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ABSTRACT

A new current transducet for the purpose of protection and control

of E.II.V.D.C. power systems based on the application of a microwave YfG

tuned filter as a basic sensor is described. The sensor behaves like a

magneticatly Èuned microwave resonator whose.resonant frequency is propor-

tional to the strength of the magnetic field created by the direct current

flowing in the E.H.V. Iine. A microwave generator located at the ground

poÈential is locked to'the resonant frequency of the YIG filter. The prin-

ciple of operation, description of the system and experimental results

obtained in tÏ¡t: Lal¡oratory are presenied and comparisons are made with the

resulËs which have been reported in an earlj-er thesis on the electronic

part of the system. It r.ras found that the cc.ncept of the current transdu-

cer ís technically feasible for monitoring fl'H.V.Ð;C. power systems.
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Chapter 1.

INTRODUCTION

T¡r'¡o factors will tend to enhance the use of D.C. pov¡er transmission

in the future. First, the impending shortage of fuels will require greater

interconnection of large electricaf sy"çe*= for more efficient use of

eneïgy. Second.Iy, the rapid advances now being made in solid state conver-

sion equipment will make Ð.C. a more versatile method of transmission,

distribution and interåonnection.

The comparison between H.V.A.C. and H.V.D.C. has been discussed in

many papers [r.] [z]. toaay, both "y"tå*" are çJenerally accepted as neces-

sary and reljable.

Power systems are using ever increasi..rig voltages in both A.C. and

D.c. transmission networks. In D.C. transmission systems, voltages of

t SO0kVare no\4¡ a reality and higher voltages are beÍng considered.

In D.C. systems, information regardinq the line current ís required

for operation of regulation and protection cievices. Accuracy of the cur-

rent measurement is very important, especially for control purposes.

Accuracy of 1% of the nominal current is required*. Currents greater than

one p"u. ¿¿ïe expected to last only a very short period and the äcóuracy

of the measuring device for these currents is not as important. T'he cur-

rent transducer should have good linearity over the whole range of opera-

tion (usualty 1.0 to 3.0 p.u. of the rro*in.f current), a wide dynamic range

* Manitoba Hydro requi¡e¡nents
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and a fast response, especially when fast acting circuit breakers or

control devices (around. 2000 A,/ms) are.used. Finally, the current transdu-

cer should operate in ambiant temperatures between -55oc and 60oc.

During the last decade several new A.C. and D.C. current transd.ucers

have been suggested. Most, of them contain two basic parts : a high poten-
;

tial unit located close to the pohrer line conductor and a low potential

unit, usually ground. Transmission of Ínformation between the units is

realized by either a microwave or optical link. This is achieved by using

a free space propagation path through the aÈmosphere or dielectric wave-

guides or lightguides. The propagation path provides the necessary elec-

tric insulation between the high potential and low potentíar units

The majority of the new current transcucers make use of the optical

Faradayrs effe,ct [:]. vn't." a linearly polarized. electromagnetic wave pas-

ses through a nedium magnetized in the direction of propagationr. the plane

of polarizaËion is rotated. The angle of rotation is proportional to the

line integral of Ëhe magnetic field along the propagation path in the

medium. Optical rays from a monochromatic source at the ground level pass

through the sensor itself and are reflecËed downwards by the reflecting

surface. The reflected beam then returns to ground level where i-t.passes

through an analyser and finalty reaches a detector.. The analyser output

is proportional to the magnitude of the rotation caused by the Faraday's

effect, and hence to the line current. These systems nrrr" . good lineari-

ty and a fast response time. However, they require a supporting insulator

for the laser and other components which make the system expensive.
:ir :;ì;1
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A D.C. current transducer which is in common use is basically a ma-

gnetic amplifier [¿]. It consists of two series connected saturable magne-

tic cores. The.direct current to be measured flows through the cores. The

secondaries are connected in series opposition and supplied by an auxi-

Iiary transformer. The average current in the secondaries is proportional
;'

to t¡e eurrent which flows through the power tine. The system is characte-

r1'zeð. by a long response time (approximately I0 ms) and poor insulation,

but is stable and insensitive to temperature variations.

The system evaluated in r-his work also consists of a high potential

unít placed at the potential of line and a ground unit. A YIG-tuned

filter* is located in the vicinity of the corrductor. The filter is fed by a

microwave generator placed at ground potenl:ial through a dielectric wave-

guide. A frequency tracking system locks the generator to the resonant

frequency of tire YfG filter which is linearl7 dependent on the magnetic

field strength. Since the sensor is a passirre devicer the high potential

unit does not require any pouter for normal operation.

