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ABSTRACT 

A.C. harmonic filters are essential elements  in d c. trans-

mission convertor stations as they reduce the harmonics to 

acceptable levels simultaneously supplying partly or wholly 

the reactive power required by convertors. Conventional sta-

tic filters are capable of suppressing only characteristic 

harmonics and are sensitive to detuning and to variations in 

system frequency. 

In this thesis, an electromechanical (e.m.) 	filter 

based on a principle similar to that of a moving-coil loud-

speaker is considered as an alternative to static filters. 

The e.m. filter is capable of suppressing equally well all 

harmonics, is not sensitive to frequency driftandis potent-

ially capable of supplying adjustable reactive power at fun-

damental frequency. 

A single phase e.m. filter prototype was designed and 

built to match the static filters of the Imperial College 

hovod.c. simulator. The results from a number of tests in-

tended to prove the feasibility of this new filter concept 

are presented. 

A theoretical steady-state stability study for an 

h.v.d.c. link connected to a weak a.s. system was carried 

out. The results show that e.m. filters enlarge the convexlx)r 
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stable region of operation permitting higher loop gains and 

faster response times to be used in the 	constant current 

controller. 

This study is followed by a digital simulation of an 

h.v.d.c. link capable of predicting transient stability per-

formance. Several types of disturbances common to d.c. sys-

tems connected to weak a.c. networks were studied. Compara-

tive results between static and e.m. filters show. that the 

latter provide better filtering under steady-state 	and 

transient conditions and improved performance and settling 

time after a disturbance. 

Suggestions for other e.m. filter arrangements, ways 

to exploit their reactive power adjustment capability, and 

tentative figures on full-scale installations as well 	as 

other possible applications are finally glven. 
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LIST OF PRINCIPAL SYMBOLS 

A 	string or beam cross-section 

b 	beam height 

B air-gap flux density 

C 	filter branch capacitance 

CI,Cf  e.m. filter analogue capacitance 

Cl 	d.c. line capacitance 

D moving coil height 

DI 	air-gap height 

e 	voltage 

es 	a.c. system source o.m.f.  

modulus of Young 

fsf 	frequency of resonance between e.m. filters and a.c. 

system 

Fr 	restoring force 

g air-gap thickness 

G transfer function 

H1 	
transfer function 

h beam height; also integration time-step 

e.m. filter current; also filter branch current 

I 	e.m. filter r.m.s. or complex current 

c

• 1 

	commutating current 

id1 	near-end d.c. link current 

id2 remote-end d.c. link current 

Irec remote-end source constant current 

Iref convertor reference current 

Id 	average direct current 
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ifil total filter current 

is 	a.c, system current 

ibr bridge current 

J current density 

K constant current controller gain 

K
cea constant extinction angle controller gain 

Kc 	critical gain 

k 	electro-mechanical conversion factor 

1. 	moving coil conductor length 

L e.m. filter series impedance 

Lb. auxiliary coil external inductance 

L
c 	

commutating reactance 

L1 	smoothing inductor plus d.c. line reactance 

1p 	mean flux path in air 

L' L1 	 • e•  m filter analogue inductance 

m 	moving mass 

In
c 
	conductor mass 

M12 • coefficient of mutual inductance between main and 

auxiliary coils 

Nt  n valve number; also process number; also No. of turns 

P filter losses; also coil weight 

Q filter reactive power 

Qf 	e.m. filter quality factor 

r 	damper constant 

R'Rsf e.m. filter series resistance 

Rt,Rf  e.m. filter analogue resistance 

Req 
convertor equivalent resistance 

R
1 	

smoothing inductor plus d.c,-line resistance 

Rs • a.c, system resistance 

s 	suspension stiffness; also Laplace operator 
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O 
	spring stiffness 

Sc 	coil cross-section 

Sw 	wire cross-section 

tt  T time 

T1 	
constant current controller time constant 

Tcea 
constant extinction angle controller time constant 

Ts 	sampling period 

Tu 	commutation time 

TF 	open loop transfer function 

TF* open loop pulse transfer function 

v 	motional e.m.f. 

v1 	
e.m. filter voltage 

V1 	
e.m. filter r.m.s. voltage 

Vd 	average d.c. voltage 

Vdo 	
d.c. voltage at no overlap and zero current 

vdl 	d.c. voltage 

vcap 
d.c. line capacitor voltage 

vcf filter capacitor voltage 

VI 	remote-end constant voltage 

vf, 	filter voltage 

u 	overlap angle 

vcc 	
constant current control voltage 

• vcea 
constant extinction angle control voltage 

x 	displacement 

e.m. filter r.m.s. or complex displacement 

Z 	e.m. filter impedance 

auxiliary coil external impedance 

h 	
impedance at harmonic h 

Zm 	
motional impedance 

Znf, 	
a.c. system plus filter impedance 
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a 	firing angle 

P 	advance angle 

Y 	extinction angle; also acceleration of gravity 

Af 	difference between fundamental and natural resonance 

frequencies 

error or tolerance; also % suspension non-linearity 

X 	magnetic flux 

tio 
	air magnetic permeability 

W 	
working stress 

0 	magnetic flux 

angular frequency 

Ws 	sampling angular frequency 

Notations  

denotes analogue quantities 

denotes small variation 

0 
	denotes fundamental frequency quantities; also steady- 

state convertor angles 

n 	denotes natural resonance frequency quantities 

denotes main coil quantities 

2 
	

denotes auxiliary coil quantities 

Abbreviations  

c.c. 	constant current 

c.e.a. 	constant extinction angle 

c.f.a. 	constant firing angle 

e.m. 	electromechanical 
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fe m. 	filter model 

h.v.d.c. high voltage direct current 

individual phase control 

short circuit ratio 

voltage-controlled rectifier 
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CHAPTER 1 

INTRODUCTION 

Harmonics in h.v.d.c. convertor stations  

Convertor stations in h.v.d.c. transmission systems 

generate harmonics. The convertor behaves as a low impedance 

harmonic source on the d.c. side (constant-voltage harmonic 

source) and as a high impedance harmonic source on the a.c. 

side (constant-current harmonic source). 

Under ideal conditions the harmonic voltages generated 

on the d.c. side are of orders np, and the harmonic currents 

generated on the a.c. side are of orders np±1, where p is the 

pulse number and n an integer. Those are referred to as cha-

racteristic harmonics. Nevertheless, due to irregularities, 

asymmetries and non-linearities in the system, uncharacteris-

tic harmonics of any order may be present. 

It is well known that harmonics in power systems may 

cause the following undesirable effects: 

- extra losses and heating in network elements, espe-

cially generators and capacitors; 

- harmonic overvoltages due to resonance; 



- instability or innacuracy of convertor control, and 

interference with other control systems using audio-

frequencies; 

- interference with telecommunication systems, noise 

in telephone lines and railway signalling, etc. 

In order to eliminate or at least attenuate those ef-

fects, measures have to be taken to suppress the convertor 

harmonics. One method consists in increasing the pulse number, 

but this becomes uneconomical above p = 12; however even with 

12-pulse convertors, harmonic filters are normally necessary. 

Although filters may be needed on the d.c. side of convert=s, 

in this thesis only alternative forms of a.c. harmonic filters 

are studied. 

1.2 Harmonic filters  

Conventional filters used on the a.c. side of h.v.d.c. 

stations consist of: 

(a) several tuned branches, to suppress the first few 

characteristic harmonics, usually the 5th, 7th, 

11th and 13th; 

(b) a damped high-pass branch for higher harmonics. 

In addition to harmonic suppression, a.c, filters 

usually generate at least part of the convertor demand of 

reactive power, as they possess a capacitive impedance at 

fundamental frequency. In some cases shunt capacitors may be 

added for additional reactive power compensation, and they 
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improve the filtering of higher harmonics(1) 

At the design and operation stages of a.c. harmonic 

filters various difficulties may be encountered e.g. 

- an optimisation exercise is necessary for best 

possible filtering at the required reactive power 

compensation at an acceptable cost; 

- a quality factor for the filter branches has to 

be chosen; this factor should be low, so that the 

pass-band is wide enough for filtering not to be 

seriously affected by detuning and frequency varia-

tions; however too low a Q factor would result in 

high harmonic impedance; 

- there may be need for variable filter tuning through 

an automatic self-tuned filter or otherwise, and 

perhap6 a need for switchable filter sections, to 

match variations in load and number of bridges in 

operation; 

- unpredictably high uncharacteristic harmonics may 

occur requiring inclusion of further tuned branches 

during or after commissioning(14,38); 

- there is a possibility of resonances between the 

filters and the a.c. system, leading to instability 

and excessive harmonic levels. 

Harmonic filters have been conservatively estimated 

to account for 5 to 15%(1)  and perhaps up to 20% of total 

capital costs of substation equipment. This justifies the 
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interest and research that has been devoted to the study of 

filters and alternative means of suppressing, reducing or 

avoiding harmonics, or of ways of achieving this at lower 

costs. 

Gilsig(2)  has suggested an interconnected 3-phase fil-

ter of conventional type, in which a rearrangement and inter-

connection of the filters in the three phases leads to a re-

duction in filter losses. In this filter a reduction in the 

• total number of resistors is also obtained, and further sa-

vings are possible. 

Fairmaner(3) studied the effect of using a phase dis-

placement between convertor transformer secondary voltages 

other than the usual 30o He concludes that a 20o phase dis-

placement would allow a reduction in filter component costs 

of 7.5 to 26%. This is achieved by redistributing the harmo-

nic currents in such a way that the contents of lower har-

monics in the a.c. current is the same for both 6 and 12-pul-

se operation. The overall filtering capability required be-

comes less than for 30° phase-displacement. 

Ametani
(4) has suggested the use of harmonic currents 

injected in the transformer d.c.-side winding to reduce the 

harmonic contents of the primary current. The best results 

would be obtained if a 3rd harmonic current were injected, 

with a magnitude of about 0.3 to 0.5 of the direct current, 

amiatzem phase-angle with respect to the firing instant. The 

current source could be a power amplifier or a synchronous 
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generator, depending on the size of the convertor. Signifi-

cant reductions thus obtained in the harmonic currents pro-

duced by the convertor station would reflect in lower filter 

ratings. 

Sasaki and Machida(5) suggest a different concept of 

harmonic suppression. Harmonic currents produced by the con-

vertor and flowing in the transformer secondary would be mo-

nitored and fed, through an amplifier, to a special tertiary 

winding of the convertor transformer.. This can be done in 

such a way as to cancel tha secondary magnetic flux associa-

ted with the harmonic currents. The primary current would 

thus be approximately harmonic-free. 

These and other studies reflect the concern about the 

problem of harmonic currents associated with convertor sta-

tions. However the proposed methods are unlikely to produce 

important advances in the field as they fail to, simultaneously 

- achieve substantial savings in overall costs; 

- avoid complexity of system components or need for 

additional equipment; 

- obtain a filtering performance insensitive to fre-

quency variations and filter detuning; 

- suppress uncharacteristic harmonics and eliminate 

possible resonances between a.c. system and filters. 

In the present thesis a new approach to the problem 

of filtering in h.v.d.c. substations is considered. A novel 
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filter of the electromechanical type is studied which poten-

tially has the ability to suppress equally well both charac-

teristic and uncharacteristic harmonics, to supply variable 

reactive power and to improve the overall stability of the 

d.c. transmission link. 

1.3 The electromechanical filter 

The electromechanical (e.m.) filter is basically a 

spring-mass system incorporating a winding immersed in a 

magnetic field. By appropriate choice of the system parame-

ters, the coil appears to have a capacitive impedance at 

power frequency and a low impedance at the harmonic frequen-

cies, therefore the e.m. filter serves the dual function of 

a reactive power source and a filter for all harmonics. An 

analytical study of the e.m. filter and description of its 

salient features are presented in Chapter 2. 

A single-phase e.m. filter model (f.m.) was designed 

and built so that a practical insight of the problems could 

be obtained and to demonstrate the feasibility of the e.m. 

filter approach. Only a limitted number of tests were pos-

sible using the filter model in conjunction with the Imperial 

'College h.v.d.c. simulator because a 3-phase f.m. was not 

available. The main design features of the f.m. as well as 

test results are given in Chapter 3. 

Due to the overall low impedance of the e.m. filter, 

except in the vicinity of fundamental frequency, it possesses 

several advantages over the conventional filters. It is known 
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that one cause of instability in convertors connected to 

weak a.c. systems arises from parallel resonances between 

the filters and the a.c. network
(20) The locus of a.c. sys-

tem plus filter impedance is subtantially changed if the e.m. 

filter is used, and this has a beneficial effect on the sys-

tem. A small perturbation stability study, described in Chap-

ter 4, shows substantial improvements in convertor steady-

state stability. 

Another type of convertor instability may arise in 

convertors with individual phase control (i.p.c.), as a re-

sult of harmonic magnification in the so-called voltage-loop 

consisting of the network impedance, the convertor and the 

control system(14). This can be cured by the use of the volt-

age-controlled oscillator (v.c.o.) firing system(15) If e.m. 

filters are used the possibility of harmonic instability is 

practically eliminated even if the firing system is of the 

i.p.c. type. 

In order to study the transient behaviour of conver-

tors with their associated filters, a digital computer pro-

gram was developed. This program, described in Chapter 5, 

can simulate the dynamic performance of a convertor with an 

. i.p.c. or v.c.o. firing system, and was used to confirm the 

theoretical predictions regarding harmonic stability and 

small perturbation stability. 

The digital prograth was further used to analyse the 

transients following some typical disturbances in both the 
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d.c. and a.c. sides of the convertor. The results of this 

study, given in Chapter 6, show that under transient condi-

tions the a.c. wave-forms remain practically harmonic-free 

when the e.m. filters are - used, and this improves markedly 

the 	transient response of the system. 

Finally in Chapter 7 some aspects of the full-scale 

application of the e.m. filter principle are discussed. To-

pics raised include several possible ways of implementing 

adjustment of reactive power under operation, several pos-

sible e.m. filter configurations and some technical diffi-

culties that may arise e.g. external vibrations, noise and 

heating. A tentative extrapolation from the model to full-

scale installations is also considered. 
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CHAPTER 2 

THE ELECTROMECHANICAL FILTER 

2.1 Principle of operation  

The electromechanical (e.m.) filter studied here 

consists basically of a vibrating spring-mass mechanical sys-

tem driven by an electric coil immersed in a magnetic field. 

The principle of operation is thus the same as for a moving-

coil loudspeaker. 

This system has a natural frequency of oscillation 

in the vicinity of which the mechanical impedance (defined as 

the ratio between applied force and resulting velocity) is 

low. Away from the natural frequency the mechanical impedance 

is high and the system exhibits hardly any mechanical response 

to the applied driving voltage. 

These properties are analogous to those of a parallel 

R, L, C circuit, if electrical admitance is considered instead 

of mechanical impedance. The electromechanical system can 

therefore be used as a passband filter. In association with 

a convertor bridge, and if appropriately tuned, it will offer 

a high impedance at fundamental frequency and low impedance 

at all harmonic frequencies. It will therefore act as aharm-

onic filter. 
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This principle of filtering has been used in communi-

cation systems. In the majority of such applications the e.m. 

vibrator consists of crystal, magnetostrictive or torsional 

rod-wire elements. Developments in this area, reviewed by 

Johnson, et. a1.(7), indicate that mechanical filters have 

been limited to low current applications, and in general to 

high frequencies. 

A filter of the spring-mass type for low frequency 

(50 Hz) was built by LUder(8). Although intended for very low 

power applications, it bears great similarity to the filter 

model designed by the author. 

In high power applications e:m. transducers have been 

mainly used as vibration generators, of which two examples 

are described by Taylor(9) and Grootenhuis and Gearing(11)  

2.2 Mathematical analysis  

2.2.1 The spring-mass system 

The basic e.m. filter arrangement is shown in Fig. 2.1. 

The following set of equations describing the system operation 

is derived in Appendix 1 (A1.15) 

— 	. 	, 
mx+rx+sx- 1Bx = -ml 

(2.1) 
di 1B x + L-- + R 
dt = v1 (t)  

where 
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Fig. 2.1 Schematic diagram of the electromechanical 
vibrator (cylindrical symmetry). 
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m 

- r 

= 

= 

the 

the 

moving mass 

damper constant 

- s = the stiffness 

- 1 = the conductor length 

- B = the gap flux density 

- y = the gravity acceleration 

R = the coil series resistance 

L = the coil series inductance 

- x = the displacement 

- i = the coil current 

- v1 = the applied voltage 

This set of equations is valid only if the following 

assumptions are satisfied: 

(a)- the self-inductance L is constant along the whole 

excursion of the moving coil; this in turn is satisfied if 

the coil undergoes only small displacements, and these are 

well within the limits of the air-gap (see Appendix 4); 

(b)- the flux density B is uniform within the whole 

range of coil displacements; this is possible by appropriate 

design of the air-gap and by limiting the coil travel; 

(c)- the springs are linear i.e. they possess constant 

stiffness; 

(d)- the dissipative forces are all proportional to 

velocity and the loss coefficient r remains constant; although 

no attempt was made to measure the individual losses from 

windage, material hysteresis and other sources, the perform-

ance of the filter model suggest that there is no reason to 

believe that the loss coefficient is non linear; 



V (s - mw2 	jwr) wr) 
I - 	 

(lB)2  (R + jwL) [s - mw2 	jwr] wr] + jw s   

Z = R + jwL + 	jw(1B)2 R + jwL + Zm  (2.4) 
(s 	mw2) + jwr 
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(e)- the whole system has mechanical, magnetic and 

electric radial symmetry; in particular the springs must be 

accurately positioned and must possess equal stiffness and 

free length. 

In equations 2.1 the terms 1Bi and 1Bi describe the 

electro-mechanical interaction: 1Bi is the force produced 

upon the coil by the magnetic field, and 1Di is the e.m.f. 

induced in the coil as a result of its movement. 

In the first equation the term -mY can be neglected 

as it was found to be two orders of magnitude smaller than 

the other terms. If the applied voltage is sinusoidal with 

angular frequency w , 

vi(t) = V1  sin Wt 

the following expressions for the amplitudes of displacement 

and current can be derived 

X 
1DV (2 .2) 

(R 	jwL) [s - mw2 	jwr] 	jw (1B)2  

(2.3) 

It is clear that an impedance at frequency w can be 

defined, given by 

This expression is the same as cqn.. A2.8 derived in Appendix 2 
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from the electric analogue. The electric impedance of the coil 

is made up of its ohmic resistance R and its self-inductance 

L (this impedance will be referred to as the seriesimpedance) 

and the motional impedance Zm. 

Practically all the information on the filter charac-

teristics can be derived from expressions 2.2 to 2.4 . Fig. 

2.2 shows the filter displacement, current and impedance plot-

ted against frequency, for constant applied voltage. The dis-

placement characteristic may or may not exhibit a peak at the 

antiresonance frequency f1  depending on the relative values 

of the parameters involved in expression 2.2 . This peak 

does not affect the filtering performance provided that no 

significant content of frequency f1  is present in the input 

waveform. 

The natural resonance frequency of the spring-mass 

system is given by 

1 Ills 
fn = 27t 

(2.5) 

Expression 2.4 shows that the filter impedance is practical-

ly resistive at fn, as the term jwL is negligible for low 

frequencies. Therefore it can be assumed with little error 

that the resonance frequency of the e.m, system cincides with 

fn  given by 2.5 . 

Above resonance, the motional impedance Zm  decreases 

rapidly so the filter impedance attains a low value. However 

thisbqjUds up again gradually with frequency for two reasons: 

(a) the self-inductance of the coil falls sharply with increa- 
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Fig. 2.2 E. m. filter-pattern of impedance, current and 
displacement characteristic. 
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sing frequency, due to the presence of the irentandthen remains 

ata low and ptactically constant value; hence the reactance 

WL increases linearly with W (an approximate expression for 

L is derived in Appendix 4);(b) although the copper losses 

in the coil conductor do not increase substantially due to 

skin effect up to say the 40th harmonic, important iron losses 

occur for higher frequencies. 

The consequences of these effects are discussed in 

greater detail in section 3.2.3. Copper-cladding of the magnet-

ic pole faces causes a reduction in both inductance and losses. 

A more detailed account on the advantages of copper-cladding 

is given in section 3.3.1. 

For the study of the e.m. filter the copper and iron 

losses were all assumed to be of ohmic type and were lumped 

in the series resistor. A constant self-inductance L, equal 

to the value measured on the model for frequencies in the 

region of the main convertor characteristic harmonics was 

used in the equivalent circuit. This is a valid simplification 

because WL is negligible wer.t. the motional impedance in the 

region where L is high. 

2.2.2 Electric analogue  

The e.m. system described in the previous section can 

be represented by its analogue electric circuit as shown in 

Appendix 2. This analogue is particularly suitable for the 

derivation of the active and reactive powers, the impedance 
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locus, and for stability studies and digital simulation pur-

poses. 

In Appendix 2 the following expressions are derived 

for the capacitance, inductance and resistance equivalent to 

mass, stiffness and mechanical loss coefficient, respective-

ly (A2.5) 

C' 

LI 

R' = 

k 
k 

k 

(2.6) 

r 

 

where k = (1B)
2 is the electro-mechanical conversion factor. 

The impedance locus of the system in Fig. 2.1 or its 

electric analogue of Fig. A2.2b i7s shown in Fig. 2.3. The 

loop in this locus is very nearly a circle of radius RI/2 and 

center (R+R'/2, 0).'The resonance and antiresonance points 

(at fn  and f1, 
respectively) both lie practically on the real 

axis and the operating point at fo = 50Hz is 
marked F. The 

reduction in self-inductance and increase in resistance obser-

ved in practice for higher frequencies is illustrated in Fig. 

2.3 by the differences between the theoretical and practical 

loci. 

As derived in Appendix 3, where all symbols are derived, 

the total filter losses at funfamental frequency are given by 

2 	V2 
P = R I + 	

=RI2 r +  V2  
R' 	k 

(2.7) 

The first term represents copper and iron losses (see 2.2.1) 



30 

	 R 

Fig. 2.3 E.rn. filter - impedance locus 

1. Theoretical - constant series 
resistor R and inductor L 

2. Practical 

0 

 



Rad 
- 2(1 - w2L'C') 2s [1 - (w/wn. )2] 

2m(c0121 — w2) 

(2.10) 

WL wk 	wk 

and the second mechanical losses. If, as is generally the case 

at 50Hz, the electrical losses are small compared with the 

mechanical. losses, and if both R and L can be neglected in 

comparison with the motional impedance, the expression for 

the losses becomes 

2 

	

1 	r 2 P = 	- V 

	

11 1 	k 	
, 
I 

(2.8) 

since V 	V
1  (see Fig. A2.2b). The filter losses have thus 

been reduced to the 'III2 losses in the equivalent resistor 

given by expression (2.6). The loci of points of constant 

losses for constant applied voltage are circles of radius 

R1 /2 and center (R'/2, 0). 

Similarly in Appendix 3 it is shown that the reactive 

power at fundamental frequency fo  is given by 

Q 
.„2 	2 	2 	2 	2 \ V2 s - mwo 	Vi m(Wn - too)  

Wo 

Vi s(1 4/02  
- v

2 1 - w(2, LIC1  

k 	wo 	1 
WoLl  

( 2 .9) 

where wn = 2Tcfn 
and wo = 21tfo. The loci of points of constant 

reactive power for constant voltage and natural resonance 

frequency are semi-circles of radius 

and center (0, -Ra d). 
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-In expressions 2.9 and 2.10 , L' and C' are the equi-

valent inductance and capacitance definedbyeqn. 2.6. From 2.9 

or Fig. 2.3 it is clear that if fl <fo< fn, the filter has a 

capacitive impedance. This of course is an essential feature 

of a filter associated with a convertor station. The VArrequire-

ment at fo  is therefore one of the design specifications of 

an e.m. filter. 

The operating point F (Fig. 2.3) is in the region of 

practically pure capacitive impedance, with a phase angle (1:11  

approaching 90°. This angle varies little with the position 

of this point, viz. F and FI. The impedance in this region 

is approximately given by 

 

IDOL' (A3.10) 
0 - wciL,c1 

as shown in. Appendix 3. Expressions 2.9 and A3.10 	show 

that Q is inversely proportional to Z. At the design stages, 

therefore, the fundamental impedance rather than the VAr's 

may be used as a specification. 

2.2.3 Quality factor  

A measure of the sharpness of resonance is given by 

the filter quality factor, 

Q 	Vs m - 	R' 
	

(2.11 ) 

In ,the case of static filters, the quality factor of 



33 
• 

the individual tuned branches is closely linked to thefilter-

ing performance. The quality factor defined in eqn. 2.11 

however has no direct effect on the filtering performance of 

an e.m. filter. Nevertheless there are two aspects of the 

quality factor of an e.m. filter that are of importance. In 

the design stage it is difficult to assess the mechanical 

losses; it is however possible to specify, albeit empirical-

ly, a maximum expected value for the quality factor. From 

this an approximate loss coefficient r can be derived from 

eqn. 2.11 assuming that the mass and stiffness have been 

established. Furthermore, the quality factor is closely related 

to the rate of change of impedance with frequency near ft:). 

This aspect has to be taken into account when drifts in a.c. 

system frequency are considered. The higher the Qf,the wider 

the excursions in fundamental impedance for the same devia-. 

tion in system frequency. This relationship is important in 

the design of the e.m. filter VAr controller. 

Since it is desirable to reduce the filter losses, 

from the point of view of operation costs, and since lower 

losses mean higher quality factor, it is apparent that a 

compromise solution would have to be reached. 

2.3 Application of the e.m. vibrator as a filter 

If the moving coil of the e.m. vibrator is connected 

to the a.c. terminals of a convertor, the current in the 

coil can be decomposed into: 

- a fundamental current resulting from the fundamental 
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voltage at the convertor terminals, and limited by 

the fundamental impedance calculated from eqn. 2.11 ; 

- a set of harmonic currents: each of the convertor 

harmonic currents is shared between the moving coil 

and the a.c. system according to the relative values 

of their respective impedances at the particular 

harmonic frequency. 

The e.m. vibrator can be designed to have a natural 

resonance frequency smaller than but near the a.c. system 

frequency. At system frequency a specified amount of VAr's is 

thus generated. Simultaneously the vibrator must have a low 

impedance characteristic at the harmonic frequencies. Ideal-

ly, this impedance should be zero, so that neither the a.c. 

voltage nor the a.c. system current would have any harmonic 

content . In practice this is not feasible. A fraction of the 

harmonic currents generated by the convertor flow in the a.c. 

network, and the voltage drops of the filter harmonic currents 

accross non-zero impedances result in harmonic voltages that 

are added to the system fundamental frequency voltage. 

The e.m. filter possesses several advantages over 

conventional filters made up of several tuned branches and 

one damped high-pass branch. Because the e.m. filter imped-

ance characteristic is practically "flat" in the region of 

the harmonic frequencies, it is capable of eliminating non-

characteristic as well as characteristic harmonics. This 

property, desirable under steady-state conditions, is even 

more important during transients or under a.c. system un-

balanced conditions, when the non-characteristic harmonics 
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generated are likely to be far from negligible. 

