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ABSTRACT

A new cuirent transducer for the purpose of protection and control
of E.H.V.D.C. power systems based on the application of a microwave YIG
tuned filter as a basic sensor is described. The sensor behaves.like a
magnetically tuned microwave resonatof qhose resonant frequehcy is propor-
tional to the strength of the magnetic,fieldAcreated by the direct current
flowing in thé E.H.V. line. A microwave generator located at the grouna
potential is locked to the resonant frequency of the YIG filter. The priné
ciple of operation, description of the system and experimental results
obtained in the Laboratory are presenfed and comparisons are made>with the
results which have been reported in an earlier thesis on the electronic
part of the system. It was found that the ccncept of the current transdu-

cer is technically feasible for monitoring E.H.V.D.C. power systems.
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Chapter 1.

INTRODUCTION

Two factors will tend to enhance the use of D.C. power transmission

in the future. First, the impending shortage of fuels will require greater
interconnection of large electrical systems for more efficient use of
energy. Secondly, the rapid advances now being made in solid state conver-

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

distribution and interconnection.

The comparison between H.V.A.C, and H.V.D.C. has been discuésed in
niany papers [1] [2]. Today, both systéms are generally accepted as neces-
‘sary and feliable.

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

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

* 800 kV are now a reality and higher voltages are being considered.

In D.C. systems, information regarding the line current is required
for operation of regulation and protection devices. 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, are expected to last only a very short period and the dccuracy

of the measuring device for these currents is not as important. The cur-

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

-

tion (usually 1.0 to 3.0 p.u. of the nominal current), a wide dynamic range

* Manitoba Hydro requirements




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 —SSOC énd 60°C.

During the last decade several new A.C. and D.C. current transducers
ﬁave beeh suggested. Most of them contain two basic parts : a high poten-
tial unit located close tq the power 1i;e conductor and a low potential
unit, usually ground. Transmission of information between the units is
realized by either a microwave or optical'link. This 1s achieved by using
a free space propagation path through the atmosphere or dielectric wave-
nggides or lightguides. The propagation path provides the necessary elec-
tric insulation between the high potential énd low potential units.

The majéfity of the new curfent transéuéers make use of the optical
Faraday's eff;;t [3]. When a linearly polarized electromagnetic wave pas-—
ses through a medium magneﬁized in the direction of propagation,'the plane
of polarizatién is rotated. The angle of rotation is propo?tional £o the
line iﬁtegralhéf the 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 reflectéd downwards by the refiecting
surface. The reflected beam then retﬁrns to ground level where %t'passes
through an analyser and finally reaches a detector. The analyser output
is proportional to the magnitude of the rotation caused by the Fafaday's
effect, and hence to the line current. These systems give a good lineari-
ty and a fast response time. However, thgy require a supp&rting>insulator

for the laser and other components which make the system expensive.




A D.C. current transducer which is in common use is basically a ma-

gnetic amplifier [4]. 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-
liary transformer. The average current in the secondaries ié proportional
to the current which flows through thebgéwer'line. The system is characte-
rized by a long response fime (approximately 10ms) and poor insulation,
but is stable and insensitive to temperature variatioms..

The system evaluated in this work also consists of a high potential

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

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

microwave generator plaqed at ground potent:ial through a dielectric wave-
guide. A frequency tracking system locks the generator té the resonant
frequency of the YIG filter which is linearly dependent on the magnetic
field strength. Since the sensor is a passive device, the.high potential
unit does not require any power for normal operation.

Since the YIG filter is a device which can be used efficiently for
measuring the magnetic field surrounding a cohductor, a tracking system
has been developed to lock a microwave genefator onto its resonant fre-
quency to obtain an output voltage signal which is proportional to fhe
_ magnetic field strength and hence to the current in the iine [7].

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

the YIG crystals and YIG-based devices have been studied and described in considerable details [S][6].




Excellent results have been reported concerning tﬁe dynamic perfor-

mances of the tracKing system [7]. It was found to have a bandwidth of
20 kHz, a rise time of 0.03 ms, and a tracking accuracy of the order of

one part in 107°.