Since the YIG filter is a device which can be used efficiently for

measuring the magnetic field surrounding a conductor, a tracking system

has been developed to lock a mÍcrowave generator onto its resonant fre-

quency to obtain an output voltage signal which is proportional to the

magnetic field strength and hence to the current in the line [z].

* Tlle YIG resonator consists of a small, highly polished sphere of single crystal yttrium-iron-garnet. The properties of

the YIG crystals and YlG-based devices have been studied and described in considerable details t 5 I [ 6 ].

lr,,



Excellent results have been repoited concerni.ng the dynamic perfor-

mances of the tracking system [Z]. It was found to have a bandwidth of

29 kÏz, a rise time of O.O3 ms, and a tracking accuracy of the order of

one part in 1O-5

: "'' :ì
ìir'.rl':i
,".1



Chapter 2

DESCRIPTION OF THE SYSTEM

2.T PRTNCTPLE OF OPENETTON

A block diagra^n of the current measurement system evaluated in

ttris work is shown in Fí9. 2.1. The YIG reflection filter is held in a

fixed position (FíS. 2.2) wittr respect to tt¡e transmission line. Tfie re-

sonant frequèncy of tTre filter varies proportionally to ttre'strength of

the magnetic fj-e1d surround.ing the line. A dielectric wavegiuÍde provides

retrtreen the high potential and, ground unit.Èhe ínsulation b

't-
I

Fig]utr:e2.2: YIG FILTER AND BUS LINE ARRANGEMENT
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The trackí¡9 system is located at the ground potential. A low fre-

quency oscillator modulates the voltage. controlled oscillator (VCO). A

resulting FM signal is fed to the YIG filter through a circulator and the

dielectric waveguide, and after reflection returns to.an envelope detector.

fn Fig. 2.3, the detector outputs are shown for VCO frequencies higher
;

than, Iower than, and equal to the YIG filter's resonant frequency. For

higher VCO frequencies tl¡e low frequency oscillator signal and the detec-

tor output signal are in phase, while for lower VCO frequencies, they are

1800 out of phase. It can be seen that when the VCO is at the YIG filterrs

resonant frequency, Lhe detector output does noË contain the fundamental

of the frequency modulation. Therefore, ttre amplitude of the fundamental,

which depends gn tJ:e slope of the YIGrs characteristic, represents the

error signal ¡f the tracking loop since its arnplitude depend.s also on the

difference bet¡¡een the VCO frequency and the YIG fiiter's resonant fre-

quency. The ftr-ndamental frequency is amplified by a bandpass amplifier

and then fed tro a prod.uct detector whose output contains a D.C. voltage

which is positlve or negative depe¡ding on the relative phase of the input

signal and the phase of the low frequency oscillator. The amplitude of this

D.C. signal is proportional to the anplitude of the input signal-. -A 1ow-

pass amplifier filters out the higher order nixing products generated by

the product detector. A resultÍng u.C. signal is fed into a surnming circuit

and then to the VCO where Ít is used to tune it to the resonant frequency

of the YIG filter.
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Tlre tracking loop was studied by lúacDonald, [Z]. It was found thaË

for small frequency deviations the system behaves in a linear fashion.

Also, when the'deviatj-on is large, but ttre rate of change (derivative) is

smaller than the slew rate of the tracking loop, the system remains linear.

2.2 TNSTABTLTTY OF THE SYSTEM

Íhe system becomes unstable (does not track) in two cases, namely,

when large changes of frequency occur, or when the open loop gain is too

large. Since the open loop gaÍn is adjustable, the second situation never

occurs. V'lhen the loop is not able.to keep the system tracking, the seek-

and-lock circuit short-circuits the output of the bandpass amplifier and

makes the VCO sv¡eep over the operating rang'è' of frequencies. Íhe outpuË

of the detector is then compared with an ad¡ustable reference level

(Fig. 2.4). Once the detector output signal .becomes smaller than this re-

ference level, and the input, signal slower',åan the slew rate of the

system, the seek-and-lock circuit is automat-ically switched off.

The seek-and-lock circuit also prevents the tracking system from

any other frequency point other than thelocking the VCOrs

filterrs resonant

frequency to

frequency.

