)

determine and the Simoiu technique if the transient response is known.

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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’-3.2Z1 Convertéf bridge‘traﬁsfer function -

A convertor bridge is:a noniinear swiﬁchiﬁg device'and requi;és
different describing functions for differént operating conditions. In
high yolﬁagé d.c. transmigsion syétem.studies it is reasonable to- assume
that the convertor output isrequal to its average_vﬁltage_output.(7)

The rectifier and inverter performance can, therefore, be represented

by equations 2.7 and 2.8 which are'reprbduced here.

A = be - A ' - : '
Vg = Py - LA o , 32
he_ = (:”—"— Cosa,) A, - (3"2 . Sina) 8g 3.3
Avdi = bei + -_?TwLi AIdi | : . ) ' 3.4
de, = 5‘/2 COSB ) 4E; - (§QB SlnB ) 8 | 3.5

The block dlagrams and transfer functions representlng the small s1gna1

equatlons 3.3 and 3.5 are shown in Flgure 3. 7
v

e | 3 N Y _
AEI‘ —“— COS Oto _ S '—“_—— Cos BO _.___AEi
.|. : lAe. BN
2o ..@1_ .
R o 32 .
Au.—ﬂ-' TE S:ma _ - TEi Smﬂo--—AB
@ . m

Figure 3.7 ‘Transfer functions of (a) rectifier and (b) inverter
' bridges for zero commutation reactance.
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The commutation reaétahée'drop is simulated as a resiétance in series
with-thé trénsmissién line. “ | |
3.2.2 Inverter firing control

The‘inyerter firing advance ang1§ g for a.valve is determined,'

by the c.e.a. control .c-i_hrcuit simulating the equation-

1

K (V2 B, CosB - /2 B, Cosd_ + 2ull,.) = 0 3.6

The smallrsignal equation at an operating point is given by

_‘/2 (CosB_ - Coss ). AE, -(fbﬁislnsol-ns + 20l ALy, = 0 3.7

‘Where the subscript o denotes the values at the operating point.‘
The firing advance angle change AR due to d.c. curreht_and a.c. voltage

changes is given by

1 {/2(CosB -Cos8 ) AE, +(2uL.)AL,.} | |
ag - V2E_Sing °c e 1 i777di 3.8

The block diagram and transfer functions for inverter firing control are

. shown in Figure 3. 8., )

8B, ~—— (2(C05807C056c)

Y4 1

Cﬁb——4- 77 E. Sing F— 28
' i 0 .

IR

.di-———-b- . _ZwLi

Figure 3.8 Transfer functions of inverter firing‘control.



 3.2.3 Rectifier firing control
'The'fectifiér firing is controlled by c.e.af;.commutation
reactaﬁée'drop compensation én&lconstaht'curréﬁt controller circufts;
A rgétifier.valvé is fired when the voltage éﬁ-the'summatioﬁ'junction _;l
of Figure 3.2 is zero and is ingreasingp At this instant the following' i
equation is,ﬁatisfied‘ |
i
K

. . V ) . .-. N 1 ) ‘. - - ) -
2(“/2F.rCosa - /2Erc9$sc + 2er1er + f;vcc =0 o 3.9

The small'signalkéquation at the operafing_point is given by

/2 g V2 . 2w5 1,6 _a _
-K;{Qqs§o+0036c] AEr+(E;Er81n§O) Ac (; K ) AIdrtE;ﬂvcc-O, 3.10

The constant current controller 0ﬁtput vcc is given by

1 e ' ' S
vcc_% ﬁ;ﬁ; f(Ids signal - d.c.c.t: output] dt | . 3.11

- in‘Laplacé domain
vl w1 -k1) o EERT RV
cc RCS “cids cdr - . ) T
aa : ‘ - -
Wyerquc=4.4! Ra=15k R Ca=6-7,uF.‘

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

y o R RS

o % =
Wee = RaCaS[AIds - Als,
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* The rectifier firing delay angle change Aa due to small changes in the
set’d.c.Apurrenf and a.c¢. voltage obtained from equation 3.10 is
given by

A

= - _JL_,_;__ = . . F{ . | ‘ EZ.
¢ 7 VI Sin o { JZ(C°5“Q*C°55¢).AEr +(2er)§Idr+(Kﬁ)AVcc} 3.14

The block diagram and transfér functions for rectifier firing control

obtained from equations 3.13 and 3.14 are shown in Figure 3.9 .

'_AEr * f?(Cosao+Cosﬂb

, ' - e 1 I
Moz 2ol [ g [
. : o ) T o .
81 e
ds- . KpRaCas

Figure 3.9 Transfer funétions of reétifier'firing control.

3.2.4  Transmission line . | |
| An eduivalent tee're;resentation of the traﬁsmissibﬁ iine,

d.c. reactbrs and equiValent resistancé representiﬁg the commutation -

~voltage drop is showﬁ‘in Figuré 2.12. The small signal equatioﬁs fbr

this element are given by

R 1. . 1, - e
Ae_ = (Ry * sL, f‘Egi ALy -.(Egalbxdi_ o . 3-15
fe. = (A3 A1, - R, « L, is lyar, o 3.6
S Cs’ “dr Y72 2 . Cs di . T

1
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The d;c. current changes obtained ffdﬁ equations 3.15 and 3.16 can.

be expressed in matrix form as follows:

P I TS G12(s) for
| I I S I _ 3.17
AT G, (s) G,,(s) e,
. - e - - -
2 _2... 1 5
(s + + E—EJ
Where Gll{s} = L2 2
| -D(S)
- - s3s2RL L Ray i Rl Ryl 1R
D(s) 545 (Ll + LZ)*S(L ‘2*L1c ch) (Ll L,C L L1C)
, “(L:Léc )
620 = 5
1
_ L11,C

6,180 = =5

1 R 1
- —-—..[52+ _1_5 + ___.._.]
. Ly ¢ Ly L;C
Gppls) = T

The block dlagram and transfer functlons for the transm1551on line and
~ the cummutatlon reactance drop obtalned from equatlon 3.17 is shown

in Figure 3.10.
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Figure 3.10 Transfer functions of the transmission line.

A complete block diagram and the transfer functions of the simulator

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

of the state space analysis in Chapter 4,

The simulator components and their funcfions, 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 pojnt established

in this chapter can be used for system analysis and controller synthesis.
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4. SYSTEM ANALYSIS

_Two basic'system anelysis techniques vie classical and modern
‘are used in Control Engineering.($4)l Second and higher order |
- differential equation representations, poles and zeros end frequency‘
response constitute-the‘classitalrapﬁroach. In this techoique the
'4controllet design and opttmization is based on Bode's, Nyquist'qr
Root Locus plots. It does not provide a time domain soidtidn but oely
indicates whether tﬁelsystem is stable or unstable. Moreover it is not
. convenient for fifth ot higher order system studies. The first order
differeotial equation representation.called the state space techniqﬁe and
Hamilton's principle are used for syStem stodies, controller'design and
optimieation in the modern appfoach Thls technlque provides a tlme domain
solutlon of the system dynamlc equatlons H.V.D.C. system stablllty
. studies u51ng Nyqulst plots have been reported in the past. (- 13} The
t performance of a hypothetlcal high voltage d.c. system 1ntercoonect1ng
an isolated generator to an 1nf1n1te bus has been investigated u51ng the
state space technique. (14, 15)l The state equations descrlblng the h.v. d.c.
simulator dynamics are formulated from the transfer functions developed
in Chapter 3. A digital computer progranm including the‘controller non-
linearities wasdeve;oped aod used for system stability studies. Simulator
tests are included to‘confirm the digital model end stability studies.
4 1 State Space Theory | | | |

A set of first order differential equatlons are obtained by a
(34-37)

: transformation of the system dynamic equations. 1f a system



is described by an nth order differential equation
x(n),= fx, %, %, cou. , x(-1) su gy t)y 4.1
_ - Where u is the forcing function
x is the system variable
't denotes time
and ° denotes the first derivative

then new variables x

1,‘32, ceee iﬁ are descfibe@ such thaf
X4 =.x(oj=.x
X, = x 1) = X% = X
Xg = *(2) =X = iz-,
X, = xtﬁ_l) = }n—l _4;2
Using ééuaﬁion 4.2 x(n) is-expressed as
‘¥(n)-é'f{x1{ xz;-#sgl.;;.{',lxn.; u t)_ | ‘, ' . 4;3 1‘1

Bquations 4.2 and 4.3 provide n first order differential equatibné.

- Usually a-system has more than one input and output . The state space



43 .

lequations of an nth order system with r inputs and m outputs are.

given by

u, - o .
2 —-;-'.-—--.-xl, xz,...._.., xn—u-:f-.-yz
o States .
ur = e Ym
INPUTS  SYSTEM . OUTPUTS

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

ii fi(xl, Xys enens 5 X 3 Uy, uz; cires 5 u_3t) | 4.4

]

Where i 1, 2, ..... , N

Xgs xz,'.....-, xﬁ‘are state variables.

Ugs Uy, cvnne y Uy areithe forcing functions.

The output variables Yis Yoo seves s ¥y 2re expreséed'by
. Voo | |
yj = gj(xlf X95 "f“-*'xn; ug, Ugy eeerr s u, s t) 4.5
Where j =1, 2, ..... s, M ; m<n,

‘ Tﬁe.state space eqﬁatiohsr4.4 and-4.5 are ekﬁressed'in matrix'form..
as fqllows _ , i -
CERIEEE s
o [y].f [C]:[x]'+ [D] [u] | S l- I
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Where [ x] ﬁxl_ state {zectpr
()
(2]

el

[v]- mx outpﬁt vector =

B

nxn state coefficient matrix

nxr forcing function coefficient matrix

.