Chapter 2

DESCRIPTION OF THE SYSTEM

2.1 PRINCIPLE OF OPERATION

A block diagram of the current measurement system evaluated in
this work is shown in Fig. 2.1. The YIG reflection filter is held in a
fixed position (Fig. 2.2) with respect to the transmission line. The re-

sonant frequency of the filter varies proportionally to thé'strength of

the magnetic field surrounding the line. A dielectric waveguide provides

the insulation'between the ‘high potential and ground unit.

.
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The tracking 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 thfough a circulator and the
dielectric waveguide, and after reflection returns to an envelope detector.
Iﬁ Fig. 2.3, the detector outputs are shown for VCO frequencies higher
than, lower than, and'equal to the YIG;filter's resonant frequency. For
ﬁigher VCO frequencies the low frequency oscillator signal and the détec-
tor output signal are in phase, while for iower VCO frequencies, they are
180o out of phase. It can be seen that when the VCO is at the YIG filter's
resonant frequency, the deteqtor outpgt does not contain the fundamental

of the frequency modulation. Therefore, the amplitude of the fundamental,
which depends on the slope of the YIG's characﬁeristic, represents the
error signal of the tracking loop since its amplitude depehds also on the.
difference be?ween the VCO frequency and the YIG filter's resonant fre-
quency. The fﬁndamental f&eguency ié amplified by a bandpass amplifier

and then fed fo a product detector whose output contains a D.C. voltage
which is positive or negative depending on the relative phase of the input
‘ signal and the phase of fhe low frequenéy oséillator. The amplitﬁde of this
D.C. signal is proportibnal to the amplitude of the input signa{._A low-
pass amplifier filters out the higher order mixing products generated by
the product detector. A resulting D.C. signal is fed into a summihg circuit

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

of the YIG filter.
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The tracking loop was studied by . MacDonald [7]. It was found that
for small frequency deviations the system behaves in a linear fashion.
Also, when the- deviation is large, but the rate of change (derivative) is

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

2.2 INSTABILITY OF THE SYSTEM

The system becomes unstable (does not track) in two cases, namely,
when large changes of frequency occur, or when the open loop gain is tdo
large. Since the open loop gain is adjustablé} the second situation never
occurs. When the loop is not able_to keep th=2 system tracking, the seek-
and-lock circuit short-circuits the output of the banapass amplifier and
makes the VCO sweep over the operating range of frequencies. The output
of the detector is then compared with an adjustable reference level
(Fig. 2.4). Once the detector output signal becomes smaller than this re-
ference leve;, and the input signal slower than the slew rate of the
system, the seek—and-lock circuit is autometically switched off.

The seek=-and-lock circuit also prevents_the tracking system from
locking the VCO's‘frequency to any other frequency point other than the

filter's resonant frequency.

- 2.3 "HIGH FREQUENCY "OPERATING RANGE

A frequency of 10.5 GHz was selected as the center operating fre-
quency of the filter. The system is able to track and lock to the YIG

filter's resonant frequency in the range from 10 to 11 GHz. A D.C. biasing
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circuit sets the operating point of thé VCO at 10.5 GHz;

A distance of 5.1 m (17 feet) ﬁas required between the two units to
provide sufficient insulation. Therefore, a dielectric waveguide with a
high resistivity was perfectly suited to this requirement. Because of its
availability and suitable characteristigs, a teflon dielectric rod was
chosen. In order to obtain a single propégation mode and minimum losses
in the operating frequency range a diameter of 1.8 mm (3/4 inch) was selec-
ted. Cylindrical metal launching devices followed by cylindrical—to-
rectangular waveguide transitions were installed at both ends of the wave-
~guide. The dielectric waveguide consiéts of three sections screwed to-

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

2.4 BIASING I.C. MAGNETIC CIRCUIT

In order to have the YIG filter operating in the frequency range
from 10 to 11 GHz, a biasing D.C. magnetic circuit was needed. Since no

electrical power 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 characteristic of

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

ter for the biasing field H, = 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.