2.3 HTGH FREQUENCY OPERATTNG RANGE

A frequency of 10.5 GHz was

quency of the filter. The systèm

filterrs resonant frequency in the

the center operating fre-

track and lock to the YIG

10 to lt GHz. A D.C. biasing

selected as

is able to

range from
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circuit sets the operating point of the VCO at 10.5 GHz.

A distance of 5.1 m (17 feet) was'required between the two units to

provide sufficient ínsulation. Therefore, a dielectric waveguid.e with a

high resistivity was perfectly suited to this requirement. Because of its

availability and suitable characteristics, a teflon díelectric rod was

chosen. In order to obtain a single propagation mode and minimum losses

r a diameter of I.8 mm ß/4 ínch) was selec-in the operating frequency range a diameter of I.B mm (3/4 inch)

ted. Clzlindrical metal' Iaunching devices followed by cylindrical-to-

rectangular vraveguide transitions were instalted aË both ends of Èhe wave-

guide. The dielectric waveguide consiêts of three sections screwed to-

gether. The space between Ëhe threads was filled with a dielectric resin.

2.4 BTASTNG -ì.C. MAGNETTC CTRCUTT

In orde:: to have the YIG filter operating in the frequency range

fro¡n l0 to 1l GHz, a biasing D.C. magnetic circuÍt was needed. Since no

electrical porer could be drawn from the D.C. line, permanent magnets were

used. A biasing field of about 3.7 kOe was required to set the filter¡s

resonant frequency at 10.5 GHz. Because of the good parameters and tempe-

rature stability, Lanthanet LM-18 magnets were chosen. A characÈeiistic of

the magnetic circuit e.g. the distance between the magnets vs magnet diame-

ter for the biasing field Ho = 3700 Oe is shown in Fig. 2.5, while Fig. 2.6

shows the derivative of the magnetic field with respect to the distance

between the magnets. These characteristics enable evaluation of the varia-

tions of the biasing magnetic field resulting from the thermal expansion

of the magnets' holder.
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Chapter 3

3.7 TNTROÐUCTTON

EXPERIMENTAL PROCEDURES

Several experiments were conducted to evaluate Lhe performance of

the current transd.ucer under simulated oþerating conditions. Most, of the

experiments were carried out in tt¡e laboratory. A final calíbration of the

system was done at the Manitoba Hydro Dorsey converter station, using a

high D.C. current generator

Ttre test prototype differed somewhat from the final version, namely,

the dielectric waveguide was one third of the reguired lengttr.

3.2 ATTENUATTON MEASUREMENTS'OF THE MTCROWA'\|E SYSTEM

In order to evaluate the attenuation ir. ttre micror^rave transmission

system an exper,imental arrangement shown in l-ig. 3.I was used. The track-

ing system vtas operating in the seeking mode; An oscilloscope operating in

the x - g mode was connected to the output of the system. A section of

an X-band rectangular waveguide was then substituted for the microwave

line to obtain the reference (full reflection) level. Since the detector

operated in tJ:e square law region the attenuation could b. *""=rrr.ã Ut-

rectly. The outpuË level of the detector was also measured while the

system was tracking.

;i..r.ì.ri)i:r
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3 . 3 . EXP ERT TîENTAL . 
ARRANG EI,îE NT . EOR . 

DY}íAìT TC . 
IIîEA SURE TLE NTS

An experimental setup for dynamic measurements is shown in Fig. 3.2.

Tt¡e YIG filter was coupled to the locking sygtem by means of an X-band

attenuator in order to simulate the attenuation in the microwave system.

llhe open loop gain was made adjustable. The incoming and. outgoing signals
;

were separated by a circulator. T\¡o tuning coils were placed near the YIG

filter and driven from a function generator to provide variations in the

YfG filter resonant frequency. The coils were 50 mm (2 in. ) in inner dia-

nneter, L2 W Q/2 Ln.) in length and consisted of 500 turns of a 0.5 mm

diameter wire.

Ttre YIG filter used was a custom made YIG-TEK model 141-1. It was

mounted in a PLexiglas holder with two adjustable permanent magneÈs which¡,

were used to set the operating point of the filter.