]

rxl forcing function vector

[c] ~ mxn state-output coefficient matrix
[P] - 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 ﬁ‘poles.andr
"n zeros instead of high order differential equations.
K(asm+a sm-1+. + a
-V(s) _ m-1 T 1
G(S) ON (b.s" + b_ 1y + b, s+1)
| Ppag® Tty

s+1)‘
' - 4.8

n

K

Where K is the system gain :
V(s] and U(s) represent system output and 1nput
s is the Laplace 0perator.
Rearranging equation 4.8 and dividing by s, the following.eQuaéioﬁ is

obtained

b V(s) . —(b V(s) b+ H(BV(S) - KaU(s)ve( (b, V(s)Kay U(S))

| %(...,4 %((bIV(s) - Ka,U(s)) + %’(V(s) - KU(s))) ...) =0 4.9
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If‘xl, xz, Xgs ovonn 5 X new variables are defined such that

n
»
faak
Fonn
w0
Nt
I

= V(s) - K U(s) f_;

w
S

[\ ]
~
W
-
1l

b, V(s) - K 2 p(sj'+ xicg)

- 4.10 .

s xn(s) = bn 1 V(s) + x 1(s) s
equation 4.9 reduces to the form
| an(s) = -xn(s) | |
, - 4,11

V(s) = - 1 xn(s)
n

i

The time domain equations are obtained from equation 4.10 by substituting

for V(s) from equation 4.11.

o1
X, (t) - fs;-xn(t) - K U(t)
. . . b E
Xy(t) = xy(t) - Ei-xn(t) - K a; U(t)
%.(t) =x,(t) - b2 4 (t) - K a U(tj
3 - 2% | bn “n _ 2 v
..'l. = ..‘E-ll:l_ |
,xn(t) X 1(t) b xn(t) 7_4.12
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Equation 4.12 iS coﬁveniently expiessed in the matrix form _
- m[x] Bl s
Where g ecerr X T
[ ] [ 1 B rJ

—
>
—
n
=t
o
. ‘ c ‘ ‘.
o
L]
=72
o
ot

0 1 0 ..... 0 '—%1 az
b, :
R EEEYE) n. RN . . am
. . L » L IR ) + P & 4 B ¥ S 4 A e 8 - * 0
0 0 0 ..... 1 -Eg:l 0
n

These equations can be used for : 31ng1e input and 51ng1e output system
-dyn;mic studies, The h.v. d c transmlss1on schemes and the 51mulator
are multi-input, multi-output systems and therefore multivariable state
.space representatlon of equatlons 4.6 and 4.7 has been used in thls the31s;
'.In the claSS}cal approgphjroots of the |A - AI] = 0‘character15t1c
équation‘called gigenﬁalqes détermin;-the'stability,ofla system. The
-syétgm is stable if the reélrparts of all eigenﬁéiues are negative. ‘The
damping ratio and:tﬂe @amfiﬁg factor also known as the figures of merit
indicéte the relative stability. Percéntage overshoot;.rise.time and

" settling time indicate the stability criteria in time domain.
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4.2 Mathematiéal'Model of tﬁe H.V.D.C. Simulator

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

and by the block diagfam of Figure 3;16. The small signal equations

4.14 to 4.1?'describing the simulator dynamic performancé are obtained

from this model.

f(Rl - ﬁerJ

dAal K
dr _ -1 : 3 2 1.
Tat L Algr =TT 8V * (w.i_'ffa
, 1 S p 1
3/2
-('—“i COSGC) AEI’
1
dAT,. -(R, - SuL.). - -
di _ 772 w1y (320006 ) aE,
dt L di L, ¢ L c i
S 2 2 V2
e | Lar, Sl
dt € "dr C "7di
aAV¢ o
Tt - Kby + KK, A4,

A

Where K, is the gainlof the amplifier = 1/RaCy.
Adenotes a small change in the associated quantity.

V'Def1n1ng qur’ AIdi’ AVC and &Vcc as~the four system state varlaples

Xy5 xé; xs,and X4 respectively equations 4.14 through 4.17 are.

expressed as

4.14

4.15

4,16

4.17.



._148_ )

% Ry-gob) . o 1 3 K& ©Xy
Ll ' _ L, L] ‘Kp ~
. o “Rym )y 0 x,
2 L L
2 2
. 1 1 -
xs . "C‘ "E 0. 0 Xsr
’24 —KcKa ‘ _ o 0 o 0 o X,
Jd - o N
3v2 1 - S
-(—- L 0s§ ) 0. | 0 AE
. _.(3:2. Qoss ) 0 AE
+ L2
0 0 0 Ay,
b -l
_ 0 . _“ ° - ' _KcKa' N . 418

' Eqﬁatioﬁ 4.18 deséribes thé d c. 51ﬁu1ator state space model used for
stablllty ana1y51s reported in th15 chapter |
4.3 Stability Analysis I - Root Locus Technique -

R The stability of a system depends on the qéuipﬁenf pafametgrs and the
chntrolier.éettings. The equipment parameteré of a d.c. transmission
system are chosen coﬁsidering transmiséion capability requirements in
‘.addition.td its dynamic stability. In.the h v.d.c. simulator, the constant
current controller gain can be convenlently varled | The elgenvalueé

of the 51mu1ator characterlstlc equation for dlfferent values of the



' aoplifierlgain‘were calculated using:the I.B.MT'Scientific Subroutine
Progreme HSBG and ATEIG. Sobroutiﬁe HSBG transforms the stace coefficienc
‘matrix A to an almost triangloiar matrix Al using the Heesenberg
similarity transformetioh method. .The modified characteristic equatiOn
lA -AI! 0 is then solved for the elgenvalues by the ATEIG subroutlne

The root locus plot for 1ncrea51ng amplifier gain is shown in Flgure 4.2,
It is noticed that roots 1 and 2 are complex conjugates and move slowly
as the ampiifier gain K' 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 negative for K 3.2 and complex
conjugates'for higher gains. These Toots show a marked change w1th
fincreased gaiﬁ.fof.KaA> Sozlmove almost vertical}y at a rate faster
~ than that of‘roots 1 and 2. Therefore the system reépdnse largely ‘
oepeods on these dominant roocs. The amplifier gain for a 0.707 dampiog
refio as calculated from the root locus plot is 7.5. The current
ampiifief saturaces if 7.5 gaiﬁ is used as its output ovecshoots the
permissible limit befoce the d.c. line current increases to the set value.
_The amplifier feedbeck gain is adjusted.to orovide a gainlof 10 which
cofresponds to a 0f495‘damping ratio and allowe successful simuletor :
'lstartlng | |
4.4 Stab111ty Ana1y51s II - State Space Technlque

The simulator dynam1c performance equations are obtalned
by substltutlng the system parameters in equatlon 4.18 and are as.

follows:
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X4 -23.98975 0 I -1.29870 :103,20797 xlj
x| |o . -23.98975 1.20870 0 x;
I ‘ '5 o 5 | T lt
X, | |5.68181 x 10° = -5.68181 x 10 o 0 3|
%y | |-7ssa00 o - 0 0 ] *a
| -1.72750 - 0 0 AE_
o 172750 0 | o8,
0. : 0 -17.8640 4.19

i SRR o , —

. The simulato¥.d.c.rline—current is 0.924 amps'if the inverter aﬁé reétifief
- commutation voltageéglinverter deionization margin angle and'the”rectifiér
. delaf angle are 76.5 voité;;76.5‘volts,'10 and 15'eléctrica1 degrees
respectively; The coﬁstant;curréntrcontrbller output and midﬁoint d.c.
transmission line Goltages are 2.5 and 80 volts respectiveiy. These
operating'values are selécted.és fhe initial conditipns‘éf the four
system states for the digital and simulator studies. The commutation
vbltages_hﬁve been_éésumed-to rémain constant.--The fourth-order
‘-Rungé-Kutta mefhod and a time ihtefval of 0.00i secwere used. to
calculate the systgﬁ re5ponse$ byrthe state space technique.

A step change of +0,04‘amps current order was applied. The
digitallyrcéicuiated d.é. 1ine current due to the curreﬁt Qrder cﬁangé
islshowﬁ in Figuré 4.3;‘ The line current settles at the new sét valﬁe

of 0.964 amps after a transient period of 0.27 secs. The rise time is



D.C. CURRENT IN AMPS.

. CURRENT CONTROLLER OUTPUT IN

VOLTS.

82

ossl ..

- 0-97

| 1 S L L ‘ ]
09250 o1 o2 03 04 05

TIME IN SECONDS.

- 2-83 |

2-5l = . . ’l‘\ -

- 2-5005

2:50 : VI ' ) 1 ] | 1 ' L
_0-0 _ o1 02 . - 03 _ 0'4_ : ‘0;5

. 'TIME IN SECONDS.

Figure 4.3 The digitally calculated d.c. line current and
~current controller output response forat0.04.
- amp. current order step. change.
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10.05 secs and approkimétely 25‘pefceht'oversh06t occurs 0.11 secs after

the step change is applied. The constant current éontrollgr output is
also plotted in Figuré 4.,3. The chanées in rectifier and inverter

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

: Figufe 4.4 and 4.5 respectively. These responses are similar to

that of tﬁe d.c. line current. The commutation reéctance drop
compensation signal is~sma11,a£d therefore therinvefter firing advance
ahélé and the invertef’&,c; volfége changes are relgtively small.

The inverter résponse time delay is‘dﬁe to ;he tfénsm@ssion‘line
tiﬁg;cohstant. The line current and reétifier and inverter d.p,voltages

recorded at the simulator for the same current order step change are

- shown in Figure 4.6. The current order change increases the constant

1

current controlier,output!voltage'which decreases the rectifier firing -
delay. This in turn increases the rectifier d.c. voltage and hence
the d.c. current. The increased d.c. current modifies the commutation

reactance drop compensation and this increases the firing advance angle.

' The inverter d.c..voltage decfeases and further ihcreases_thé d.c. line

current, When the d.c. liﬁé curfent oiershqots the set vélue'thé

above process répeéts with cohveréerchanges.r The settling-time? rise
fime and percehtage errshoot from digitallahd analog studies are showh;in |
Tébie 4.1. The system responses‘obtained fioh digital.énd analog'stu&iés

are comparable in form and magnitude.
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‘Table 4,1 Time domain performance of the simulator from digital
L and analog studies.