Atk Mt AE b §
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Chapter 3

EXPERIMENTAL PROCEDURES

3.1 ‘INTRODUCTION

Several experiments were conductgd to evaluate the performance of
‘? : the current transducer under simulated operating conditions. Most of the
experiments were carried out in the laboratory. A final calibration of the

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

high D.C. current generator.
The test prototype differed somewhat from the final version, namely,

the dieiectric waveguide was one third of the required length.

3.2 'ATTENUATION MEASUREMENTS OF THE MICROWAWVE SYSTEM

In order to evaluate the attenuation ir. the microwave transmission
system an experimental arrangement shown in Fig. 3.1 was used. The track-
ing system was operating in the seeking mode: An oscilloscope operating in

the x - gy 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 the square law region the attenuation could be measured di-

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

system was tracking.

ey
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3.3 'EXPERIMENTAL ARRANGEMENT FOR 'DYNAMIC ‘MEASUREMENTS

An experimental setup for dynamic measurements is shown in Fig. 3.2.
The YIG filter was coupled to the locking system by means of an X-band
attenuator in order to simulatg the attenuation in the microwave system.
The open loop gain was made adjustable. The incoming and outgoing signals
wére separated by a circulator. Two tungng coils were placed near the YIG
filter and driven from a function generator to provide variations in fhe
YIG filter resonant frequency. The coils were 50 mm (2 in.) in inner dia-
meter,.l2 mm (1/2 in.) in length and consisted of 500 turns of a 0.5 mm
aiémeter wire;

The YIG filter used was a custom made YIG-TEK model 141-1. It was
mounted in a Plexiglas holder witﬁ two adjuctable permanent magnets which:

were used to set the operating point of the filter.

3.4 MEASUREMENT OF FREQUENCY AND PHASE RESPONSES
A test setup for frequency and phase response measurements is shown

in Fig. 3.2. A 0-40 kHz function generator was used to supply the tuning

coils, The coils were positioned near the YIG filter so that their magnetic

field could tune the filter. The coil current was measured using a resistor

in series with the tuning coils.

For convenience the frequency response was obtained indirectly. Both

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

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

response then was calculated.

ey
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The phase response was obtained directly. Care had to be taken during
these measurements te avoid large input signals which could cuase non-

linear operation of the system.

3.5 MEASUREMENT OF THE RISE TIME

-

A test setup for rise time measurement 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 tire 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 output signal at which the system can track expressed in V/s.

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

current amplitude was increased until the system became unlocked (started
seeking). The maximum output amplitude before the system started seeking

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

calculated at different frequencies.
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3.7 HARMONIC DISTORTION

The harmonic distortion was evaluated using a test setup shown in
Fig. 3.2. A sine-wave funcﬁion generator was used to supply the tuning
coils. A spectrum analyser was connected to the output of the tracking
system. The input signal amplitude was kept small enough to avoid non-

linear operation. The spectrum of the input current signal was compared

with that of the output.

3.8 OUTPUT SIGNAL VERSUS SUPPLY VOLTAGE

The measurements were done usipg a test setup shown in Fig. 3.4.
A variac‘was used to change the supply voltage. The VCO was locked to the
resonant frequency of the YIG filter which was.adjusted by means of the
magnets until the output of the system reached a 1evél of.5 V. The power

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

3.9 . NOISE

A test setup shown in Fig. 3.5 was used for noise measurements.
The VCO was locked to the resonanﬁ frequency.of the YIG filter résulting
in a D.C. signal at the output of the system. An oscilléscope 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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3.10 A.C. OUTPUT TEMPERATURE BEHAVIOUR

A test setup shown in Fig. 3.6 was used to observe the behaviour
of the tracking system in a temperature range from -350C to +600C. The
amplitude of the coil current was increased until the maximum slew rate of
the system was obtainéd at the output. An oscilloscope connected to the

-

ocutput was used to determine whether the system was tracking.

3.11 D.C. OUTPUT TEMPERATURE BEHAVIOUR

A test setup shown in Fig. 3.7 was used to observe thé output signal
of the tracking system over a range of temperatures from 20°C to 60°C.
The VCO was locked to the resonant frequency of a tunable cavity placed
outside the environmental chamber. A tunable cavity was chosen to make sure
that the inpuf signal would not vary with £he ambient temperature.