In relation to the filtering performance the e.m.filter 

is insensitive to detuning caused either by ageing of compo-

nents or variations in system frequency. The e.m. filter 

requires tuning only with respect to its fundamental frequency 

operation, in order to ensure generation of the specified 

VArts. In any case, a full-scale e.m. filter will be furnish-

ed with a VAr adjustment mechanism (see section 7.2) so that 

the VAr supply at fo  is controlled. It can be concluded that 

drifts and deviations in frequency will be of much smaller 

nuisance value if e.m. filters rather than static filters are 

present. 
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CHAPTER 3 

THE DESIGN AND TESTING OF THE ELECTROMECHANICAL FILTER MODEL 

3.1 Design considerations and model construction  

3.1.1 Specifications  

In order to verify experimentally the characteristics 

of the e.m. filter and its performance in d.c. transmission 

systems, a prototype e.m. filter had to be designed and built. 

The prototype would also provide information on any peculiar-

ities that might have been ommitted or unforessen in the 

theoretical study, and therefore form a basis for 	a 

comprehensive 3-phase unit design as well as a realistic 

digital simulation. 

A fair amount of information on the characteristics 

and performance of the Imperial College h.v.d.c. simulator 

has been available from past experimental work. It was thus 

decided to design and build an e.m. filter model that would 

match the salient points of the simulator static filters.This 

would offer the oportunity of direct comparison between the 

two alternative filtering systems. 

The static filters used in the simulator consist of 

several parallel branches as shown in Fig. 3.1, where the 
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C5= 21 PF C7  =15 C11 =11 • C13=10 CHp= 7pF - 

L5 =19.5mH L7  =136 L11  =7.5 L13= 6.2 41p= 5 mH 

R5  =1.15Q R7  =0.97 R11  =0.81 R13=1.03 RHp= 2552 

Fig.3.1 Static filters in the h.v.d.c. simulator. 



38 

relevant data are also given; the measured impedance charac-

teristic for these filters is plotted in Fig. 3.2. 

The static filters are connected to the tertiary wind-

ing of the convertor transformer, the rated tertiaryphase-to-

phase voltage being 110V. At fundamental frequency the filter 

has a capacitive impedance of 50Q and generates 80VAr per 

phase. 

The above mentioned rated voltage, fundamental VAr's 

(or impedance) and the impedance at the harmonic frequencies 

were chosen as specifications for the design of the e.m. 

filter model. 

The static filters have an estimated total loss per 

phase, under operation at reted values, of about 0.5W. This 

value was initially used as another specification for the 

filter model (f.m.). At the early stages of the design, how-

ever, it became apparent that the e.m. filter is bound to 

have substantially higher losses, as shown in section 3.1.2, 

and that restricting the losses to a maximum of 0.5W was un-

realistic. This design constraint was therefore dropped; it 

was attempted, instead, to keep the losses at as low a level 

as possible. 

.1.2 Calculation of filter model arameters 

For reasons of economy, the f.m. design was based on 

an available excitation system from a Derritron vibration 
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Fig.3.2 Impedance characteristic of the h.v d.c. simulator 
static filters. 
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generator. Consequently the following design parameters were 

already imposed: a) the approximate diameter of the moving 

coil; b) the air-gap length; c) the maximum available number 

of ampere-turns. 

Another constraint imposed at this stage of the design 

was an upper limit to the natural resonance frequency n• This 

is because the larger the difference Af = fo - fn, the lower 

the rate of change of impedance with frequency in the region 

of fo
. It was thought that Af should, be kept reasonably 

large so that small variations of fo do not affect dispropor-

tionately the filter fundamental impedance. A maximum of 49Hz 

was therefore imposed as an upper limit on fn. 

At.a later stage (see section 4.3.2) it was found that 

due to stability considerations it is desirable to have higher 

rather than lower values of fn
; these two conflicting require-

ments force a compromise solution. In future filters incorpo-

rating means of stiffness adjustment this limitation will of 

course not apply. 

As the mechanical losses in the vibrating system are 

unknown, the design was based on an informed guess of 250 for 

the quality factor, and the loss coefficient r then derived 

from expression 2.11. 

In order to keep mechanical stresses on the moving 

parts within reasonable limits, it was further decided from 

the early stages of the design that the maximum vertical 

speed of the moving coil should not exceed 3ms
-1 which at 
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50Hz corresponds to a peak displacement of ±1cm and a maximum 

acceleration of 100g. 

At the outset, the total moving mass consiting of the 

winding, the former, the supporting table and a fraction of 

the springs mass is unknown. The air-gap is also one of the 

design variables. 

On the basis of the obove mentioned constraints a 

trial and'error method was then followed to determine the 

system parameters and dimensions. At intermidiate stages of 

the design a computer program was used to check the filter 

characteristics. The various parameters were successively 

adjusted to arrive at compatible electrical and mechanical 

characteristics. Fig. 3.3 illustrates a simplified flow dia-

gram of the design procedure. Appendix 3 includes a summary 

of the main expressions relating the filter parameters and 

operating conditions that were used during the design. 

The results of the final design are shown in Table 

3.1. The following comments clarify and expand the informa-

tion in the Table. 

Final tuning of the resonance frequency to obtain the 

desired fundamental impedance was performed on the f.m. by 

adding or removing small amounts of mass to or from the coil 

former. 

As mentioned in section 2.2,1 a relative maximum in 

the displacement occurs around 100Hz. Beyond this frequency 
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make informed guess 
of several filter para-
meters, e.g.: 
moving mass, conductor 
length, airgap, coil 
geometry etc. 

	elEDIS=MIL-WISIECIMMICISSk 	 

filter specifications:; 
working voltage V 
full-load Vars 
Zh max 
B max 
total filter loss 
Lf 

61111111101111121t1 	 LIMINIUM1264 

compute filter 
characteristics 

change some [: 
parameters 

check Vars, Zh 
coil excursion , 
loss, general mech-
anical compatibility 

NO 

Fig.3.3 Design procedure 



ELELTROMECH. FILTER - PROGRAM ELMFL2 	J. NUNES DE CtRVALHO 	 RESONANCE AT 43.70 HZ 

DATA 	 CALCULATED 
SPKING STIFNESS 	S 	= 87303.00 	LENGTH OF COIL WIRE 	CLE 	= 	16.96 
MASS 	M 	= 	0.932 	WIFE CROSS SECTION (MM2) SWIR2 = 	0.810 
FRICTION CONSTANT 	FRI = 	1.030 	COIL CROSS SECTION 	SN 	= 	u.0398 
.COIL LENGTH 	D 	= 	0.02663 	COJL INDUJTANCE 	L 	= 	0.00193. 
GAP L=RGTH 	D1 = 	0.04750 	EOEIVALLHT REACTOR 	L' 	= 	3.00742 
GAP 	GAP = 	6.1050u 	EQE1VALENT CAPALITOR 	C' 	= 	0.00144. 
NDMOLR OF TURNS 	N 	= 	24 	 LO1IVALENT RESISTOR 	R' 	= 641.54 .  
FLUX DENSITY 	D 	= 	1.5j0- 	COIFFiCI:NT A 	A 	= • 647.5 
RESISTANCE 	R 	= 	0.374 	f-ElISTANCE AT kESSONANCE KO 	 = 647.92 
COIL RADIUS 	RN = 	0.11250 	REtCTANCE AT RESSONANCE X6 	= 	2.27 
VOLTAGE 	V • = 	110.0 	QUILITY FACTOR 	a 	= 235.47 

FRECULNCY P.LSF'UNSE CURVE 
FKLQ(HZ) HARMLNIC Z MOD Z ARG 	COMPLEX Z 

************44+ 
VARS SUPPLIED DELTA VARS 
(AT FUND.) 	PER CENT 

VERT. AMPLITUDE 
(63.5V AFPLI60) 

45.00 0.9u 14.91 	87.34 0.63 14.10 0.0120045 
46.00 0.92 20.46 	57.24 0.93 20.44 0.0111622 
47.00 0.94 32.50 	86.57 1.94 32.44 	• 0.3117300 
41.011 0.96 78.45 	82.05 9.72 77.34 0.0116078 
45.5u 0.97 254.42 	E0.91 99.73 234.33 8.0115503 
49.0U 0.90 177.01 	-73.9u 49.14 -170.26 6.0114952 
49.00 0..290 50-18 -86.03 4.34 -49.37 -80.28 -15.41 0.0114115 
49.85 0.937 47.29 	-5.2t., 4.03 -47.73 -83.92 -11.56 .0.1114368 
49.90 0.38 45.91. -85.36 3.71 -45.76 -87.57 -7.71 0.3114318 
49.95 0.939 44.08 -55.50 3.46 -43.14 -91.23 -3.85 11.6113968 

++ 	50.03 ++ 	1.030 ++ 	42.35 	-85.63 ++ 3.23 -42.26 ++ ++  -94.55 0.00 ++ ++  0.0113919 
50.05 1.001 .4':.62 	-55./5 3.02 -40.71 -98.54 S.85 0.0113569 
50.10 1.002 39.36- -85.86 2.84 -39.26 -102.20 7.71 0.0113820 
50.15 1.013 30.01 	-06.96 2.65 -37.31 -105-.85 11.58 0.0113771 
53.20 1.034 36.74 -86.06 2.53 -36.66 -109.51 15.42 0.0113723 
51.00 1.02 23.95 -86.57 1.31 -23.91 0.0112075 
52.00 1.04 10.6,J -87.12 0.84 -16.64 0.3112118 
53.00 1.06 12.75 	-67.u7 0.6.3 -12.73 0.0111346 
54.00 1.03 10.31 	-81.09 0.5o -10.29 0.0110656 
60.00 1.2J 4.67 	-04.56 0.42 -4.65 0.u1681801 
30.110 1.6J 1.26 -72.39 0.33 -1.20 0.0122268 

100.03 2.33 0.43 	-28.76 0.38 -0.21 0.0189152 
120.00 2.40 0.94 	45.85 0.33 0.39 0.J095034 
150.00 3.0J 1.13 	70.16 3.35 1.34 0.0027921 
250.00 5.00 2.87 	61.95 U.37 2.65 0.0303365 
353.00 7.uJ -4.04 	84.69 0.37 4.32 0.6001279 
550.00 11433 6.64 	86.77 0.37 6.13 0.0000312 
650.00 13.13J 7.91 	87.29 0.37 7.90 u.J010117 
850.00 17.0J 10.43 	87.95 0.37 10.43 0.3J00u83 
963.03 19.00 11.69 	88.17 0.37 11.65 0.3000059 

1150.00 23.03 14.19 	58.49 0.37 14.19 0.0020033 
1250.00 25.30 15.44 	88.61 0.37 15.44 0.3.000626 

IAX. VERT. JELOCITY (50 HZ) 	VEL = 3.58M/S 	MAX. VERT. DISPLACEMENT (50 HZ) 	AMPL = 11.39 MM 

FUiLDAMLNTAL CURRENT, VOLTAG:, LOSS (ND VARS AT FILTER 

Z(1) 	I(1) 	V(1) 
	

P(1) 
	

0(1) 
MOO 	A-',6 	MOD 	ARC 	MOT 	PLR,: 

	
LOSS 
	

VARS. 
42.3540 -85.6 	1.4954 55.6 63.5105 100.30 

	
7.24375 
	

-94.3835 

t  '
 e

 on
av

i,
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the displacement falls very sharply, reaching only 0.1mm at 

350Hz. 

The coil inductance shown in Table 3.1, L = 0.0019811, 

was calculated under assumptions that were later found to be 

unrealistic. In fact, using expression A4.10 derived in Ap-

pendix 4, the inductance of the f.m. at low frequencies is 

about 1m11; this was confirmed by measurement (section 3.2.3). 

For the calculation of the high frequency impedance the values 

of inductance and resistance were assumed to be independent 

of frequency, a simplification which is shown to be false in 

section 3.2.3. 

Table 3.1 shows that near 50Hz the filter impedance 

varies by about 252 for a 0.1% (0.5Hz) variation in frequency. 

In this region the VAr's vary practically linearly with 

frequency; a shift of the operating point from 50Hz to 49.8Hz 

(or an increase in natural frequency fi'om 48.7Hz to 48.9Hz) 

will produce a decrease of 15.4% in the VAr's generated. 

Substantial changes in the fundamental VAr's can thus be pro-

duced through small variations in the filter natural frequency. 

A frequency variation of 0.4% is obtained by 0.8% change in 

either mass or stiffness. If a realiable and simple method of 

•. changing either of these parameters under operation.isdevised, 

the filter will have the capability of generating VAr's ac-

cording to network and convertor requirements. 

3,1.3 Suspension design 

The available magnetic circuit dictated that the coil 
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suspension should be located outside the main filter body. 

This, together with the design stiffness (87300Nm-1) and 

maximum excursion (1cm) provided the data for the assessment 

of various suspension arrangements. The maximum working stress 

for steel strings or beams, both for tension and bending, 

/ normally of the order of 140 x 106  Nm-2  (about 20x 103p.s.i), 

was used in the calculations. 

A tension-string or bending-beam types of suspension 

were initially considered because of the attraction of low 

loss dissipation. 

A sot of three tension strings at 1200, as in Fig. 3.4a, 

is the simplest suspension but it has a highly non-linear 

characteristic unless small cross sections and/or large string 

lengths are used. Unfortunately the maximum working stress 

limitation requires large cross sections. The calculations 

described in Appendix 5 show that there is no satisfactory 

solution even if a stress of 500 x 106Nm-2 and a 10% non-

linearity in stiffness were acceptable. Another disadvantage 

of a single three-string suspension is the lack of radial 

alignment force on a long suspended cylinder. Due to the 

structure of the magnetic circuit, a double suspension provid-

ing such an alignment was precluded. The idea of this type 

of suspension was therefore abandoned. 

The possibility of using bending beams was nextinvest-

igated. A simple cantilever with the moving coil at the free 

end, as in Fig. 3.14b, and a simply supported beam with the 

moving coil in the middle, as in Fig. 3.4c, are possible 



(a) 
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C (b) 

  

(c) 

 

(d) 

  

Fig. 3.4 Types of suspension 

M C - Moving coil 

(a) String type 
(b) Cantilever 
(c) Simply supported beam 
(d) Beam built in at both ends 
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structures. 

The situation with bonding beams is much the same as 

with strings,. as explained in Appendix 5. If the working 

stress is to be kept within acceptable levels, the dimensions 

of the beam are impractical. 

The simple cantilever, used in the filter described 

in reference 8, and the simply supported beam, give rise to 

non-axial displacements (see Fig. 3.4b and c). In the first 

case the axis of the moving coil oscillates in a vertical 

plane containing the beam and the filter axis. In the second 

case, since one end of the beam is allowed to slide horizon-

tally, the coil axis would be kept parallel to the stator 

axis but it would move radially. 

These difficulties can be avoided through the use of a 

beam clamped at both ends as in Fig. 3.4d. This, like the 

string suspension, is non-linear; furthermore the working 

.stresses are in this case even higher than in all 	other 

arrangements. 

More elaborate types of suspension like those shown in 

Fig. 3.5 would not improve the situation as far as linearity 

and working stress are concerned. 

Finally the possibility of using helical compression 

springs was studied. Three sets of spring pairs, symmetrical-

ly placed at 120°  around the circumference of the center pole 

were consider ed. This design proved feasible. Preliminary 



(a)  

(b)  

Fig. 3.5 Other types of suspension 

(a)Triple beam 
(b) Spider 
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considerations led to the following operating conditions: 

- length at maximum compression 	2.8cm 

- length at central,position 	3.8cm 

- length at minimum compression 	4.8cm 

- maximum working load 	320N 

- minimum working load 	30N 

On this basis, and following spring design practice 

to avoid buckling, the spring specifications were 

- total number of turns 	6 

- active number of turns 

- wire diameter 	0.144in 

- mean coil diameter 	3.45cm 

- free length 	5.0 cm 

- spring rate or stiffness 	14550Nm-1  

The maximum design stress is about 20% higher than 

that prescribed by the manufacturers for fatigue-duty, but 

lower than the limit for static stress. Since long life was 

not an essential aspect of the prototype this overstressing 

of the springs was considered acceptable. 

110 The filter model 

All the drawings for the filter prototype are shown 

in Appendix 6, Details and assembly of the f.m. can be seen 

in rig.s 3.6 and 3.7. 



(b) 

Fig. 3-6 E.m. filter model 

(a) Detail of parts 
(b) Assembled without 

coil former 
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(a) 

(b) 

Fig. 3.7 E.m. filter model 
(a) Assembled 
(b) In operation 
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The moving coil, made of enamel-insulated copper wire, 

is =boded in a fiberglass cylindrical former, and solidly 

fixed to it by a layer of Araldite. The former was machined 

down to a thickness of 3mm, thus allowing a 1mm clearance -to 

the pole faces. The fiberglass cylinder is clamped through 

three U-shaped pieces to a one-piece duralumin table. This 

table is shaped appropriately to form circular spring seats, 

these being linked by three arms of rectangular cross section. 

The suspension table and the springs are placed internally 

to the former. This contributes to lower mass and increased 

compactness, strength and stiffness of the suspension table. 

A skeleton-shaped table like the one adopted offers low air-

resistance and therefore windage losses, but adequate stiff-

ness. 

A soft steel central pillar and a duralumintopcomplete 

the suspension system. The spring ends rest in the seats 

through PTFE caps. This reduces the friction losses associa-

ted with the rotation of the spring ends during spring com-

pression and extension. 

During design and construction care was taken to avoid 

secondary resonances and to ensure mechanical and magnetic symmetry. 

3.2 Experimental verification of the f.m.  characteristics 

'.2.1  1m Banco locus and jm edance/frequency characteristics 

The filter coil has 24 turns, all in one layer, and 
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its height and mean diameter are respectively 2.66cm and 

22.5cm. With the coil outside the magnetic circuit its resist-

ance and inductance were measured for different values of 

frequency. The graph in Fig. 3.8 shows the result of this 

measurement. While the inductance remains at about 0.22mH in 

the whole range of frequencies considered, the resistance 

increases from the d.c. value of 0.4552 to o.652 at 2000Hz, as 

shown by curves 1 and 2. The resistance and inductance are 

also weakly dependent on the coil current (curves 1 1  and 2/). 

The magnetization curve of the model magnetic circuit 

was also obtained, and it is shown in Fig. 3.9, where the 

coordinates are excitation current Ie 
(1A corresponding to 

2870 Ampere-turns) and flux density in the air-gap Bg.Part 

of a hysteresis cycle was also obtained. For the rated excit-

ation current of 2.5A the air-gap flux density is 1.26T, which 

is below the expected 1.5T assumed in the design. The impe-

dance at resonance is thus reduced by a factor of (1.26/1.50)2  

from the expected value. 

The impedance characteristic of the f.m. was measured 

using an oscillator feeding the filter through an amplifier. 

The main and secondary resonances were accurately detected 

from minumum Ameter reading and double-checked by maximum 

Voltmeter reading when such maximum was detectable. There is 

no appreciable difference in the frequencies at which the mi-

nimum current and the maximum voltage occur. 

Detection of the natural frequency is fairly easy as 

the current falls sharply to a minimum, but the exact measure- 
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500 
	

1000 	f (Hz) 	1500 

Fig.3.8 Resistance and inductance of coil outside the magnetic 
circuit. 

1- Resistance R = f (f) at 1= 0 -2A 
1'- Resistance R= f (I) at f= 300 Hz 
2-Inductance L= f (f ) at I= 0-2A 
2-Inductance L= f (I) at f=300 Hz 
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Fig.3.9 Magnetization curve. 
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ment of the resonance impedance is difficult as under these 

conditions, due to the high Q factor of the system, operation 

is. unstable and drifts around the resonance point. The deter-

mination of the resonance impedance Zn  was thus made by plot-

ting on the complex plane the resistance and inductance of 

points neighbouring resonance and drawing the circle passing 

through them. The intersection of this circle with the real 

axis showed that Zn 	
480Q, for B = 1.26T. 

The plot of impedance modulus against frequency is 

shown in Fig. 3.10. The impedance locus on the complex plane 

is shown in Fig. 3.11. For both plots the filter current was 

kept at 0.5A except near resonance because of insufficient 

oscillator and amplifier capacity. 

From equation A2.9 derived in Appendix 2 

(1B)2  

and using eqn. 2.11, the following values of r and Qf are 

found 

r 	0.95Nm l s 	and 	Q
f 	

305 

The losses under rated voltage amount to 8.5W. Neither 

. of these results are too far off the design values. 

3,2,2 Secondary resonances 

As both Fig.s 3.10 and 3.11 show, the foil. exhibits 

Several spurious resonances. Although no concerted effortlias 
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Fig. 3.10 Filter model impedance characteristic 
1.- Without cladding 
2.- 2/1000" copper strip 
3,- 511000" copper strip 
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Fig. 311 Filter model 
impedance locus 
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made to study this phenomenon it was possible to locate the 

origin of some of these resonances. 

The resonances of small amplitude between 300Hz and 

500Hz. are mainly due to springs. When the six springs were 

interchanged the position and amplitude of these resonances 

were affected; this was caused by differences between indi-

vidual springs the stiffnesses of whibh had a seater of ±3%. 

The impedance loop near 62Hz (Fig. 3.11) corresponds 

to a mode of vibration in which the moving coil undergoes 

axial as well as unsettled lateral oscillations. This spurious 

resonance desappeared for one particular combination of the 

springs. 

A major resonance, leading to a filter impedance of 

about It occurs near 25oHz. At this frequency the solid system 

consisting of the 6 springs, suspension table and fiberglass 

former exhibits a vibration mode resembling the phenomena 

taking place in vibrating plates, and having a well defined 

pattern of 	oscillations. 	The springs' resonant frequency 

was found by calculation to be 257Hz. It can be concluded 

that the sources of the major spurious resonances are the 

springs resonances and their asymmetries. Other possible. 

sources, e.g. resonances of the table and former etc, have a 

negligible effect at least in the range of frequencies studied. 

3.2.3 Series impedance 

With the moving coil assembled and in position its 
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series impedance can be easily found without d.c. excitation, 

for the working range of frequencies. With the excitation on 

the measured value is the sum of the series plus motional 

impedance; at higher frequencies however Zm  is negligible and 

the measurement, for all intents and purposes, gives the value 

of the series impedance. 

In Fig. 3.12, curves 2 and 3 illustrate these two 

situations. Both resistance and inductance are slightly 

reduced with the d.c. field on due to a reduction in the 

permeability of the iron. For comparison, the curves of R 

and L from Fig. 3.8 are also shown in Fig. 3.12. It can be 

seen that a) the increase in resistance due to iron losses 

largely out-weighs the increase in conductor resistance due 

to skin effect and b) the inductance, with the coil in the 

air-gap, falls sharply as f increases and reaches a level 

below that of the inductance in air. 

The series impedance thus depends on several factors: 

the state,  of saturation of—the magnetic circuit, the current 

in the coil, the frequency, and, as shown in 3.3.1, the 

presence or otherwise of copper plating and its thickness. It 

is clear that accurate prediction of the filter characterist-

ics is not possible and filter representation in analogue or 

digital studies can only be approximate. 

3.2.11 Displacement  

• Approximate measurements of the coil displacement were 

taken with the aid of a stroboscope. In Fig. 3.13 a set of 
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Fig. 3.13 Displacement as a function of applied 
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measured points giving displacement X for different values of 

applied voltage V1 
and air-gap flux density B, for fundamental 

frequency, are plotted. The straight lines are loci of IXI 

for constant B, as obtained from the approximate expression 

V l x1 _ 	1  
w1B 

derived in Appendix 3 (A3.11). The measured points are near 

but consistently above the theoretical loci, and this suggests 

that the effective B in the air-gap is slightly smaller than 

the measured value due to excentricity and end effects. The 

maximum displacement in the vicinity of 100Hz was verified 

by observation but not measured. 

The overall performance of the filter is acceptable 

as long as the applied voltage does not exceed 40V,thedesign 

specification being 63.5V. This limitation is imposed by the 

presence of a small lateral oscillation causing the moving 

former to touch the pole faces at voltages higher than 40V. 

This is mainly due to structural asymmetries in the springs. 

The use of air-bearings as suggested in section 7.3.2 should 

cure this imperfection. 

3.3 Improvements on the filter model  

2i3 t1C2222Eclad the  magnetic poles 

It is clear from the impedance measurements of Fig. 3.10 

that the f.m. has unacceptable harmonic - impedance above 200Hz 

as the maximum of 1g set as target in the specification is 
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exceeded. The filter harmonic impedance was reduced by clad-

ding 10, 11 
ding the outer pole face with a strip of copper  

Thicknesses of 2/1000" and 5/1000" were tried. The cladding 

constitutes a short-circuited secondary of a transformer the 

primary of which is the coil, and it affects the impedance at 

high frequency in the manner described in Reference 9. 

Fig. 3.14 shows the values of resistance and inductance 

with and without cladding. A substantial reduction in Rand L 

is achieved at higher frequencies when the copper thickness 

increases. The curves are interrupted at lower frequencies 

because the measurements were taken with the d.c. excitation 

on, and the, spurious resonances and motional impedance affect 

the results. The modulus of the series impedance is plotted 

in Fig. 3.10 (curves 2 and 3). 

Alterations to the moving coil and suspension table  

Even with copper cladding on one of the pole faces, 

the filter has excessively high impedance at the harmonic 

frequencies. In order to obtain a further reduction of har-

monic impedance a new coil was designed and built. This coil 

uses copper wire of a larger diameter (1.22mm against 1.02mm 

in the first coil) and fewer turns (17 against 24). The d.c. 

resistance and the self inductance are thus approximately 

halved. The length of coil wire is reduced by a factor of 

17/24 with the consequence that the electro-mechanical conv-

ersion factor k is also halved. 
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Fig.3.14 Effect of copper cladding on moving coil 
and inductance ( I = 0.5A) 

D.C. excitation on 
1- Without copper cladding 
2-2/1000" copper cladding 
3- 5/1000" copper cladding 
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The reduction in k has several disadvantages: 

- the resonance impedance, and with it the fundamental 

impedance are reduced; a shift in the natural resonance fre-

quency is therefore necessary to bring the VAr's at 50Hz back 

to the required value; 

- for the same applied voltage the amplitude of coil 

oscillation is increased, according to eqn. A3.11; 

- the mechanical losses are increased. 

The following steps were taken to minimize the above 

disadvantages: 

- the coil former was built with a thickness of 2.5mm 

rather than 3.0mm in the lower part; a reduction in moving 

mass was thus obtained which, together with a smaller mass 

of coil wire, produced the necessary shift in resonance fre-

quency; the extra clearance available should allow larger 

excursions without rubbing on the pole faces; 

- forced cooling of the d.c. excitation coils 'De/omitted 

an increase in excitation current resulting in B = 1.4T; the 

maximum temperature rise under these conditions was 8000. 

. Simultaneously with the construction of coil No. 2, 

an alternative suspension table was built (Drawing 4 in Ap-

pendix 6). This differs from the original table as it consists 

of three separate pieces rather than being one structure. It 

was hoped that this table would provide further information 

on the nature of the secondary resonances referred to in 

3.2.2. 
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The expected reduction in harmonic frequency was achiev-

od (Fig. 3.15). The filter impedance with coil No. 2 remains 

below 1Q up to about 200011z. A substantial change in the 

frequency and sharpness of the secondary resonances is also 

found when comparing Fig.s 3.10 (coil and table No. 1), 3.15 

(coil No. 2 and table No. 1) and 3.16 (coil and table No. 2). 