Digital' o Analog
Settling time L 0.27 sec | | 0.29 sec
Rise time ' | 0.05 sec N 0,055 sec.
Overshoot . | - 25% 24%
Time to overshoot 0.11 sec 0.13 sec

A sudden decrease of 1$ad in the‘iﬁVerter‘a.c. systeh will increase
its commutation voltage. A twqiﬁeréent step iﬁcrease of the inverter
commutatioﬂ voltage was considered to assess the stability of the system..
The rectifier commutétion-ﬁoltage and the d.c. line curfent‘or&er werel76.5
,voits anﬁ 0.924 ﬁmps respectively and did not change during the distu;bance.
‘The digitally calculated d.c. line cgrrent,during the disturbance is shown
iﬁ'Figure 4.7;7 The linécurrentsettles within +0.05% of the set value .
after a transient period oﬂjb.?? secs. A minimuﬁ line current of |
approximately'2.$ peréenf less than the current order was experienced
0.06 secs affer;the step:change was'applied. The constant cufren# coﬁtrqller
output is shown in Figure 4.8. - The changes in the rectifier and inverter B
d.c. voitages and firing angles during the transient are shown in |
Figures 4.9 and 4;10 respectively. The rectifié; véltagersettieﬁrat the
new value of 100.4 volts after a transient period of 0.36 secs.- The

Tise time is 0.07 secs and approximately 25% overshoot occurs 0.15 secs
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‘aftér-thé step chénge ié applied. Thé1systeﬁ performanc¢ fbf this
~ disturbance has also béen-gtudied on the h.v.d.c. simulator. The liﬁe
.Tcurrentland rgcfifier and ‘inverter d.c. voltages recorded af thé.
simulator are shbwﬁ in_Figure.4.11.' The inverter cbmmﬁtationyvoltage.
chénge increases the inverter ﬁ.c.'VOItégé'which decréases the d.c._.
line current. The decreased d.c. current modifies the commutﬁtion
reactance drop compensation decreésing the.firing advance aﬁgle} This
in turn increases the inverter d.c. voltage further decrea51ng the
current. The drop in d.c. current increases the current_error and
hence increases the constaht cﬁrrent'controller output decreasing the
rectifier firingAdelay'angle; ‘The rise in recfifief'd;c. voltage
fiﬂcreaseS‘ the d.c. current. The settling time, rige time and percenﬁagé
-overshoot for the rectifier voitége fromAdigital énd analog studies are
shown in Table 4.2. The.system respoﬁses obtained from digital and |
analog studies arercomparablé in form and magnitude.

Table 4 2 Time domaln performance ‘of the 51mu1ator from
d1g1ta1 and analog studies.

\.

- Digital Analog
Settling time . 1 0.30 secs - 0.33 secs
'Rlse t1me i - 0.07 secs . | - 0.08 secs
: Overshoot o | ‘ 25% | 28.5%

Time to overshoot g :_ 0.15 secs 0.18 secs
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Figure 4.7 The d1g1ta11y calculated d.c. line current response for'd

+2 percent inverter commutation voltage step change.
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Figure 4.8  The digitally calcuiatéd current controller output'

response fora+2 percent . inverter commutation voltage
step change.
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A flve,electricel.degfeerectiflereelaf'eﬁélefloﬁer:limic‘is'V“"
l;lprcvided in?che‘Sinelatcr. The d1g1ta1 computer program deve10ped

also 1ncludes this non-llnearlty.l The system response to a 0'06 amps‘
‘current order step change 15 also d1g1ta11y calculated and exper1menta11y
| checked The calculated d c. 11ne current for this study is shown in
Pigure 4.,12. The convertor d.c. voltages and f1r1ng angles are shown:

in Figure 4l13. The rectifier firing delay angle decreases and remains
‘constant at § electrical degrees for 0.075 secs due to high:censtant 
cucrent controller outputAVccf: The d.c. line cucrent and ‘the cenvertor:_

- voltages recorded during'the simulator'study'are sheﬁﬁ in Figure 4.14.

The digital model results compare favourably w1th those obtained from

. the 51mu1ater study.

The performancerof‘e eimulated 500 mile H.V.D.C. traﬁsmisslon line has
also been examined. The.éystem'wasesSumed‘;o be equipped with indi#idual_
phase controllers discussed in Paragraéh 2.4.1. The system parameters
are listed ln Appendik I. It is nociced that the commutation reectehce,
drob coﬁpeﬁsation positice feedeack exceeds the dampihg'effect of the
- d.c. line res1stance and the system is therefore unstable The '
commutat1on reactance drop compensatlon is not essentlal at the rect1f1er

statlon and the control system is modified accordlngly. The reactance to o
resietancelratio'of_thie.system is quice.eiffereht-froﬁ the reactance to
resistance ratio of the simulator d.c. lineL Therefore cﬁe‘eystem was

not studied experimentally. rThe aﬁalytical results are also given‘in

Appendix 1.
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. “-The s£éte space te;hniéue ﬁas_béén.used to develop a
mathematicallmodel of the h.v.d.c, simﬁlatbr. A root locus for
varying cdnﬁtant:current contrﬁliep amplifier gain has-béen calculatéd
and ploftedL ' The system tfénsient.reéponses have begn calculafed
usiné an“I.B.M. 360/50 digital‘pbmpﬁter_and have ﬁeen recorded from,thé
h.v.d.c. simulator expérimehts. Thé system fesponseé obtained from
ahalytical studies andrsimulaédr éxperiments'are similar.in form and
_mégnitude, whicﬁ estabiisheé'the validity of the mathematicalrmodel in

‘the operating range considereﬁ.'-'
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5. OPTIMAL AND'S&BOPTIMAL CONTROL OF A H.vV.D.C. SIMULATOR

~ The performaﬁce‘qeaiit} of an ﬁ.v.d,c. transmission system‘is
rjﬁdged :from:the current of power setfling time and overshoot during a
disturbance. The current or‘poeer deeiationoin the steady state should
also be smail. A.number of'techﬁiques such-es stafe;regulator,
tracking, energy minimization have been developed and‘applied to improve
‘the system performance for a specified criterioo. The optimization-mey
notrbe achieved due to the difficolties of realiiability, availebility o
of componente and‘economics.(42’43) In these techniquee a mathematicel
‘ performence criterion called the cost function.is estabiiehed and minimized
by Pontryagin's pxinciple or dynamic pfogramming to achieve-an
approx1mate1y 1dea1 pez"f.-‘ormance(39 42) |

"H.V. D.C. controllers have been de51gned 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 opt1ma1 (42) The state—regulator
',technlque was used to optlmlze the h v.d.c. simulator performance to
maintain the d.c. line current at the,ordered value. A eﬁb0ptima1
.controlier.was‘aiso.deeigned_end ueed on the simolaeor.

5.1 Optimal Control Theory' | | ‘

The optimization con31ste ‘of minimizing the cost functlon
descr1b1ng‘the system performance criterion. A feedback signal der1ved
from all the system states is provided to the controller for optimal
operation; '_The inpot vector is a null vector‘if the system:

inputs are steady. The modified system_state equations_c



AR
f_areigiven by

o Where[x(t)] - nx1 state vector
[A] nxn state coefflcieﬁt matrix
[E] - nxm control coefficient matrix
[m(tﬂ - mxl control vector;
*The state-regulator cost function J(m) is given by
PR | T, T : 3
- J(w) = 5 (x (t) Q x(t)) + (o (t} R w(t))| dt 5.2
% L : T '

Where x (t) and o (t) are transposes of x(t) and w(t)
respectlvely

- Q = nxn state penalty matrix

R - ‘mxm control weighting matrix

Equation.5.2 penalizes the lqrge,deviatipn in the system states and;high_
value.elements of the.contfoi vector more thgn tﬁe smaller values.. The

1 oﬁtimization problem is torﬁinimize the cost function éatisfying the
equality constraint of equation 5.1. -Arcogtate ﬁector p(t) similaf to
<a  Lagrange multipiier is used in‘optimalfcontrol theory:to inélude the

‘ equality constraipt} "The_Hamiitonian H based on Poﬁtryagiﬁ’s

principle is given by L .

| =

[xce] [Axm] 2

- 1T © Q x(t)) + 2(0' () R u(t)) + PT(E) (Ax(t) + Bu(t) 5.3

-1



: ;Thé_nxl'costéte‘vectof p(t) %'K x(t)
X is the nin positiv&'définite symmetric Riccati mafiix._
In addition to,éatisfying equafioﬁrs.lzand ﬁinimizing fhe cost function,
7rthe‘following.canonicai eéquations ﬁust be satisfied for optimal controll

. - (39)
of a system.

i}

k) e | 5.4

. 5.5

w . .
fj
o
o

ALY P(tJ . : i_ ' : . o 5.6
The Riccati matrix K and thefcohtrol vector w(t) are calculated from
jéquations 5.7 and 5.8.

k= -KA - AK + KER"IETK - Q S s
1T

EKx(t) - B ' . 5.8

w(t) = -R
These equations are derived from equations 5.3 through 5.6 as’ shown
in Appendix II. - The control vector w(t) is eliminated from equations

5.1 by substituting its vaiﬁe from équation 5.8. The modified state .

equa;ibns are given by'
x(t) = (A - ERTEK) x(t) N X

' Equations_S}?,represents Eigill-independent nonlinear first order
differential equations'for a nth order system. The elements of the

symmetric Riccati matrix K are used in equation 5.8 to calculate the
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control input w(t}. - The system sfability is determined by the
elgenvalues of the characterlstlc matrix (A - ER 1ETK) of the
modlfled state equat1ons. The transient response of the system

is calculated by solving equation
eren R Ton ' |
x(t) = (A - BRTIETK) x(¢)* B u(t) . 5.0

-~ there u{t) is the input vector as defined in Chaptei-4.

5.2 0pt1mal Controller De51gn
The simulator block dlagram of Flgure 3.16 and the proposed
‘control 1nput to the rectlfler controller is shown in Flgure 5.1. A _-
.. control input can also be prov1ded at the 1nverter station. Since thé :
.. d.c. line current is controlled at ;he rectifiér station, the
advantages of the control input‘£o'the invérter controller'will‘be

hegligible. The control signal w, is applied through'a lag network to

1
the summing junction at the rectifier constant current controller
output in the studies reported in this thesis. The system equations

_ k
including the control signal at the rectifier station are given by

8Ly, - b)) 100 1 . 300 %21 .1
T - L A " N T Ve
- R ' 1 Pl
Cs00% 1 s
+Wrﬁvw .- .. ’
1%
Where AVI 1

{s + 1000)



70

*I9TIOXIUOD mwﬁﬂpmo,:w Y3tk vomnwnvw hOpuﬁsaﬂm.onp,mo

wexdetp Jo0Tg _w.w_oasmﬂm :

12

|t

ut

(%es00 - “gson) z

o X
outg 3 ZA

P

v

H .