The variatiéns of thg output were observed using a voltmeter. A

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

3.12 TEMPERATURE BEHAVIOUR OF THE BIASING MAGNETIC CIRCUIT

A test setup shown in Fig. 3.8 was used. The YIG filter mountéd in
the hoider was placed into the climatic chamber. The VCO was locked to the
resonant frequency of the YIG filter. an arbitrary'operating point was
selected by aajusting tﬁe separation of tﬁe permanént magnets. A Qoltmeter

connected -to the output of, the tracking system determined the output signal.
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3.13 CALIBRATION OF THE SYSTEM

The output voltage'vs. resonant frequency of the YIG filter was mea-

sured using an experimental setup shown in Fig. 3.9. The VCO was locked

to the YIG's resonant frequency. The coil current was varied in order to
change the magnetic field strength and thereby the'resonagt frequency of
the filter.

Two other arrangements unvolving high current generators were uéed.

The first one with a high A.C. current source, shown in Fig. 3.10 and 3.11,

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

biaising magnetic.circuit. The secohd one, assembled in the.Manitoba Hydro
Dérsey converter statidn;utilized a high D.C. current source. The mgasure-
ment setup is shown in Fig. 3.12 and 3.13.. In bothAéasés,adutpﬁt volﬁqge

of the tracking system vs. the amplitude of the current in the bus line

were measured.

I
|
i
i
i
|
i
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Chapter 4

EXPERIMENTAL RESULTS

4.1 ATTENUATION OF THE MICROWAVE SYSTEM

Return loss measurements were carried out in a frequency range from
10 to 11 GHz. Theoretic;l calculations indicated that a frequency band of
400 MHz was required to cover the whole range of test currenﬁs. A frequency
range where attenuation was minimal was selected for the prototype.

Figure 4.1 illustrates the return iOSS'vs, frequency ovgr‘é frequen-
cy range from 10.4 to 10.8 GHz. The system is matched at the resonant fre-
quency of the filter. By comparisoh-with.the,full reflection. level

(Fig. 4.3), a return loss varying between 2.5 and 5dB was calculated.

"

Figure 4.1: RETURN LOSS VS, FREQUENCY

 peaxis: output detector. 0.1 V/div.
" X -axis © VCO frequency. 100 MHz/div.
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The output detector level when the system is tracking is shown in Fig. 4.2.

Figure 4.2 : DETECTOR OUTPUT VS. FREQUENCY; TRACKING SYSTEM ON.
¥ - axis . detector output. 0.1 V/div. '
X~ axis.: VCO frequency. 100 MHz/div.

It was found that in the selected frequency range the YIG filter
"115 qulte well matched . at resonahce. These measureﬁents were done w1th a

"dlelectrlo.weveoulde of one thlra of the requlted length However,ylt lS
‘*iknown [8] that the losses in- the dlelectrlc waveguldeb(about 0. 15 dB/m)

e-remaln small compared w1th the losses in the launchlng dev1ces.,ﬁ.-'

o
|
|

o

t‘.It was verified eXPerimentall‘y that'most:of the poWer"is-trahsmitted=u::_"

ihside.the dielectric,“the:eleotrOmagneticlfield’does not;expand outside -
» 3'the;rod” [81 and,therefore would not be perturbed by a huShing,insulator-_

- surrounding the waveguide. i
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Figure 4.3 : FULL REFLECTION LEVEL VS. FREQUENCY
Y+=axis: detector output. 0.1 V/div.
X - axis ;- VCO frequency. 100 MHz/div. -

. 4.2"FREQUENCY‘AND'PHASE*RESPONSES
Frequency and phase responses of the system for two dlfferent atte-'

’fnuatlons in the mlcrowave llne are. shown in Flg. 4 4 . The value of 6dB re- ';,

'~'turn loss ‘was. chosen as- a maxlmum attenuatlon expected in the mlcrowave
"system._Small dlfferences appear only at hlgher frequenc1es (above lO kHz

.; in the amplltude characterlstlc and above l kHz for the phase).