In other respects coil and table No. 2 did not prove 

successful: 

- the reduced former thickness leads to insufficient 

rigidity resulting in radial flexural vibrations, even in the 

combination coil 2 + table 1; 

- table No. 2 subjects the former to forces in axial 

directions thus aggravating the situation described above; 

- as a consequence of these drawbacks, the former tend-

ed to rub on the pole faces at lower values of voltage, and 

it was not possible to test it in conjunction with the h.v. 

d.c. simulator. 

,3.4 Tests with the h.v.d.c. simulator 

2.4.1 Introduction 

So far the measurements and tests were carried out 

under "static" conditions. This term is used here to describe 

operation of the e.M. filter model under purely sinusoidal 

input. This section deals with "dynamic" operation, i.e. 

operation under non-sinusoidal signal conditions, namely the 



Fig. 315 Filter impedance with coil No.2 
and table No.1 (5110004cladding) 
x- measured under dynamic operation 
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and table No. 2 (511000ftcladding 

68 



69 

kind of excitation to be expected when connecting the filter 

to the a.c, busbars of a convertor transformer. 

These tests were performed by connecting the f.f. to 

one of the phases of the Convertor transformer tertiary wind-

ing of the Imperial College h.v.d.c. simulator.Static filters 

remained connected to the other two phases. This is obviously 

an unbalanced system as the static filters characteristics 

are different to those of the e.m. filter. The measurements 

taken and conclusions reached under these circumstances are 

therefore of limited validity but indicative of the e.m.filter 

performance. Two objectives justified the performance of this 

test: a) to check the impedance characteristic of the f.m. under 

dynamic operation and b) to examine the degree of filtering 

improvement in comparison to the static filters. 

3.4.2 Dynamic impedance characteristic 

To obtain the e.m..filter dynamic impedance character-

istic the components of voltage and current at a particular 

frequency were measured separately by means of a wave 

analyser; the impedance at that frequency could then be determ-

ined through the ratio of these two quantities. 

With coil No. 2, table No. 1 and 5/1000" copper clad-

ding the measurements yielded the points plotted in Fig. 3.15. 

Some of these points, in particular those of even frequencies. 

deviate considerably from the static curve. This is due to 

the poor measurement accuracy of the method employed incases 

where'the components of voltage or current have small ampli-

tudes. Otherwise the agreement is good. 
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3./10  Convertor performance with the filter model  

In order to assess the filtering performance of the 

f.m. further tests were carried out. Coil and table No. 1were 

used, to allow for an operating voltage nearer the transform-

er rated voltage (3.3.2). These tests were performed with the 

2/1000" copper cladding, and with the f.m. tuned to have an 

impedance of 50Q at 50Hz thus supplying the same reactive 

power as the static filters in the other two phases. The ap-

plicable e.m. filter static characteristic is that shown in 

Fig. 3.10 (curve 2). 

A weak a.c. system of short circuit ratio 3.1 was 

simulated in each phase by series reactors having an imped-

ance of 25.80 and a lagging angle of 85°  at 50Hz. An indivi-

dual phase firing system was used under constant current 

control. 

Under these circumstances, when static filters are 

used in all three phases, the distortion in ascii voltage wave-

forms (Fig. 3.17a) results in asymmetric firing. A static 

oscillation of 100Hz appears in the d.c. voltage (Fig, 3.20a), 

and the a.c. line currents, two of which are shown in Figs. 

3.18a and 3.19a, are badly distorted. This is a situation of 

harmonic instability as described in reference 14. 

Substitution of one static filter by the e.m. filter 

available introduces an unbalance in the harmonic impedances. 

Furthermore the filters are connected to the delta transformer ter-

tiary and as a consequence there exists coupling amongst the 
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(a) 
	

(b) 

Fig. 3.17 Simulator tests a.c. voltages. 

(a) 3 static filters 

(b) 2 static filters and 1 e.m. filter 

(a) 
	

(b) 

Fig. 3.18 Simulator tests . red-phase voltage and current. 

(a) 3 static filters 

(b) 2 static filters and 1 e.m filter 
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(b) 2 static filters and 1 e.m. filter.
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73 

three phases. No simple relationship therefore exists ,between 

the presence of the e.m. filter in one tertiary line and the 

wave-shapes in one of the individual primary phases. An analysis 

of this unbalanced situation was not attempted as it does not 

represent a practical system. However the qualitative results 

of this test give an indication of the e.m. filter capabili-

ties in comparison to static filters. 

Figures 3.17b, 3.18b and 3.19b illustrate that after 

the substitution the a.c. system voltages and currents have 

improved wave-shapes and the 100Hz oscillation in the d.c. 

voltage greatly attenuated (Fig. 3.20b). The phase angles 

between voltage and current in cases a and b of Fig,s 3.18 

and 3.19 show that the two types of filters generate approxi-

mately the same reactive power. 

,3.4.4 Conclusions  

The above tests although qualitative show that conver-

tors incorporating e.m. rather than static filters are like-

ly to have superior performance with regard to a.c. system 

current and harmonic contents and with regard to harmonic 

instability. Conclusive evidence can only be providedbytests 

on a model equiped with a three-phase e.m. filter. To this 

end three possibilities were considered. 

a) To design and construct a three-phase e.m. filter 

prototype, suitable to be tested in conjunction with the h.v. 

d.c. simulator, Due to the shortage of time the possibility 

of purchasing and adapting three commercial vibration gene- 
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CHAPTER 4 

STEADY-STATE STABILITY OF D.C. LINKS WITH E.M. FILTERS(21)  

4.1 Introduction  

D.C. transmission systems incorporating controlled 

rectifiers and closed-loop control suffer from instability 

under certain circumstances. Instability can be caused by any 

of the following mechanisms: 

a) Controlled convertors have an inherent discrete 

control nature(17). The control action is thus intermittent 

and instability may occur at half the Sampling or firing fre-

quency. This type of instability, occurring even in the simple 

case of a rectifier feeding an inductive load, is usually 

called °hunting or ripple instability. With a finite commut-

ation angle instability at frequencies lower than half the 

sampling frequency may also take place(18) 

b) In a complete d.c. link, where two convertor 

stations are linked through a transmission line, the stable 

region shrinks in comparison to the case of a rectifier sup-

plying an inductive load. Even if the a.c. systems at both 

ends have a high short circuit ratio (s.c.r.) instability mayoccur 

atafrequency related or unrelated to the natural resonance 

frequency of the d.c. line and transmission line smoothing 
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reactors(19) 

c) If the a.c. systems connected to either or both of 

the convertors are weak i.e. the s.c.r, is low, magnification 

of harmonics other than the convertor characteristic harmonics 

may lead to a wave-shape-distortion type of instability when 

an individual phase firing system (i.p.c.) is used. This is 

known as harmonic instability(14), and it results from ampli-

fication of uncharacteristic harmonics in the so-called volt-

age loop that includes the convertor,, the a.c. system, and 

the convertor firing system. Harmonic instability canbecured 

either by the use of control system filters or by adoption 

of a voltage-controlled oscillator (v.c.o.) type of firing 

system(15) The probability of harmonic instability occurring 

at one particular non-characteristic harmonic increases with, 

among other parameters, the combined impedance of the a.c. 

system and filters at the particular frequency(15) As shown 

in Chapter 6, the e.m. filter has a beneficial effect in this 

respect, as it contributes a low impedance at low-order 

harmonics. 

d) In a.c. systems of low s.c.r., steady-state insta-

bility may result, even when a v.c.o. firing system is used, 

owing to parallel resonances between filters and a.c. system 

impedance(20) and the stable region is further shrunk from 

that available under the conditions in b) above. 

In this Chapter the steady-state stability analysis 

of a d.c. link incorporating e.m. filters is described and it 



77 

is shown that the new filters improve stability when weak 

a.c. systems are used. 

. The d.c. link 

The analysis is based on techniques developed in 

references 17 to 20, where detailed information can be found 

on backgroung theory and on the.expressions for the transfer 

functions. 

At the outset it is assumed that voltage-loop insta-

bility cannot occur because a v.c.o. firing system is employ-

ed. It is also assumed that this v.c.o. system has a propor-

tional characteristic with a synchonisation loop of longtime 

constant. This firing system has a transfer function identical 

to that of an i.p.c. system, but it is not affected by dis-

tortion in a.c. system voltages. 

Under these circumstances the block diagram of the 

whole system, under constant current (c.c.) control, and for 

small perturbations, is given in Fig. 4.1a. The various 

blocks represent the following transfer functions: 

G
1
(s) - the constant current amplifier; its expression is 

G1  (s) - 
K 

(1 	sT ) 1 

where the gains of the amplifier, firing system and 

current transducer have been lumped into the gain K; 
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(a)  

(b)  
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(c)  

Fig. 41 D.C. link block diagrams. 
(a) General case 
(b) For low time constant T1 (e. m. filters ) 
(c) For *static filters, and for high time 

constant Ti (e.m. filters) 
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S 	- sampler representing the discrete nature of the con- 

'vector, with period Ts; 

G2(s) - rectifier, with commutation angle taken into account; 

G2(s) - describes the effect on d.c. voltage Vd of changes 

in a duo to the presence of a.c. system and filter 

impedances; 

G4(s) - current transducer, taken as unity in this analysis; 

H1 
 (s) - this incorporates: 

i) the effect on rectifier voltage Vd 
of variations 

in direct current Id' 
due to the presence of a.c. 

system and filter impedances; 

ii) the d.c. line transfer function; 

iii) the effect of the invertor operating under c.e.a. 

control. 

Analytical expressions for all the above transfer func-

tions are derived in reference 20, and reproduced inAppendix. 7. 

For the e.m. filter, if time constant T1  is low, the 

impulsive nature of the convertor dictates the stabilitybound-

aries at which oscillations occur at half the sampling fre-

quency; the influence of the a.c. system is negligible, and 

the block diagram can be simplified to that of Fig. 4.1b. In 

this case the series expansion of the open-loop pulse 

transfer function 
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TF* = 1 

Ts 
G& Hi(s+j k W) 

k=-co 

can be used to assess stability. 

In contrast, for higher time constants TI  in the case 

of the e.m. filter and for the total range of time constants 

in the case of the static filters, the destabilising influence 

of the a.c. system plus filter impedance or that of the d.c. 

transmission line override the influence of the sampling 

action of the convertor. Furthermore,'for high time constants, 

the system has a low-pass characteristic with a cutoff fre-

quency less than half the sampling frequency, in which case 

the bolck diagram can be simplified to that of Fig. 4.1c, 

where 
( 

G2(s) = GTs) 
	

2 + G2(s) 
s 

 

In this case assessment of stability can be made from the pia 

of the continuous open-loop transfer function 

TF = G
1 
G
2 
H
1 
	 (4.2) 

on the complex plane. 

Stability analysis 

4.3.1 Critical gain, 

. A comparison is here made of the steady-state stabil-

ity performance of the two types of filters. The stability 

(4.1) 
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of a dec. link with weak a.c. systems and static filters was 

investigated in reference 20; identical system conditions and 

parameters are adopted for the present study, namely: 

- the d.c. line is represented by a T-section with 

total resistance and inductance, including smoothing reactors, 

of 5Q and 0.8H respectively, and total capacitance of 100AF; 

- the a.c. system impedance is represented by a simple 

inductor with a lagging angle of 85°  at 50Hz, simulating an 

a.c. system with s.c.r. = 3.75; 

- the static filters have the composition given in 

Fig. 3.1. 

The e.m. filter parameters are as follows: 

- moving mass 	m = 0.93Kg 

- stiffness 	s = 87300Nm
-1 

—conductor length 1 = 17m 

fux density B = 1.26T 

loss coefficient r = 1Nm-1s 

- series resistance R = 0.552 

- series inductance L = 0.2mH 

These parameters are those of the e.m. filter model of Chapter 3. 
The series resistance and inductance are however assumed 

constant here. At low frequencies their value is negligible 

in comparison with the motional impedance. At higher fre-

quencies R and L become practically independent of f (see 

Fig. 3.12), hence. the simplification made. 
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The filters are assumed to be connected to the tertiary 

of the convertor transformer. Fig. 4.2 shows the combined 

impedance Zilf  of the a.c. system and filters referred to the 

valve-side of the convertor transformer for both e.m. and 

static filters. For the e.m. filter with the parameters given 

above, there is a parallel resonance at about 55Hz, whereas 

for the static filter considered, the first parallel reson-

ance occurs at 130Hz. 

The system stability for high time constants was 

investigated through a Nyquist plot of the continuous open-

loop transfer function given by eqn. 4.2. For T1  = 10ms the 

Nyquist plot is that shown in Fig. 4.3, when the rectifier 

s.c.r. is 3.75, the invertor s.c.r. is co and the gain is 

K = 31.3, this being the critical gain with s.c.r. = co in 

both stations(19)  

The system possesses two marked resonances, one around 

35Hz due to the d.c. line, and a second at 5Hz (e.m. filters) 

or 80Hz (static filters). The second resonance is due to the 

a.c. network plus filter impedance; this resonance takes 

place at 55Hz and 130Hz respectively but, owing to the modul-

ation process described in reference 20, they are frequency 

Shifted by 50Hz to appear at 5Hz and 8011z. 

With static filters instability occurs at 67Hz and the 

critical gain is Kc = 5.9radA
-1 when T1 

= 10ms. With e e rn 

filters instability also Occurs at about 67Hz, but the critical 

gain is increased to Kc 
= 26.5radA-1 1  nearer to the strong 

a.b, system critical gain. 
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Fig. 4.2 Combined filter and a.c. system impedance. 
1. e. m. filter 
2. static filter 
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Fig. 4-3 Nyquist plot 
T=10 ms, K=31.3 radiA 
Rectifier s.c.r =3.75 
Inverter s.c.r. = co 
	 e.m.filter 
- - - 	static filter 



For a higher value of T1  = 100ms, and using the critic- 

al gain.for 	K = 42.9radA-1, the Nyquist plots of 

Fig. 4.4 are obtained. As in the previous case the e.m. fil-

ters improve stability, as the critical gain coincides with 

that for strong a.c. system, whereas it is reduced 

with static filters. For this value of T1, instability occurs 

at 42 	in both cases. 

For both T1  = 10ms and T1  = 100ms it can be seen from 

Fig.s 4.3 and 4.4 that, for high values of gain, the phase 

margin is low. Although steady-state stability increses with 

Ti , it is inconvenient, under the transient response view-

point, to use high time constants, where higher loop gains 

are possible. On the other hand, if a control amplifier with 

proportional characteristic is used, the rectifier under c.c. 

control presents a small static error both to step-changes 

of the reference value and load variations(17) this error 

being inversely proportional to the loop gain. A high gain 

is thus desirable for smaller static error. A compromise 

clearly has to be struck. Elimination of the static error 

can be achieved if proportional-integral control is used(17), 

but this is not investigated here. The transient response of 

a d.c. link with e.m, filters, however, is further discuss-

ed in Chapter 6. 

4.3.2 Conditional stability 

As the Nyquist plot shows, stability is conditional 

with e.m, filters and T1 = 100ms. This is because the 511z 
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resonance causes the plot to cross the negative real-axis 

downwards. If the gain is reduced to less than 11.6radA-1 the 

intersection occurs between 0 and -1, the system becomingun-

stable. 

The stability boundaries with e.m. filters are shown 

in Fig. 4.5. For low time constants of the c.c. control 

amplifier the series expansion of the open-loop pulse transfer 

function given by eqn. 4.1 was evaluated using a digital com-

puter. The e.m. filter stability boundary is hardly affected 

by reductions in s.c.r., and markedly affected to the worse 

in the case of static filters. Nevertheless, with e.m.filters 

and for T
1 
above approximately 10ms, the stable regions is 

restricted on the left-hand side, stability being conditional. 

The position of the left-hand boundary depends on all 

the parameters affecting the impedance of the a.c. system 

plus filter parallel resonance and the frequency fsf  

at which it occurs. For a given network, theSe parameters 

are the e.m. filter natural frequency and the quality factor 

Qf. By appropriate choice o.f e.m. filter parameters it is 

possible to widen the stable region between the two boundaries 

1 and 2 of Fig. 4.5. This is illustrated in Fig. 4.6. The 

Nyquist plot is here shown for three pairs of s and m, chosen 

so that the filter impedance at 50Hz remains unchanged this 

condition imposes higher values of s, m and Qf  as the ratio 

s/m increases). As s/m is increased. the parallel resonance 

occurs at progressively lower fsf, and despite the fact that 

this resonance becomes sharper the net result is an increased 

separation between the two critical gains. Simultaneously the 
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Fig. 4.6 Effect of stiffness-mass ratio on 
Nyquist plot. 

	 sim-96700 ( rad sl),2  fsr 53 5 Hz, fn=49,  5 Hz, Qi-421 
s/m- 9600 	fst =55.2 	, fn = 493 ,Qf=281 

	 s/ m = 9500 	fsf  = 56-2 , fn=49.0 , Qf=227 
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filter must have a higher natural frequency fnp and this must 

be balanced, at the filter design, against the requirement 

for low natural frequency (section 3.1.2). 

4.4 Conclusions 

The stability of the d.c. link connected to weak a.c. 

systems is improved if e.m. filters are used. For a simple 

a.c. system representation, the stable region is wider with 

e.m. filters than with static filters, and it is possible to 

operate the system with higher loop gains and faster response 

times in the c.c. controller. 

For more complex a.c. system impedance loci it is 

reasonable to assume that the e.m. filter will again prove 

superior owing to the absence of multiple resonances and to 

its low impedance over a wide range of frequencies. 
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CHAPTER 5 

DIGITAL SIMULATION OF THE HVDC SYSTEM 

Lt1_221troduction  

In the previous Chapter a steady-state stability study 

of the e.m. filter in h.v.d.c. systems was performed using 

a linearized discrete model. This study shows that aconvertor 

station incorporating e.m. filters has practically the same 

stability boundaries regardless of the s.c.r. of the a.c. 

system, whereas with static filters the stable region slirinks 

when the s.c.r. decreases. 

For a more comprehensive knowledge of the performance 

of e.m. filters in h.v.d.c. systems it is necessary to study 

their behaviour under transient conditions. Test results 

could have been obtained from the Impreial College h.v.d.c. 

simulator provided that a 3-phase e.m. filter model or its. 

analogue were available. Unfortunately, as mentioned earlier, 

this was not the case. 

It was therefore decided to simulate the system on a 

digital computer. This requires a computer of considerable 

power and the availability, at the Imperial College, of a 

large and fast computer - a CDC 6400 - made this possible. 

In addition to the immediate objective of studying e.m. 
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filters in convertor stations, other reasons favoured the 

choice of the digital simulation. A basic digital program, 

once developed, offers great flexibility
(27). With little 

extra programming effort it can incorporate additional feat-

ures such as various types of filters, control systems, 

number of convertor bridges-and terminal stations, and re-

presentations of d.c. lines. Furthermore accurate represent-

ation of a.c. network impedance
(17,23 24) is a relatively 

easy task in a digital simulation. 

In such a simulation it is possible to readily deal 

with system and valve faults, and with abnormal modes of 

operation in the convertor bridges. A:large variety of test 

cases can be studied bysipmly changing the set of input data. 

Digital simulation of course,has the disadvantages 

that it can only represent a physical system the essential 

features of which are well known and which features can be 

analytically or numerically described. Previous work on the 

study of a.c./d.c. systems by digital computers, as reported 

in references 25 to 33, shows that the digital simulation is 

a powerfull tool in the analysis and design of h.v.d.c. 

systems and a valuable complement to analogue or scale models. 

In a medium size computer installation provided with 

plotting facilities it is possible to obtain printed and 

plotted records of a practically unlimited number of system 

variables. This is an advantage over .simulator studies where 

in general it is not possible to monitor simultaneously more 
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than 4 or 6 variables. Usage of this facility was made in the 

digital simulation described. in this Chapter. 

After two preliminary stages where only basic features 

of the convertor bridge wore considered, the implementation 

of the computer program was performed in two distinct stages, 

called here programs 3 and 4. In program 3 a strong a.c. 

system with balanced three-phase voltages is considered.This 

is described in section 5.2. In the second stage this is 

extended into program 4 which incorporates a.c. system impe-

dance and harmonic filters, with the facility that unbalanced 

impedances and alternating voltages can be used. The differences 

between the two programs are described in section 5.4. 

1,22.92222ter program for strong a.c. system 

5.2.1 Basic features  

A convertor bridge operates in a sequence of processes 

separated by discontinuities such as firing of a valve and 

end of commutation. This fact has been used in the 	central 

. process" method(25,26) to break up the convertor operation 

into consecutive processes, for which appropriate equivalent 

circuits and the corresponding equations have been previous-

ly established. 

If increasingly complex systems are considered due to 

inclusion of several convertor bridges, a.c. systemandfilter 

impedances, accurate representation of d.c. line, abnormal 



94 

modes of operation and different types of faults, the number 

of equations and complexity of the equivalent circuits escal-

atesalarmingly. For these cases, various systematic approaches 

to the simulation, based on system topology, have been deve-

loped(2701) These approaches simplify programming for large 

systems and facilitate the inclusion of extensions or alter-

ations of the system being represented. Although compilation 

time is reduced, programs using such techniques need larger 

core storage and use up more computer time, as fairly large 

matrices have to be stored and handled. 

The system simulated by the program described in this 

thesis is moderately complex, the number of different equi-

valent circuits required to represent it being small. There-

fore a "central-process" method was adopted. For some parts 

of the system, however, matrix treatment was used, to avoid 

unnecessary repetition of several equations with similar 

structure. 

In both programs 3 and 4 the following assumptions 

are made. These do not affect the validity of the study to 

any significant extent: 

- the valves internal effective resistance and induc-

tance arc neglected or considered lumped together with the 

d.c. line and d.c. smoothing reactor resistance and inductance; 

the voltage, drop accross conducting valves is thus neglected; 

the system parameters are considered linear and the 

convertor transformer magnetizing current is not taken into 
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account; the transformer is simply represented by an ideal 

transformer of the required transformation ratio, followed by 

a series inductance which, for s.c.r. = CD, coincides with 

the commutating reactance. 

The system under simulation consists of: 

- one 3-phase convertor bridge, connected to 

- one d.c. line, represented by one T-section, in 

series with one smoothing inductor at each end; 

- a constant voltage source or a constant current 

source at the remote end of the d.c. line, depend-

ing on whether the convertor bridge is operating as 

a rectifier or an invertor. 

The operating modes of the convertor bridge arelimittal 

to 2 and 3 valves conducting mode-2 and mode-3 recpective-

ly. These can be considered the normal modes of operation 

(31,34) occurring, for a given convertor, when a.c. voltage 

and d.c.. current do not depart excessively from the nominal 

values. Even under such conditions double commutation or 

mode-4 is only likely to occur during large transients, e.g. 

after a large step increase in reference current. Test cases 

. where this happens are therefore not studied, the validity 

for other cases not being affected. In the program, should 

this situation arise, firing of the 4th valve is prevented 

while commutation is taking place and a warning message is 

printed out. 

The various modes of operation that follow a commutf, 
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ation failure are also not included. If commutation between 

valves N and N+2 is not successfull the program stops at the 

instant of firing of valves N-1-3, and a relevant message is 

printed out. Valve faults are not considered as the aim of 

the digital simulation is to study the system performance 

under normal operating conditions. 

In program 3 the a.c. system voltages are balanced. 

In program Li, however, the three phases are individually 

considered and asymmetric operation can be simulated. 

A simplified flow diagram for program 3 is shown in 

Fig. 5.1, and this will be referred to in the following 

sections. Capital letters appearing in the text reffer to 

labelled parts of the flow diagram. 

5.2.2 S stem equations 

The system simulated by program 3 is showninFig.5.2a. 

At any one instant the bridge equivalent circuit takes the 

form shown in Figs 5.2 b or c, for 2 or 3 valves conducting, 

respectively. Process number N (with 1 < 	6) coincides with 

the lower numbered valve conducting at any instant. N is 

cyclically increased by 1 each time an end of commutation is 

detected(A) The alternating e.m.f.s ea, eb and ec
, for a 

certain N, are a predetermined function of the three a.c. 

voltages eR'  eY 
 and .e13 (see Appendix 8). This function is 

symbolically represented here by e(N). 
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(a) 

Id1 

(b) 
	

(c ) 

Fig. 5.2 D.C. transmission link (strong a.c. system) 

(a) Complete circuit diagram 
I - Remote end -constant voltage source 

- constant current source 
(b) 2 valves conducting -process No. N 
(c) Single commutation-process No N 
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The differential equations for the system of Fig. 5.2 

are derived in Appendix 8. The equation's for mode-2, reduced 

to the general form 

dy. 
ffl(t, y1 , ... , Yn) 

dt 

where yn  are the independent variables, are 

(5.1) 

(5.2 ) 

For mode-3 the set of equations is 

did1 _ 
dt 

1  [e(N+1) + e(N-1)  -di 2.2  Lc  -I- L1/2 	 2 	2 	- veal)] 

dveap  =  1d1 d2 
at 	Cl  

( 5 . 3 ) 
did2 	1 

 

Ri 
- 1 	- VI) vcap 2 d2 dt 	L1/2 

di = 
dt 

1/2 [ e(N+1) e(N-1) R
i  

L1/2 	2 	2 idl vcap] 

2 c  

e(N -1)  
2L1  

If a constant current source is considered at the 
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remote end of the d.c. link (Fig. 5.2a II), then id2  = Irec 

and the third equation in both sets 5.2 and 5.3 is eliminated; 

the order of the system is reduced to 2 and 3 respectively. 

After each step of numerical integration (see section 

5.2.4) at the end of which the values of the independent 

variables id1' vcapd2 (and  icl 
 during commutation) are 

available, all other system variables can be computed(B).ror 

instance, the valve currents during commutation and for 

process N are, given by 

iN 	= 1d1 - c1 

iN+1 
= i

d1 

iN+2 = icl 

1N+3 = 1N+4 = 1N+5 = 0 

with subscripts N+j taking the values 1 through 6. 

5.2.3 Control representation 

At the preliminary stages of the digital simulation 

closed-loop control was implemented without taking into ac-

count time delays in the response of the control circuit. 

Constant firing angle (c.f.a) control was produced by pre-

venting a valve being triggered before a specified number of 

electricdegrees(a.)have elapsed after the positive-go-

ing zero of the valve voltage. Constant current (c.c.) 