"H

av

o

(Ceson + n s0D) zp




571‘

dAT,.  -(R, - ﬁwLi)

di _ 100 .1 | o :
I Mgy + T 8 IR >.12
| b2 -
davi - oy S
ac ~ T06C “Tar ~ Too¢ s - 518
1 .
dav -K K
¢cC _ ca : - '
dt - = 100 Mar | T S
'davt 1 |
-&?* =‘-m Avw + (x)l 5-15 _
| AV LW - Av
1 c 1 ce 1 T w.
‘Where AVc ".“1*6'5 ; Avcc = ~Too an@ AVw 2o

i
(=
=

. S R T S
Defmmg Mdr’ Mdi’ AV_C’ Avcc and Avw as the system stat_e var;ables

X1s Xo5 33, x4_.and X

5 resPeCtivel'y, the state equations 5.11 through |

S.iS are given by o o 7 | _
x] [A][x] [E] Do o : | B s
Where[ ] [x X, xs] T | | . | o : 5.17 |
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. 100 300 *2
Ly ‘ Ly ,“Ll KP
. - B :
0 (RZ' '"m'Li] 100 0
L L '
2 2 '
1 1 :
100C “100C 0 0
-xcx;‘
100 0. Q. 0-
0 0 0 0
and[ﬁ]:[o 0 d- 0 ﬂT
o N . . 1
The control input loop transfer function of S+1000

L7
(=1
=]

=
5
gy

o-m

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 :

—
>
>,
i

,‘\.

-23.98975 . 0
0. -23.98975

5681.81652 - -5681.81652

-0.17864 - 0

o .7, g :

129.87013

0

o

-129.87013  10320.79688  10320.79688

0
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The penalty matrices Q and R are selected from a number of trials {see

Appendix IIi).‘-The fbllowing values proVided the best sfstem bharécteristics;‘
120 o o o o
0 "26 0 o | 0
[- |o o
o o o

[R]= 0.1

20 C 5,20

0 0 0 0

The d.c. currenFé are to be:controlled and the cdntroller voitqges affect

the valve firing delayé whi@h'in turn-éffect the d.c. voltages and N
| éurrents. Therefore heavy penaltiés are'applied-to these variab1e§ in"
" the selected Q matrix. |

: The fifteen Riccéti eduatiqnélbf the simuiétor afe'formulated

from equation‘5.7 by substifuting for the A, E, Q and R matrices defined above,.
The elements'of the Riccati matrix K afe zero at t + o, The Riccati

equations are solved backwafdsrin time from t = 10 se¢s using the

RungefKuttarmgfhod for an integratibn interval of 0.001.se§s.l One of

the many solutions of the Riccati equations is given by

. - 0.540637 -0.463007 0.007672 0.272476 2.571946
| ‘.f | 20.463507_. 0.520344,_--6.005§94 -1.086940 -1,947429'
.tK] = .- 0.067572 ~ -0.005094  0.021112 -0.75%757 -0.410363
| | 0.272476  ~1.086940 -0.756757 3731.545898 23.726196

| 2.571946 *1.947429 _ao.dlbsss 23726196 : 23.7312?7 5.21



4

, Sylvgster's criterion(sc) w&séppliea to check if the Riccati matrix
K is positive_definite of not. -Thg determinant of K and the prihcipal
minors of the de’terminént wér_e caiéulatéd and were found to be positive.
The control input wy as obtaiﬁed.frbﬁ equatioﬁ 5.8 is given by

L4

= -25.71946 x + 4.10363 x, - 237.26196 x

+19.47429 x, 3 6 x,

¥y 1

- 237.31277 x, - 5.2

' The state space equations of thé h.v.d.c. similator equipped with

an optimal controller are glven by

S A ) I
JOIBE [B][u] s

Whe;e |
[ 2308075 0 -129.87015  10320.79688 10320;f§68§-
o -23.98975 po.sr0is o o
.[G:]= S681.81642  -S681.81642 0 o o o
-0.17864 0 0 0 0
25.71946 .  f19.4742§ ‘ £.10363  -237.26196  -1237.31277
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[8]= | -1729s =~ 0o o0
0 -172.75 0
o= e 0 5.25
o 0 - -17.8640
0 0o Se

Equation 5.23 is used fof‘stability analysis in complex and time

domains.

For stability studies in the complex doméin, the eigenvalues of the
characteristic equation |G - AI| = 0 are calculated using the IfB.M-
‘Scientific Subroutine programs HSBG'ahd ATEIG. The dominant

L}

eigenvalues are shifted £07:27;8908844 t j 23.4443207 which corresponds
| to a damping factof'ah&f&amﬁing fﬁtib of 6;765 and -27.89 as compared
to b.Si and -12.6 of the original-sysfem.iTheﬁiccati-matrix,"éoﬁirol
'inpﬁt and.thérdomiﬁant éigeﬁvalﬁes for differéntpombinationé_@f Q |
and R matricés are given in Aﬁpendix 111, |
The fpurth order Rungé—Kuﬁta hethod and‘a time intefval_of':

10.001 secs wereused to calculate the time domain optimal system

- responses. The systenlwaSconsidered to be opefating‘atf0.924,amps,‘
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_dlc. 1iﬁé current, commutatioh voltages of 76.5 voLts agd 10,and '
15.electrica1 degrees invérter deioﬂization margin angle'and- )
| fectifier delay angle re5pective1y'as in paragraph 4.4, ‘A.O.Q4

-amps current order step changelmasapplled The commufation voltagés
were assumed to remain constant. The dlgltally calculated d.c. 1line
current due to the current order change'is shown in Figure-S.Z.

The line current settles at 0;9é4 amps - the updated currehtrofder

after a tranSient period;of 0;132'$ec$. Thé rise time is 0.09 secs

and approximafely 2 percent 6vershoot occurs 0.16 secs after tﬁe

:step change'is applied. The cbnstant Eurrent.controllgr output is.l
~also plotted in Figure 5.2. .The §hanges in reétifier aﬁd inverter firing
" angles and d.c. voitages duringlthe transiéﬁt are shown in Figures 5.3
and 5.4 respectively. The driginal éystem feSponses-reported‘in:
. Chapter 4 are alsorpldtted for combarison.‘ The systeﬁ response is
signifiéantly improved by the optimal confroiler, 'The optimal and
‘ ériginal'system-bérfbfmance is cémpared in Table 5.1. | |
Table 5.1 ﬁigitally caiculated time domain pérformance of the d.c.

- simulator equipped with (i) original and (11] optlmal
_controllers,

Original ' Optimai
Settling time 0.27 sec . 0.132 sec
Rise Time ' . 0.05 sec ‘ 0.09 sec
Overshoot B 25% . 2%
Time to Overshoot | - 0.11 sec - © 0.16 sec
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A fﬁo_percent step iﬁcreaSe of inverter édmmﬁtation vdltage:
was considered for system‘responsé quality.l The rectifier commutation
voltages and d.c. line current order aré 76.5 volts andlb.924'amps
‘respectively and do not chdhge during the disturbance. The digitaily

~calculated d.c..line-current during the disturbancé'is shown in
Figure 5.5. The line current settles within 0.5 percent aof the set
value after a ffansient pei‘ioci of 'b.18 secs. Th.e‘ minimum .line current
of approximately 1.6 ﬁercent—ovgrshoot,occurs 0.055 secs after the
step change is applied. The consiant current controller output is
also shown in Figﬁre-s;s; The changes in reépifier and inverter

 firing.ang1es‘énd d.c. vblﬁages are shown in Figurgs 5;6 and 5.7
reépectiveiy. The originai“systeﬁ'fesponses reported in Chapter 4
are also plotted for cdmparison.  The‘rectifier vbltage settles.at ‘
tﬁe new value of 100.4 volts éfter a transient period of 0.11 secs.
The rise time'is'b.085 secs and approxiﬁately 3% overshoot éccurs.-The
system response is signifi;antly improved by the optimal coﬁtfolier in
this case also. The optima}rand origiﬁal ;ystem performance i§

compared in Table 5.2.

Table 5.2 D1g1ta11y calculated tlme domain performance of the
d.c. simulator equipped with (i) original and
(ii) optimal controller;

Original Optimal
Settling time ~ = | . "0.30_sec 0.11 sec
Rise time . 0.07 sec . 0.085 sec
Overshoot . : 25% 3%
'T‘Time to Overshoot B 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 p0351b1e to convenlently measure all the system states 1n

‘a practlcal h v. d c. system‘ The on- 11ne computatlon of the unavallable

N (42)

'state signals 1s an attractive alternatlve. The knowledge of the -
Temote states of a h v. d.c. transm1551on system such as inverter current
and d.c. transmission line mldp01nt voltage wlll have to be transmltted
over communication channels. Thls is expensive and 1ntroduces a phase
shift in the state informaﬁion provided to the controller. A suboptlmali
controller using the systeﬁ states available at the rectifier oniy was |
designed and ueed for studies on the simulator and by digiﬁal'modelling.
The cufrent.contfollef eutputlstate is‘the demieent element
- of ihe control input defined by‘quation 5.22. The invefter'and
rectifier currents were similar in form and magnitude inithe'system
being-studies. The inverter an& the rectifier current feedbaek gains
are“eombined and used with the rectifier current sfate; The d;c.

_ transmission line mid-point voltage state is not used in forming
- the control input. The‘modified control input w} obtaiﬁed from

equation 5.22 and Riccati matrix K1 obtained from equation 5.21 are

given by

ol = -6.24517 x

1 X - 237.26196 X

4 - 2781277 xg 5.6
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" The domlnant elgenvalues of thls system are -25. 6419373 + 322 2673492

and corresponds to a damplng factor and damplng ratlo of 0 755
_a;Eﬂiés 6419373 The eigenvalue, damping factor and the damping ratio
‘are quite close torthose of the optimal system. Therefore, the suboptimal
system performance is éxpected‘fo be‘very similarrto that of the dptimal,
system, | | | |

A suboétimal controller based 6n equation 5.26. was desigﬁed |
and used on the simulator.as showﬁ in Figure 5.8. The system was -
ﬁonsidered to be operating ét 0,924 amps &.c. line current, 76.5 volts
'commutation vbltages and 54.5-and 15 electrical degrées inverter |
 firing advancé angle énd rectifier,firing‘delﬁ} angle respectively,
A step -change of 0.04 amps current setting wasapplied. The com-
mutation voltages.héve been assumed to remain constant.. The‘digitally
calculated d.c. line current due to the current order change is shown
in Figure 5f9.‘ The line current Settles.at 0.964 amps - the updated
current orderf— after a transient period of 0.146 secs. The rise time is
0. 11 secs and approx1mate1y 1 percent overshoot occurs 0.17 secs after
| the step change is applied. The constant current controller output is
also plotted iﬁ Figure 5.9. The'changés in rectifier and invérter_l
'firing angles énd d.c. voltages during the-transient are shown'in
-Figures 5.10 and 5.11 respeétively. The d.c. line curreﬁt; constant
'current controller output, and the rectifier vol%ége.recorded at ihe
simulator due to the current sétting step change are shown in
Figure 5.12. The d1g1tal and analog studies of the 51mu1ator performaﬁce

. .are compared in Table 5 3
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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 of

'6rigina1, optimal and suboptimal systems is compared in Table 5.4.