1 P
L

. 4.3 'TRANSIENT RESPONSE
. The tise time of the system was measured for different attenuations

"in the microwave system. The rise time of the input square wave was 5us.
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For a return loss of 6dB the rise time of the system was 300 us.

: Flgure 4.5 TRANSIENT RESPONSE OF THE SYSTEM

bottom © " :input signal 10 V/div. or 1.5 mA/dlv
top - . routput signal 100 mV/div.

- timescale . :1 ms/div.

'.4 4 SLE'W RATE
:A The slew rate of the system is. plotted in Flg. 4 6 as a. functlon of

:-frequency. As expected, it changes very llttle w1th frequency 51nce it t'

"'_.depends only on the characterlstlc of the YIG fllter and the open loop

":galn..The average value was’ found to be about 4 V/ms whlch 1s equlvalent
, g _ . v S :

S to 12 kA/ms in the bus (see the callbratlon curve of the. system- Flg. 4 17L

‘NO 51gn1f1cant changes of the characterlstlc were observed for the return




[TUDE [dB]aaa

AAD
LR T AN

A

MAXIMUM

Figure 4.6 : SLEW RATE CHARACTERISTIC '
’ -5
o '
[ ]
e . .
L
(o]
e N

MAXIMUM SLOPE [V/ms] ooo

0.0l

L K |
L RTeY ' 0

FREQUENCY [k Hz]




38

losses up to 10dB. Above 10dB level, the system becomes nonlinear.

4.5 HARMONIC DISTORTIONS

- The harmonic distortions measuiements were done at input signal
frequencies of 100 Hz and 1000 Hz. The output signal amplitude was I V.
peak-to-peak. fhe harmoniclaistortions were computed as-the ratio of the
square root of the sum of the squared amplitudes: of the~haimonics to the
amplitude of the fundamental.

At both frequengies.the harmonic distortions of the inéut signal
were below 0.07% (Fig. 4.7). The'harmonic distortions of the output
signal were 0.08% at 100 Hz and 0.18% at.lodO Hz (Fig. 4.8 and 4.9).

These resultS'indicate'the>high linearity‘pf the system.

i
3

£

3
noo

T

i

3

Figure 4.7 : INPUT FREQUENCY SPECTRUM -
Y-axis :'10 dB/div. S
X - axis : 200 Hz/div.
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Figure 4.8 : OUTPUT FREQUENCY SPECTRUM (100 Hz)
y-axis : 10 dB/div.
X -axis : 200 Hz/div.

#Figure 4.9 OUTPUT FREQUENCY SPECTRUM (1000 Hz)
: - ‘y-<axis : 10 dB/div.
x-axis : 2kHz/div.
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4.6 OQUTPUT SIGNAL VS. SUPPLY VOLTAGE

No significant variations of the output signal level were observed

when the supply voltage was varied from 75 to 135 V. Below 70 V. the

system fails to operate.

4.7 NOISE MEASUREMENT

The noise level for 6 dB return loss was found to be 2 mV. The noise

i

level should depend on the open léop gain, however, no changes were obser-
ved when the open loop gain was increased by 6 dB. A .60 Hz component of

2 mV (peak-to-peak) was observed (Fig.4.lOL,The-resulting signal-to-noise
ratio for a nominal line current of 2 kA is 50 dB abd is 25 dB for 100 A

line current. :

.- Figure 4.10': D.C. OUTPUT S{GNAL AT THE NOISE LEVEL
' Y- axis .5 mV/div.
Xx-axis : 5 ms/div.
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4.8 "A.C. ‘OUTPUT TEMPERATURE BEHAVIOUR

With 3dB return loss, the system was tracking at its maximum slew
rate over a temperature range from =-15°C to +60°C. Below =-15°C the
open loop gain became too low to keep the system tracking. The reason for
this is that the open loop gain decredsed with the temperatﬁre. By decreas-

-

ing the return loss to zero, the system was kept tracking down to -35°C.

4.9 D.C. OUTPUT TEMPERATURE BEHAVIOUR

The D.C. output voltage offset vs. temperature characteristic. is
shown in Fig. 4.11. The VCO frquency did not vary more than 0.03 IHz
during thé test. However, a temperature dependence on the output was de-
tected. This effect is attributed to the te%?efature sensitivity of the

YIG tuned oscillator.