101 

and constant extinction angle (c.e.a.) control were imple-

mented by computing, at each instant, the firing angle a from 

well known steady-state control equations
(1,25,26,31) The 

c.c. control characteristic (segment 2 in Fig. 5.3) is ap-

proximately given by 

Vd = Vdo cos a - Reqd (5.4) 

where Req 
is the equivalent. resistance due to commutation, 

given by 

R - 
 3wLc 

eq 

If the c.c. amplifier has a proportional characterist-

ic, segment 2 in Fig. 5.3 is a curve containing point 

(Iref' Vdo cosa  min -Req Id) and having a variable negative 

slope. For the present purpose this slope can be considered 

constant, therefore 

	

dVd 	1 	1 

dId 	tge 

with S negative, and 

	

Vd  - (Vde  cosa 	Reg  Iref) = S min 	(id - iref) 	(545)  

Substituting eqn 5.4 into eqn. 5.5 the following ex-

pression for the steady-state firing angle as a function of 

the instantaneous direct current id can be derived 

-1 	(R 	+ S) 
a = cos 	cosa min  + 	

/
d - Iref) Vdo 	

kI (5.6) 
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Fig. 5-3 Steady-state control characteristics. 
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• 

The c.e.a. characteristic (segment 3 in Fig. 5.3) is 

given by 

V d  = -CVdo 	Ymm cos . - Req Id) n (5.7) 

The average d.c. voltage as a function of Vdo' a and 5 (or p 

and Y) is given by 

cosa + cos5 	cosp + cosY 
Vd = Vdo 
	 - Vdo 2 	2 

(5.8 ) 

Substituting eqn. 5.8 into eqn. 5.7 the steady-dtate firing 

angle under c.e.a. control is obtained: 

- a = cos 1  

[ 

The firing 

2Rea i ----,  - 

Tf  

cosYmin 

is computed by adding T = 

(5.9) 

a wo, 

d Vdo 

instant 

where wo 
is the fundamental angular frequency, to the instant 

To 
of the positive-going zero of the vdltage accross the 

valve due to fire. This is the usual type of individual-phase 

firing circuit. For balanced and undistorted voltage wave-

vorms equidistant firing takes place under steady-state 

operation..  

Depending on whether  id< Iref' iref< 	Ic13' or 

id < Id3  (see Fig. 5.2), the firing angle is respectivelyam. 

or that given by eqnes 5.6 or 5.9 and the firing instant is 

computed accordingly. 

With this type of control, and unless a very small 
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integration time-step is used, the d.c link becomes easily 

unstable due to the ripple in d.c. current and the instant-

aneous response of the control. Only for time-steps of0.05ms 

or less was it possible to contain the oscillations in a 

within less than 1o under steady-state. 

In program 3 dynamic representation of the c.c.cantra 

was introduced. Firing of a valve by c.c. control is produced 

when a ramp valve, initiated at the valve voltage zero, be-

comes equal to the c.c. control voltage; the firing angle is 

thus proportional to the control voltage. This is the output 

of a control amplifier, the input of which is the difference 

between the :reference current and the actual direct current. 

The control amplifier was given a proportional characterist-

ic, its transfer function being • 

G(s) = -K 	1  

 

(5.10) 

 

1 + sT1 

 

and the differential equation for the control voltage ve  is 

dvc  = 

dt vc 	K(Iref - 1d1 )  (5.11) 

   

The c.f.a. and c.e.a. controls in program 3 are re-

presented by their static characteristics as described above. 

The firing instant selected is the earliest of the two firing 

instants computed from eqn.s 5.9 and 5.11, with theprovision 

that it must occur at or after amin
(D); in this case the 

convertor operates in the c.f.a. region. Fig 5.!-t shows the 

flow diagram for the control representation. 
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If no special measures are taken, the control voltage 

obtained by integration of the c.c. differential eqn. 5.11 

will rise to very high values when the convertor operates in 

the c.e.a. region, as the direct current is here larger than 

the reference current. In the c.f.a. region the oppositeoccurs. 

If this were allowed, shift to c.c. control from one of the 

other two control laws would be very slow. To prevent this, 

the c.c. amplifier is made to saturate at a specified maximum 

control voltage if consistently id1 >Iref (i.e. 
 

C0e0a0 

control taking over) and at zero if consistently id1 <Iref 
(i.e. 	a. control taking over). During saturation vc is 

kept at the saturated value and the corresponding differential 

equation becomes 

dvc  = 0 	 (5.12) 
dt 

The total set of differential equations to be inte-

grated are 5.2 or 5.3, for mode-2 and mode-3 respectively, 

plus eqn. 5.11, only if the c.c. amplifier is not saturated. 

5.2.4 Numerical integration 

For the numerical integration of the differential 

equations, an IBM subroutine from the computer library was 

used(C) This subroutine uses a Runge-Kutta 4th order method 

with Gill's modification. In this method the truncation errors 

cannot be calculated. The IBM subroutine, however, performs 

an accuracy check. The variables at the end of a double time-

step 211 are computed and compared with those resulting from 
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two successive integrations over two time-steps h. The 

weighed differences are added, the sum being an approximate 

measure of the ideal truncation error at point x01-2h.If this 

error is smaller than a given tolerance E, the computation 

proceeds to the next time-interval. Otherwise the time-step 

is automatically halved until the requiredaccuracyisachieved. 

If more than 10 bi-sections are necessary, the program stops. 

The error, weights and are supplied by the subroutine user 

according to his needs. The error weights have to add up to 

1, otherwise the accuracy check may be systematically un-

favourable. 

In programs 3 and 4 the error weights were all made 

equal, with small corrections so that their sum is 1. When 

a change in the number of independent variables occurs, e.g. 

a change of mode takes place, or the control amplifier reach-

es or leaves a saturation level, the error weights are cor-

rected accordingly(E) 

The value of e used was 0.0001, the system variables 

being all dealt with in p.u. values. It was found that dif-

ferences between system variables using o.lms and 0.05ms 

time-steps were less than 1% after a 0.1s run. This can be 

considered satisfactory accuracy in comparison with actual 

systems, where irregularities in firing, non-linearities 

and inevitable inacuracy of system parameters account pro-

bably for larger errors, as stated in reference 31. 
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	 End-of-mode detection 

Firing of a valve takes place when the firing instant 

is detected by the method described in 5.2.3. The firing 

instant may, and in general does, occur inside the two ends 

of an integration interval. After one such interval, and in 

order to increase the accuracy of beginning-of-commutation, 

the program re-starts the step-by-step integration at the 

beginning of the previous interval, with a time step reduced 
. 	. 

to 1/10 of its normal valueM. When the firing instant is 

detected during the integration at reduced time-step, the 

firing pulse is applied to the valve due to fire. For the 

normal time-step of 0.1ms (equivalent to 1.8°) used, firing 

of the valves is 'thus produced with an accuracy ofbetterthan 

0.18 degrees. 

End-of-commutation or end-of-mode-3 is detected by 

monitoring the current of the out-going valve, i.e. valve N 

during normal operation or. valve N+2 when commutation fails. 

If this, current becomes negative, a repetition of the inte-

gration over the previous time interval is performed but 

with 1/10th of the normal time-step(F) A linear interpolation 

between the two ends of the sub-interval where the valve 

current reverses is then used(G)  to establish the instant 

of extiction. The accuracy for the end-of-commutation 

detection is higher than that for end-of-mode-2. 

Reduction of the time-step and interpolation are not 

performed if the cross-avers are detected within a specified 

accuracy. For the intersection of the control voltage with 
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the ramp voltage an error bound of E = 0.0005 was used 

(Fig. 5.4). For valve current zero detection the error limit 

used was 0.0001. 

After the end-of-mode detection, some logic is per-

formed to re-set or up-date several program variables need-

ed for the next mode(H), after which integration is resumed 

with the normal time-step(1) 

When the control amplifier reaches or leaves a satur-

ation state, eqns. 5.11 and 5.12 have to be interchanged ac-

cordingly (section 5.2.4), and readjustment of error weights 

is necessary0). High accuracy is not required here 	and 

reduction of the time-step is not used in this case. 

5.2.6 Program initialization and results  

At the begining of each run the following data have 

to be supplied(K): 

- system impedances and a.c. voltages; 

- cnvertor and control specifications; 

- type of representation at the remote-end of the 

d.c. link; 

- type and instant of application of disturbances; 

- data needed for the numerical integration such as 

error weights, accuracy specifications, time-step, etc. 

Execution starts at the instant of maximum voltage in 
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one a.c. phase. Initial values of currents and voltages as 

well as of other program variables have to be set. An ap-

proximate calculation of the initial values is performed 

based on steady-state conditions
(L) and the program is then 

run for a few cycles until steady-state is reached, before 

any perturbation is applied. 

To increase the efficiency of the numerical integrat-

ion, all the variables are scaled to the same order of mag-

nitude by expressing them in a p.u. system(m) The p.u. 

system adopted is that described in reference 28. Voltage 

and current bases are: 

- Vdo' 
the convertor average d.c. voltage at zero 

. 	. 
direct current and zero firing angle; Vdo corresponds 

to an r.m.s. phase-to-phase voltage of 

E =  it Vdo 0 	3 Nel 2 

- Ido' 
the rated direct current; with a d.c. current 

of Ido and no overlap, the r.m.s. value of the 

fundamental-frequency component of alternating cur-

rent is 

.Nr7  Ido 
3 2 

The control voltage bears no relation to the d.c. or 

a.c. quantities. It,is assumed that the coefficient of pro-

portionality between a and vc  is lumped into the total control-

loop gain, consequently vc  is expressed in the same units as 
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at  and varies between 0 and n. 

The values of time and system variables are printed 

out(N) at a frequency specified in the program data. These 

values are stored(P) and at the end of the run they are plot- 

ted(Q) in one of the computer system's plotter. Both numer-

ical values and wave-forms are therefore available. 

5.3 Stability boundary for strong a.c. system 

With program 3 a verification of the steady-state 

stability boundaries derived in reference 19 and shown in 

Fig. 4.5 (curve 3) was sought. 

To study the steady-state system stability using the 

digital program no perturbation has to be applied. The numer-

ical noise inherent in the digital simulation is sufficient 

to originate self-sustained oscillations if the control-loop 

gain increases beyond a critical value. 

The critical gain for a given set of system parameters 

depends on the steady-state firing and commutation angles 

a and u immediately before the disturbance takes place. 

These angles, in turn, depend on the control gain for an 

individual-phase firing system. This is shown in Fig. 5.5 

for the case of c.c. control(17). The inclination of the 

c.c, control characteristic has been grossly exagerated to 

illustrate the point. If the gain is increased from K to K1  

the steady-state operating point shifts from A to B. At point 
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B,a is obviously larger and u is smallei.. This effect is more 

pronounced at small loop gains. 

To determine an accurate value of critical gain, for 

specified ao and u , several computer runs may be necessary 

with successive adjustments of gain and system operating con-

ditions. Adjustments were only made on VI, for correction of 

a. Correction of u, possible by adjustment of Iref, was not 

found necessary because, in the regions where 

affects the 	stability 	(i.e. large time constants and 

therefore large gains), the variations in K have little effect 

on u and a. 

The poor accuracy in the calculation of the initial 

conditions performed in the begining of each computer run 

is incompatible with the study of steady-state stability. 

Therefore, for each run, the steady-state conditions obtain-

ed from a previous run with lower gain were used to initial- 
. 

ize the program. 

The values of the various system parameters and nominal 

voltages and currents used in this study are the same as 

those for the h.v.d.c. simulator; these values were also 

used in Chapters 3 and 4, and in references 17, and 19 to 22. 

Namely the d.c. line parameters, including d.c. reactors 

and convertor equivalent resistances are 

1 = 0.8H  R1  = 5Q 	C 1 = 100AF 

(see Fig. 5.2), the line natural resonance being about 3511z. 



In Fig. 5.6 four pairs of points obtained with the 

digital simulation are plotted on the gain-time-constant 

plane. None of these points is the "worst stable" or the "best 

unstable" point for a given time constant as it is difficult 

to establish precisely when the system becomes unstable. For 

comparison, the boundaries obtained from the h.v.d.c. simul-

ator and the discrete model(19) are also shown. The agree-

ment is satisfactory. 

Figures 5.7 to 5.9 show the computer plots for three 

different situations. The traces shown are, from top to 

bottom, bridge d.c. voltage vdi, d.c. line capacitor voltage 

vcap  (dashed), direCt current idl remote-end direct current 

id2 (dashed), control voltage vc and valve 1 current ith. Fig 

5.7 corresponds to the stable point A of Pig. 5.6. In Fig. 

5.8, corresponding to point B of Fig. 5.6, instability at 

150Hz is shown. Instability at less than half the sampling 

frequency is shown in Fig. 5.9 (corresponding to point C of 

Fig. 5.6). The self-sustained oscillations are not complete-

ly settled but it is possible to measure an approximate 

frequency of oscillation of 73Hz. 

5111121111212EX.L21aan for weak a.2.1UaUE 

5.4.1 Basic features 

Program 4 is based on the same principles and approxi-

mations as program 3; it is however more comprehensive and 

has been modified to increase the general reliability and 

1 
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Fig. 5.6 Stability boundary for strong a.c . system 
C(.°  =15°, p,0  =200  ) 

1- Discrete model 
2 H.V. D.C. simulator 
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the input/output flexibility. The facilities permit the 

simulation of a.c. system impedance, static and e.m. filters, 

two types of firing system and the dynamic representation of 

the c.e.a. controller. 

5,11,2112.ELT2aLs...12:11222. 

The static filters used in program 4 are of the usual 

type adopted in h.v.d.c. convertor stations. They consist of 

four tuned branches for the 5th, 7th, 11th and 13th harmonics 

and one second-order damped high-pass branch for the 17th and 

higher harmonics (Fig. 5.10b). Different number of branches 

and alternative configurations can be easily introduced. 

The e.m. filters are represented by their analogue 

electric circuits. Two simplifications were however made in 

the representation of the e.m. filter series impedance (Fig. 

5.10c). The first simplification consists in suppressing the 

e.m. filter series inductance. When the series inductance is 

considered, the system differential equations have a fairly 

complex form and their reduction to the general form 5.1 is 

not straight forward. During commutation, for instance, the 

solution of an (11 x 11) set of equations, containing deriva-

tives of 8 independent variables and the 3 filter voltages 

as unknowns, is required. This would involve the inversion 

of an (11 x 11) matrix four times per Runge-Kutta step as 

the integration procedure is a fourth-order one. Although the 

matrix is fairly sparce (about 40%), its elements have to be 

computed 4 times for each integration step since they are 

functions not only 'of the system parameters and process number 
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but also of the actual independent variables. 

In order to achieve savings in both programming and 

computing time, it was decided to neglect the series induct-

ance. This is equivalent tothe omissionofthe time response of the 

series impedance. As seen in Chapter 3, the inductive part 

of the series impedance is small compared with the resistive 

part at higher frequencies. Since the system has a low-pass 

characteristic the simplification is acceptable. 

The second simplification consists in assuming that 

the series resistance is constant. In 3.3.1 it was shown that 

the series resistance increases with frequency. To take this 

factor into account would be necessary to use Fourrier analy-

sis, with one equivalent circuit for each harmonic order with-

in a certain range. This would involve an excessive amount of 

programming complication as well as an excessive requirement 

in computing time and storage. The facet that the series re- 

• sistance can be kept at a 'fairly low value by appropriatecop-

per-cladding justifies the simplification of assuming items-

tant, provided a representative value is chosen. In program 

4 runs a value of Rsf = 0.8Q was used, as a compromise between 

0.4552 at low frequency and about 1g2 at 1000Hz found for the 

filter model. 

2.4. System e uations 

The complete system represented by program 4 is shown 

in Fig. 5.10a. The a.c. system consists of 3-phase e.m.f.'s 
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behind 3 inductive/resistive impedances. This simple impe-

dance representation was used as the benefits or otherwise 

of the e.m, filters compared to static filters should be 

evident with the simplest impedance configuration. A.C. sys-

tem e.m.f.ts and/or impedances may be unbalanced either at 

the start or at any other instant during the computer run. 

The sets of differential equations for the system are 

derived in Appendix 8. The total number of equations with a 

constant voltage source at the remote-end of the d.cline and 

during commutation is 37 for static filters and 13 for e.m. 

filters. With a constant. current source at the remote-end, 

1d2 is constant and the total number of equations is reduced 

by one. One more equation is eliminated during mode-2. 

5,11,/I. Proportional v.c.o. and control re resentation 

The value of an input variable can select one out of 

two types of firing systems available in the program. The 

first is the i.p.c. system, described in section 5.3.2,where 

the pulse for each valve depends on the instant of zero com-

mutating voltage. The second system is of the v.c.o. type 

.(Fig. 5.11). The voltage ramp whose voltage vr  is compared 

with the control voltage -ye  is initiated at the firing 

instant Tf of the previous valve. If the voltage level at 

which the ramp is initiated were fixed, the system would have 

an integral characteristic as the rate of change in firing 

angle would be proportional to the control voltage (Fig.5.11a). 

A v.c.o. with proportional characteristic(17,39) was adopted 
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instead. The ramp is initiated at a variable voltage given 

by vrf  vo  where vrfis the ramp voltage at the firing 

instant and v is fixed (Fig. 5.11b). In steady-state the 

firing period Ts  remains constant and equal to 1/6 of the 

fundamental period To  if the ramp slope is 

toe = 
T0/6 
	 (5.13) 

Variations in fundamental frequency will not be con-

sidered, and since in the digital simulation the voltage-

controlled oscillator does not suffer from frequency drifts, 

no synchronization between system and oscillator frequencies 

is necessary. 

In.addition to the dynamic representation of the c.c. 

control, c.e.a. control is also represented dynamically in 

program 4. The six extinction angles of the bridge valves 

are measured and the smallest is taken as the actual extinc-

tion angle 'act' This is compared with the reference or mi-
nimum extinction angle yref' and the error is fed to the 
control amplifier, whose output is the c.e.a. control volt-

a" vcea. 
 The amplifier has a proportional-integral charac-

teristic, its transfer function being 

1 + sTcoa  
Gcea

(s) = -I{ 
cea 

(5.13) 

The differential equation for the c.e.a. control volt-

age derived from (5.13) is 

dvicea 
dt 

-K cea 
dYact 

ref-yact) + Kcea Tcea  
dt 	

(5.14) 
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A difficulty here arises with respect to the calcula-

tion of the derivative dYact
/dt, as during transient condi- 

tions there is no analytical expression relating Y 'act to the 

other system parameters and variables. As an ,approximation, 

instead of dYact/dt,  the program calculates the ratio 

6iYact 

 

Yn+1 	Yn (5.15) 

   

t tn. 	to +1  

where yn and Yn+1 
are tha last two available values of extinc-

tion angle, measured at instants to and tn+1 
 respectively.By 

so doing the trend in the variation of y is taken into ac-

count in eqn 5.14. 

This type of c.e.a. control, although yielding.equi-

distant firing, suffers from the'disadvantage of having no 

predicting capability. It may therefore not be able to pre-

vent a commutation failure if, for instance, a reduction in 

invertor a.c. voltage takes place. One method of introducing 

'a predictive character is to advance the firing of the next 

valve as soon as a reduction in a.c. voltage is detected. 

This can be done(17) by continuously monitoring the positive 

and negative peaks of the 3 a.c. voltages and applying to 

vcea 
a signal proportional to the reduction between two con-

secutive peaks, if this reduction is larger than a preset 

amount. The firing of the next valve is thus advanced. With 

weak a.c. systems, if vcoa continues to decrease after the 

first firing is produced, the ensuing reduction in d.c.volt-

age leads to an increase in direct current and a.c. current, 

which in turn causes a further reduction in a.c. voltage at 

the convertor busbar, with increasing risk of commutation 
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failure. To prevent this, the "predictive" or disturbance 

signal applied to Vcea  is cancelled as soon as the first 

valve fires. The ideal signal level has to be determined by 

trial and error procedure both in practice and on the digi-

tal model. 

In program 4, instead of applying the signal to vcea  

directly, a third term -Vdist is added to the right-hand 

side of eqn. 5.14 and the control equation becomes 

dv cea _ K  ( y 	 K 
seacea ref act' cea ea At 	Vdist dt 

(5.16) 

To avoid the measurement of the a.c. voltage peaks in the 

program, the signal Vdist is automatically applied simulta-

neously with the reduction in invertor a.c. voltage.Fig.5.12 

shows the flow diagram of the control representation in pro-

gram 4. The main differences with respect to Fig. 5.1E consist 

in dynamic representation of the c.e.a% control and the pos-

sibility of using i.p.c. or v.c.o. control. 

5.5 Stability boundary for weak a.c. system 

The determination of steady-state stability boundaries 

for weak a.c. system by the digital program was made both 

with static and e s m. filters, the aim being to abtain confirm-

ation of the findings of Chapter 4. The comments made in 5.3 

regarding the accuracy and efficiency of.the digital simula- 

. Lion for this purpose apply here. To limit computer usage, 

only a few points were obtained. No attempt was made to adjust 

the system operating conditions so that accurately ao  = 150 
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and uo = 200 As a result, higher ao and pessimistic critical 

gains are obtained for larger time constants and the reverse 

for smaller time constants. 

Fig. 5.13 shows several stable and unstable operating 

points on the K-T1 plane obtained by the digital program. For 

comparison, the stability boundaries for both strong and weak 

a.c. systems derived in references 19 and 20 are also shown. 

To avoid the voltage loop instability that occurs with i.p.c. 

when static filters are used, a v.c.o. firing system was 

chosen. 

Fig 5.13 shows that there is a good correlation be-

tween the stability boundaries predicted by the discrete mo-

del and the points obtained with the digital model. Also 

shown in Fig. 5.13 are three operating points with e.m. fil-

ters. It can be seen that these points follow very closely 

the stability boundary for strong a.c. system. This confirms 

the findings reported in section 4.3.2: the effect of a.c. 

system impedance on the steady-state stability of a d.c.link 

• with e.m. filters is practically negligible. 

Fig.s 5.14 and 5.15 show computer plots for the cases 

of static and a.m. filters, respectively. From top to bottom 

the traces represent d.c. voltage vdl' d.c. line voltage ca 

(dashed), the three a.c. voltages, rectifier(full) and inver-

ter (dashed) currents, red-phase alternating current is(ful0, 

red-phase bridge current 1br (dotted), red-phase filter cur-

rent ifil (dashed) and c.c. control voltage V .  The figures 

correspond to points A and B of Fig. 5.13 respectively. 
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In both cases there is an initial transient resulting 

from •the approximate initial values. In Fig. 5.14 (static 

filters) the system stabilizes quickly, suggesting that the 

operating point is well inside the stable region. In thee.m. 

filter case (Fig. 5.15) oscillations of f=f 61Hz appear in the 

d.c and control voltages but, as observed in a longer compu-

ter run, they die out completely after a few cycles. 

5.6 Computer storage and time taken 

Program 4 requirements with respect to core storage 

and computer time depend on several factors, namely the step-

length used, the :type of filter and the use or otherwise of 

plotting facilities..Without plotting, the computer storage 

required by the program is approximately 20000 words for both 

static and e.m. filters. Compilation time in the CDC 6400 

computer is about 5 s. With a step length of 0.1ms the exe-

cution times per cycle of fundamental frequency are 8s for e.m. 

filters and 18s for static filters, these times being increa-

sed by about 40% if the time-step is halved. 

No particular attempts were made to optimize program 

storage and time as the objective was to obtain a reliable 

digital model in a short period, and the computer resources 

available did not impose any serious restrictions. 
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CHAPTER 6 

TRANSIENT BEHAVIOUR OF A D.C. LINK INCORPORATING E.M. FILTERS 

6.1 Harmonic instability 

It is stated in section 5.5 that a v.c.o. firing system 

is required when static filters are used, if harmonic insta-

bility is to be prevented. With the digital simulation it was 

confirmed that for certain values of gain and time constant 

well inside the steady-state stable.region,the system incor-

porating static filters became unstable, with strong distor-

sion of a.c. and d.c. quantities. This distorsion is caused 

by the magnification of non-characteristic harmonics generated 

in the digital program, by random small irregularities in the 

firing 'system. 

With e.m. filters, however, and for the same a.c.sys-

tem parameters, it was found that either i.p.c. or.v.c.o. 

could be used without occurrence of harmonic instability. 

This is due to the 	combined 	impedance of the a.c. 

network and filters which is now low over the whole range of 

harmonic frequencies (Fig. 4.2). In reference 14 it is shown 

that low a.c. system plus filter impedance involves low mag-

nification of non-characteristic harmonics and therefore the 

likelihood of harmonic instability is diminished. 
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Invertor operation show similar trends. For a s.c.r. 

of 3.75, operation of the invertor with an i.p.c. firing cir-

cult and c.e.a. (Yref =
15 ) is impossible as the distortion 

in a.c. voltages invariably leads to commutation failure.. 

Although with program 4 it is not possible to continue com-

putation beyond the first commutation failure, it is reasonable 

to assume that subsequent commutation failures are likely as 

the a.c. voltages distortion under abnormal bridge operation 

is further worsened. 

The computation of the initial conditions in the com-

puter program is not accurate enough to preVent commutation 

failure during the starting transient, when an invertor con-

nected to a weak a.c. system is being studied. A method to 

"start-up" the invertor was devised whereby the program starts 

with a relatively small a.c. syStem impedance and this is in-

creased by fixed steps at regular intervals. The computer 

plot for one such run with static filters and i.p.c. is shown 

in Fig.6.1a. The initial s.c.r. is 12.5 and this is reduced 

to 11.7 and then 11.0 in 2.and then 4 cycles, the invertor 

being under c.e.a. control with yref = 150 The distortion 

in d.c. and a.c. voltages is partly caused by the step in-

creases in a.c. system impedance but to a greater extent it 

is due to harmonic instability. 

If the values of the system variables during steady-

state invertor operation for s.c.r. = 3.75, with static fil-

ters and v.c.o., are used as initial values for a similar 

case but with i.p.c., the distortion in'a.c. voltage leads 
• 

to commutation failure after about 2 cycles of a.c. frequen- 
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cy. This is shown in Fig. 6.1b. The full curve in the bottom 

- set of wave-forms is the highly distorted red-phase current. 

In both cases of Fig. 6.1 the c.e.a. controller had a gain 

of 10s-1 and a time constant of 2ms. This corresponds to a 

point well within the stable region for c.e.a. control
(17) 

With e.m. filters the situation described above does 

not arise and inverter operation is identical for both 

and v.c.o. control. 

6.2 Step-change in remote-end back-voltage  

With the d.c. transmission system operating in astable, 

steady-state situation, the filtering performance of the sta-

tic filters can be considered comparable to that of the e.m. 

filters (Fig.s 5.14 and 5.15). Under transient conditions, 

however, non-characteristic harmonics of any order may be ge-

nerated by the convertor. In this situation it can be expect-

ed that the e.m. filters will be more successfull in impro-

ving a.c. wave-shapes. 

Fig.s 6.2 and 6.3 show the computer plots obtained 

when a reduction in the remote-end back-voltage is applied. 

This is a situation that may arise due to a balanced 3-phase 

fault on the inverter a.c. system or due to blocking of one 

bridge in a multi-bridge inverter station. The voltage was 

reduced from 0.735 to 0.500 p.u. in 20ms with the rectifier 

operating initially at a()  = 20°  in the static filter case 

(Fig. 6.2) and ao  = 10°  in the e.m. filter case (Fig. 6.3).  
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In both cases the d.c. line capacitance was equal to 5w, 

all other parameters being the same as in previous Chapters. 

The perturbation is, in both cases, followed by a 

transient characterized by oscillations in d.c. voltage and 

current, at a frequency of about 5511z, near the natural fre-

quency of the d.c. line. With static filters, this is accom-

panied by a substantial distortion in a.c. voltages and cur-

rents, still present 9 cycles after the perturbation. When 

e.m. filters are, used the a.c. voltages and currents remain 

purely sinusoidal. A small oscillation of about 6Hz takes 

place in the a.c. quantities. It is believed that this oscil-

lation is related to the low frequency resonance mentioned 

in Chapter 4. The initial oscillations in d.c. quantities 

and control voltage are practically of the same amplitude in 

both cases, but these are better damped in the e.m. filter 

case. 