" Table 5.4

Time domain performance of the d.c. simulator
equipped with (i) original ,(ii) optimal and

(iii) suboptimal controllers.

Original Optimal ‘Subopt imal
Digital | Analog Digital Digital Analog
Settling time 0.27 spcl 0.29 sec 0.132 sec 0;146 sec! 0.18 sec
Rise time 0.05 sec| 0.055 seé 0.0§ seé 0,11 sec | 0.12 sec
Overshoot 25% 24% 2% 1% 3%
.Time to overshdof 0.11 sec| 0.13 sec 0.16 sec | 0.17 sec' 0.20 sec

A two percent step.

increase of inverter commutation voltages aas

also considered to evaluate the performance of the system equipped with
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a suboptimal-controllor. .Therréptifier commutatlon voltages ao&‘d;c.-
line current order were 76.5 volts and 0.924 amps-reSPéctively and ﬁere'
not changed during the disturbance. 'Tho digitslly calculatod o.c. line
current and constant curtent:controllor output during the distorbance
is shown in Figure 5. 13 The changes in rectifier and inverter f1r1ng
angles and d.c. voltages are shown in Figures 5.14 and 5. 15 respectlvely
The d.c, 11ne current, constant current controller output, rectlfler and
- inverter voltages réoorded at the simulator are'sooﬁn in Figure 5.16.
The_performance‘of the otiglnal, ootimal and suboptimal system is
oompared in Tablo 5.5, o | | |

simulator equipped

Table 5.5 Time domain performance of the d.c.
: (ii) optimal and (iii} suboptimal

with (i) original,

controllers.
Original Optimal _ 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_set 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

Tﬁese results also'indicate thﬁt tﬁe performanoe of the suboptimally coﬁtrolled
system is s1m11ar to that of the optlmally controlled system
The state regulator techn1que of optlmlzatlon has been descrlbed
and used for opt1mal controller design of a h.v.d.c. scheme. A suitable
rcomblnatlon of state penalty and control welghlng matrlces has been
',selected to proV1de near critical system damplng ' Thertran51ent response of

. the system,equlppedqn]ﬂxagptlmal controller hdas been digitélly calculated
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for (i) a currént ofdef and}(ii) én inverter coﬁmutation vdltage step
change. A suboptimal controller using;tﬁe statesravailable ét’the
:éctifier station has-éléo been designed and used on the h.v,&.c.i
‘simulator; The transieﬁt reéponse of the simulator equipped with the
subopfimal cbntroller has been digitally célculated and also varified

~ from the simulator tests.
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6. ADDITIONAL STUDIES

The single bridge cOnveftoruodtput iﬁclﬁdeg 6th, 12th, 18th, ...., =
kth’order harmonlcs in addltlon to the d.c. vsltage. Thé real time
 dynamic response 15 more accurately determ1ned by considering'the‘

aqtual convertor voltage wave forms. Tﬁeiﬁfstem dynamic perfofmancerwas,
studied including the_effect'of.harmonics in the convertor outputs, Two
methodé of ﬁodifying the current controller feedback loop to provide

7.5 curreﬁt.COntrdller gain,(corresponding to 0.707 damping ratio) for
n;)'rmal operatioﬁ were ea-,camined._ The curreﬁt controller feedback loop was
‘modified to include phase lead coﬁpensatipn. Thé modified statefspaée.
eqﬁationSwerederivéd, the compensator parameters were evaluated frpmrthe
root-lbcus plots. The contfoller optimization by the tracking technique
wasagamingd fof re&ucing the systenm response time. fhe.digitél and

© simulator system stability studies are included.

6.1 .Stability,Analyéis - Effect of Voltage Harﬁonics-

Convertor operation con51sts of consecutlve two and three
valve conductlon modes 1'}' Typical rectlfler and inverter voltages and
the equivalent a.c./d.c, systems are shown in Figures 6.1. The dynamic
_ performandé'is ﬁore accurately determined congidering'the actual
excitiﬁg voltage-wave forms and the system reactances in'two and thfee.
‘valve-cdnduction mddes. The assﬁmptions ﬁade in‘this aﬁalysis are:

| (i) The transformer and a.c. systém‘resistances are negligiblé.

{ii) 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-ea, eb,-and e, are balanced.

‘The system inductances in two and three valve conduction modes are
2.0 and 1.5 times the per phase equiﬁaient a.c. system inductance
respectively. The equivalent source voltages in two and three valve

conduction modes at the rectifier terminal are given by

€, T /2 E Cos {mt - (n-l) Tt %'} : -".6'1

/3 | - 6.2
€ = Ty E Cos {wt - (n 2) - N | 6.2
n=1, 2,3, ......

‘Where E_ is the line to line r.m,s. voltage of the rect1f1er
transformer secondary at no load.

Subscripts 2 and 3 represent two and three valve
conductlon modes

n denotes the valve firing counter.

The equivalent source voltages at the 1nverter termlnal are similar except
for a half cycle phase dlsplacement The equivalent network representlng

two and three valve conduction modes is shown in Figure 6.2.

L, R,
3 L.
21, | 24 .
| =C
e [ 7 .
2r 3i 2

Figure 6.2 An equivalent circuit of the h.v.d.c. transmission
system representing two -and three valve conduct:on modes.
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is the series combination
resistance and equivalent

"R, is the series combination
‘rTesistance and equivalent

L1 is the series combination

of rectifier d.c. reactor
line resistance.

of the inverter d.c. reactor -
line resistance.

of the rectifier d.c. reactor -

inductance and the equivalent inductance of the line.

2 is the series combination

of the inverter d.c. reactor

inductance and the equivalent inductance of the line.

L is the equivalent a.c. system inductance per phase.

Suhscript.r_and i denote the
inverter quantities. '

. The 'system equations are given by

dI

dr
RyIgp + (g + KL)) =+ V.
N
: “Tdi
Rlgs + Ly + KLy) -V

ch 1 :
= ¢ Uar Tas)

2

%
\
L]

at e T

associated.rectifier and

e 6.3

T
-ei 6.4
6.5

Where K is 2.0 and 1.5 in two and three valve conduction modes

respectively.

Th_e_voltage_er is defined By equations 6.1 and 6.2 depending on the

conduction mode. The'voltage ei-is similarly defined. The commutation

processes are given by

B H dI

T - . e ‘ . -"-
Ly g 7 72 B sinlut - (02) - 3)

6.6
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- di, dli'
2L, L

- V hd -_ .~ ‘“ ’ “ | .V .
o —Ef'f'jé E, 51n(9t m-2) -3 -9 6.7

Where i and.I are short circuit and d;c.‘line cufrents
respectively.

The simulator dynamic performance equations 6.1 through 6.7 énd the
control equatioﬁs 2.10 th‘roughr 2.12 weem digitally solv.ed by |
Runge-Kutta method for‘a step changé of 0.04 amps curient Brdér
.[f?om 0;924,amp to 0.964 amp). The d.c. current due to the curreﬁt
order 6hange is shown in Figure 6.3. The average‘éurrent compares
favourably with-that calculated from the average d.c. excitatiﬁn vdltages
as shown ih‘Figure 4.3. The superimposed oscillation magnitudes are
approximately two percent of the average valﬁe in this case-and‘are
due to the convertor output voltagé harmonigs. ‘Harmonié filters'aré
provided on most practical higﬁ voltage'd.c. lines and the effective
excitation is the average d.c. voltage. The harmonic_exciting vo;tages.
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 7.5 current controller gain (cbrresponding to 0.707

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

e %r—4“—: : L T .{:2{‘ -
MY S | ;%3
| | R Y
Vee T YW —Vee
xdr" ‘
——
(b)

Figure 6.4 ModifiedAcurrenflcontroller feedback arrangement,

The size of the feedback capacitor c, Was selected to provide an
amplifier gain of 10 for simulator starting. When the line current

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

was selected such that the parallel

parallel with ¢y - The rating of c,

combination provides‘?.S curreﬁt controller gain correspdnding to 0;707‘
damping ratio. The second metﬁbd tried consisted of providing the
capacitor Cq such that the\amplifier_gain was7.5. The voltagé output of
the amplifief'wéslimitéd to 9.1 volts by the zener diode connected as shown
,'iﬂ_Figuré 6.4(b). The 9.1 volts current-contréller output‘liﬁit ensured
‘at léast five electricél degrees rectifier fir{ng delay during the
_Simulator st;rting élso; The zener diode was ineffective during_normall
"_0pergtion."' | T
~ The syéfem‘réspohse of the simulator equipped with a 7.5 gain j
'-ﬁurrent,cdntroller waScalculafed-for a step increase Qf.0.04 émp.d.c.

current order . (from 0.924 amps to 0.964'amps). The d.c. current changes
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and convertofryoltages for_tﬁis étpdyare shown in Figure 6.5, A two
percent _increa_lSe of inverter comm_ufation voltage was also considered

r§s before. The d.c. current Changes:énd convertor vﬁltages are

sﬁowﬂ in Figufe Q;é. :These studieswereaisorrepeatea on the simulator
and the anaiog results,afé‘showﬁ iﬁ‘Figure 6.9 ;nd 6.10'respectiVe1y.
Thé digital ana aﬁélog performance is compared in Tablg'6.1. The

d.c. line current rise_time in tﬁis case iS'ﬁigher than when ﬁhe
.compared systemris,equipped *ith a 10 amplifier gain controller. ‘The

' settling-time and percentage overshoot are comparatively smaller.