4.10 TEMPERATURE STABILITY OF THE BIASING MAGNETIC CIRCUIT

Figure 4.12 depicts the output voitage_and the frequency change of
_the VCO as a function of temperature. A strqng temperature dependence is
evident. In a range of temperature from +20°C to +500C, the output signal
varied over almost the entire available range. The effect is moit‘probably
due to the thermal expansion of the magnets' holder.

For the selected operating point of the magnetic circuit the magne-
tic field strength in the gap strongly depends on the distance between

the magnets (Fig. 2.6).
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4.11 CALIBRATION OF THE SYSTEM

The input-output transfer characteriétic of the current transducer
is shéwn in Fig. 4.13. The straight line équation was obtained using the
least square mean method. The correlation coefficient 0.997 indicates very
high linearity'of the system. No hysteresis'effeCts were observed.

The results of the A.C. current calibratién are plotted in‘Eig. 4.14.
Two different flanges (shown in Fig. 4.15 and 4.16) were used. In the ar-
rangement shown in Eig.v4.15, the YIG sphere was positioned 18 mm from thé

outside surface of the conductor.

Figure 4.15: HOLLOW FLANGE




OR 16.4 Og /V

| ] [

o\ o 3

- [A] FovIioA IndLno

i

0.5

0.1

u.x.

&)
Bt

O

<

A

-
&
Ll
3z

: TRACKING SYSTEM CALIBRATION

Figure 4.13



4 OUTPUT VOLTAGE [V1 (PEAKVALUE)

.._

:

KN
s

Lo b PEAK VALUES “"HOLLOW FLANGE

1.0 |- | | _ X730 MHz / kA

0.8 — | :
£ | | ' 5 SOLID FLANGE

L

16.6 MHz / kA

AC CURRENT [ kAl
! ~N
2.0 (PEAKVALUE)

Figure 4.14 .: A.C. CURRENT CALIBRATION

9¥




47

.In.the second case shown in Fig. 4.16, it was placed 12,5 mm from

the surface of the conductor.

Figure 4.16 : SOLID FLANGE

legher sen51t1v1ty'to the. magnetlc fleld changes was observed for
>rb:1the hollow flange. It appears that the magnetlc fleld pattern rs more ber—iv_,
‘rnturbed by the SOlld flange shown in Flg. 4 16 A |
:i The results of the hlgh D C. current callbratlon are shonn ln
J{TFlg;34 17 The characterlstlc shown by a solld 11ne nas.measured fast
.enongh to avord heatlng of the YIG fllter by the current flow1ng‘1n the t
Ebllne. The characterlstlc represented.by a dashed llne was obtalned by |

y gradually decrea51ng the current in the llne. 2 temperature effect on

the.magnetic;circuit of the.YIG,filter is evident.
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Chapter. 5

DISCUSSION

5.1 ATTENUATION OF THE MICROWAVE SYSTEM

As was demonstrated in Sec. 4.2 and 4.3, the value of the open loop
~gain has little influence on the dynami¢ behaviour of the system. When
return loss is greater than 104dB the system becomes nonlinear. This is

an advantage since the dielectric line is subject to atmospheric interfe-

rence and therefore an”increase of loss may be expected.
As shown in Fig. 4.17 the available bandwidth of 400 MHz provides

i

wide dynamic range (typically 24 ka).

5.2 DYNAMIC BEHAVIOUR OF THE SYSTEM

chording to . MacDonald [7], a bandwidth of 20 kHz and arise time

of 30us wefe expected for the frequency lock-in system utilized in this

work. The bandwidth and, therefore, the risevtime 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 systém was increased to the highest possi-

" ble value for stable operation. This was obtained by setting the return
loss in the microwave system nearly to zero and by increasing the gain

of the bandpass amplifier. In spite of arise time value ten times greater

than expected, the system remains faster than the existing magnetic

amplifiers.

e a T
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“5.3  'SLEW RATE
For small current inputs, the rise time characterizes the speed of

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

system can become unstable when large inputs occur. In this case the slew
rate becomes the most important parameter characterizing the speed of the

system.