6.3 Step-change in rectifier reference current  

A step-change in reference current from 1.0 to 0.8p.u. 

in one a.c. cycle was next studied. All system parameters 

and operating conditions prior to the disturbance were the 

same as in section 6.2. 

The results are shown in Fig.s 6.4 and 6.5, forstatic 

and e.m. filters respectively. The comments made for the 

previous test-case also apply here. The distortion in a.c. 

quantities and the larger settling time with static filters 
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are however more pronounced here. Despite the fact that with 

static filters a = 20 .the decrease in v after the initial 
0 

overshoot following the disturbance causes the rectifier to 

operate in the c.f.a. region for two brief periods at around 

T = 2.5 and T = 3.5 a.c. cycles. Nine cycles after the dis-

turbance the direct current is still oscillating by about 

±0.°5p.u, around the average 0.8p.u., for static filters, 

whereas the oscillation is less than 0.02p.u. after 4 cycles 

for e.m. filters. Furthermore the overvoltage of about 20% 

at the middle of the d.c. line, present in the static filter 

case, does not .occur in the e.m. filter case. 

6.4 A.C. volta e reduction in invertor o•oration 

Faults in a.c. systems connected to invertor stations 

frequently lead to commutation failure followed by a prolong-

ed transient during which highly distorted a.c. voltages 

make convertor recovery difficult
(31,32) and sometimes im- 

possible. 

This situation has been examined with the computer 

program. However, 'due to limitations of program 4 in that it 

is not capable of carrying the computation after a commuta-

tion failure, it was not possible to study the actual reco-

very performance after such an incident. The results present-

ed are restricted to cases in which the e.m. filter prevented 

commutation failure from taking place. 

The study has shown that for'weak a.c. systems, commu7. 

tatiOn failure failure will occur, except for very small re- 
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ductions of a.c. voltage, if the disturbance signal included 

in the c.e.a. control (section 5.4.4) is suppressed. For 

=  Vdist = 20rads
-1 Kcea 	50s-1and .Tcea = 2ms in eqn. 5.16, 

it was found that a balanced reduction of up to 20% in the 

source e.m.f. at the invertor side does not cause a commuta-

tion failure in the invertor, with eon]. filters. On the other 

hand, with static filters, a reduction of 10% in a.c. volt-

tage is enough to cause early commutation failure. 

Figs 6.6 and 6.7 show the transient following a 5% 

reduction of a.c. source e.m.f. This corresponds to an elec-

trically remote 3-phase short circuit on the a.c. system.The 

disturbance signal Vdist was maintained as long as Pact' the 

smallest of the last six Y's available, remained smaller than 

2/3 of yref' This is one way of implementing digitally a pre-

dictive response circuit. in the c.e.a. controller. The dis-

turbance signal is suppressed soon after the fault in the 

2 e.m. case (Fig. 6.7) as y does not fall below - 3 -yre'. This 

fact should be taken into account in the comparison between 

Figs 6.6 and 6.7, as the oscillations in d.c. quantities 

are, for the static filter case, affected not only by the 

disturbance but also by the prolonged action of the predic-

tive circuit signal. If an alternative "disturbance" or"pre-

dictive"principle is used the system response with the sta-

tic filter may be somewhat different. 

In any case, there are some basic differences between 

the behaviour of the two alternative filtering systems. In 

the case of static filter; 'variations in direct current fol-

low the variations in filter and a.c. system currents. In the 
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case of e.m. filters, the direct current remains practically 

constant while variations an a.c. system current are com-

pensated by variations in filter current. Furthermore, the 

reduction in e.m. filter voltage, after the fault, occurs gra-

dually because, as can be seen in the electric analogue of 

the e.m. filter, practically the full a.c. voltage is appli-

ed accross the capacitor and this voltage of course cannot 

vary instantaneously. This is a desirable characteristic as 

regards the invertor performance, as a gradual decline of 

voltage reduces the probability of commutation failure. 

The situation of a 10% reduction in a.c. voltage 

was also studied, the computer plots being shown in Fig. 6.8 

and 6.9. The disturbance signal is only applied between the 

occurrence of the fault and the firing of the next valve, as 

described in section 5.4.4; therefore, and incontrast to the pre-

vious test, the cases with both types of filters are in iden-

tical circumstances. With static filters (Fig. 6.8), valve 1 

fails to take on the direct current from valve 5, and the 

d.c. voltage colapses to zero (at the instant shown by the 

arrow) when valve 2 is fired. With the e.m. filters (Fig. 

6.9), the invertor is unaffected by the disturbance, after 

which the current in the a.c. system reaches transiently a 

25% increase before settling to the pre-fault level. 

6.5. Conclusions  

Since the e.m. filter has a low impedance over the 

whole range of harmonic frequencies, it inhibits harmonic 
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instability as uncharacteristic harmonics generated during -

normal convertor operation are not amplified. This permits 

the use of i.p.c, firing systems without detrimental results. 

The efficient suppression of all harmonics by thee.m. 

filter is particularly usefull during transient conditions, 

when any harmonics may be present. With static filters the 

a.c. wave-form distortion after disturbances result in long 

settling times. With e.m. filters the a.c. wave-forms are 

practically sinusoidal. For the cases studied and under the 

assumptions made in the digital simulation, 'the transient 

response is markedly improved by the use of e.m.filters both 

under rectifier and invertor operation. 

The generality of the conclusions requires further 

confirmation by studying a wider range of situations inclu-

ding unbalanced faults. However the superiority of the e.m. 

filter over the static filter under transient conditions is 

beyond doubt. 



CHAPTER 7 

FURTHER DEVELOPMENTS ON ELECTROMECHANICAL FILTERS 

7.1 Introduction 

7.1.1 General  

From the previous Chapters it is evident that the e.m. 

filter has interesting potentialities. It supplies VAr's at 

fundamental frequency, absorbs harmonic currents of all orders 

inside the range of interest in d.c. transmission links, is 

insensitive to frequency variations and improves both the 

steady-state and transient performances of convertors. In 

assessing its applicability to full-scale installations, how-

ever, several other aspects deserve further consideration. 

One such aspect concerns the adjustment of reactive 

power generated by the filters, as this is, in some cases, a 

requirement filters must fullfill. 

Different types of filter configurations should be 

studied, to see which solution would be more suitable not 

only under the operational point of view, but also in other 

respects such as construction, maintenance, cooling, noise, 

insulation and losses. 
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Before a definite decision is made on whether 

e.m. filters could be used in h.v.d.c. in.stallations,adetall-

ed study of costs should be undertaken. The results from this 

study must then be carefully weighed, together will all other 

advantages and drawbacks, to assess whether and in what cir-

cumstances is an e.m. filter a preferred alternative to 

conventional filters. 

These various questions are briefly discussed in this 

Chapter. 

7.1.2 Three-phase e.m. filter model  

If a tree-phase e.m. filter model were available, a 

more comprehensive set of tests could be carried out. In order 

to keep time delays and costs to a minimum, various means of 

building a 3-phase f.m. were sought. 

First the simulation of a 3-phase f.m. by its analogue. 

electric circuit (Appendix 2) was considered. As shown in 

section 3.1.2 the choice of the filter parameters is based 

on the filter specifications and operating conditions.Theoret-

icallyi the parallel resistor R is chosen on the assumption 

of a lossless inductor and capacitor. As it turns out from 

the calculations, with realistic inductor and capacitor 

quality factors, no resistor R is needed (R = m) in order to 

obtain filter losses and quality factor comparable to those 

of the e.m, filter model. 
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An investigation of cost was made for a range of pairs 

of values L-C, and a graphic illustration of results is shown 

in Fig. 7.1. Air-cored inductor costs increase nearly propor-

tionally with inductance, whereas capacitor costs, for a fixed 

rated voltage of 110V r.m.s., were assumed proportional to 

capacitance. The minimum price Pm  is about £1100. 	Because 

of this prohibitive cost the project was abandoned. 

Next, an attempt was made to find commercially avail-

able vibration generators that might be fairly cheaply ac-

quired and readily addapted to e.m. filters. The best vibra-

tors available were suitable only for operation under2/5thsof 

the h.v.d.c. simulator rated voltage. Even so, this solution 

proved to be even more expensive than the previous one, as 

these vibrators, before modifications, would cost about 

Further investigation of 3-phase e.m. filter perform-

ance was therefore undertaken by analytical and digital 

simulation, as described earlier in Chapters 4, 5 and 6. 

7.2 Variable VAr compensation 

7,2.1 General 

A.C. harmonic filters in convertor stations should be 

ideally capable of supplying varying fundamental reactive 

power. In particular, if the a.c, system is of comparable 

size to the. d.c. link, the VAr generation at the convertor 
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and its controllability may play an important role in a.c. 

system stability during disturbances. During reduced a.c. 

system voltage conditions due to faults, or after blocking 

of one or more bridges in.a convertor station, a.c. system 

stability may be endangered, or severe a.c. overvoltages 

caused(21,22)  

Various methods have been used or suggested for vari-

able VAr compensation in convertor stations(35): 

-'a synchronous compensator in parallel with the 

harmonic filters; 

- filters divided in discrete sections, or additional 

capacitor banks, to be switched on or off according 

to the VAr demand; 

- variation of filter voltage, only possible if the 

filters are connected to a 3-winding transformer 

provided with a tertiary tap-changer. 

• These solutions suffer from various drawbacks the major 

of which are cost and complexity. 

The 0.m. filter is potentially capable of supplying 

variable VAr's at low extra cost and complexity. In thefollow-

ing sections several possible methods, some more practical 

than others, are discussed. 

7.2.2 Auxiliary coil 

The e.m. filter can be provided with a second coil in 
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the moving element (Fig. A1.2, Appendix I) that undergoes 

exactly the same translational oscillations as the main coil. 

The auxiliary coil will be immersed in an auxiliary air-gap 

of the magnetic circuit. The impedance at the terminals of 

the main coil, under sinusoidal input of angular frequency w, 

can be derived from the set of differential equations A1.11, 

given in Appendix 1. The impedance is given by 

Z = v1  = 
 

where: 

(11B1 ) [-M1 bw + jw(11 B1 + M1 a)] 

+ jw ( r - 12B21(i) 

(7.1) 

- M
12'is the coefficient of mutual inductance between 

the two coils; 

- m, s and r are respectively mass, stiffness and damp-

er constant; 

R and L are the series resistance and inductance ,  

of the main coil; 

- subscripts 1 and 2 denote main and auxiliary coil 

quantities, respectively; 

- 1 is the length of coil conductor; 

- B is the air-gap flux density; 

- quantities a and b are the real part and imaginary 

part coefficient of a phasor relating auxiliary coil 

= R
1  + jwL1  + (s2-12B2a) - mw2  

current and displacement, such that 

i2(t) = (a + jb) x(t) 	(7.2) 
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where x is the displacement. 

Eliminating coefficient M12, as it can be made negli-

gible by appropriate design, 7.1 is simplified to 

Z = R1 
 + jwL1 

 + 
jwAl 

(7.3) 
[(s - Ala) - mw2] + jw(r - A2  b/w) 

where Al 
	' = 11  B1 

 and A2 = 1213
2' 

Comparing eqn.s 7.3 and 2.4 it is apparent that the 

auxiliary coil introduces: 

- a fictitious "stiffness" term 12B2a' 
added to or 

subtracted from the suspension stiffness s, depend-

ing on the sign of a; 

- a fictitious "damper constant" term 12B2
b/w similar-

ly added to or subtracted from r depending on the 

sign of b. 

These fictitious quantities depend only on the auxili-

ary coil parameters 12 and B2
, and coefficients a and b, for 

a certain frequency. This suggests at first sight an attract-

ive method of acting on the system total stiffness and loss. 

At fundamental frequency, near the natural resonance frequency, 

the displacement x lags the applied voltage v1  by practically 

7L/2, therefore 

V1' = j K1  

X 

where K
1 
is a scalar depending only on the e.m. filter para- 
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meters (Appendix 1, eqn. A1.13). An amplifier of high out-

put impedance, fed from the filter busbar and having a gain 

of (Kb  + jKa) A/V (see Fig. 7.2a) would supply a current 

given by 

12  = (Ka  + jKb) V1  
Ka 	Kb 

+ j 
K
1 	

K
1  

and comparing ecin.s 7.2 and 7.4 

a = - 
Ka Kb 
K 	

b = 
K11 	

; 
 

A closer look at the system inside the dashed box of 

Fig. 7.2a would show, however, that its number of degrees of 

freedom (or the number of independent variables) does not vary 

when switch S is closed or opened. This is more evident from 

Fig. 7.2b where the amplifier supplying 12  is driven from 

the output of displacement and velOcity tranducers. As seen 

from busbar I the system remains unchanged, i.e. impedance 

Z
1 
remains the same independently of the position of S. There-

fore- no change of Varls or losses will take place, as sug-

gested by eqn • 7.3. 

Alternatively the auxiliary coil can be connected to 

an external impedance Zb  (Fig. 7.2c). The electric analogue 

of this system is illustrated in the two duagrams of Fig. 

7.3, assuming that Zb consists of a variable inductor Lb 

that includes the auxiliary coil self inductance.The reason-

ing is identical if Zb were to be a variable capacitor. 

e.m..filter impedance as seen from busbar I in 
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Z = R
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+ jwL

1  
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rig. 7.2c or terminals I in Fig. 7.3, is now a function of Lb  

This is identical to eqn. 7.3 if in the latter b = 0 

,and a = A2/Lb. As before, a ficticious "stiffness" is added 

(or subtracted if a capacitor is used as external impedance) 

to the mechanical stiffness s, and the natural resonance fre-

quency, given by 

s.+ A2/1- 2/ -b 

m 

can be sfifted by varying Lb. The effect of an inductance L
b 

in series with the auxiliary coil is the same as that of con-

necting 

L" = (A1/A2)2 Lb 

in parallel with the main coil and with the auxiliary coil 

open-circuited. The difference between the two cases lies in 

the current and voltage ratings required for Lb  and 

For a reduction of about 20% in fundamental VAr's the 

f.m. requires an increase in s of 1%. Taking Al 
= 21.311Nm 

as in the f.m. and chosing A2  = 1HNm, then Lb  = 1.145m1I 

(equivalent to 	= 0.52H). The voltage and current ratings 

of the two coils would be. in the proportion of 

	

=.21.3 and V2 
	1 

V" 

	

a 	21.3 

fn 
1 

21t 
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respectively, with unprimed quantities referring to Lb. 

One possible method of varying the VAr's supplied by , 

the eon. filter is thus the use of an auxiliary coil connect-

ed to a variable low voltage inductor or capacitor. It is how-

ever arguable, at this stage, whether this method would have 

any advantage over the straight forward use of a step-down 

transformer to supply a small-inductance high-current induc-

tor (Lb
), or the simple connection of a large-inductance 

high-voltage inductor (La) directly accross the filter busbar. 

7.2.3 Change of stiffness and mass. 

It was shown in Chapter 3 that the e.m. filter fun-

damental impedance or reactive - power can be substantially 

varied by small variations in stiffness or moving mass. For 

the filter model a change of i% in s or in t  corresponding to 

a change of. 0.5% in the natural frequency, produces a vari-

ation in VAr's of about 20%. 

Some direct means of adjusting s and m are possible. 

Although they all present, in one way or another, difficult-

ies of a mechanical nature, further investigation on their 

feasibility is necessary. Among the methods to vary the stiff-

ness, the following should be considered: 

- Adjustment of the active "length" of the stiffness 

element. If helical springs were used,a mechanism can be 

devised by which some of the spring turns in one end are 
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threaded into the spring seat; by rotation of this seat in 

either direction the number of active turns, and therefore 

the stiffness, can be increased or decreased. If torsion bars 

(in a rotational arrangement) or bending beams were used, the 

active span could be adjusted, with identical results. 

- Variation of air pressure, if the stiffness is wholy 

or partly provided by air-springs. Air-springs are nonlinear 

but this difficulty can be overcome by using pairs of springs 

in opposition and allowing only small displacements. This 

technique is now under study by another researcher. 

Variations in moving mass pose more severe difficult-

ies; however it may be worth studying some of the following 

possibilities: 

- To vary the total mass undergoing oscillations, one 

could have a part of this mass in liquid or finely ground 

solid matter form. A mass adding and subtracting mechanism 

should be devised, a problem that seems to be fraught with 

difficulties. 

- If the stiffness is provided by bending beams, a 

mass whose position along the beam is adjustable could pro-

vide changes in the total moving mass. 

7.2.4 Other methods  

The reactive power generated by the e.m. filter is 
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inversely proportional to the d.c. excitation flux density. 

Therefore fundamental VArts can be adjusted by varying the 

excitation current I. 

The d.c. coils have a large time constant, its order 

of magnitude nearing 1 second for the filter model. There-

fore, if fast changes in VArts are required, as may be the 

case when a.c. system stability is under consideration, yard-

atioris of Ie 
will not solve the problem. Calculations were 

performed for the f.m. to determine what voltage should be 

applied to the excitation circuit to produce, in two a.c. 

cycles, a variation of 50% in fundamental VArts. As it turns 

out, this forcing voltage far exceeds the actual rated d.c. 

voltage of the h.v.d.c. simulator. 

For long-term adjustments the excitation current pro-

vides an easy and reliable way of varying e.m. filter VArts. 

In this case, however, an inefficient4use is made of the d.c. 

coils as they have to be designed for a higher current (min-. 

imum VArts) while under normal convertor operation the filters 

are expected to generate maximum VArts (minimum Ie). 

The use of electrostatic forces proportional to dis-

placement would provide another method for acting on the 

amount of VArts generated by the e.m. filter. The coefficient 

of proportionality between these forces and the displacement 

could be varied, the result being a variable total stiffness. 

Calculations made for the filter model have shown, however, 

that the dimensions and voltage rating of the capacitor 

required to produce only 1% or 2% change in s are unacceptably 
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high. 

7.2.5 Conclusion 

The feasibility of any practical solution to the 

problem of VAr adjustment in the e.m. filter dependsonseveral 

factors such as i) actual size and type of the installation, 

ii) specific requirements (continuous or discrete adjustment 

and range), iii) response time required and iv) transients 

during and after adjustments. Furthei: work. is required in 

this area before any conclusions can be reached. 

As the electromechanical vibrator is capable of sup-

plying both leading and lagging reactive power, it could be 

used'as a VAr compensator in its own right, instead of a 

synchronous compensator. In such an application continuous 

VAr regulation would be desirable so that the e.m. compensa-

tor could be made competitive with the synchronous machine. 

Again further study on this topic is required. 

7. Design considerations 

7_e 3,1Et lter lair-out 

So fart attention has only been payed to the translation-

al, moving-coil, single-phase e.m. filter with helical springs. 

Other lay-out philosophies are, however, possible, and they 

are briefly mentioned in this section, 
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Electro-mechanical characteristics identical to those found 

in thO translational vibrator can be obtained if the moving-

coil is wound and placed in a magnetic field in exactly the 

same fashion as in rotating electrical machines. To provide 

the. system with a natural resonant frequency, a restoring 

torque proportional to angular displacement has to be applied 

to the moving-coil. This torque can be produced by either a 

torsional bar at each end or by a system of spiral springs. 

As for full scale e.m. filters a large oscillating mass is 

required, the moving coil could be placed inside a slotted 

laminated rotor, the whole set oscillating. 

The rotational vibrator is magnetically a better 

solution than the translational as better use is made of the 

iron in the magnetic circuit. .A rotational e.m. filter with 

more than one pair of poles is possible, if the appropriate 

type of winding is used. The copper however is poorly used 

as the end conductors do not contribute to the total electro-

dynamic force or counter e.m.f. 

To avoid a moving high-voltage coil, arrangements can 

be devised where the coil is fixed. The moving element can 

be a conducting cylinder, the current induced in it by the 

a.c. coil interacting with the excitation d.c. field thus 

causing it to oscillate or rotate. The efficiency of this 

system is likely to be poor as magnetic linkage between the 

a.c. coil and the moving element cannot be perfect. 

In a full scale installation a 3-phase e.m. filter 

has to be used. A 3-phase filter could be built in one single 
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unit the three a.c. coils sharing part of the magnetic 

circuit; alternatively it could consist of three separate 

and independent units. The choice will depend on the actual 

size of the installation and on several design aspects, in 

much the same• way as in the choice of high-voltage high-power 

. 3-phase transformers. 

In some aspects, however, the e.m. filter presents 

particular problems. One such problem is the vibrations 

transmitted by the filters onto the supporting structure. 

These vibrations tend to be of small amplitude because the 

ratio between filter fixed mass and moving mass is very high 

(about 400 in the f.m.). It may be found necessary, neverthe-

less to eliminate or reduce such vibrations. Under balanced 

3-phase operation the vibrations transmitted by the three e.m. 

filters 	add up to zero at any instant. Therefore a high 

degree of cancelation can be obtained by conveniently 

positioning the filters w.r.t. one ariother. Under unbalanced 

or transient conditions this cancelation is lost. 

7.3.2 Practical features  

Some design aspects of e.m. filters other than those 

mentioned so far may have substantial influence in the deci-

sion on whether e.m. or static filters should be chosen. 

As shown in Chapters 2'and 3 a low impedance at high 

frequency is essential for a good filtering performance. The 

high-frequency impedance is a consequence of several factors: 
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moving-coil self-inductance, iron losses and, to a lesser 

extent, skin effect in the conductor. Copper-plating orcopper-

cladding of the magnetic pole faces is an effective method 

of reducing the total high-frequency impedance, and this 

should be fully exploited in practice. The thickness, size 

and position of the copper shield should be optimised for 

minimum filter impedance within a prescribed range of harm-

onic frequencies. As shown in Chapter 3, it is unrealistic 

to assume that the inductance obtained from expreSsion A4.10 

is.  a correct guide to the e.m. filter impedance at higher 

harmonics. 

Recent tests covering a wider range of copper thick-

nesses than that investigated by the author (3.3.1) indicate 

that copper-cladding on both sides of the moving coil and 

with larger thicknesses Of copper can substantially reduce 

the harmonic impedance and makes it less dependent on air-

gap geometry and dimensions than is suggested by eqn. A4.10. 

Some of the design constraints associated with this equation 

are therefore released and the designer will have a wider 

range of filter parameters to chose from. An analytical 

expression taking into account the iron penetration effect 

and the presence of copper-cladding is necessary .to accurate-

ly determine the filter harmonic impedance. 

The e.m. filter impedance could also be somewhat 

reduced by lamination of the magnetic core. Such lamination 

is only practical with the rotational e.m, filter in which 

the laminations would be transverse to the axis, as in the 

case of normal electrical rotating machines. Whether lamin- 
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ations should be used in e.m, filters at all depends on the 

extent of harmonic impedance reduction obtainable from the 

simpler method of copper-cladding. 

The calculation of filter losses is also important. 

The e.m, filter losses are mainly of mechanical origin, as 

mentioned in Chapter 3, Furthermore they are practically res-

tricted to 50Hz losses for two.reasons: a) the e.m. filter 

has hardly any mechanical response to inputs of frequency 

not in the vicinity of fn, and b) under operation with a con-

vertor bridge, the copper and iron losses at the harmonic 

frequencies add up to a value the order of magnitude of which 

is lower than the 50Hz RI2 losses (these being in turn about 

one order of magnitude smaller than the mechanical losses). 

As seen before, the e.m. filter poses conflicting 

requirements as regards losses; low losses improve efficien-

cy, but on the other hand, for constant VAr/s, if the losses 

are reduced, fn  has to be reduced and this worsens the sta-

bility.situation (4.3.2). Also in 4.3.2 it is shown that if 

small time constants are used in the control loop,the low 

frequency resonance at about 5Hz does not occur; in this 

case the losses can be safely reduced, if the means can be 

found to achieve this. 

The actual need to substantially reduce e.m. filter 

losses depends however on how stringent is the requirement 

for high efficiency in a convertor station. It has been es-

timated(37) that the a,c. filters absorb about 5% of total 

convertor plant losses, these being roughly 1.5% of transmit-
, 
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ted power, and that the capitalised.cost of the total losses 

represents 15% of total plant cost. If e.m. filters aroused, 

with losses 10 times as high as the static filters', the 

total plant losses are increased by 45% and their capitalised 

cost by 6.75%, assuming constant filter cost. If the overall 

d.c. link is considered, these increases in costs are further 

diluted and the ultimate economic consequences of the increased 

filter losses may become negligible or at least acceptably 

small. 

There is, however, another reason why e.m. filters 

should have as small losses as possible. If such losses are 

substantial, the natural dissipation of heat may be insuf- 

ficient and forced 	cooling may become necessary.Thiswill  

depend on what proportion of heat is generated in the moving 

coil and its vicinity (pole faces and copper cladding); the 

mechanical losses, caused by air 'resistance and suspension 

elastic hysteresis, are likely to be naturally dissipated as 

they occur over a wider area and in an air environment. 

The requirement for cooling may be simplified if the 

e.m. filter is provided with some pneumatic device for other 

reasons, e.g. air-springs or air-bearings. The latter may be 

required to guide the moving coil and prevent its physical 

contact with the pole faces, as this would alter the electro-

mechanical characteristics and cause unacceptable losses. It 

is believed that air-bearings are advantageous in that they 

can provide the required lateral stiffness at lower losses 

than with solid bearings. Furthermore they would contribute 

to 	better cooling. 
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Other practical features that require study include a 

variety of aspects such as filter noise, flexible connections 

and magnetic shielding. As regards starting-up of the e.m, 

filter, it is possible that sudden application of full rated 

voltage would result in a violent transient regime. To reduce 

its effect a switching arrangement may be necessary. These 

and other problems will not be discussed here. In the f.m. 

no special provisions wore necessary regarding any of the 

problems mentioned above. 

7.4 Full-scale installations  

7.4.1 Alternatives to conventional filters  

It has been well established(1,6,35) that it is more 

economical to use filters consisting of several tuned branches 

and one damped high-pass branch for higher order harmonics 

than just one single damped high-pass branch presenting low 

impedance from, say, the fifth harmonic upwards. Furthermore, 

if the dec. system capacity is small compared with that of 

the a.c. system, the filters are less effective or, for 

identical harmonic attenuation, they must have lower harmonic 

impedance than in the case of low s.c.r. 	If 	the 

s.c.r. is high, the filters may be required to supply little 

reactive power(35).  In such case, it may even be impossible 

to design a damped high-pass filter of 1st, 2nd or 3rd order 

that simultaneously has a high fundamental impedance and low 

harmonic impedance at and above the 5th harmonic. 
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If attempts.are made to use filters consisting of 

parallel R, L, C circuits the electric analogues of e.m. 

filters) it is found that such filters must have a total ca-

pacitance larger than required in conventional multi-branch 

filters and even larger than in the single damped high-pass 

filter. Not only is the capacitance in an R, L, C filter 

larger, but it must be rated for the full a.c. voltage at the 

filter busbars, unlike in the other two cases. Both factors 

make the use of resonant parallel R, L, C circuits even more 

uneconomical. 