6.3 Modified H.V.D.C. Coﬁtroiler . 7

' The-cufrent controller feedback loop modification to includé phase
lead compensation usuaiiy reduces the output overshoot and time de}ays.
Therconstént current controiler including'thé phase lead compeﬁsation |
is shown in Figure 6.6. The state space eqUationé for the d.c.
transmission system 1nc1ud1ng the modified controller werederlved
The des1rab1e compensator parameterswere evaluated from the root-locus
riplots.r The tran51ent response of the 51mu1atorwasd1g1ta11y evaluated.
and simuiator test resultswére'obfaiﬁed to confirm digital model validity.
6.3.1 Dynamic equations énd stability énalysis |

The series R-C branch of the constant cufreﬁt controllef

 feedback loop shown in Figure 6.6 provides the'pHaSe lead compensation.

. The modified current controller transfer function is given by
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=0

OUTPUT

las | & ‘: l\

Figure 6.6 Modified integrallcontrdller with phase lead

© . - compensation.

. G(s) -'--Ea-l- (1 + D)
i s (1 + sal)

T = R.C

272
= o &
_ Cl + C2
4K 1

2 Ry(C +Cy)

Where'a' is a constant

T is the time constant in seconds

K, 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 constant is provided for a.

_féiatively_high.bandwidth bperation,(ss)
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The d.c. transm1551on system equlpped Wlth the modlfled current

.controller is represented by the block dlagram of Flgure 3. 16 except

that the current controller block E g is replaced by
: . - aC
K,K
2¢c =~ (+sm '
‘ Kp Ra (C +C2)s (1 + saT)

The system state space equatiohs are given by

i T : OO

6.10

x '-(Rl'ﬁer) -1 wﬁ_Kz 1 x
1 N P | 0 T, KL, 0 1
| 1 L |
% 0 “(Ry-poly) " 0 ol x
2 i i 2

2 2
. 1 1
;1= |¢ T 0 0 o} *s
X, 0 0 0 0 1 X,
- Xg KKa | l-ﬁer 1, 0o KeKa 1_}_3_KcKaK2. 1 Xg
Ll,' T a. L. al(PL1 - aT |
32 1 cocs - ] -
= L CO_SGC 0 .0 AEI‘
1
; 0 : féf& Czséc 0 AE;
-- Tk
0 0 -0 Al
S | ds
_ 0 B 0 '
EC.]SB. Cosé - ' 0 ECE&..
a ¢ B aT
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'AId s AIdi’-AVc’ AVcc.éﬁd bﬁ;c ére tﬁe five system stéﬁe
varlables xl, Xy Xg5 X, and Xg respectively. Equation 6.12 is an
extenslon of equation 4.18‘an& inclqdes the additibnallstate
\}ariable 'x5"=-AVc-c. The eigenvalues of the charactgristic equation
rwerecélculated for amplifief gain Ka'¥ 10, a = 0.1 and 0.2 and f

_ incfeasing from 0.01 to 0.14. The root locus pldts are shown in

Figure 6.11 and the syétem instability regions are listed in_TaBle-G.Z.

~

 Table 6.2 System instébility regioné.

a ‘ - - System unétablg for T

0. (i) Less than or equal to 0.018 secs.
(ii) Greater than or equal to 0.042 secs. but
‘less than or equal to 0.10 secs.

0.2 : (1) Less than or equal to 0.0l secs.
' (ii) Greater than or equal to 0.025 secs. but
less than or equal to 0.042 secs.

' fhe valuéé of a and T corresponding toal.707 damping ratio for the
dominant roots are 0.2 and 0.018 respectively. The parametefs of the
cutreﬂt‘controller feedback loop for a=0.2 and T=0.018 secs as |
calculatéd using equations 6.9(5), 6.9(b) and 6.9(c) are C1 = 1.34 uF,
R, =3 36-kohm'and;02 = 5.36 pF. o

| A step. change of 0.04 amps current order.(from 0.924 amps to
0 964 amps)was applled The calculated d. c. line current and tf:}

o current controller output due to the current order change are shown in

.gFigure 6;12.,'Therline'currénf settles at the new value of 0.964 amps
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éfter a'transienf'pefiod,of 0}142‘5355}: Thé rise time is 0.065 seés
and approximately 6 percent overshoot occurs\O.lSS secs after the |
step change is‘appliedf Thgachanges in.;ecfifier and invertéf firing.
aﬁgles.ana d.c. voltages during the transient are shﬁwnﬁin Figure 6;131‘
The simulator curfent controilep fegdbéck‘laopwas modified %to include
phasé 1ead compensation-and‘the current order step change siudy was
repeated. The simulatdr line current and d.c. vdltage changés
‘recorded . are shown in Figuré 6.14.
A two peibent,step-increase in inverter éommutation voltage was
~also considered. The digi£al results for d.cf current and current |
controller outpuf are shown in Figﬁre_G.lS._ The changes in éonverfor o
fifing'éngles and d.c. voitages ére‘bhOWn in'Figufe 6.16. Tﬂe
similator results for a similar change are shown in Figuré 6.17;

The performance of.the‘system using (i) integral and
(ii) integral with phase lead qombensatidn current controllefs:is
~ compared in Table 6.3. It is observed_that integrai contrqlief wigh
'phase iead compenéation‘reduceé the overshoot and rise and:settling
fiméé-cpmpared t0'thé integrai‘éontfolier. | |
‘ 6.4 Optimizafioﬁ'by the‘Tracking'Techniqﬁe;
| . The'tfacking.technique ih opfimization theory deﬁérminés a
control signal that‘minimizgs the error between the desired and actual
outputsﬁsq9he sysfem state space equations are already defiﬁedlin

‘Chapter 4. The tracking cost function J(w) is given by
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.J@):in%p @)Qe@)+w ajn(qq]dt - 6.11
This cost fﬁnction is similar to the éost'fpndtion defined By

equation 5.2 éxcept'for the error vector e(t) which is given by

e(£) = Z(t)-5-.y(t) "'}__'. o | - 6.12
y(¢) = ¢ x) . . | 6.13
) =z, | 6.14

Where Z_ is the mxl désired output vector
y?t) is the mx1 output vector
C is the mxn output-input coefficient matrix.

-Includlng the effect of the desired output the costate vector is glven

by p(t) = K(t) x(t) gt . S 6.15

: Where K(t) is the nxn Riccati Matrix
g(t) is the nx1 column vector due to desired output.

. The canonical equations 5.4 through 5.6 provide the following set of

equations;
K = -KA -‘ATK + K E'R'l EX-Co - . 6.16
g = [(A _E R -1 ETK)T] -1 TQZo . | 6.17
w= R} BT'(K x-g) - 6.18

The Riccati matrix K is calculated from equation 6.16 and the control

vector  is calculated from equations 6.17 and 6.18. The system .

equations are therefore given by
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The tfacking control . system block diagfam is shown in Figure 6.7.

«hH cfq

1 .T..

6=(A-ER"EXK)

-Figure 6.7. Tracking control system block diagram.

(A-ER

1

- 8 R—lET _c:\-

us

Ax + Ew

E'K)x + ERLElg

. 6.19

 For the d.c. simulator system

[=]-

Al

AX

di

dr

1

o]

0 0
0o 0
o 0
0o o]
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- . Where AIdr.‘and AIdi‘ are the desired current order changes. The

following values of Q and R were selected from a mumber of trials.

1 o0 o o]

.[Q]% ;Ollb.q [ﬂ:loﬁi:
o0 1 0 S

0 0o ¢ fl_

Thé calculated Riﬁcati matrix K is given by

~ ‘ L ‘
0.1127 - -0.1009 . " 0.0008 0.2385

-

-0.1009  0.1049  -0.0004  -0.1211

0.0008 - -0.0004 -  0.0045  -0.0842

0:2385  -0.1211  -0.0842  5.0608

-The feédfdrwﬁrd gains calculated from ¢quétions 6.17 are

-

- _i ~0.07037
- f@h T a]-

-0.07037

-

Thé system solution is oﬁtained by using equations 6.1§ for a step
- change of +0.04 amp..currént order (frdm_0.924 ﬂﬁPS t6 0-964‘3mP$)«5
‘The digitally calédlqted d.é. line currénf due to the current drdé£ change
'is shown in Figuré 6.18.. The liﬁe qurenf settles at the set.vaiuer
of70.964 amps after a transient periodlof 6.020 seés. Tﬁe‘rise time

is 0.016 secs and approximately 2 percent overshoot occurs 0.03 sec



‘-_ also plotted in Flgure 6.18.

M7

-after the step change ie afplied.r The current contrdller output is
“The-current controller ontput reaches
a peak at 0. 01 sec as expected The'convertor voltage'and firing
| angle changes are shown in Flgure 6.19, | |

The calculated performance of orlglnal, state-regulator

optlmal, phase -1¢éad compensated and tracking optimal d.c. simulator-
systems is compared in Table 6. 4.
* Table 6.4 Time domain performance of the d.c. simulator

. equipped with (i) original (ii) state-regulator
-optimal (iii) phase lead compensated and
(iv) tracking optimal controllers_

Original State-regulator Phaee-lead‘ Tracking

‘ - . Optimal Compensated.Optinal‘
Settling‘time 0.27,sec - 0.132 sec _0.142'sec. 0.020‘éec:
Riee time 0.05 ;ec 0;09 sec 3 0;665nsec O.blé sec
Overshoot 25% ‘_2% 6% 2%
‘Time to overshoot. 0 Il'sec.'lo.iﬁ sec 0.20 sec 6;03 sec.

These results indicate that the tracking optimization provides the

fastest d.c. line'current response; The current controller output and

'_ rectlfler voltage changes are qulte v1olent and may be obJectlonable
',for operatlng a high voltage d c.

- system. The system response speed

can be reduced by changlng the_penalty-matrices Q and R.
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Two modified‘curreﬁt controller feedback loops have been dsed
and simulator succéssfuliy starfed with 7.5 amplifier‘géin corréspondingr
to 0,707 damping ratiq;-‘Thersystém performance was examined using
the-diéital computer-and the simulator, The effects of direcisvbltage
harmonics on the transient behaviour of the ‘simulator wasalso-examined.
The suitability 6f a phase lead compensafed éontrollef has been
investigated. Arsuitable.phase'lead compensated controller parameters
have been calculated-énd thé systém'performance has been eiamined.
" The pbséibilitf of control optimizgtion by the trééking technique has
. also Eeen iniestigéted and wasfound to reduce tﬁe rise time, sétf;ingr

time and overshoot bonsiderably.
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Current controlier output in volits. X

Inverter d.c.voltage in volfs.
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7. CONCLUSION

- A brief review-of the historical devélopment‘bf h.v.d.c..
transmission and its control techniqueé has been pfeseﬁted. ‘The
-sﬁall ;ignaiuequations are presented for system dynamic ?erformance
studies. A h.f.d;c. simulatorrequippéd‘with indi&idual phaée
controllers is described. VThe constant current controller synthesis
and state-spaée.system analysis techniques are'briefly discussed.