3.4 MEASUREI,IEÌ,TT OF FREOUENCY AND PHASE RESPO.ÀISES

A test setup for frequency and phase response neasurements is shown

in Pig. 3.2. A 0-40 kHz function generator vras used to supply Ëhe tuning

coils. The coils vrere positioned near the YIG filter so that their magnetic

field could tune the filter. Tt¡e coil current \.¡as measured using a resistor

in series ¡vith ttre tuning coils

For convenience the frequency response was obtained indirectly. Both

the coil input current vs. frequency characteristic (Fi9. 3.3) and the out-

put voltage vs. frequency characteristic were plotted, and the frequency

response theh was calculated. l

t.
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The phase response was obtained directly. Care had to be taken during

these measurements to avoid large input signals which could cuase non-

linear operatipn of the system.

3.5 MEASUREMENT OF THE RTSE TTILE

A test setup for rise time measuremerit is shown in Fig. 3.2. A

square wave function generator was used to feed the tuning coils. A re-

sistor in series with the tuning coils was selected to obtain a current

square wave with a rise time fast compared with that of the tracking

system. The rise time was defined as ,the tirne between 10? and 90% of the

final value.

3.6 SLEW RATE

A test setup shown in Fig. 3.2 was used to measure the slew rate of

the system at different frequencies. The slew rate is defined as a maximum

rate of the outpuÈ signal at which the sysl-em can track expressed in V/s.

A sine-wave function generator was used to feed the tuning coils. The

current arnplitude was increased until the system became unlocked (started

seeking). The maximum output amplítude before the system started seeking

Irras measured in a frequency range from 0.1 to 10 ktlz. The slew rate was

calculateà at different frequencies.

i:;l
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3.7 HARMONTC DTS?ORTTON

The harmonic disÈortion was evaluated using a test setup shown in

Fig. 3.2. A sine-wave function geneïator was used to supply the tuning

coils. A spectrum analyser was connecËed to the output of the tracking

system. The input signal amplitude was kept small enough to avoid non-
;

linear operation. The specËrum of the inpuË current signal was compared

witln that of the output.

3.8 OUTPUT STGNAL VERSUS SUPPLY VOLTAGE

The mea'surements vrere done using a test setup shown in Fig. 3.4.

A variac was used. to change the supply voltage. The VCO htas locked to the

resonant frecluency of the YIG filter which was adjusted by means of the

magnets untit Ehe output of the system reached a level of 5 V. The power

supply voltage was then varied. over a range from 75 to 135 V.

3.9 . NOTSE

A test setup shown in Fig.3.5 was used for noise measurements.

The VCO was locked to the resonant frequency of the YIG filter resulting

in a D.C. signal at the output of tJ:e system. An oscilloscope was- connec-

ted to the output and the noise voltage level was measured. A variable

attenuator was used to change the open loop gain.
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3.TO A.C. OUTPUT TEIíPERATURE BEHAVTOUR

À test setup shown in Fig. 3.6 r¡as used to observe the behaviour

of t}re tracking systen in a ËenperaÈure rangê from -35oC to +60oC. The

amplitude of the coil current Ì¡as increased until the maximum slew rate of

the system v¡as obtained at the output. An oscilloscope connected to the

output !¡as used to determine ¡.¡hether the system was tracking.

3.77 D.C. OUTPUT TEMPERATTTRE BEHAVTOIIR

A test setup shown in Fig. 3.7 was used to observe the output sÍgnal

of the tracking system over a range of tenperatures fron 2OoC to 60oC.

' Ttre VCO was locked to the resonant frequency of a tunable cavity placed

outside the environmental chambs¡. A tunable cavity was chosen to make Eure

that the input signal would. not varlz rt¡ith the ambient temperature.

The variatior.rs of the output lvere observed using a voltmeter. A ,"

frequency meter was also used to observe frequency variations of the VCO,..

3.72 TE]ûPERATURE BEHAVTOUR OF THE BTASTNG MAGNETTC CTRCUTT

A test setup shown in Fig. 3.8 r.¡as used. The YIG filter mounted in

the holder vras placed. into the climatic chamber. The VCO was locked to the

resonant frequency of the YIG filter. An arbitrary operating point was

selected by adjusting the separ.ation of the perrnanent magne.ts. A voltmeter

connected'to the output of. the tracking system determined the output signal.
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3.73 CALTBR;ATTON OF THE SYSTEM

The output voltage vs. resonant frequency of ttre YIG filter vras mea-

sured using an e:qrerimental setup shown in Fig. 3.9. Ttre VCO was locked

to the YfGrs resonant, freguency. The coil current. was varied in ord,er to

change the magnetic fiel-d strengttr and. thereby tJre resonant freguency of

the filter.

Iwo other arrangements unvolving high current, generators Ìr,rere used..