If this is true for the R, L, C analogue of the e.m. 

filter,it may not be so for the actual e..m. filter. Savings 

are possible in two domaihs: a) the cost of the e.m. filter 

components and accessories, together with assembly costs, 

could turn out to be lower than their equivalent for static 

filters; b) the floor area and volume occupied by the e.m. 

filters is substantially smaller than those needed for static 

filters,_and this is an important advantage especially in 

urban areas where space available for power plant is in short-

age and at a high price. 

The costing of a high-power high-voltage novel device 

is an almost impossible problem without extensive help from 

industry. An approximate scaling-up exercise follows, the 

results of which give a rough idea of the size of a full-

scale e.m. filter. 
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7.4.2  A full-scale a.m. filter - roblems and difficulties 

The objective of this scaling-up exercise was to de-

termine approximately the size of an e.m. filter for the 

Lydd convertor station. It was assumed that the basic feat-

ures of.the full-scale filter were identical to those of the 

laboratory prototype. 

The spdcifications for the full-scale e.m. filter were 

taken to be the same as those of the actual static filter 
(36) 

used in the Lydd station 	, namely fundamental reactive 

power of 20MVAr per phase, and a maximum impedance of 1g2 

at the 5th and higher harmonics. 

A maximum flux density of 1.5T and a maximum displace-

ment of ± 1cm resulting in accelerations of 100g were assumed. 

Equation A3.11 (Appendix 3) allows the determination of the 

electromechanical conversion factor (1B)
2  once the displace-

. 

.ment and filter voltage are known. 

The fundamental filter losses have to be small 

.compared with fundamental VAr's, and this demands that a 

high quality factor and a natural frequency near fundamental 

frequency be used. As a consequence the term mw
2  in the de-

'nominator of the impedance eqn. 2.1l is, at f = 250Hz, much 

larger than the other terms. Terefore eqn. 2.4"can be used 

to determine m. This results in a moving mass of about 50tons. 

If the air-gap geometry, conductor current density and the 

approximate expression of the coil self inductance are taken 

into 'account, it is found that a coil with a diameter of 
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about 3m is required. 

The size of such an e.m. filter is clearly excessive. 

However, there may be several ways of achieving reductions in 

the overall filter size. Redefinition of the design plilos-

ophy, involving a different type of magnetic circuit and 

perhaps the use of the rotational vibrator may result in more 

acceptable dimensions. The maximum coil excursion xn  and the 

maximum obtainable flux density B are particularly important 

as they directly affect the moving mass and the length of 

coil wire. 

The mass varies in the inverse proportion to the 

square of xm, and the latter is imposed by the maximum ac-

celeration permitted by the strength of the materials used. 

Further investigation is necessary to establish what are the 

maximum g forces.allowed. 

As far as B is concerned only superconducting electro-

magnets can provide higher flux densities. The use of super-

conductors in the e.m. filter would introduce some drastic 

structural modifications: 

- no iron would be required for the magnetic circuit; 

- it could be advantageous to have the moving coil 

itself made of superconducting material, resulting 

in a lighter coil and negligible RI2 losses; 

- the high frequency inductance is likely to increase 

but the iron losses would be eliminated. 
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The feasibility of this proposition and the cost of 

the e.m. filter incorporating superconducting techniques will 

depend on developments in this relatively new field. However 

the application of superconductors in power cables is already 

under investigation; if this proves successfull it is like-

ly that the extension of the d.c. cable cryogenic install-

ation to cover the e.m. filter requirement may be a finan-

cially attractive proposition. 
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CHAPTER 8 

CONCLUSION 

8.1 Conclusions 

The concept of e.m. filters used in h.v.d.c. instal-

lations offers several potential advantages. The flat impe-

dance-frequency characteristic over the whole range of har-

monic frequencies provides a valuable method of filtering 

both characteristic and uncharacteristic harmonics. Further- 

more it renders the filtering pevformance insensitive 	to 

network frequency variations and to detuning due to compo-

nent ageing. 

In practice, a low harmonic impedance can be achieved 

by careful design and by copper-cladding of the magnetic 

pole faces. Copper-cladding prevents the flux linkage from 

penetrating the surrounding iron, the consequences 	being 

that both the iron losses, responsible for the 	high-fre- 

quency resistance, and the coil inductance are reduced. 

Depending on the value of the natural resonance fre-

quency, the e.m. filter may possess an inductive or capaci-

tive impedance at system frequency. At normal convertor fil-

ter operation the filter would be arranged to have a capa- 
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citivo impedance and therefore supply VAr's according to 

convertor and a.c. system requirements. Various methods can 

be devised to achieve variable reactive power generation. 

In some of these methods continuous adjustment of VAr's is 

feasible. 

The feasibility of e.m. 	filters 	for 

convertor stations has been shown at laboratory 	level 

through the design and construction of a single-phase 

filter model (f.m.). The f.m. was designed to match 	the 

fundamental VAr's and characteristic harmonic impedance of 

the static filters used in the Imperial College h.v.d.c. si-

mulator. The f.m. was tested in conjunction with the simu-

lator, replacing the static filter in one phase. Due to the 

different characteristics of the'two types of filters these 

tests cannot be conclusive. In one of the tests and with the 

convertor equiped with an i.p.c. firing system, for certain 

system parameters and operating conditions, harmonic insta-

bility occurred when the three static filters were used. 

By replacing one of the static filters by the f.m. the ins-

tability was eliminated and improved wave-forms obtained. 

Operation with e.m. filters is theoretically free of 

harmonic instability. This is due to the low overall filter 

impedance at harmonic frequencies, with resulting elimina-

tion of sharp resonances between the a.c. network and filters 

and prevention of harmonic magnification. This was confirm- 

ed by tests on the digital model. With an i.p.c. 	firing 

system,it was possible to operate stably the d.c. link with 
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e.m. filters, whereas in identical conditions the system be-

came unstable when static filters were used. 

A linearised discrete model for a controlled recti-

fier was used to.study the steady-state stability of a d.c. 

link incorporating e.m. filters. With conventional filters, 

the stable region shrinks as the s.c.r. is decreased, due 

to resonances between the a.c. network and filter impedan-

ces. This, however, does not happen with e.m. filters. The 

stability boundaries in this case remain practically unchan-

ged by reduction of the s.c.r. The only parallel resonance 

between the a.c. network and the e.m, filters occurs just 

above power frequency. For certain values of controller ti-

me constant, this resonance may cause instability at very 

low frequency, in the region of 5 to 10Hz. This impose's-  a 

lower limit to the controller gain, as stability is condi-

tional in this situation. It is possible, however, to avoid 

low frequency instability if the e.m. filter parameters are 

judiciously chosen. In any case, for time constants below 

certain values there is no lower bound to the 	controller 

gain. 

A digital simulation of the d.c. link was performed 

to confirm the results of the discrete model concerningstea-

dy-state stability, and to study the system transient per-

formance. The program solves the system differential equa-

tions for a single-bridge convertor connected on one side 

to a strong or weak a.c. system, and on the other to a d.c. 

lino terminated by a constant voltage or a constant current 
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source. The convertor c.c. and c.e.a, controls are 	repre- 

sented dynamically by their differential equations, and the 

firing system can be of the i.p.c. or v.c.o. type. 	Under 

steady-state conditions a good correletion was found between 

the stability boundaries obtained by this method and those 

derived with the discrete model. 

The transient conditions following some typical dis-

turbances were next studied. Under such conditions harmonics 

of all orders are likely to be generated and to cause dis-

tortion of system currents and voltages with conventional 

filters. With e.m. filters, however, the current and volt-

age plots obtained 'show no apparent presence of significant 

harmonic content. Such undistorted quentities render reco-

very from faults easier and faster than in the case of sta- 

tic filters. Under invertor operation it was found 	that 

larger reductions in a.c. voltage are necessary to produce 

a commutation failure when e.m. filters are used. It is ex-

pected that even if commutation failure takes place the in-

vertor recovery would be greatly facilitatedbythe superior 

filtering ability of the e.m. filter. 

The solutions adopted for the f.m.1  with regard to 

movement and suspension, method of axial guiding and other 

related aspects are by no moans optimum. A rotational vi-

brator with a torsional suspension is another likely solu-

tion. In a full-scale scheme some problems that did not 

arise with the f.m, may be present, e.g. noise,heating, ex-

ternal vibiations and mechanical stresses. 
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The most important factor likely to ultimately in-

fluence the adoption of e.m. filters is their cost. It is 

difficult, at this stage, to assess the economic aspects, 

as in a full-scale installation the overall design philoso-

phy might be quite different to the one used in this thesis 

e.g. possible use of superconducting techniqUes. Crude at 

tempts to assess the approximate dimensions of a full-scale 

e.m. filter suggest that its size is likely to be 	compar- 

able to that of the convertor transformers. Substantial sa- 

vings are'therefore likely to be achieved with regard 	to 

space requirements. 

8.2 Ori Laa:L 222-tt ElLE  11212.2  

In the author's opinion the following are original 

contributions of this work: 

(a) The general study of the e.m. filter principles 

with particular reference to application.in h.v.d.c. conver-

tor stations. 

(b) The design and construction of an e.m. 	filter 

model and its testing in conjunction with an h.v.d.c. si-

mulator. 

(c) The application of the linearised disdretemodel 

for controlled rectifiers to the study of the steady-state 

stability of a d.c. link incorporating e.m. filters. 

(d) The study of steady-state stability of a d.C. 

link incorporating e.m. and static filters by digital simu-

lation. 

(e) The study of transient stability of a d.c. link 
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incorporating e.m. filters by digital simulation. 

With the exception of the computer-library subrouti-

nes mentioned in Chapter 5 and the program to evaluate the 

open-loop transfer function for stability assessment (Chap-

ter 4), all computer programs were developed by the author. 

8 t3 :-32 a222112a,a forfuLtasearora 

Based on the work described in this thesis a 3-phase 

e.m. filter prototype with facilities for the 	implementa- 

tion of reactive power compensation is now under develop- 

ment at 
	

Imperial College, this project 	being support- 

ed by the Science Research Council. This 3-phase f.m. will 

be used to study several mechanical aspects in 	greater 

depth e.g. the utilisation of air bearings and springs, im-

provements on the suspension and axial guiding, the deter-

mination of the source of mechanical losses and their mea-

surement and the optimum thickness of copper cladding. 

Further attention will also be given to the suppres-

sion or damping of spurious resonances and to the analyti-

cal calculation of the high frequency impedance when copper 

cladding is used, as both of these factors may affect the 

filtering performance. 

The mechanical vibrator of rotational typeis another 

possible arrangement to be studied as well as the use 	of 

superconductors both for the excitation and the moving coil. 
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Several other possibilities mentioned in Chapter 7 aren1so 

worth further consideration. 

In a project currently under way at Imperial College, 

an h.v.d.c. link including static filters is being simula- 

ted on a hybrid computer. The representation of the 	link 

with e.m, filters on this computer would be 	particularly 

advantageous as fewer analogue components are needed.A stu-

dy of the system with e.m, filters on the hybrid computer 

would provide valuable information and further confirmation 

of the findings from the digital and Simulator studies. 

The digital model could be further developed to in-

elude the following improvements: 

(a) a more accurate representation of the a.c. sys-

tem impedance including typical resonances and antiresonan-

ces; 

(b) representation of the e.m. filter series vari-

able impedance; 

(c) representation of a 2- or multi-bridge convertor; 

(d) inclusion of more complex modes of convertor ope-

ration such as double commutation,.commutation failure and 

valve faults; 

(e) more accurate representation of the d.c, line; 

(f) replacement of the constant-voltage or constant-

current source by more accurate representation of a conver-

tor station at the remote-end of the d.c. line. 

A wider variety of transient conditions should be 
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studied including unbalanced faults in the a.c. system and 

bridge and d.c. line faults. Of particular importance 	is 

the behaviour of the system when the a.c. frequency varies. 

The results of this analysis will provide further informa-

tion concerning constraints or precautions to be taken when 

establishing, at the design stages, the natural resonance 

frequency of the e.m. filter, the range of VAr adjustment 

and the properties to be conferred to the VAr control loop. 

A better knowledge of the e.m. filter performance 

and requirements, as well as of the various filter configu-

rations will allow a realistic estimate of costs in a full-

scale installation. 
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APPENDIX 1 

LAGRANGE EQUATIONS FOR THE E.M. VIBRATOR 

A1.1 	Fig. A1.1 represents the left half of a section of 

coil 1 inside a cylindrical air-gap with a radial uniform 

flux density B
1. 

Variable x denotes vertical displacement 

of the coil from its central position CC; y is the position 

of an element C
1 
of the coil with respect to the bottom end 

of the coil and dy is the length of element Cl; z is the dis-

tance between C
1 
 and the bottom end of the air-gap.

n 
is 

the mean radius of the coil. 

Fig. All 

For a total number N
1 
of turns in coil 1 the incremen-

tal number of turns in element C
1 
is given by 

(A1.1) 
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The total pole flux is 

01  = 27C n  D1  

and the flux linking element Ci  is 

Di 	z 
d X, = 

'1 	D1  

n1 01 

(A1.2) 

(A1.3) 

The negative sign results from the assumed reference 

direction of the coil current. Substituting eqns. A1.1 and 

A1.2 in A1.3, and expressing z as a function of x and y 

z Di - x y 
2 	2 

expression A1.3 becomes 

D1-(x+y-D1 /2-D/2) 
dX 	= 	n1 01 	

27ER D
1  B 	dy C1 	D1 	Di 	1D 

or 
-(1)1   -x- r-1-1-2) 27at n D 

— 1 
B dy 	dX, (y) 

2 1 	 L,1 (A1.4) 

For all values of x such that the coil stays in the 

uniform magnetic field, the total flux linkage for the whole 

coil is 

Bi 
= if dXCi(Y) 

0 

Thus, by integration 

, Di  
B
1 = - 1

1  B1  B_ k 	x) Wb-turns 	(A1.5) 



189 

where 11 = 21t RnN1 
is the total length of coil wire. 

Identical derivation can be made for a second coil 2 

placed as in Fig. A1.2. 

 

Fig. A1.3 

Fig. A1.2 

 

If the flux leakage is neglected the result is 

D2 
A B = - 12B2  ( 

	
- x) + N2 

01 
Wb-turns 

2 	2 	• 
(A1.6) 

The additional term N201 
now appearing corresponds to 

flux 0
1 
allways linking coil 2 regardless of the displace-

ment x. This term will desappear when deriving the Lagrange 

equations A1.11. 

A1.2 	The equations for this electromechanical system can 

be derived through the Lagrange method.. The following gene-

ralised coordinates are chosen: 
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p
1 

= x - vertical displacement 

P2  = q1  - electric charge of circuit 1 

3  = q2  - electric charge of circuit 2 

The following are the energy terms in the system La-

grangean 

1 	 2 . 

	

m x 	kynetic energy of moving mass m 
2 

2 1 1 i2 - electromagnetic energy associated with current 

i1 
in coil of inductance L1 

2  
1 

- 

L 	same for coil 2 2.2 
2 

1112 	
- same for coils 1 and 2 with mutual inductance 

-11B
(La -x)i1 - same for coil 1 immersed in magnetic 
2 

field B1  

[.- 12  B2 2  (El -x) + N201 
i
2 
- same for coil 2 

Still to be considered is the potential energy in the 

suspension springs. For a pair of equal compression springs 

associated as represented if Fig. A1.3, a will be defined as 

the difference between the free length L0 
of each spring and 

its length L1 
under compression at central position (x=0) 

a = Lo - Ll  

It is assumed that table T is kept horizontal by a 

total of Ns
/2 identioal pairs of springs arranged symmetric-

ally around the central axis. The potential energy stored in 
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each pair of springs at any position x (due to an applied 

force Ft) can be obtained as follows 

Wp = 2 Wo 	Wu + W1 
	(A1.7) 

The energy stored in each spring at x=0, Wo  has the 

value 

W = -(1  s 0  a
2) 

2  (.41.7a) 

The additional energy stored in the upper spring when 

compressed by a force Fu  = so(x+a) from x=0 to xA) is given 

by 	
x 

Wu = - so(x+a) dx = 2 	
(x+a)2  - a 2 (A1.7b) 

0 

Simultaneously for the lower spring, with Fi=s0(x-a) 

x 

W = -r so(x-a) dx =-
2 	

(x-a)2 - a2 
	

(A1.7c) 

0 

and finally, by substituting eqns. A1.7a,b,c in A1.7, 

, 
W = - 	(x+a)2  + (x-a)2  

2 

For Ns/2 pairs of springs the total energy stored is 

so  
Wt = 

Ns 
W
P 
 = - N

s 4 	
(x+a)2  + (x-a 

2. 

2 

By subtituting the total suspension stiffness s=Ns  so  

the last term of the Lagrangean is obtained 

17 spr 	4 
	(x+a)2  + (x-a)2 
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A1,3 	The system Lagrangean is thus: 

22= 1 m .2  + 1 L 1 	i2  + M 3- i2 2 2 1 	12 	"I + 1  L 2 2 	12 1 

 

 

4 
(x+a)2 + (x-a)2 (10.8) 

The Raleigh or dissipation function includes, in this 

case, the friction losses, and the RI2 losses in both cir-

cuits but neglecting the iron losses 

1 r  *2  + 1 R j.2 + 1 R j.2 
2 . 2 1 1 2  2 2 (A1.9) 

where r is the mechanical damper constant and the RIs are 

the electrical resistances for alternating current. 

Finally the external or applied generalised forces are 

for the mechanical system 

for electric circuit 1 

for electric circuit 2 

qx  = 	:11X (force of gray.) 

(41  = v1  (t)(appl. voltage) 

Q
q2 

(A1.10) 

The Lagrange equations can now be written by substi-

tuting eqns. A1.8. A1.9 and A1.10 in 

d • 	a :45 	a A°, 	a 3-47" 
= 

dt 	a  t; 	apj  • 	a f; 	p j  

and performing the differentiations successively for 



j = 1 (Pi  = x) for the mechanical equation 

j = 2 ( P2  = q1) for circuit 1 

j = 3 (P3  = q2) for circuit 2 

The following set of differential equations is thus 

obtained 

m X + r x + sx - 12B2i2 = -mY 

11BX 	+ L 
i, 
 + R1i1 	

--a + M1 	
.. 

1d dt 	dt 
= v1(t) 

12B2x 	+ NL di, 
	

+ L2 	+ R2i2 = Qq2 12 

	

dt 	dt 

(A1.11) 

Neglecting mY in the first eqn. of A1.11 as it is two 

orders of magnitude smaller than the other terms for the e.m. 

filter, the following expressions for the complex current, 

displacement and impedance can be obtained 

= V [(s-12B2a) - mw2  + jw r-1 B 12)] 2 2w 

(R1  +jwL1  ) (s-12B2a) - mw
2  + jw(r-12B2/3)) 

 

-1 

 

[-M12bw+jw(111+1,112a)] (A1,12) 

   

X = 1 B V 	(R 4-jwL1 )1i(s-12B2a) 1 	1 	- mw2  j w (r-12DA ) 

+ 111  [-MI 2bw+jw (11B1 +1\112a )1 (A1.13) 
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- R1  + jWL1  + (11 33 1 ) - 
[ l'il 213(1)+36)(11514411 

-1 

jw(r-1 B b) + (s-l2B2a) - 
I 

2 27 	raw2   (A1.14) 

assuming that a current i2, function of displacement x and 

given by 

12( 
 
t) = (a-Fib) x(t) 

is fed into coil 2. 

If the system consists only of coil 1, the set of 

equations A1.11 is reduced to 

m V 4-1-31 4-sx 	- 11B1i1 	
= -my 

• di 1 11B1 x 	L
1 dt 	

R1i1 = v1  (t) 

(A1.15) 

Z 

  

I 
1 
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APPENDIX 2 

ELECTRIC ANALOGUE OF THE E.M. VIBRATOR(12) 

The mass/capacitance analogy is here used to establish 

an electric circuit equivalent to the spring-mass system in 

Fig, A2.1. The correspondance between system and analogur 

quantities is shown in Table A2. 

B 

Fig. A 2.1 

The equations for this system are 

mx+rx +sx=1Bi+F 

(A2.1) 
di 
dt 	

R i.+ 1 B x= v1 (t) 

where F is the external force applied to the mechanical sys-

tem, in this case total weight -mY. 
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TABLE A2 

Linear mechanical system Electric circuit 

Quantity Symbol Quantity Symbol 

mass m capacitance 

force f current i. 

velocity x voltage 

. 
linear displacement x= xdt mag. flux linkage 0= vdt 

spring compliance= 1  inductance= L = iL 
i 

=1/spr. stiffness= =flux linkage/current 
=displacement/force 

damper constant= r conductance 

=force/velocity 

power = f x power = i v 

= force x velocity = current x voltage 

kynetic energy 1 	k2  
2 
— in electrostatic energy — 	v2 

potential energy —1   s x2 magnetic energy 1 	1 	02  
2 2 L 

complex mechanical F a.c. admitance I  

impedance 

sum of forces at point 

= 0 

sum of relative veloci- 

ties around closed.me- 

chanical system = 0 

X 

sum of current enter-

ing node = 0 

sum of e.m.f.s and 

voltages around closed 

circuit = 0 

V 
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The quantities of the electric analogue are related 

to those of the actual system by two factors ki  and k2 in 

the following manner 

f = k1 i 

= k2 0 

X = k2 v 

m = Ll C 
k2 

(A2.2) 

etc 

 

  

If an electromechanical rather than a purely mechani-

cal system is under consideration, k1  and k2  must be such as 

to maintain equality of mechanical and electrical power 

• 
fx=k1  i k2v=k1k2 iv =iv 

and therefore 

k1 k2 = 1 
	 (A2 .3) 

Applying the M/C analogy to the system, the electric 

circuit of Fig. A2.2a is obtained, with 

k , 	k, 
' s ; CI = 	m;  v - 	; 	= 
k2  ; k1 	k2 	k1  

(A2.4 ) 

The constant current II, corresponding to weight P=my 

is shorted by coil L'. The associated constant flux is equi-

valent to the position of mass m at standstill in the origi-

nal system. 

Considering that from eqns. A2.2 X = k2 v' 
by making 



(113)2 ? (IE3)2 fr.  m  el r 	s ;17-3 (18)2  
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k2  = 1/1B the two parts T and 11 of the circuit in Fig. A2.2a 

can be connected at terminals T, and the equivalent circuit 

of Fig. A2.2b is obtained. According to eqn. A2,3, ki  = 1B. 

(b) 

B 

Fig. A2.2 

The set of equations for the equivalent circuit, 

I 	i v 	1 v dt + C R  + E-J  

R 	di + L 	v = v1(t) dt 

is identical to set A2.1 and indeed leads to it if L', R', 

C' and 	are expressed as functions of s, r, m, P, B and 1, 

and v replaced by 1Bi. 

Replacing the values of k1  and k2 into eqns. A2.4, and 

using k = (1B)2 the electromechanical conversion factor, 

dv 
dt 
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the following expressions for CI, L', and RI are obtained 

CI = ni 
	

LI = 1w. 	RI = 
	(A2.5) 

For a sinusoidal input of angular frequency w the to-

tal impedance of the system in Fig. A2.2b is given by 

Z= I. 
- R+ jwL + Zm 

1 

where the motional impedance Zm  can be obtained from 

1 	1 - 	+ jwC' + -- 
Z 	jwL' 	RI 

(A2.6 ) 

(A2,7) 

By substituting eqns. A2.5 and A2.7 into A2.6 the fol-

lowing expression for the impedance is found 

Z = R + jwL -i 	
jwk 	

(A2.8) 

(s 	mw2) + jwr 

The motional impedance is a consequence of the dyna-

mic nature of the system. If the coil is clamoed, which is 

equivalent to s = 	the motional impedance vanishes. For 

W = 0) , such that Wn
2 
  = s/m, and if the series term R + jWL 

is neglected, the impedance is given by 

Z (1B)2  = 
n 	r. 	x. 

(A2.9) 

This is the natural ,resonance impedance, which is purely ohmic. 

The voltage applied to the"motional" part of the cir., 

cuit, v = 1Bi will be called "motional e.m.f.". 
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- 
APPENDIX 3 

GLOSSARY OF EXPRESSIONS FOR THE DESIGN OF THE E.M. FILTER 

The expressions listed or derived here are intended 

for quick reference throughout the thesis. They were used 

in the design of the e.m. filter model. The meaning of sym-

bols not given here can be found in Appendices 1 and 2. 

A3.1 System equations  

mx+rx+sx- 1Bi= -ml= 0 

(A3.1) 
di 1Bx+LaT -1-113.= v1  (t) 

A3.2 Current, displacement 	 d an c e 

The phasors representing these quantities, for sinu-

soidal operation are 

I1  = V1  (s 	mw2 + jwr) 

(R + jwL)[(s-mW 2)  jWri+ jw (101 (A3.2) 

-1 
X 	V1  .(1B)1(R+jwL) [(s-mw2)+jwr] + jw(lB)1 	(A3.3) 

Z = R + jwL + jw(1B) 
2\  mw ) + jwr 

- R + jwL + Zm  (A3.4) 
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112,,  Electric equivalent circuit (Fig. A3.11 

Fig. A3-1 Electric analogue of e.m. filter 

RI = 	411 
7 — • L' = — • C' = 	; k = (1B)2 r (A3.5) 

A3.4 Operation at and near resonance 

  

The system quality factor is defined by 

 

'Vs m 	R'  
f = r 	/CI 

 

(A3.6) 

Resonance occurs approximately at the mechanical na-

tural frequency, given by 

Wn = 2nfn 	in = 
	1 

and the impedance at resonance is given by 

Zn = (R + jwL) + k k= R' r r 

(A3.7) 

(A3.8) 

Near resonance, and therefore at fundamental frequency 

terms (R+jwL) and jwr in eqn. A3.4. Taking eqn. A3.7 into ac- 



2 
rV1 (A3.12) 
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count, the following simplified expression for the impedance 

is obtained 

,2 
1(1B)  w 

Z 	' 
i 2 m(w - w2) 

(A3,9) 

or using A3.5) 

Z 
	 jwL' 	 (A3.10) 

1 - W LIG' 

Near wn the first term in the denominator of eqn. 

A3.3 can be neglected and the expression for the displacement 

is simplified to 

. VI 
X = -j 	 

w1B 
(A3.11) 

A3.5 Losses and reactive potter 

Mechanical losses : assuming that these are of fric-

tional type (dissipative forces proportional to velocity), 

and since for sinusoidal oscillations x = xm cos wt, where 

xm is peak displacement, 

T 

Jr 	

T 	2 
2 xm = 1 	dW = 1  F dx = r W x 	-- 

T x T 	2 
0 	0 

If (R 	jWL is neglected in eqn. A3.3 

RI2 losses: these are simply given by 

2 P. = R I1  
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Total losses: the exact expression for the total losses 

is 
'9 

P = RI- 
k 

(A3.13 ) 

1222.9.111=.112EP r: neglecting the power associated with 

the series inductance, the expression for reactive power is 

2 	2 	, L2i  t 2 	to 1 
2\ Vi s - mm = 	mkwn  - 

Q c.--2 	 ... 
k 	(.0 	k 	co 

1 - w2L'C' 
(A3.14a) 

w LI 

The total reactive power at a certain frequency is 

given exactly by 

V2  V, 
= 	sin T 

I Z I 
(A3.14b) 

where (p is the argument of-impedance Z at that particular 

frequency. 