As shown in Fig. 4.6, the slew rate, on the average, is approximately

4 V/ms and is independent of the input signal frequency. This value corres-
ponds to 12 kA/ms which is six times faster than the expected rate of an

interruption of current in a typical H.D.V.C. transmission line.

5.4 ' TEMPERATURE EFFECTS

The results presented above indicate thnat the tracking system and
the biasing magnetic circuit are influenced by the ambiant temperature.

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

perature changes even with an internal heater operating as recommended by

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

thermal effect can be reduced. Since the VCO is located at ground poten-
tial, temperature control does not create any particular technical pro-

blems.

Figure 4.12 shows an unexpected VCO frequency . drift of 7 MHz/©C,
which is due to the change of the biasing magnetic field strength with

ambient temperature. The main cause is the thermal expansion of the
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filter mount. The characteristic given in Fig. 2.6 showé that the opera-
ting point of the magnetic circuit with magnets 5 mm in diameter and 13 mm
in length is 1000 Oe/mm. Tﬁe thermal éoefficient of Plexiglas is
5,-10'5/°C. Since the width of the YIG filter mount is 25mm, the thermal
expansion would be 0.03nm1for a tempera?ure change of 30°C. For an ope-
rating point of 1000 de/mm thermal effect changes the biasing magnetic
field by.300 Oe which, according to Fig. 4fl3' corresponds to 90 MHz;
This value is greafer than expected becéuée of some effects due to the
misalignment of the magnets whén the mount expands.

Elimination of the temperature effects on the magnetic circuit is
much moré difficult because the biasing magnetic circuit is placed at the
high potential level where no power source is available. First of all, as
can be seen ig Fig. 2.6, the diameter of the magnets shouid be ‘increased
to obtain an cperating point of the biasing magnetic field.as low gs pos-

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

homogeneous field in the gap. Secondly a proper design.of the filter

‘mount would eliminate the effect of the thermal expansion. By using a ma-

terial with a low thermal coefficient of expansion, expansion of the
mount would be minimized. Finally electronic compensation to eliminate

the residual output voltage drift could be considered.
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5.5 OQUTPUT STABILITY ZND LINEARITY

Under normal temperature conditions, the output stabiliﬁy can be

evaluated. When the input was a D.C. signal the output varied approxima-

tely +2zV about the average value. According to Fig. 4.17, this corres-
. ponds to 6A or *0.3% of the nominal current. The average deviation
from the straight line plotted in Fig. 3.17 is 6 mVor I8 A. This deviation
is due to the non-linearity of the system and fhe thermal effects on fhe

biasing magnetic circuit. However, the low harmonic distortion mentioned

in Sec. 4.5 implies that the system is highly linear.

5.6 A.C. OUTPUT TEMPERATURE BEHAVIOUR

This test (Sec. 4.8) shows that the system operates in a range of
température from -~150C to +60°C. A decrease of the open loop gain with.

the temperaturs causes nonlinear operation of the system below =-15°C.

5.7 SENSITIVITY TO SUPPLY VOLTAGE VARIATIONS

The result mentioned in Sec. 4.6 shows that the system is relatively

insensitive to the supply voltage variations from 75 to 135 V.

5.8 NOISE LEVEL

The noise level and the residual 60 Hz component could be reduced by

proper positioning of the electronic circuitry.
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Chapter 6
CONCLUSION

The purpose of this sfudy was to>test thé laboratory Prototype of
a new D.C. electromagnetic current transducer de&eloped in the Depart-
ment of Electrical éngineering at the Ugiversity of Manitoba. Environ-
ment testing was condﬁcted under simulated field conditions. .

The resultsvconcerning the sensitivity of the system to temperature
have shown that further studies are necessary to improve the accuracy of
the whole system.

High linearity, fast fesponse and wide dynamic range which are

reported, confirm that the concept of the new D.C. electromagnetic trans-

ducer can prove to be a useful measurement device for H.V.D.C. power

systems.

|
|
i
|
|
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