Tfie first one.with a high A.C. current sourcershown in Fig. 3.10 and 3.11,

was used in the laboratory to eliminate the temperature influence on the

Lc circuit. Ttre second onei assenbled in ttre Manitoba Hydro

Dorsey converter statior¡ utilÍzed a high D.C. current source. The measure-

ment setup is shown in Fig. 3.12 and 3.r3. rn both casesr.output voltage

of tl¡e tracking system vs. ttre amplitude of the current, rn the bus Line

Ììtere measured.

,e.:

-',1

Figure 3.ll : E)GERIMENTAL ARRANGEMENT FOR A.C. CALIBRATION
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Chapter 4

EXPERII4ENTAL RESULTS

4.7 ATTENUATTON OF THE MTCROWAVE SYSTEM

Return loss measurements were carrj.ed out in a frequency range from

10 to 11 GEz. ll?reoretical calculations indicated that a freguency band of

400 MEz was required to cover ttre whole range of test currents. A freguency

range where attenuation $ras minimal was selected for ttre prototlæe.

Figure 4.1 itlustrates ttre return loss vs.. frequency over a frequen-

cy range from 10.4 Eo 10.8 GEz. Ttre system is maÈched at ttre resonanÈ fre-

çFency of the filter. By comparison with ttre fulI reflection-level
(Fig. 4.3) , a return ross vãrying between 2.5 and S;dB was calcurated,.

. li . : . 
.... r'. :

Figure 4.1 : RETURN IOSS VS. FREQUENCY

. y,- axis.: output detector.0:1 V/div.
x - axis: VCO frequency. 100 MHâldiv.

¡-r ,.,tì
....i]
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The output detector level is tracking is shown in Fíg. 4.2.

'. .' '''::1
ì: .:.. ,::; i

Figure 4.2 : ÐETECTOR OUTPUT VS. FREQUENCY; TRACKING SYSTEM ON.

y - axis: detecto¡ output. 0.1 V/aliv.

x - axis: VCO frequency. 100 MHz/div

It was found that in tl¡e selected frequency range the YIG filter

is qui-te well matched at resonance. These measurements $rere done wÍttr a

díelectric waveg'uide of one tt¡ird of tt¡e reqqÍred lengttr. Eowever, it, is

knou¡n', fe] tfrat the losses in ttre dielectråc wavegruide (about 0.15 dBy'n) ,

remain small compared with ttre losses in the launchinq devices.

ft was verified experimentally that most of ttre povrer is transmitted

ínside the dielectric, the. electromagnetic fi.eld d.oes noL ex¡rand outside 1

tt¡e, rod [e] ana therefore would not be perturbed by a bushing insulator

surroundingr the wavegruide j
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Figure 4.3 : FULL REFLECTION LEVEL VS. FREeUENCY
y.axis: detectorouqpul 0.1 V/div.
x - a¿cß: VCO frequency. 100 Mllzldiv.

4,.2 FREQUENCY AIID PHASE.RE',SPOjVS.E"S

Freguency end phase'fesponses of the system for two different atte-

nuations in ttre micro-wave ,line. are shown in Fig. 4¡4. Ttre vaLue of 6dB re-

turn loss was chosen as a maximum attenuation expected in the microwave

system. S4a11 differences appear only at higher frequencies (above I0 kgz

Ín tJre amFlitude characterÍstÍc and above I kHz for the phase)

4.. 3 . 
., ÐRANSIENT'RE,SPOIV'SS

Ttre rise time of ttre system was,measured for different attenuations

in ttre microwave system. Etre rise time of the input, sçfuare wave was 5ps.

:::l
'r,:ii
.,,,1,
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For a return Loss of 6 dB U1s rise time of the system was 300 Us.

Figure 4.5 : TRANSIENT RESPONSE OF,THE SYSTEM

bottom : input signAl 10 V/div. or 1.5 mA/div.
top : ouþut signal 100 mV/div.
timescale :lmi/div.-

4,4 .SLEFî]RETE

' 
Tlie sl-eÌü rate of the slzstem is plotted in Fig. 4;6 as a f,unction of

:.
fr-egUency.'As qçected, iË changes very j.itÈle wåth frequency since it,''
depends only on the characteristic of tl¡e, YIG filter and the open loop--'_-.-_---
gain. ftre average value was found, to be about 4 v/ms which Ís equivalent

':f:.,,..
to: 12 kArlns in ttre bus (see ttre calibration curve of ttre systen: Fig. 4.lZ),

No' s.ignificant changes of ttre characteristic $rere, obser:r¡ed for ttre return

ii
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losses up to 10d8. Above lOdB leveI, the system becomes nonlinear.