A.2,6122c tri Darameters 

Coil resistance: at 50Hz the coil resistance is prac-

tically equal to the d.c. resistance; the a.c. resistance 

at 2000Hz is, in the filter model, about twice the d.c. re-

sistance. 

Coil inductance: the coil inductance, derived in Ap-

pendix 4, is given by 

L 	 

	

Aonl (Di 	D ) 
- 

1P 	2 	3 
(A3.16) 



In V2 
me d Vol = d I ZJ 

(A3.20) 
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where 1
P 
 = .2g at lower frequencies and 1 > 2g for higher fre-

quencies. 

A .7 Moving mass: conductor mass 

At fundamental frequency the velocity is practically 

in phase with the applied voltage;  and the current lags the 

acceleration by 3 to 4°. Therefore the first equation of 

set A3.1 is;  at an instant of maximum displacement 

x  ) 	i m  w21 x 	113  Vm1  _ 0  
o m 	n m 

I Z11 
(A3.17) 

or 
m = 	

11B1 Vm1 
. (A3.18) 

 

  

1Z11 xm  (co-41.  

where Vm1 
is the fundamental voltage amplitude. Subscript 1, 

denoting quantities for 50Hz will be omitted in what follows. 

Combining eqns. A3.9 and A3.18 

V  1 = 	 

 

(A3.19) 

 

B xm w 

 

For a permissible current density J the conductor 

mass m required for an r.m.s. current I is 

where d is the density and Vol  the total conductor volume. 

Substituting cqn. A3.20 into A3.19 



d 	VIll m 
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2 
(A3.21 ) 

m 

A21811E=zapffeometry 

The total length of coil wire is given by 1 = 2n Rn n 

and for a wire cross-section of S!J,  the total conductor 

cross-section is 

S = n S 	
1 SW  
2n Rn 

If the coil has a rectangular cross-section of S
c 

e D 

(where a is thickness), excluding insulation, and if the air-

gap is g = 4e, to allow for insulation, supporting former 

and operating clearance, then 

g = 4ls„ (A3.22) 

 

. 2n R D 

If the coil is to remain allways in the air-gap during 

operation the following condition should be satisfied 

D
1 
= D + 2 xm 
	 (A3.23) 

Taking eqns. A3.16, A3.22 and A3.23 into account, for 

.a maximum inductance of Lmax 
the coil height must be 

D 
31p Lmax 

< 	 
A
o 
n 1 

(A3.24) 
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APPENDIX 4 

SELF-INDUCTANCE OF MOVING COIL 

The system under consideration is shown in Fig. A4.1. 

The air-gap g is assumed to be small with respect to the size 

of the magnetic circuit. If, in addition, the d.c. excita-

tion is switched on so that the magnetic circuit is opera-

ting in the saturated region, the flux lines of the magnetic 

field created by current I in the coil can be assumed to fol 

low path 1 shown in Fig. A4.1 rather than path 2. 

Fig. A4.1 E.m. filter 
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If the reluctance of the iron path is neglected, the 

magnetic field in the air-gap H at a distance y from the 

central position is given by 

H = 
y 

1 
g 

(A4.1) 

where n is the total number of turns. The flux density is 

thus 

n I 
0  gD (A4.2) 

For y > IV 2 and y < -D/2 , the flux density is cons-

tant and given by 

B  = 	Ao  nI 
g 	2g 

(A4.3) 

If the flux produced by the coil is restricted to 

the air-gap, the flux linking the whole coil, or "external" 

flux, is given by • 

2.  I 	D1 -D 
00= n BgSg  -  lio

n     2n Rn 	(A4.4) 
2g 	2 

where D1-D 2TE Rn g 	2 

is a cylindrical surface of radius Rn  and height 
D1 -D 

2 	• 

The flux through an elemental cylindrical surface dS 

at point y, having radius Rn  and height dy, is given by 

I 
dT = B dS = A 	y 	Rn dy Y 	Y Y 	0 

n 
gp 

(A4.5) 

y 

The flux linking only the turns situated between 



and +y is given by 

D/2 
2yn 

0 =f dT 
Y D 
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(A4.6) 

By substituting eqn. A4.5 into A4.6 and performing the 

integration for the whole range of values of y (0 to D/2) the 

the following expression for the total "internal" flux can 

be derived 

Aon2i  D 271R
n 2g 

(A4.7) 

The total flux linkage is obtained by adding 0e  and a.  . O 

given by eqns. A4.4 and A4.7 respectively 

0 t 
D N  Pon2  ItRnI  (111 

g 	

_ 
2 	3 

(A4.8) 

and, considering that the conductor length is 1 = 27t Rn  n, 

/ton 1I 	D _1 	D ) 	• 
°t 	2g 	2 	3 

The coil inductance is therefore given by 

L -
0n1 

6112.1 - 
2g 2 3 

(A4 .9) 

(A4.10) 

For the filter model the inductance at low frequency 

was in good agreement with that calculated from eqn. A4.10. 

As the frequency increases, the penetration depth of the mag-

netic flux into the iron decreases. At the limit all the flux 

lines are confined to the air-gap. This can be taken into ac- 
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count by replacing 2 j_n_ the denominator of eqn. A4.10 by an 

appropriate factor , 	representing the average length of 

flux line path. If this is done for the filter model, eqn. 

A4.10 still yields a correct value for the coil inductance 

at higher frequencies. 
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APPENDIX 5 

DESIGN OF THE FILTER MODEL SUSPENSION(13)  

A5.1 String suspension 

A vibrator of the type represented in Fig. A5.la is 

essentially non-linear. The restoring force Fr  for small dis-

placement x, when three identical strings at 120°  are used, 

is given approximately by 

F = 3F0  x 3 AE  x3  
r L L3 

(A5.1) 

where 	Po = tensile force in each string at x = 0 

A = string cross-section 

L = string length 

E = modulus of elasticity (about 200 109Nm-2 for 

carbon string. steel wire) 

From eqn. A5.1 the equivalent vertical stiffness sl 

of the system, defined as the ratio of restoring force to 

displacement, can be derived 

F, 3Fn  3 AE 2 
s' = 	= 	+ 	x = s

o 
-F S(X) 

X 	L 	2 L3 
(A5.2) 

The stiffness is therefore a function of the displacement. 
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The working tensile stress at maximum displacement xm  

is given by 

F /sina 	ro 	E xm  
2 

A 	A 	2L2  

(A5.3) 

Introducing ro  = soL/3, derived from eqn. A5.2, in 

eqn. A5.3, and restricting the working stress to be less 

than or equal to the maximum permissible stress amax 	
the 

following constraint equation can be derived 

A > 
C2  L3  (A5.4) 

g
max 

L
2 
- C

3 

where C2  and C
3 

are functions of so, E and x
m 

If the variable term of stiffness s(x) in eqn. A5.2 

is not to exceed 6 % of s
o 

the string cross-section A must 

be 

.A<C
1 
 E L3 

	

(A5.5) 

where C
1 
is a function of s

o 
E and x

m 
• , 

A graphic solution can be used to determine the values 

of A and L for given system parameters and operating condi-

tions. This is done in Fig. A5.1b, where two stress bound-

aries tr, and ril, obtained from eqn. A5.4 for a
max 

equal 

to 140 l06Nm
-2 

and 500 10
6
Nm
-2 

respectively, are plotted. 

Two linearity boundaries 	and s
TTI 

derived from eqn. A5.5 

for E= 1% and 10%,'are also shown. To comply with both cons- 

traints the solution point has to lie above curves 	and to 

the right of curves s. Inspection of the graph shows thet 



(3 wires) 

(a) 

A 
A 

(mm2 ) 

Acceptable regions 
shown by arrows 

200 

150 

CYI 

Clmax= 14. 0 x 106Nrri2  

500 106  Nrn-2  100 

50 

0.5 

212 
L 

Fig. A5.1 String suspension 
(a) Diagram 
(b) Graphic solution so  = 87300 Nail, xm= lcm 
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( there is no solution for amax  = 140 10
6  Nm-2  k CTI) and Er= 1% 

(sI
). Even if the excessively high working stress for O- H 

and a non-linearity of 10% were_ acceptable, the best solu-

tion (point B, with A = 49mm2  and L = 0.82m) would require 
• 

excessively thick and long strings. 

A.522 Dencllna_lsamra 

The calculations for bending beams are formally iden-

tical to the case of strings and will be omitted here. 

For a simply supported beam (Fig. A5.2a) under elas-

tic deflection with small sag the verticall stiffness is 

constant. In Fig. A5.2b the stress boundaries 	and 	TT,  

for maximum stresses as in the previous section, are shown. 

Points satisfying the stress constraint are to the right of 

the boundaries. The coordinates are beam length L and height 

h; the straight lines are locus of constant beam width b, for 

the specified filter model stiffness of s = 87300Nm
-1. 

For the normal a
max 

= 140 10
6Nm-2 two possible so-

lutions are point C, with 

L = 0.45m 	h = 0.2cm 	b = 100cm 

and point D, with 

L = 1.00m 	h = 1.15cm 	b 	7.5cm 



2111 

:11 	 ! 
A Fr 

(1 beam) 

(a) 

%I.  

,.;>. 

0.5 	, 1.0 	1.5 	2,0 	2•5 L (m) 
(b) 

Fig. A5-2 Simply supported beam. 
(a) Diagram 
(b) Graphic solution S 87300 Nml xmr-lcm 
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Solution C requires a beam with a lm width and in so-

lution D the beam length would have to be lm. Both are clear-

ly unnacceptable for the filter model. 

For the higher maximum stress of 500 10
6Nm-2 a so-

lution with practical dimensions is possible. For point G 

L = 0.4m 
	h = 0.5cm 	b = 5cm 

Unfortunately a working stress of 500 10
6Nm-2 is excessive 

for materials available at present. 



APPENDIX 6 

DESIGN DRAWINGS 

The drawings for the construction of the filter proto- 

type, excluding alterations made at later stages 	are shown 

in this Appendix. 

The drawings are not shown in their original scale. 

Drawing 1 - Center pole 

Drawing 2 - Moving coil and former No. 1 

Drawing 3 - Suspension table No. 1 
Drawing 4 - Suspension table No. 2 
Drawing 5 - Center pillar 
Drawing 6 - Top part 
Drawing 7 - Assembly detail 
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APPENDIX 7 

D.C. TRANSMISSION LINK TRANSFER FUNCTIONS 

In this Appendix a list of the relevant transfer func- 

tions for the discrete model stability study of the d.c. link 

is given. The derivation of these functions can be found in 

references 17 through 20. 

A7.1 Firin s stem and control amplifier 

The transfer function G1
(jw) (Fig. 4.1a) is given by 

G1  (jw) = - 
K 

(A7.1) 
1 + jwT1 

where the gains of the amplifier, firing system and current 

transducer in the feed-back loop have been lumped into the 

total gain K. 

A7.2 Rectifier  

When overlap of duration Tu  is taken into account, 

the rectifier can be represented by 

G2 	2 (jw) = - I Vdo  sinao  Ts  [1 + exp(-jwTu)] 	(A7.2) 



225 

where 	Vdo 
is the rectifier voltage at zero firing angle 

and current; 

- ao 
is the steady-state firing angle; 

- Ts is the firing period. 

S 

G4(s) 
■■••••.........morrowesare 

Fig. 4.1 a D.C. link block diagram 

The effect on the direct voltage of changes in firing 

angle, for weak a.c. systems, is represented, in the linear-

ised model, by transfer function q(jw) (Fig. 4.1a), given 

by 

G(4.) 
- 

2  vdo  sing 	
sin2(Hil)rz (• 	• ) z ( • 	• 1 

2 L nf Jwo+J"  nf'Thiwo+J").1 2" / 	w L 0 c 

sin(l-2-  ) cos (-9-  ) [Z 	( •w 'w) 	( 'w • d 2 	nf 	o 	--hf-J  o+J(1)  

(A7.3) 

where - Lc is the Commutating inductance; 

- nf(jw) 
is the impedance of the a.c. system and fil-

ters in parallel, at frequency w; 

- uo 
is the steady-state commutation angle. 
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The effect on the direct voltage of changes in the 

direct current is represented, for the rectifier, by 

G
3
(jw) =

112 
 Lcosuo [Znfo+jw)  + Znf(-jwo+jw)] 1 

]+ j sin% [Znf(jwo+jw) - Znf(-jwo+jw) 

(A7.4) 

17.3 Tnvertor and d.c. line 

The invertor operating under constant current control 

can be represented, under the conditions specified in refe-

rences 20 and 20, by a negative equivalent resistance andthe 

following transfer function 

GtOw) = 	cosYo 
'cosfi [Z 	+jw)+ZI  (-jw+jwd+ 

3 	n2 	o nf o 	nf o 

+ j sin 
	

[Znf(Jwo +jW)-Znf  (-jw o+jw1)..]} 

(A7.5) 

where' - yo  is the steady-state extinction angle; 

- po is the steady-state advance angle; 

- Znf is for the invertor what Znf is for the rectifier. 

The combined effects of the d.c. line and the transfer 

functions G
3
(jw) and G (jw) defined by 6cins. A7.4 and A7.5 

can be lumped together into one transfer function 11100 

given by 

(iw 
	1 + jwC z. 	

(A7.6) 
r 
+ Z + jwC1ZrZi 
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where 

Zr = Re + jwLe 
- G, 

1 	1 

	

Z. = Re = jwLe 	G3 

Le and L
t consist of the smoothing inductance for the 

rectifier and invertor, respectively, plus half the d.c.line 

inductance. Re and Re consist of the smoothing-inductor ro-

sistance, half the line resistance and the convertor equiva-

lent resistances, for the rectifier and invertor, repecti-

vely. Cl  is the total line capacitance. 
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APPENDIX 8 

SYSTEM EQUATIONS FOR THE DIGITAL SIMULATION 

A8.1 Strong ae c. system 

Fig. A8.1 shows the circuit diagram of the d.c trans-

mission system, connected to a strong a.c. system, when val-

ves 1, 2 and 3 are conducting. The following differential 

equations can be written 

 didl el 	e2  = Lc - 2Lc dicl 
dt 	dt 

didl T didl 
Lc 	L 	v 03  - 

dt 	c dt 	di 

v _L1  did1 	R 
+v  di 2 dt 2 

dv a2 idi - id2 9- 
dt 	Cl  

did22 ( = 	kv 	- VI  - -1 id2) dt L1 
cap 	2 

(A8.1) 

By eliminating vcil  in eqns. A8.1,-and.introducing 

e(n), a function of the a.c. voltages for a given process 

number N (N being the number of the lower numbered valve 

conducting at one given instant in time), the following set 

of equations can be derived: 
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Fig. 481 D.C.transmission system (strong a.c. system) 
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didl 	2 	°(1171/ Ri  [e(g+1) + 
dt 	3Lc + L1 	

2 	2 id1 	vcapI 

dicl 
dt 

[e(N+1)+e(N-1) R1 	v 
-• 	cap] 2 	2 	

e(N-1) 

3Lc  L1 	 2 Lc  

id1 - id2  dvcap  

dt 	Cl 

did2 2  
dt 	L 

/ ---" = 	kvcap - 
1 

VI  -  Il ) 2 d2 

(A8.2) 

When only 2 valves are conducting the first two eqns. 

of A8.2 are replaced by 

didl 	1 	Ri 	
I [e(N) 	-= id1 - v2  

- 
cap dt 	2Lc 	/2 1 

(A8.3) 
dlcl = 0 
dt 

c 

	

the eqns. for 
dv an 	did2 ---- and ---- remaining unchanged. 

	

dt 	dt 

During commutation (mode-3) the direct voltage can be 

calculated by 

v 	e(N)  + e(N 1) 	2 L  did1 
dl 2 	2 c  dt 

and during mode-2 

didl vd1 = e(N) 	2L ---- 
c dt 
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A8.2 Weak a.c. system 

A8,„2.1 Static filters 

The circuit diagram for the d.c. link connected to a 

weak a.c. system, when valves 1,2 and 3 are conducting, is 

shown in Fig. A8.2a. At the remote-end of the d.c. line a 

constant back-voltage V' represents an invertor operating 

under c.e.a. control (-RI ) or a rectifier under c.f.a. control 

r) 
c• 

 R is the equivalent resistance of the convertor due 

to commutation, given by 

=  3"  

The following set of differential equations can be de-

rived from inspection of Fig. A8.2b and after some rearrange-

ment 

dis(m) 

dt 

1 
Ls(m) 

[es  (m ) — vf (m ) — Rs (m) is (m )] (m=1, 2 ,3) 

di(m,5) = 1 	Ev  (m) 	v mH 
dt 	L(5) 	f 	cf(̀ 

(m=1,2, 3) 

dvcf(m„5) 	1 	1 

dtC(5) R(5) - 
P4,(m)-vcf(m4-Fi(m,5)} (m=1,2,3) 

di(m")J--  [v 	vcf(m,i)-R(i) 
	(m=1,2,3) 

0  dt 	L(j) 	f‘
(10  	

=1 , • • • 

dv cf(m,j) 	i(m,j) 
	

(m=1 , 2,3) 
dt 	C(j) 
	

(j= ..., 

• = 
dici 	- (Le-1-4) vf ( 1 ) (2Lci-L1)vf(2)- vf( ) R1 

dt 	3Lci-L1 	Lc 	
2 id1-vcap ----  
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' dlcu 	 di 

dt 	
1 	v

f
(1) 	vf(2) + 21, 	dtcl 

L  

dvcap 
dt 

id7 

 

dt 	
(
2 c d21  1 ] 

LI [
reap 

 - 

did2 = 2 

  

It. 
dv (m,5) 

+ c(5) 	cf  
dt 

(m=1,213) 

is(m)  = 1d1 cl + 

  

j=1 

(A8.4) 

where m and j refer to phase and filter branch, respectively. 

The meaning of all other quantities involved in set A8.4 can 

be readily obtained from Fig. A8.2 

Set A8.4 consists of 40 first order differential equa-

tions. The system, however, has only 37 degrees of freedom. 

The independent Variables chosen were all inductor currents 

and all capacitor voltages. The three commutating reactances 

Lc do not involve, however, as many independent currents. In 

fact, with two elements conducting they involve none, and 

with three elements conducting they involve only icl°  

To render the system of equations suitable to step-

by-step digital integration, it has to be reduced to the ge-

neral form 

= 
dt fn(Y1 	.0e, Ynt t) (A8.5) 

By convenient manipulation of A8.4, the following set 



e5(1) L5  (1) R5  ( 1) vf(1) Lc 
0,0 

0) 	ifit (1)i 	ibr(1) 

es(2) Ls(2) R(2) (2) Lc.„ ' 	0 0 
is(2) in (2)1 	itr(2) 

LI 
2 
(10 
idi 

Vdi 

RI 
2 

CL 
VC a p 

w 
-7) 

es(3) L.(3) Rs(3) vf( 
Orinr\-\W 

(-
,
)if
Nt  

is (3) 
(a) 

of  (m) 

Rsf 	(M)  

Ii(m3) 
•=• 
.Z# 

va(m1) 

(c) 

Vf (M) 

ifil (m) 

1 C(1) 
=2 	
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Fig. A 8.2 D.C. transmission system (weak a.c. system) 
(a) A.C. system, convertor and d.c. link 
(b) Static filter 
(c) E. m. filter 



2311- 

of equations for any process number N can be derived 

I 	dvef(m 5) 	 1 
a(m) 

dt 	C(5) 

di(ms5) _ R(5) 
L(5) 

- 	1 

Ea(m) 	- i(m,5)] 

[e 	(m) 	v4_,( 	- Rs(m) 
s  

f 	cf( 	j) - R(j) 

dt 

di 	(m) 

dt Ls(m) 

_ 
dt L(j) 

II 

III 

IV 

(m=1,2,3) 

(m=1,2,3) 

is(m)] 	(m=1,2,3) 

i(m,j) ] 
	(m=1,2,3) 

dvcf(mtj)  _  i(mtj)  
dt 	C(j) 

dic1 _ (-1)N [
Q1  vf  (1(7) - Q2  vf 	- Q3  vf  (K8) 

+ Q(
111  ` 2 dl 	vcap)  

vf(K ) 	vf(K9
) 	2 dici VII

did1 = (..1)4- N1 
dt 	Lc 	

dt 

VIII dvca_ 	1d1 	id2  

dt 	Cl  

V 

VI 
dt Q.  

(m=1,2,3) 
(j= 1 , 

did2 iX 
dt = L1  cap  V 

2 	1 

1 

(.1 - 
2 + c 4̀2. 

(A8.6) 

Variables a(m) are given by 

   

   

a(m) = is(m) 	(N,m,k)]cf id1 i(m,j) (A8.7) 

 

act 
j=1 

 

    

and represent the currents flowing in the 5th (high-pass) 

branches of the static filters. 
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For a given process number, the vector product of the 

(6x3x2) matrix [Mvcf(N,m,k] in set A8.7 by the column vector 

dl 

cl 

yields the value of current ibr flowing in phase m and into 

the convertor bridge. Matrix Mvcf has the value given in Ta-

ble A8.1. 

• 

Coefficients Q1 , 	Q4  in eqn. VI of set A8.6 are, 

given by 

Q1 	(Lc + L1/2)/Lc  

Q2 = (2Lc+ L1/2)/1c 

Q3  = (Lc)/Lc  

Q = 3Lc  + L1  

These coefficients can be identified in the equation for 

di ci in set A8.4. 
dt 

Subscripts K7, K
8 
and K

9 
in eqns. VI and VII of set 

A8.6 represent, for a given process number N 

K7: phase connected to out-going valve 

K8: phase connected to non-commutating valve 

K9: phase connected to in-coming valve 

The values of K79 
K
8 
and K9, calculated from 



Mvcf (N'm „ k ) = 

1 

1 0 

0 1 —1 1 —1 
r-- 

—1 1 —1 0 0 —1 
N=3 

0 —1 1 —1 
N=2 

1 0 
N=1 

0 

1 

N=5 
0 
N=4 

TABLE A8.1 
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TABLE A8.2  

N 1 2 3 It 5 6 

K1 1 2 2 3 3 1 

K2 3 1 1 2 2 

K3 2 1 3 2 1 3 

KIt . 1 1 2 2 3 3 

K5 2 3 3 1 1 2 

K6  3 2 1 3 2 1 

K7 1 3 2 1 3 2 

K8 3 2 1 3 2 1 

K9 2 1 3 2 1 3 
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4+N , 
( K7  = 3 k --- ) - N - 1 3 

N,)  K8  = 3 	( 	1 	+ 4. 	- N + 1 

+ 33N  
K
9 

= 3 ( --- ) - N 

where the fractions denote integer division, are given in 

Table A8.2, 	for N = 	1, 	, 	6. 

The filter voltages associated with some of the equa- 

tions in set A8.6 are given by 

+ vcf(m'5) vf(m) = L(5)di(cr
ini:5)  

(m=1,2,3 ) (A8.8) 

At every step of the numerical integration the 3 equations 

A8.8 have to be computed after II and before III in set A8.6. 

When only two elements are conducting the system equa-

tions differ slightly from eqns. A8.6 and A8.7. Now, equations 

dic1 . 0 VI ---- 
dt 

didl 	1 
VII 

dt 	
Q0  [vf(K1 ) - v (K ) 	—1  i f 2 	2 dl - vcap 

( A8.9 ) 

replace VI and VII of set A8.6, and 

f

a(K1 ) = is  (K1)- 

a(K2) = is(K2) - 

a(K3) = is(K3) 

   

i(K1") id1 

 

   

i(K2'j) + d1 (A8.10) 

    

   

i(ics ,J) 

 

j=1 



K1  = - 

K2 = 3 

K
3 
 = 3 

3 ( H ) 	N ± 1 
6 	-2-  

, 8-N , 
) 6 

34-N 

3 

N-1 

N 
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replace eqns. A8.7. 

Subscripts K1, K2 and K3 
in eqns. A8.9 and A8.10 re-

present, for process number N with valves N and N+1 conduc-

ting), 

Iii: phase connected to the conducting valve of the 

upper group (1, 3 or 5); 

K2: phase connected to the conducting valve of the 

lower group (2, 4 or 6); 

K3: 
phase not conducting; also, phase' connected to 

next valve to fire, therefore K
3 

= K
9
. 

These subscripts can be calculated from 

using integer division. Table A8.2 contains the values of K1 ,  

K2 and K3 
for N = 1, 	, 6. 

If a constant current source rather than a constant 

voltage V'  is used, representing a convertor under c.c. con-

trol, equation IX of set A8.6 becomes 

did2 0  
- 

dt 
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A8.2.2 Electromechanical filters 

When e.m. filters with the configuration shown in Fig. 

A8.2c are used, the maximum number of independent variables 

(excluding the control variables) is 13. The set of equations 

in this 

VI, VII, 

where 

case, and during 

VIII, IX of set 

di(m„1 	1 v (m 

commutation, 

A8.6 and 

9 
 1) 

v 
c' - 

consists 

1) 

of eqns. III, 

(m=1,213) 

i(m,1) 	(m=1,2,3) 

(A8.11) 

given by 

dt 

dvcf(m11) 

cf Lf 

[ 
_ — 

dt 

the filter 

Cf 

currents 

Rf 

and voltages are 

1 
ifil(K7) = is(K7) - (-1)

N+1 
(id1 - ic1)  

N ifil(K9 ) = is 	_ (_0+1 
01 

fil 8 (K ) = is(K8) 	(-1 )N+1 d1 

(A8.12) 

vf(m)  = ifil(m) Rsf, 	vcf(mt i)  (m=1,20) 	(A8.13) 

At no commutation, eqns. VI and VII of set A8.11 are 

replaced by eqns. A8.9 and the filter currents are given by 

/
ifil(K1)  = is(K1 )  - id1 

ifil(K2)  = is(K2)  + idl 

ifi1(K3)  = is(K3)  

(A8.14) 
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A142.4.3 Dependent variables 

All the dependent variables can be simply derived 

from the independent variables and their derivatives. The 

direct voltage vdl at no commutation is given by 

v 	= vr  (K ) - vf(K2) 	2L di 
didl 

 
(A8,15) 

During commutation one possible expression for vdl is  

= (-1)N  [vb(K6) 	vb("4)1 

	
(A8,16) 

where the v t s are the voltages at the transformer secondary 

terminals (points U, v, w in Fig. A8.3a), given by 

vb
(K ) yvf(K)) 	- (-1 N Lc didl 

2 	2 dt 

vb(K6) = vf(K6) - (-1)
N4.1 Lc didl 

 dt 

Subscripts K4, K5  and K6, whose values are given in 

Table A.2, represent 

phase connected to the out-going valve if commu-

tation takes place in the upper group of valves, 

or to the in-coming valve, otherwise; 

K5: phase connected to the other valve under com-

mutation; 

K6: phase connected to the non-commutating valve, 

therefore K6  = K8. 
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Electromechanical filter and its performance in d.c. 
transmission systems 
L.L. Freris, M.Sc.(Eng.), Ph.D., D.I.C., C.Eng., M.I.E.E., and J. Nunes de Carvalho, Dipl. Eng. 