A biock diagram modelzand‘the transfer function of the simulator
equippédrwitﬁ an integral fypé constant current controller have béen
developed. The small signal system equationsrhaVe been t:ansforﬁed to
the state-space form. The dynamic responsé of the system followiﬁg'a
" step change of (i) current order and (iij inverter coﬁmutétiOn'vbltage
-has been digitally calculated from the sta;e-Spaée model. These studies
"have also been repeated on the simﬁlator.‘ The dynami; simulator reSponse'
compares favourably with the digital resultsrwhiéh establishes the
r-métﬁematical model validitxwin the regién studied.

The state-regqlator optimal control technique consisting Qf an |
all.étate feedback-regﬁlaforAhaé been used to improve the system dynamié
performance. All system states cannot be Conveniently measured and
therefore a suboptimal dontroller‘using the rectifier-Station'state
-signals only'haé been tried. The performance of the gystem equifped with
the suboptimal controllerwaStiigitally‘calculated. The suboptimal |
fcontrollerwasdesigned and.used ;h simulator studies. The,system per-

Vfbrmance‘is'improved and the}digital'andfsimulator results are similar.
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Thelsystem ﬁerformance canlalso_be improved by a proper selection

"of the controller feedback loop paiameters The 7.5 1ntegra1 current
controller gain correspondlng to 0 707 damp1ng would improve system

rperformance but th1s saturates the control amplifier during 51mulator

_starting and the rectifier valves fail to fire. Two methods of modlffiﬁg
the current controller feedbeck'loop fof sﬁccessful starting and providing-l

‘5.5 gain during system operation have been demoﬁstreted. The digital and

-aﬁalog studies of ‘the eyetem uslng 7.5 current‘controller gaih included in

-this theeis indicate an-incfease in rise time and a decrease-in.overshoot.

The effecc of including phase lead comﬁensetion inlthe current ‘controller

| feedback loop has béen examined and the controller feedback network

pafameters determined by root-locus,plots for 0.707 damping ratio. The

feedback loop of the current concroller has been modified end performance
of the system using phase lead compensation is examined. The digital
computer and the simulator studies indicate a cons1derably faster reSponse

'W1th marg1na11y increased overshoot The tracking opt1m12at1on technlque

of minimizing the error b?ﬁﬂeen the-desired and actual d.c. cur}ents is also

examiced for improving tﬁe‘sysfem response; This method increases the d.c;

current response speed but the current controller output, the f1r1ng

angles and the d c. voltages are 1n1t1ally sub;ected to violent changes.

" The effect of convertor output voltage harmonics has also been examlned
It is notlced that the average d.c. current changes due to a step
chenge‘in current order-are similaf when-celculeted”froﬁ (ij average

cd.c. voltage e#citations andr(ii) actual convertor output'excitation

rincluding hermonics.‘lThe averaée olc;;excitation caﬁ; therefore, be used

in dynamic performance studies.

y
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9, APPENDICES_

Appendi¥;1 ; A 500 mile H.V.D.é;'Transmissiqn_Scheme.'

A SOO-mile two terminai h.v.d.c. traesmissioﬁ echeme.coneidered:
has a nomlnal d.c. voltage and current ratzngs of 450 kv ‘and 1. 8 kA
-resPectlvely It 1s assumed that 1nd1v1dual phase control is used to
maintain constant current in the line. Integral constant current
_controlier at fectifier end andICOnstant'extinctien.apgle‘contfel at
inverter.terminei are used to control coﬁvertor firing angles, The
line farameters-and cenvertof ratings are given in Table 9.1.

" The system.parametere have been converted to ‘100 volts‘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 mod1f1ed
and used to determlne the system stability and dynamlc perfermance.

The eigenvalues of the ehataeteristic‘matrix are determined
for increasing curfent‘controller empiifier gain usiﬁg aniIgM 360/50
digital computer. The system was'feundeupstable and unaffected by the
magnitude of amplifier geie\ The eommutation reactance drop coﬁpeneation‘
signai at the rectifier termiﬂal provides a pesitive feedback resuiting
' ih system instability in this caee' Thls feedback is not essentlal for
the rectlfler 0perat1on and the system was modlfled accordlngly The
eigenvalues of the modified characteristic equatlon have been determined
and the root locus blotted for variable eurtent-eontroller amplifier.gein
-is.shown in Figure 9.1,'_An_amp1ifier gain of 4.0 corresponds to near

criticel damping.
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The d.c. system was opeeated‘sdch that the line current and
d.c. midpoint.voitage weied0.924famperes and 80.0 volts respectively;
The rectifier aﬁd inverterAcemmutation‘toltages, inverter firing
advance angle, the rectlfler f1r1ng delay angle and constant current
controller output are 76. 5 volts, 76 5 volts, 54. 60, 15© and 2.5 volts
respectlvely Wlth the system operated at this level a step change of {
- +0.04 amps current order was 51mulated on the d1g1ta1 computer. The
calculated line current is shownrln Flgure 9.2. The d.c. line cdrrent
. settleslat the new set value;of 0.964 amps.d aftef a tfansient ﬁerdod of
0.34 secs. The r1se time is 0. 14 secs and approxlmately 6 percent
| overshoot occurs 0. 30 secs after the step change is applled The settllng
and rise time can be decreased by-phase lead compensation or optimization

techniques.

Table 9 1 The line parameters and ratlng of the 500 mile
' h.v.d.c. scheme.

Direct voltage - f"-__ R - 450 kv
ﬁirectréurrent‘ c ?ﬂ : :f'. _ 1.8 kA

No of bridges at each terminal = -3

- D.C. reactor ihductanée o ‘ 1.0 henry éach
Commutation reactance . 11.4 ohms.
Line resistance © . 7.2 ohms.
‘Line induetaﬁce._ d_ B ~ 0.62 henry

- Line capacitance . - d_ o 10.0 wF.
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Table 9.2 The original and
: ‘systenm.

equivalent parameters of the

- ZOriginal Equivalent
'D.C. reactor inductance in S -
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_capaciténce in wF - | _ 20:0 50.0
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Appendix IT - Riccati Equaiions and Control Vector.
The Hamiltonian for the state-regulator optimization of a

system described by‘

Ax + Ew

X

is

1

e 3T o] AT R ¢ e )

The canonical eﬂuations and the costate vector are given by

== = X
°p

oH _

-aE- 0
H .
5 = b
P o= K

The partial differentiation of Hamiltonian H w.r. to céstate,vectof
- p is - 7 o \
aH. .

a '35 =X = Ax + Euv

‘Differentiating equation 9.2 w.r. to w and substituting in equation

9f4’ %%- is given by "
~ 3H N
W 3“’*‘_51’:.0*;

Substituting the value of p from equation 9L6:in equation 9.8, the

coﬁtfo;‘vector w is given by

-gf;l‘

9.3

9.4

9.5

9.6

9.7

9.8



J@'”

we —R_i.ET K x . . o . 9.9

* The system equation 9.1 is, therefore, given by

x=A-erR1ET )X . ea0

Similarly differentiating equation 9.2 w.r. to x and substituting for

gg- in equation 9.5, the fesulting equation is given by
BH _ . T . o . e
3 - Qx f.A-p = -p I - | - 9.11

From equation 9.6, p is given by
pakx+kx o © 912
Substituting the value of % from equation 9.10, P is given by

p=(K+KA- KER'l El K)x 3 ) " 0 9.13

Substituting the values of p and p from equations 9.13 and 9.6 into
9.11, K is given by |

k= xa-ATRkekERTE K-Q N B 2

The Riccati equation 9.14 and control equation 9.9 corresponds to

equations 5.7 and 5.8:respectivé1yu
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Appendlx III - Effect of penalty factors on the Rlccatl matrlx, controi
' 1nput and domlnant elgenvalues.

Fivé different_combinations'of stape penalty matrix Qfand.control
weighing matfix‘Rrwere cohsiderédl The Ricéati mafrix, coﬁtr0i ihput-and
rdomlnant elgenvalues were calculated for these penalty and weighing factors
The combznatlon of matrices Q and R’ correspondlng to critical damp1ng was
used in system studies 1nc1uded in Chapter 5. The Riccati matrix K, control
input mland the domlnant elgenvalues Z for other comb1nat1ons of the

d
diagonal matrices Q and R are as follows-

(i) Q

= (20, 20, 5, 10, 10)
R = 0.05 |
0.831519 -0.575999  0.009219  0.209852 2.193560
- "~ 0.777937 -0.002636 -0.678671  -1.081713
K = |- o 0.029775 -0.501536  -0.309907
 Symmetric | ~3190.448486- 10. 634712
| o S 10.644429)

w = -43.8712 x, + 21.63426 x

%, %, +'6f19814 Xz - 212.69424 x

4

- 212.88858 x¢

Zd = -28.99003 % 318 34220

(i) Q = (20, 20, 5, 10, 10)

0.01 .