4.5 HARMONTC ÐTSYORTTONS

Ttre harmoníc distortions measurements !,rere d,one at, input signal

frequencies of 100 Ez and 1000 Ez. The output signal anplitude was r v.

peak-to-peak. Ttre ha:monic distortj.ons vÍere computed as t?re ratio of ttre

sçluare root of t]re st¡m of t]re squared amplitudes of ttre harmonics to the

anplitude of the fund,amental-

At both frequencies ttre ha:monic distortions of the input, signal

were below o.o7t (ris. 4.7'). lrhe harmonic distortions of the output

signal were 0.088 at 100:gz and 0.18a at 1000 Ez ({is. 4.g and 4.g).

These results indicate the high linearity of the system.

Figu¡e4.7 : INPUI FREQUENCY SpECTRttM
y - øcís : 10 dB/div.

, x-axis:2Û0tlzldu.

38
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Figure 4.8 : OUTPUT FREeUENCY SPECTRUM

y - axis : 10 dB/div.

x - ocis : 200 Hzldiv.

I

(100 Hz)

i Fig¡¡¡e 4.9 : OIITPUT FREeUENCY SPECTRUM ( 1000 Hz)
y ; æß : 10 dB/div.

. x-axis :, 2kHzldl.



40

:. )t

.t

'.-'{
:;:.:i
'.i

4.6 OUTPW STGNAL VS. ST'PPLY VOLTAGE

No significant variations of the output, signal level were observed

when the supply vortage was varied. from 75 to 135 v. Below 70 v. ttre

system fails to operate.

4.7 NOTSE MEASTTREMENT

-! lrtre noise level for 6 d.B return loss was found to be 2 my. Ttre noise

level should depend on the open

ved when ttre open 1oop gain was

2 mV (peak-to-peak) was obse:¡¡ed

ratio for a nominal line surrent,

Iine current.

Ioop gain, however, norchanges were obser-

increased, by 6 dB. A 60 Ez component, of

(FiS. 4.10). Ttre resulting signal-to-noise

of 2 kA is 50 dB abd is 25 dB for IOO A

Figue 4.10: D.C. OUI?UT SIGNAL AT THE NOISE LEYEL
y-acis: 5mV/div.
x-axis : 5 ms/din

i.,: l

l:
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4.8 A:C. OUTPUT TEMPERATARE BETTAVTOUR

Vùith 3dB return loss, the system was tracking at iËs maximum slew

rate over a temperature range from -15oC to +60oC. Below -15oC the

open loop gain became too low to keep the system tracking. The reason for

this is that the open loop gain d.ecreásed with the temperature. By decreas-
:

ing the ïeturn loss to zerot the system was kept tracking down to -35oC.

4.9 D.C.'OUTPIJT TEMPERATï]RE BEHAVTOIJR

The D.C. output voltage offset vs. temperature characteristic. is

shown in Fig. A.LL. The VCO frequency did not vary more than 0.03 LiHz

during the test. Hovrever, a temperature dependence on the output was de-
':.'

tected.. This effect is attributed to the temperature sensitivity of the

YfG tuned oscillator.

. 4.]-O TEMPERAT(JRE STABTLTTY OF THE BTASÌNG MAGNETTC CTRCUTT

Figure 4.12 depicts the output voltage and the frequency change of

the VCO as a function of temperature. A strong temperature dependence is

evident. In a range of temperature from +20oC to *50oCr the output signal

varied over almost the entire available range" The effect is most probably

due to the thermal expansion of the magnetsrholder.

::'ì-::j,j;t.:.,ii For the selected operating poÍnt of the magnetic circuit the magne-

tic fietd strength in the gap strongly depends on the distance between

tlre magnets (FiS. 2.6).
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4.77 cAr,rBeaTlov oF THE SES?EM

The input-output transfer characteristic of the current, transd,ucer

is shown in Fig- 4.13. The straight line equation was obtained using the

least square mean mettrod. lltre correlation coeffícient O.gg7 indicates very

high linearity of ttre system. No hysteresis effects were observed,.

The results of tt¡e A.C. current, calibration are plotted in Fig. 4.L4.