Indexing terms: D.C. power transmission, Electromechanical filters, Harmonics, Power-system 
interconnection, Stability 

Abstract 

It is shown that a novel filter based on an electromechanical principle is superior to conventional static 
filters with respect to both suppression of harmonics and supply of reactive power to convertors. New 
forms of filter are proposed based on the same electromechanical principle, and the design philosophy 
is briefly discussed. A steady-state stability analysis of a d.c. link between weak a.c. systems reveals 
that the stable regime is wider with the new filter than with the conventional static filters. 

List of symbols 

m = effective moving mass 
s = suspension stiffness, Laplace operator 
r = loss coefficient 
1 = length of moving-coil wire 
B = airgap flux density 
x = displacement 

vox. = alternating voltage applied to moving coil 
R = coil resistance 
L = coil self inductance 

/co  = electromechanical conversion factor 
con  = angular frequency of natural resonance 

G(s), H(s) = transfer functions 
= time constant of constant-current control 

amplifier 
K = gain of control amplifier, firing system and 

current transducer 
Ts = sampling period 
fsf = frequency of parallel resonance between 

filters and a.c. system 

1 	Introduction 

In h.v. d.c. transmission schemes, it is necessary to 
connect filters on the a.c. side of the convertor stations for 
the dual purpose of (i) suppression of unwanted current 
harmonics generated by the conversion process and (ii) in-
jection of reactive power to supply wholly or partly the 
reactive demand of the convertors. Such static filters suffer 
from the following disadvantages: 

(a) They are capable of suppressing only characteristic 
harmonics. As convertor-valve firing and a.c. systems 
are not absolutely symmetrical, there is always present 
a small amount of noncharacteristic harmonics that, 
under certain system conditions, can be magnified and 
cause considerable nuisance.' In several cases, these 
harmonics caused such interference that expensive 
special filters had to be installed." This interference is 
not restricted to the a.c. power systems and to adjacent 
communication circuits, but it affects adversely the 
stability of the convertor through the formation of a 
voltage loop in the individual-phase-control (i.p.c.) 
valve-firing systems. This instability was cured through 
the development of voltage-controlled-oscillator (v.c.o.) 
firing systems.' However, in a.c. systems of low short- 
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circuit ratio (s.c.r.), steady-state instability may result, 
even if a v.c.o. firing system is used, owing to the parallel 
resonance between the filters and the impedance of the 
rectifier a.c. system. 

The inability of conventional filters to suppress non-
characteristic harmonics is even more embarrassing 
during transient fault conditions, especially with an in-
vertor supplying a weak a.c. system. The resulting highly 
distorted alternating-voltage waveforms lead to asym-
metries of the voltage crossover points and commutation 
failures.4  Fourier analysis of the waveforms reveals the 
presence of large third, eighth and ninth harmonics.' 

(b) Conventional filters supply a fixed amount of reactive 
power for a given alternating voltage unless some switch-
ing arrangement is incorporated. This inflexibility may 
endanger a.c.-system stability during reduced a.c.-system-
voltage conditions caused by faults on the a.c. system.6  
Furthermore, if a bridge group is blocked in a convertor 
station connected to a weak a.c. system, the surplus 
reactive power generated by the filter may cause severe 
a.c. system overvoltages. 

In this paper, it is shown how some of the above dis-
advantages of static filters can be overcome by the electro-
mechanical (e.m.) filter. 

2 	The electromechanical filter 

The basic principles underlying the e.m. filter 
were described in a previous paper;6  therefore, only a brief 
summary is given here. The filter consists of a vibrating 
spring-mass system driven by a coil connected to the con-
vertor primary or tertiary transformer winding. As shown 
in Fig. 1, the coil is immersed in a uniform magnetic field 
produced by a d.c. exciting winding or permanent-magnet 
system. The current through the coil will give rise to a 
force Bli and, if the system is linear, a requirement that can 
be satisfied with good accuracy through careful design, the 
equations describing the motion of the system are: 

d2x dx 
m— 

dt2 
 + r— + sx = Bli 

(- 

di 	dx 
	 (1) 

L — + Ri — = v 
dt 	dt 	'Lc  

Inspection of these equations shows that the system, as 
seen from the coil terminals, corresponds to the simple 
analogue electric circuit of Fig. 2, the input impedance of 
which is 

Z = R + + 
(s — Imo') + icor 
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co(1B)2  
(2) 
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Fig. 3 
Impedance/frequency characteristic 
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Fig. 4 
Polar plot of e.m.-filter impedance 
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f 
0 

Fig. 5 
Design procedure 

The natural resonance frequency of the system is given 	reducing the airgap to an absolute minimum, at the same 
approximately by 	 time ensuring correct system alignment and providing some 

measure of cooling. 

m 
	 (3) 

at which frequency Z is high and resistive. For w > con , Z is 
mainly capacitive, and, for w < con , it is mainly inductive. 

moving coil 

d.c. winding 

Fig. 1 
The electromechanical filter 

The plot of Z against frequency for the e.m.-filter prototype 
is shown in Fig. 3. By appropriate design, fn  is fixed to a 
value somewhat lower than 50 Hz, with the result that the 
filter possesses the required capacitive impedance at 50 Hz 
and a low impedance within the 'harmonic' region 100-
2000 Hz. To achieve a low Z at higher frequencies, the coil 
self inductance, represented by L in Fig. 2, is kept low. 
This is achieved through appropriate design and copper plat-
ing of the pole faces. 

R 
	

L 

Fig. 2 
Electromechanical-filter analogue 

= 	
= kt 	4 

S' 

	

, 	R , = 1 

Fig. 4 shows a polar plot of the prototype-filter im-
pedance. At 50 Hz, the capacitive impedance has an angle of 
about 85°. Fig. 5 illustrates a simplified flow diagram of the 
trial and error procedure followed in the design of the proto-
type. 

3 	Future 	developments 

Constructional details of the prototype can be 
found in Reference 6. A revised design is now under con-
sideration, the salient features of which are shown in Fig. 6. 
Here the moving system is symmetrical with compression 
springs at both ends and two series-connected coils wound 
in opposite senses on a glass-fibre former. The simplicity of 
the moving system is expected to result in very linear mech-
anical performance with few spurious resonances. It is en-
visaged to run the system on an air-bearing principle, with 
air injected between the moving cylinder and the core thus 
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G2(5) 
as 

One of the advantages of the e.m. filter that should be 
exploited is the possibility of changing at will the capacitive 
impedance at 50 Hz through shifts in the resonance frequency 
of eqn. 3. Changes in mass are obviously difficult to imple-
ment; however, changes in stiffness are feasible. If, for ex-
ample, an airspring is added in series with one helical spring 
as shown in Fig. 6, small changes in stiffness can be rapidly 
implemented by injecting or extracting air from the cavity 
of the airspring. As airsprings are nonlinear for large dis-
placements, the airspring stiffness will be an order of magni-
tude larger than that of the helical spring. For a change in 
Z50 in the ratio of 1:2, the stiffness of the whole system has 
to change by only 4%; this change will be provided by the 
airspring. 

d.c. exciting coil 

Fig. 6 
Revised design for electromechanical filter 

In fact, a closed-loop system can be envisaged, in the line 
of a synchronous compensator, in which the stiffness changes 
in response to variations in the a.c.-system voltage. Similarly, 
changes in stiffness can compensate variations in the capaci-
tive impedance due to changes in the a.c.-system frequency 
or drift in the e.m.-filter characteristics. Finally, on blocking 
of a bridge unit in a convertor station connected to a weak 
a.c. system, the blocking signal can be made to increase 
simultaneously by a predetermined amount the filter im-
pedance at 50 Hz, thus cushioning the overvoltage normally 
present under such conditions. 

The coil of Fig. 6 can be alternatively made stationary 
and wound on the inner pole face, the moving member now 
consisting of a copper tube. Here the currents in the moving 
one-turn coil are induced by transformer action. This arrange-
ment offers several advantages and will also be studied. 

Finally, an alternative possibility is to arrange the 
moving member to oscillate tangentially rather than axially, 
in which case the stiffness will be provided by the torsional 
property of the shaft supporting the member. 

4 	Steady-state stability of d.c. links 

Instability in a d.c. link may be caused by one of 
the following mechanisms: 

(a) 'voltage-loop' or 'harmonic' instability 
(b) 'hunting' or 'ripple' instability 
(c) d.c.-transmission-line resonance 
(d) resonance between the filters and the a.c. system im-

pedance. 

As mentioned in Section 1, voltage-loop instability can be 
avoided by the use of a v.c.o. firing system, or the instal-
lation of special filters in the control system if i.p.c. firing 
is used. 

Hunting or ripple instability is caused by the discrete 
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nature of the convertor controlling action. It was shown 
that, for a rectifier supplying an inductive load, oscillations 
occur at half the sampling frequency if the current control 
has a high speed of response, or at progressively lower fre-
quencies as the speed of response is reduced.' If, now, the 
rectifier supplies an invertor through a transmission line and 
the invertor operates at constant extinction angle, the stable 
regime of operation shrinks owing to the resonances of the 
transmission line and the negative-resistance effect of the 
invertor.8  Finally, if the a.c. systems linked by the d.c. 
scheme are weak, the stable regime of operation shrinks 
even further. Under these conditions, the destabilising effect 
of the sampling action of the convertor is swamped by 
other effects. If the constant-current control has a high 
speed of response, the stability boundaries are governed by 
the parallel resonance between the filters and the rectifier 
a.c.-system impedance. If the speed of response is slow, 
the boundaries are dependent on the invertor a.c.-system 
short-circuit ratio, low values of which accentuate the 
negative-resistance effect of the invertor, which, in turn, 
renders the d.c. transmission-line resonance more promi-
nent. It is this resonance now that defines the boundaries.9  

The filters affect the steady-state stability only when the 
rectifier a.c.-system impedance is finite. In the following 
Section, the stability of a d.c. link is examined with static 
and e.m. filters. 

5 	The d.c. link 

The analysis will be based on techniques developed 
in References 7, 8 and 9, where detailed information can be 
found on the background theory of sampled-data systems 
and on the expression for the various transfer functions. At 
the outset, it is assumed that voltage-loop instability cannot 
occur because a v.c.o. firing system is employed. It is also 
assumed that this v.c.o. system has a proportional charac-
teristic with a frequency-correction loop of long time con-
stant, the transfer function of this system being identical to 
that of an i.p.c. system fed from undistorted a.c.-system 
voltages. Under these conditions, the block diagram of the 
whole system for small perturbations is given in Fig. 7a. 

Fig. 7 
D.C.-link block diagrams 

The various blocks represent the following transfer functions: 

GI  (s) = —K/(1 + jwTi) = the constant-current control 
amplifier. Here the gains of the amplifier, firing 
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system and current transducer have been lumped 
into the gain K (rad/A). 

S 	= sampler representing the discrete nature of the 
convertor 

G2I(s) 	= rectifier 
G2" (s)= describes the effect on Vd of changes in a due 

to the combined presence of the a.c.-system and 
filter impedances. 

G4(s) 	= current transducer, taken as unity in this 
analysis. 

H1(s) 	= this incorporates (i) the effect on Vd of vari- 
ations in Id due to the combined presence of the 
a.c.-system and filter impedances, (ii) the effect 
of the d.c. transmission line, and (iii) the effect 
of the invertor operating under constant-ex-
tinction-angle control. 

Analytical expressions for all the above transfer functions 
can be found in Reference 9. 

For low values of time constant T1  and for the e.m. filter, 
the impulsive nature of the convertor dictates the stability 
boundaries at which oscillations occur at half the sampling 
frequency, the influence of the a.c. system being negligible. 
The block diagram can therefore be simplified to that of 
Fig. 7b. In contrast, for higher time constants T1  in the case 
of the e.m. filter and for the total range of time constants 
in the case of the static filter, the destabilising influence of 
the a.c. network plus filter impedance overrides the influence 
of the sampling action of the convertor. Furthermore, for 
higher time constants, the system has a lowpass character-
istic with a cutoff frequency less than half the sampling 
frequency; therefore, the block diagram can be simplified 
to that of Fig. 7c. Here the sampler has been omitted, 

2  
G2(s) = 

G(s) 	
G 2"  (S), and continuous-control-system 

Ts 
theory can be used. 

6 	Stability analysis 

In this analysis, a comparison is made of the steady-
state stability performance of the two types of filters. The 
stability of a d.c. link with a.c.-system impedance and 
static filters was investigated in.Reference 9; identical sys-
tem conditions to those in that Reference are therefore 
adopted for the present study; namely: 

(a) The d.c. line is represented by a T section. 
(b) The a.c.-system impedance is represented by a simple 

inductive resistive network with an angle of 85°, re-
sulting in a short-circuit ratio (s.c.r.) of 3-75. 

(c) The same static-filter parameters as in Reference 9 are 
used. 

The e.m.-filter parameters are as follows: 

m = 0.93 kg, s = 87300 N/m, / = 17 m, B = 1.25 T, 
r = 1 Nm-ls-1. 

The filters are assumed to be connected to the tertiary of 
the convertor transformer. The combined impedance of the 
a.c. system and filter referred to the valve side of the con-
vertor transformer is shown in Fig. 8. For the chosen e.m.-
filter parameters, the parallel resonance occurs at about 
55 Hz, whereas, for the static filter, the first parallel reson-
ance occurs at 130 Hz. 

The system stability for time constants above 10 ms can 
be investigated through a Nyquist plot of the continuous 
open-loop transfer function TF(jw) = G1G2HI (/co) of Fig. 
7c. Fig. 9 shows such a Nyquist plot for T1  = 10 ms, a recti-
fier s.c.r. of 3.75, an invertor s.c.r. of 00, and with K = 31.3, 
this being the critical gain with s.c.r. = 00 for both a.c. sys-
tems.8  All other system parameters are those of the example 
in Reference 9. 
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The system possesses two marked resonances, one around 
35 Hz due to the d.c. line, and a second at 80 or 5 Hz depend-
ing on whether static or e.m. filters are used, respectively. 
The second resonance is due to the network plus filter im-
pedance, and, owing to the modulation process involved, the 
130 and 55 Hz parallel resonances of Fig. 8 are phase-shifted 
by 50 Hz, and appear as 80 and 5 Hz, respectively. Here a 
considerable improvement in stability results if e.m. filters 
are used. 

Fig. 8 
Combined filter and a.c. system impedance 

a E.M. filter 
b Static filter 

Fig. 9 
Nyquist plot 

T = 10 ms, K = 31.34 rad/A 
Rectifier s.c.r. = 3.75 
Invertor s.c.r. = 
	 e.m. filter 	

 static filter 
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For a higher value of T1 = 100 ms and with K = 42.98, 
the critical gain with s.c.r. = 00 for both a.c. systems;8  the 
Nyquist plots are shown in Fig. 10, Again, the e.m. filters 
offer an improvement on stability on the first crossover of 
the negative real axis, but now the stability is conditional. 
Gain reduction below 11.6 rad/A will result in very low-
frequency instability. 

Fig. 10 
Nyquist plot 

T= 100 ms, K = 42-98 
	e.m. filter 
— — — static filter 

Fig. 11 
Stability boundaries 

Rectifier s.c.r. = 3.75, invertors s.c.r. = 
a & b E.M. filter 
d Static filter 
c Rectifier s.c.r. = invertor s.c.r. = 

To assess the situation for a wider range of time con-
stants, the stability boundaries of Fig. 11 were derived. For 
low values of T1, the impulsive effect of the rectifier cannot 
be disregarded; the block diagram of Fig. 7b was therefore 
used, from where the series expansion of the open-loop 
pulse transfer function 

1 tc-,—  
TF*  = 	L G1G2H1(s + jcvsk) 

Ts k=-0. 

was evaluated using a digital computer. 
Fig. 11 shows that the stability boundary for the case of 

e.m. filters is hardly affected by reductions in the s.c.r., 
and markedly affected to the worse in the case of static 
filters. Nevertheless, with e.m. filters and for time constants 
PROC. IEE, Vol. 122, No. 1, JANUARY 1975 

above approximately 10 ms, the stable region is restricted on 
the left-hand side, and the stability is now conditional. The 
position of the left-hand boundary depends on the natural 
frequency of the e.m. filter, and this in turn is fixed by the 
design of the unit. By appropriate choice of the e.m.-filter 
parameters, it is possible to widen the stable region between 
the boundaries a and b of Fig. 11. This is illustrated in Fig. 
12, where the Nyquist plot is shown for three pairs of s and 
m, chosen so that the filter impedance at 50 Hz remains un-
changed. As the s/m ratio is increased, the parallel reson-
ance between the filter and the a.c,-system impedance occurs 
at progressively lower frequencies, resulting in an increased 
separation between the two critical frequencies. 

Fig. 12 
Effect of stiffness/mass ratio on Nyquist Plot 

	s/m = 96500, fs f = 53.5 Hz 
s/m = 96000, fs f = 54.5 Hz 

	 s/m = 95000, fs f = 56.2 Hz 

7 	Conclusions 

The inherent characteristics of the e.m. filter are 
superior to those of static filters. The new filter does not 
only suppress all noncharacteristic harmonics; potentially, it 
is capable of infinitely variable adjustment of the reactive 
power that it injects into the a.c. system. If the device were 
to be used as a synchronous compensator, it could supply 
either leading or lagging reactive power. 

An indication is given of the lines that are to be followed 
in the design of new prototypes and of other possibilities 
that need investigation. Considerable development work is 
still required before all these alternatives are investigated; 
it will then be possible to assess whether a fullscale 
filter could compete favourably costwise with the present 
static filters. 

The effect of the e.m. filter on the steady-state stability 
of a d.c. link between weak a.c. systems was investigated. It 
was shown that, for a simple a.c.-system-impedance rep-
resentation, the stable regime is wider with e.m. filters than 
with static filters, higher loop gains and faster response times 
being possible in the constant-current loop when e.m. filters 
are used. For more complex a.c.-system-impedance loci, it 
is reasonable to assume that the e.m. filter will again prove 
superior owing to its simple electric equivalent circuit and 
the absence of multiple resonances. At the design stage, the 
e.m. filter offers an extra degree of freedom, as the frequency 
of the parallel resonance with the a.c.-system impedance -
if the locus of this is known — can be adjusted within limits. 
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AN EIE,CTDD:.:ZCHANICAL 1.10AIC FILwn 

L.L. Freris and J. FaT:es de Carvalho. 

Introdnetlen: 

Harnonic filters connected. to the d„c„, sicL,, of converter stations have the 
dual role of suppressing the unwanted harmonics which are Eenerated by the 
conversion process and of supplying partly or wholly the van denand of 
converters. The capital cost of filters is in the range of 5 to 20 of the 
cost of the terminal equipment. 

The static filters used at present suffer from several disadvantages: 
1. If designed to possess a high 0 'or maximum filtering effectiveness, 
their performance is very sensitive to both variations in component values 
due to ageing and temperature changes as well as to variations in system 
frequency. This disadvantage can be cured, at a price, through the use of 
self-tuning techniques. 

They suply a fixed rmunt of vars unless some switch  'g arrangement is 
incorporated in wnich case the vars can only be changed in large steps. In 
any case conventional filters cannot absorb as well as suT)ply vars. 

3 They arc designed to supress only characteristic h.:.u.'monics. Converters 
however, generate a small amount of uneh=ctoristic harmonics due to 
asymmetries in firins and unbalanced a.c. syStem voltages. These 
can'have a great nuisance value and cause instability of the converter 
controllers through the formation of a. voltage loco. 
4. Voltage-controlled oscillator (v.c.o.) firing systems do net suffer from 
voltage loop instability. With o. weak e.c system, however, even if a 
v.c.o. firing system is used, the stability margins shrink 1-. as the short-
circuit ratio decreases. This is basically caused by parallel resonances 
between the filter and the a.c. v7;stem on the rectifrle-.2 sidel. The 
probability of such reaoiwncec occurring is high with individually tuaed 
arras vs in the present filters. 
5. During reduced voltage conditions caused by transient faults on the a.o. . 
system, the vans absorbed by the rectifier or inverter, with the d.c. i:1f.  
operating under eonstect current control, are approxjmatoly reduced in 
direct proportion to tin a.c. voltage. Tao ,:ors generated by the filters 
are, however, reduced as the soyare of the voltage. Depending on the 
pronertion of the total converter var demand supplied by the filters, th.H 

mpy result ir an e:rtra demand of vans from the a.c system during this 
critical paint, a situation not helpful in maintaining system stability. 
This problem can be selved is a price, if a synchronous compensator rather 
than the filter is supplying the required vars. 
6. The inability of present filters to suppress uncharacteristic harmonics 
results in highly distorted a.c. voltage waveforms during faults on a 
a.c. system that cause inverter cemmutetion failure, if the inventor is 
controlled by-  an individeal-nha.se predictive control. system, recovery could 
be problems,tic, the situation however, is improved if a v.e.o. nuisin 
system is adept. oft. Faster recovery should be possible if tae filter also 
suppressed unehracteritic harmonics. 

The authors are with the Department of :Electrical Engineerinr!;, nnperial 
College, London, SW7 2.N. 
Paper presented at the IEP, Conference on "High Voltage d.c. and/or a.c. 
Power Transmission', London, 1973. 

1 



2 

7. Present filters occupy excessive space, a disadvartoge if converter. 
terminals are to be located at the centre of cities. 

Several recent papers have dealt with solutions to some of the above 
problems. Variations on th.c static filter cemnectionS-', phase shift in 
the converter tran3fermors4, 3rd harmonic injection5 and cancellatien of 
the harmonic transformer flux6  have been sugoosted. The suggestions of 
references 3 and 4 are of marginal economic benefit, those of 5 and 6 
require nnusual auxiliary ognirment such as a 3rd harmonic current con= 
and an amplifier of at least 1/10th of the station ratingo respectively.. 

In this paper, a novel filter is described that potentially can overcome 
all the above disadvantages. 

The electromechanical filter 

Basically the filter consists of a vibrating spring-mass system driven by 
a coil connected. to the a.c. converter bus -bars. The con is immersed in 
a magnetic field produced by a (Lc. exciting winding as shown in the 
schematic diagram of Fig. 1. In the vicinity of its mechanical natural 
frequency the system has a low mechanical impedance i.e. a high input 
electrical impedance. For frequencies away from the natural freeueney the 
system hardly responds to a driving signal i.e. it presents a low impedanc. 
A typical compnted impedance/frecuorny charctoristic of such a device is 
.shown in curve "a" Fig. 2. At fn  the filter has a resistive  irrpeaallCv 
which becomes capacitive for f›-fn  and inductioTe for f<fn. In a 
practical design, -j711  is somewhat less than 50 1.1.74 with A as the operating 
point we obtain a high capacitive impedance at 50 Ez and low impedance 
from about 90 Hz onwards. 

Similar filtering techniques based on piezoelectric magnotostrictive Jr 
tortional elements -nave been used in communication systems for very low 
power levels. At higher powers, electromechanical vibrators have been 
built for testing mechanical structures. The pin-pose of these vibrators 
is however completely different, namely the maximum. transfer of energy 
from th.o vibrator  to the test-piece, and therefore the design philosophy 
differs from the one adopted in this project. 

If the differential equations of the moving coil system of Fig. I are 
solved, we can derive the impedance of the coil as a function of frequency 

= R 	jut', + jw(113)2  

(.9--nr.o2) +icor. 
OOOOOO 0000004.5(1).  

where 	R = coil resistance (P) 
L = coil self-inductance (11) 
1 = length of coil wire (m) 
B = gap fJux density (T) 
cI = angular frequency (rad/s) 
s = suspension stiffness (N/in) 
in = moving mass (kg) 
	 ti 

r = .damper coefficient CrIs/m) 
Maximum im.nedonee occurs appneximately at the natural freoueney of the 
system co r. ,/s/m. - 	- 

Practical fil;:er desion 
It in required that at 50 Hz the filter should Possess a high capacitive 



impedane::: with as low losses as possible. This reqnires a low coil 
resistance and a resonating system of a high (]-factor. At frequencies ef 
100 Hz and above, the impeCance sold be low and at least comparnble to 
that obtained by static filters at the characteristic harmonic frequencies. 
Finally, the mechanical system should be linear. 

A variety of suspension schemes ranging from string to spider suspensions 
were stuled and a compressien sprinn; system was eventually.  chosen, A 
computer program was written to optimise tnc design as a considerable 
number of interdependent variables are involved. The final prototype is 
shown in Fig. 3. The design was based on the requirement that the proto-
type filter should have the same salient point characteristics as one of 
the static filters of the Lcperial College h.v.d.c. simulator. 

The coil former made of fiberglass is suspended in the air-gap by six 
helical compression springs. 	To rednee losses, the spYing seats are mach! • 
of PTFE. - Care was taken in the design to keep the oscillating system 
simple and an rigid as possible so as to reduce the risk of secondary 
resonances. As the lateral stiffness is also provided by the springs, 	. 
mechanical and magnetic symmetry was kent to as high a standard as possible. 
To maintain a low filter impedance at higher frequencies, the magnet pole 
faces were lined with a layer of copper. 

Tent results 

As the mechanical losses were very difficult to assess, the design was 
based on an expected Q-factor of 250. The prototype of Fig. 3 had a 
surprising Q-fuctor of 350. Its 7,/f characteristic is shown in curve 
Fig. 2. Fine tuning was achieved by removing small amounts of macs from 

ire 

the bottom end of the fibreglass former. Curve "b" lies below curve "a" 
as the effect of the pole-face copper lining was not taken into acconnt. 
in the theoretical 'predictions. The spurious spring resonances shown are 
of negligible nuisance value. The filter is now being tested in con-
junction with the h.v.d.c. simulator. 

The future ........._____. 

All the disadvantages of static filters mentioned in the Introduction 
would be absent from the electromechanical filter if it were possible to 
adjust independently the 'OT8 supplied at 50 Hz. Various ways of doing 
this are now under investigation. It can be shown that a signal fed to a 
second winding on the fibreglass former can change both the effective 
stiffness and damping of the mechanical system as seen from the main coil. 
By adjusting the stiffness in this way, the resonant frequency and Fnnne-
fore the vars arc adjustable. In an alternative arrangement, air springs 
in the form of bans _could be used. Changes in the air content of nese 
bags would change the stiffness and therefore the vars. These adjustments 
can be wide enough so that the filter can be even made to absorb rather 
than Supply VArs without appreciable change in the impedance profile above. 
100 Hz. 

The following other possibilities are being looked into: 
1. The use of a superconducting magnet in a full scale unit, 
2. The use of the direct current of the link to provide the filter flux' 

excitation thus also dispensing with the smoothing reacter. 
3. 0ther electromechanical arnangements with no electvin 	 the  

osMiating mass. 	• 
4. A tangentially rather than an axially osei)lating system. 
5. The use of electromeehaninal vibrators insead of synehronons comnen-

sators in a.c4 system applications. 



Conclusions 

Considerable develo.gr,ent work is still required before all the avenues 
mentioned above are investigated and the electromechanical filter reaches 
its.full capability. It will then be possible to assess whether a full-
scale filter can compete favourably costwice with the present static 
filters. In this comparison account will have to be taken of the expected 
en)ianced filtering, variable var capability and improved system stability 
offered by the electromechanical filter. 
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