0.45041S -0.292103 0.011646  0.233255  1.169645
| ; . 0.402684 -0.002741 -0.681778 ~ -0.611570
kK = [ - © 0.014679 -0.219912 . -0.112387
o 1612.379639 5.012238

Symmetric 5.021511




(iv}

~116.9645 x

'-24,89904 + §27.52045
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1t 61.1570 Xy + 71_1.2387 Xz - 501_.2238-x4

. 502.1511 x,

-29.05824 + j10.84342

='(2o; 20,]5; 10, 10)'7'
=1.0 -, | ) .
2.334960 -1.828709 0.008315  0.089890 5.893825 dh‘
© 2.308349 -0.006138 -0.521388  -3.312471
=1 ‘7'_ ; ) 0.093920 -1.707610  -1.116225
Symetric o ' 7380.949219 31.143417
L S - 31.150955 | .
. -5.803825 Xy # 3.312471 x, + 1.116225 x4 - 31.143417 x,

. 31.150955 Xg

1, 1,1, 1, 1

= 1.0 ' |
0.367128 -0.345457  0.001695  0.013280  1.620099 |
 0.365684 -0.001630 -0.168497 _ -1.407995
= . o070 -0.62269  -0.369651
. Symmetric | | © 1259.423096 '16.582794
- |  16.583771 |
-1.620099 x, + 1.407995 x, + 0.369651 x, - 16.582794 x,
o | | - 16.583771 x,

-10.97055 + §29.58500
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Appendix IV - The Commissioning of the H.V.D.C;,Simulatdr

Therinitial_cbmmissioning bf ﬁ‘system is usually performed
acéofding.to a set procédu?e provided:by théAmanufacturer. The operation
_ manuél supplied by M/S Robinson § Partners Ltd., London, England was used ;
to start the simulatdr.whiCh was found inoferative. The simulator
ferforménce,was investigated. The éommissioning procedure and the
remédial_measures to_rectify the defects noticéd are reported in this
Appendix.
The H.ﬁ.d.c.'simulator is designed to,opérate either iﬁ é.manual‘

or autométiccontrolmode. The convertdr units, d.¢. reactors, transmiésion'
line units, pulse circuits, d.c..pOWer supp1y unifraﬁd érotection units
aré used ip either modeé_ofhoperation. A synchro unit provides firing.
signéls to the pulse circuits of a convertor for manuai'operation. The
'.coﬁstant extinction angle and constant.currént control circuit$ proyidg
firing signals:for éutomatic control operation of thejconvertois. Beforé
commiésioning the simulator the convertofs were intérconﬁected using
- d.c. reactors and transmission line units. The manual, aufomatic'an&
grid contrbl switéhes were tufﬁed,off. The ¢onvertor tfaﬁéformers were
. excited from 230 volfs, three phase, 60 cfcles per seqqnd supply

and.the.dlc. power.supply unit waé'energized from a 120 volt, single'
phase,‘60 cyc1e pér-second source. Thé d.c._sup?ly to manual an& automatic

control units and protection unit was checked and found satisfactory.
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i) Manual control 'oper{ation '

The c@nvertor manual-contfol operation depends'oﬁ'the performance of
the convertor uniﬁs, transmission line units, synchro units and pulse
circuits. The synchro rotors were adjusted tb_159 and 160° for rectifier
and inverter firing delays respectivel&J The manual control operation
éwi;ch ﬁas'turned on and the outputsof the thyristor pulse circuits
were found -fo be inconsistent and of other than 120. ble'c-tricalrdegrees_
duration. The synchro device and ﬁulge circuits of éach conveftor unit .
were checked”and adjustéd as follows:

: Synchrb device
The voltageloutputs'of the synchro units wé;e measured. There
was no output from‘one rectifier synchro phase which was traced to
éne open synchro brush contaét."The‘brush c@ntacts were cleaned and the :'.
éystem re-energized. A three phase Balanced voltage was measured at
the synchro‘output terminals}' The Synchro.outputs are fed to three
. éinéle phase transformers of.the manual cdntrol unit and a six phase _:
output is ébiainéd-as shown;in Figure 3.1. The six phase output kasr
Balanced in magnitude and phasé by adjusting the R-C circuits provided
for fhis purpose. '
Pulse circuits |

The six phase balanced Véltages of the manual control circuits
are applied to the six pulse circuits.. The pulsé widths were observed
to be 120 + 10 eleétricalhdegrees. The pulse circuits of-Figure 3.1.

consisﬁ‘oleschmitt level detector and é‘bistable cirecuit. The~variab1e

biasing resistors of the Schmitt level detector used in the pulse circuits
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were adjusted to eliminate pulse duration errors, ' o .

Auxiliary transformers

Three single phase centre tapped auxiliary transformers provide

. six phase a.c. voltages at a reduced level for valve firing control.

' The auxiliary transformer primary windings can be connected either in

star or in delta configuration by a switch provided for selecting the.

convertor transformer secondary comnections. The commutation voltages

‘lag the convertor transformer secondary phase voltages by 30 electrital

degreespr-To obtain this phase'displacement,zthe aﬁxiliary transformer
primafy windings shoulé be delta connecfed if .the convertor transformer
secondary is wye connecfed and vice¥versa. It wasloﬁservéd fhat the‘
auxiliary transformer priﬁéry_and the convertor transformer secoﬁdary

windings were similarly comnected. The selector switch connections

~were modified toobtain;;sixphése a.c. supply which is in phase with the

valve commutation voltages, After incorporating the changes and adjustments

_ described. above, the simulator was successfully operated at different

“ii)Automatic control operation
- An"attempt - to operate the simulator in the automatic con-

‘trol modewas unsuccessful due to unstable outputs of the valve firing

. pulse circuits.i The constant extinction angle control, constant current

control and commutation reactance drop compensation (2mLId) circuits

were checked to locate the causes of pulse inétahility. The

- observations and findings of the investigation are described in the

 fo11owing.section,; -
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Conétant exfincfion angle confrol ﬁircﬁits

| A prlnted c1rcu1t board con51st1ng of monostable, clamplng,
1ﬁtegrat1ng and level detectlng elements as shown in Flgure 3. 2 is

‘ prov1ded for constant extinction angle control of each convertor valve.
Any sudden changes of a.c. voltages are also detected by thls
circuitory and the inverter valve flrlng is advanced to avoid
commutation fgilure. Thg constant extiﬁctionréngle.confrol cifcuits
were analyzed and the oﬁtputs:notiCed wereréompared with the desired forms.
The actual and the d531red output wave-forms are shown in Figure 9.4,
The pr1nted clrcult boards and thelr components were tested Some
transistors were found defective and were, therefore, replaced. '23517
§ch@itp_1evél détector"A' oﬁtput had an undesirable sPike due‘to _stray
capacitance effect. A series R*C (22q - 100 PF) damplng c1rcu1t was .'
“pfovidea across the output resistor R309 as shown in Figure 9 3. The
level detector output was synchronlsed with the commutation voltage by

adjusting the biasing r931stor,V3301.

= \ _ ~12V
- ‘ ‘ _ ‘ 229 o
10k . RS g % o
_ 9 100 pF
- 1000 pE T 7
: -—-lk-] ‘
A Y ' - Output
10k 33k : |

-/:.Es;n am,.;;_dvvvﬂ_4:_: ,:' - ;}_T____

2.2k % gay

VR301 S

F1gure 9.3. Schmltt 1eve1 detector tA' for constant ext1nct10n
angle control
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Figure 2.4 Outputs of CEA circuit elements (a) obserVed

(b) desired.
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Comﬁutatidn‘reac;ance drop comﬁensation éiréﬁit

The d.c. current transformer provides a d.c. voltage output propor;
tional to the current. This voltage iérappliéd to a §90lohm potentiomefer
aﬁd'a voltage pfoportional to 2mLId signai is tapped. The c.e.a. cqﬁtrol
circuit output, the constant current controllér output, the miqimum
delay anglerpulse and the commutation reactance drop compensation
~components are applied td a sumﬁing junctibn as shown in Figure 9.5. '
The commufaiion_reactance.Qb‘and the d.c;'ﬁurrent transformer and the
sumning junction oﬁtput-input ratios are evaiuated to determine'the.
IZwLié potentiometer setting}' The inpﬁt an& output wave forms withoqt

Vee sm——AYN—q
- 20k
wLllg AAN—
| 50k s
Negative . an— 1} 1
pulse 20k _-%Rg,
; -— AAL S
CEA t 2_01( .g._... .

-¥2 E(Cos wt+Coss )’

Figure 9.8 Summing junction components and input-output wave forms.

2wLId and constant current controller inputs are also shown in

Figure 9.8. The effective ground resistance Rg-at the output of the



sumning junction is 13.7 kilohms.

“'Rg summlng Junctlon outputgpeak to peak voltage _

- 1537

as given by the'equafionk

20+Rg summlng Junctlon input peak to peak voltage

2.6
6.4

A short circuit test was performed on the convertor traﬁsformers_

applying three phase, 6 volts, 60 cycles/sec;

supply to the secondary

terminals. The short circuit current and power input at the secondary

terminals were 1.1 amperes and 10 watts respectively.

" The comnutation

 reactance assuming that the convertor transformers are connected to an

infinite bus wéscalculéted'torbe'l.G-ohms.

The bridge convertor was disconnected from the main transformer and -

transmission line and the arrangement of Figure 9.6 was used to determine

the d.c. turrent transformer output-input ratio.

£z

To A.C. Supply

—Dk

A+

5009 /

The d.c. current input

d.c.c.t output

2uLI

Figure 9.6 Clrcult diagram to determlne d.c. current transformer

output 1nput ratlo

‘was varied from 0.0 to 1;0 amperes and the total output voltage was

measured. Figure 9.7 shows a 4.4 volts/amp. linear relation between ﬁhe



- D.C.C.T.output in volts

J 4 1 ] i I 1 1

0 0.1 0.2 0.3. 0.4 0.5 06 0.7 0.8

Current in amps. -

Figure 9.7$t B.C.C.T. output vrs. d.c. current plot.
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d.c. current transformer output and input.
The summing junction oﬁtput shown in Figure 9.5 is given by
~equation 9.15.

9,15
+ Ly

e ( Y2 E. coswt -/2 E cos 6 + ZwLId) Kp e

N-IH'l

2

Where K2 is the ratio of the commutation voltage to the summing
junction output.

K 1is the scale factor for constant current controller
output glven by Rg
20+Rg

E is . the r.m.s. line to line convertor transformer secondary
voltage at no load.

The /2 E/Ké and the commutation voltage E are 1.3 and 76.5 volts

reepectively The scale factor K2 is, therefore, 83. 3 The summing

2wLId

junction input for commutation reactance drop compensation of 333 volts
is therefore,r§2~%§55- 2%%1%.; 2%;1%-_volts. The desired potentiometer

setting for commutation reactance drop compensation simulation is given by

(4'203 L = 7.9 + output

R = 12.75 01712: :

20.4 ohms.
The commutation reactance drop compensation potentiometer was, therefore,
‘adjusted :t0 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 eentreller . : _'1' e g .
The constant current controller provides the signal V 'for -
rectlfler flrlng control. The current controller gain, Rica can be
varied by changlng the size of the feedback capac1tor | The simulator
started successfully when a 6 7 uF capac1tor was used in the feedback
loop. The constant current controller amplifier saturated for capac1tors :

of appreciably hlgher.or lower sizes. The ampllfler gain is 10 when a

/

‘6.7 uF capac1tor is used in the feedback loop ."¥‘,
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