Two different flanges (shown in Fig. 4.15 and 4.L6) were used,. rn the ar-
rangement shov¡n in Fig. 4.15, the YIG sphere was positioned 18 nm ¡ron the

ouÈside surface of the conductor.

44
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Figure 4.15 : HOLLOW FLANGE
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the

rn.the second case shown in Fig. 4.L6, it was placed 12.5 rnmfrom

surface of the conductor.

Figu¡e 4.16 : SOLID FLANGE

the hollow flange- It, appeans that ttre magnetic field pattern is more per-
'1

turrbedbyt}reso1idftan9eshow:tin{ig.4.l6.
:

Tt¡e results of the hiqh D.C. current calibration are shor,sn in

Fi9:'4.I7. Ttre characteristic shown by a solÍd line was.measured fast .

enough to avoid heating of the YIG filter by tlre current flowing in'tþe
t....

Iine,. Tt¡e characteristic represented. by a dashed linê was obtained. by' ,,

gradually decreasing tl¡e current in Ëlre.Iine. A temperature effect on i

nt,.

i ::," ,:l

.¡, r.','l
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Chapter. 5

DISCUSSION

5.T ATTENUATTON OF THE MTCROIIAVE SYSTEM

. As was demonstrated in Sec. 4.2 and.4.3, the val_ue of the open loop

gain has little influence on the dynamiç behaviour of the system. When

return loss is greater than lOdB tJe system becomes nonlinear. This is
' '..-.' :. ::

an advantage since the dielectric line is subject to atmospheric interfe-
1;i::_:,: _ì, i

rence and therefore an increase of loss may be expected. ;,='.,';'',l

As shown ín Fig. 4.L7 iu}re available bandwidth of 400 MHz provides
I

wide dynamic range (typically 24 kA).

5.2 DYNAMTC BEHAVTOUR OF THE SYSTEM

49

Accordini, to llacDonald. [Z] , " bandwidth of 20 kuz and a rise time

of 30Us vtere €xpected for the frequency lock-in system utilized in this

work. The bar¡c.lwidth and, therefore, the rise time depend on the open loop

gain in such a way that the system has a faster response when the gain

is increased. The gain of the system was increased to the highest possi-

ble value for stable operation. This was obtained by setting the return

Ioss in the mícrov¡ave system nearly to zexo and by increasing Èhe'gain

of tf¡e bandpass amplifier. In spite of arise time value ten times greater

than expected, the system remains faster than the existing magnetic

amplifiers.

|.: '::..:

;r;.:.:-jii::i:t¡::
'l '. ...' .:..']

,-"?:7 fa. :
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.5.3. SLEII RATE

For small current inputs, the rise time characterizes the speed of

the system. Because of nonlinear characteristic of the YIG filter, the

system can become unstable when large inputs occur. fn this case the slerv

rate becomes the most important parameter characterLzing the speed of the

system.

As shown in Fig. 4.6, t}l'e slew raËq on the averagg is approximately

4 v/ms and is ínaepenaånt of the input signal frequency. This value corres-

ponds to 12 kA/ms which is six times faster than the expected rate of an
I

interruption of current in a typical H.D.v.c. transmission line.

5.4 TEMPERATT]RE EFFECTS

The results presented above indicate that the tracking system and

the biasing magnetic circuit are influenced by the ambiant temperature.

As shown in Sec. 4.9, the YIG tuned oscillaçor (VCO) is sensitive to tem-

Perature changes even with an inËernal heater operating as reconmended by

the manufacturer. By controlling the arnbient temperature of the VCO this

thermal effect can be reduced. Since the VCO is located at ground poten-

any particular technicai pro-

'::.:'i

tial, temperature control does not create

b1ems. 
:

Fignrre 4.12 shows an unexpected VCO

which is due to the change of the biasing

ambient temperature. The main cause is the

frequency drift of 7 lt'Ilz/oC,

magnetic field strength with

thermal expansion of the
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.'r:ì
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filter mount. The characteristic given in Fig. 2.6 shows ttrat the opera-

ting point of the magnetic circuit with. magnets 5 mm in dianeter and. 13 mm

in rength is r0oo Oe/mn. The thermar coefficient of plexiglas is

5. . IO-s/oc. Since the width of the YIG filter mount is 25mm, t}re thermal

expansion would be 0.03 mm for a temperature change of 30oc. For an ope-

rating point of 1OO0 Oe/ron thermal .ff""t changes the biasing magnetic

field by 300 0e which, according to Fig. 4.L3, corresponds to 90 MHz.

This value is greater than expected because of some effects due to the

misalignment of the magnets when the mount expands.

Elimination of the temperature êffects on the magnetic circuit is

much more difficult because the biasing magnetic circuit is placed at Èhe

high potential level where no pov¡er source is availabl-e. First of all, as

can be seen in Fig. 2.6, the diameter of the magnets should be increased

to obtain an cperating point of the biasing magnetic field as low as pos-

sible. This would also tend to eliminate fringe effects and produce more

homogeneous fj.eld in the gap. Secondly a proper design of the filter

¡rount would eliminate the effect of the thermal expansion. By using a ma-

terÍal with a low thermal coefficient of expansion, expansion of the

mount would be minimized. Finally electronic compensation to ellminate

the residual output voltage drift could be considered.

,r..:.i

. .1_l

iÌr
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5.5 OUTPUT SIABTLTTY ?J'ID LTNEARTTY

Under nornal temperature conditions, the output stability can be

evaluated. t'.tlen the input v¿as a Ð.C. signal the output varied. approxima-

tely +2aV about the average value. Accord.ing to Fig. 4.L7 | this corres-

ponds to +64 or 10.33 oi Éhe norainal current. The average deviation

from the straight. line plotËed in nig. ã.17 is6.mVorfBA. This deviation

is due to the non-Iinearity of ttre system and. the thermal effects on the

biasing magneLic circuit. Eolever, the low harmonic distortion mentioned

in Sec. 4.5 iraplies that the system ís highly linear.

5.6 A.C. OWPW TE!'ÍPERATTJRE BEHAVTOUR

This test (Sec. 4.8) shows that the si/stem operates in a range of

temperature fro¡n -15oC to +6OoC. A d.ecrease of the open loop gain with
,

the temperature causes nonLinear operaËion of the system below -IsoC.

.

5.7 SENSTTTVTTY ?O Sr/?PLY VOLTAGE VARTATTONS :

The result mentioned in Sec. 4.6 shor+s that the system is relatively

insensitive to tJ:e supply voltage variations from 75 to 135 V.

5.8 NOTSE LEUEL

fhe noise leve1 and the residual 60 Ez component could be reduced by

proper positioning of the electronic circuitry.

l,j:tì:j',riì
¡r::.,t.,r:... :.,



Chapter 6

CONCLUS I ON

The purpose of this study was to test the raboratory prototype of
a nevr D-c. erectromagnetic current transducer devel0ped in the Depart_
ment of Electrical Engineering at the university of Manitoba. Environ_
ment testing was conducted under simurated field conditions.

The results concerning the sensitívity of the system to temperature
have shown that further stud.ies are necessaïy to improve the accuracy of
the whole system.

High linearity, fast response and wide dynamic range which are
reported' confirm that the concept of the neü¡ Ð.c. electromagnetic trans-
ducer can prove to be a useful measurement device for H.v.D.c. power

systems

53



REFERENCES

trl Casson, W., and La.ne, 8.T., 'rComparative aspects of
and hybride a.C, and D.C. circuits for long d.istance
Intefnational Conference on EiÇh Voltaþe D.C. and/or

lzl system Engineering,'Arternatives prove attractive,,, ErectricarWorld, (JuIy, L974), pp. 72_73.

þ] Rogerst A-T-, "opticar Technique iot r".=.rrement of current athigh volt.?.", proc. fEE, Vol 120, No. 2, (Febrtrary, Lg73) |pp. 26I-267 -

Adamson, c-, ancl'Hiugerani, N-G-, "New transductor-t1pe D.c. trans-former particularly appricabre to H.v.D.c. systems,,, rE_', vol rro,No. 4, (April, 1963) r pp. 739-750.

[5] RoscÌtman, p., ,,yïG filters,,, philips T-;ch._Rev., Vol. 32, No. 4l(April, I97L) r pp. 322-327

t6] Ald.ecoa, 7.A., and Bel7, R.T., ,,yrc ¡rpplications,,, 
'IG_TEK 

corpora_jtion, Septeraber, J972

t?] nacoonard, A., M.sc. Thesis, "A resonant freguency tracking system,',Electricar Engineering Department, university of Manitoba, l^Iinnipeg"I'tanitoba, 1976.

tg] schurten, G-, "Apprications of the dierectric rine,,, philips Tech.Rev., VoI. 26, No. LL/I2, l-965

conventional
transmission',
Pov¡er Trans-

1 .:,.:.

[¿]

:


