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‘1. Introduction

_ It was the obJectlve of thxs study to measure power losses occurrlng in
MOV surge arrestors as they were subjected to various voltage excxtatrons ‘s
In partlcular power losses were observed in two MOV devices as sinusoidal
_"voltages of different’ rnagmtudes were applied, at various frequencles in the
range of - typlcal power. frequencies and common harmonlcs Power losses

- were also observed in an MOV dev1ce for applied voltages consmtmg of the
‘sum of 60 Hertz s1nu301ds and a smgle harmonlc ‘

The measurement procedure consxsted of obtalmng dlgltal records '
' representlng the waveforms of voltage across and current through the MOV
_ dev1ce durmg operatlon, power was calculated as the mean of the product of
these d1g1tally represented waveforms “This report contains ‘a detailed
descrlptlon of the 1mplementat10n of this procedure, as’ well as a d1scuss10n'
~of some of its llmltatlons when making measurements on hlghly reactwe
’dev1ces : ' . : * 2 ’

Expenmental results indicate that power losses * in the MOV dev1ces

- studled were prnnarlly dependent - upon frequency of operatlon and peak -

’ amplltude of ‘applied ‘voltage. - The results 1nd1cate ‘that 60 Hertz'
, 'specn‘icatlons given for a particular dev1ce do not in general apply for other
) frequencres or non—smusmdal excitation. :

2 ;Ba'clcg‘_rOund-

‘ Metal Ox1de Varlstors (MOV) are ceramlc devices whlch possess hlghly“
' nonhnear V-1 characteristics [1].- When a small voltage is applied to the

 device, it is virtually nonconductive. However, if the apphed ‘voltage is-

“sufficiently: hxgh the device begins to conduct ‘The voltage at which the
"dev1ce becomes s1gmﬁcantly conductive is referred to as the breakdown, or -
turn-on- voltage for the devrce Once the turn-on voltage has been reached,
~ the device will maintain a nearly constant voltage over a wide range of
_ _currents ‘These characterlstlcs make the MOV _device very useful in'-
vovervoltage ‘protection apphcat1ons The dev1ces also  have the added
’ ‘advantage of being able’ to withstand high power operatlon, and thus are
: wxdely used as gapless surge arrestors in power apphcatlons [2].



l' or use as a surge arrestor, the devnce is operated at” a level such that"”» '
the system operatlng voltage is at. some level sufﬁclently below the device

turn -on voltage Although v1rtually nonconductmg at such an operatmg'::»».

: pomt there is still a small conduct1v1ty assoc1ated wrth the dev1ce, and thus,"-
o small power loss: It is thls small power loss wh1ch thls study mvestlgates, g
and in’ partlcular, the eﬁects that varlatlons 1n operatmg voltage level and ‘,;:
o voltage waveform have upon thls power loss : TSR ST

* Misurlok Pehon (.

I Many standard power measurement techmques usmg conventlonal
" 1nstrumentat10n requlre ‘that. current and’ voltage waveforms be srnusords at

7 . '_st.mdard power frequencnes The MOV, ‘however, is a nonlinear devncc, and
}the current resultmg from the apphcatlon of even a sinusoidal voltage is not,

in:, general sinusoidal. Furthermore, this study entalled the appllcatlon of =

| voltage waveforms whlch were at frequencies other than 60 Hertz, and - also

- noh- smusordal waveforms Thus 1t ‘was requlred that an: alternatlve .
= approach be used. ; _' o s o S

o For any two termmal passwe dev1ce, havmg a voltage, vD(t), across 1ts'7 :
| ”vtermmals and ‘a current lD( )y ﬂowmg through 1t the mstantaneous power‘ |

o consumed by the devrce is- deﬁned as - R

ool - vD(t)iDc)" o

; The average power, Pave, consumed by the dev1ce is. the 1 mean of pD( ) ThlS |

’?'»:L.iv_]_,:‘approach could ‘be physmally 1mplemented by d1g1ta1ly sampllng vD(t) and_i L

ID( ) and caleulating, the mean. of the product- of the two waveforms Such a- o
ethod would allow power consumptlon to ‘be determlned regardless of =

o voltage and current waveshape ‘Such was the approach taken in this study, o
“7a detalled descrlptlon of . the 1mplementat10n of thls procedure is contamed
' m the followmg sectlons ' ' o G




. 31 Sin'gle Frequency Measurements

It was the obJect1ve, in this first part of the study, to apply smusordal-
voltages of dlfferent magnltudes and frequencles, and observe. the resulting

power  losses in an MOV device. In order to fac1htate measurements, ‘the

MOV. was 1ncorporated mto the c1rcu1t shown 111 Flgure 3.1a" of - the -
appendlx ‘ ‘ - .
The magmtude of the voltage, vp(t), whlch was applled to the devrce a

Swas: typlcally in the kllovolt range; the capacitive voltage d1vrder, formed by
T'Cl and C,, was used to provide a more easily measured ‘quantity, vy(t),

- tenths of a volt in magnltude, from which vp(t) could be determined. Device

" current; ip(t), was obtained from the voltage, vi(t), across resistor Ry, which

‘appears in series with the MOV device. The value of RI was chosen small
cenough’ that the voltage drop across it could be assumed: to be ueghglble in
‘comparison to the voltage across. the MOV device. , SR

-+ It should be noted that current ﬁow through the MOV dev1ce 1ncreases

"substantlally ‘as the applled voltage approaches the turn-on level and thus if
- the device is operated at a “high enough voltage, current flow could increase

 to the point where vi(t) was no. longer of negligible magnltude In all power'

measurements descrlbed in thls report, the MOV devices were operated at
levels' low enough that it was. assumed vi(t) could be ignored. 'In the -_
) followmg analysis, the dev1ce voltage, vD(t), Wlll be assurned to be 1dent1cal
to vs(t) : :
B In order to protect the measurement 1nstrumentatlon from possrble
'exposure to hlgh voltages, all measurements were made through buﬁ”er.'
ampllﬁers The two buffer amplifiers used to measure vi(t) and vV(t) were
choson such  that they were nearly - identical in' phase response.

Measurements correspondlng to the device voltage and current would then L

be-shifted 1dent1cally in phase (assuming SImllar waveforms), thus preservmg-
the phase angle between the two waveforms. The phase shift 1ntroduced by -
the buffer amplifier- responses could thus ~be 1gnored m the _pow_er' '
measurement procedure. ‘ IR



When the buffer amplifiers are mtroduced their. mput 1mpedances, RA:_

'and RB, appear in the circuit as shown in Figure 3. 1b of the appendxx Ry :

appears in. parallel with R; and- must be ‘taken into account in the
calculatlon of ip(t) from vy(t). With resistance RB appearing in parallel with
C,, the ‘transfer ratio between vy(t) and vD( ) assumlng they are s1nu501ds,l
vmay be expressed as a complex, frequency dependent quantlty

,Vv(jwl o ,'jwclRB |
Vp(iw) .1+3w(01—+02)RB ’

where" VV(Jw) and VD(Jw) are representatlons of wy(t)- and‘i/‘D(t) "’in. the

" frequency domain. One 1nterpretatlon of (3.1-1) is that vy(t) is simply a

scaled ‘and phase shifted version of the sinusoidal vp(t), with vv( ) leading
.—VD(t) in' phase. This implies that vp(t) may be obtained from vv(t)’ by'
-advanclng the waveform in time and magnlfylng its amplltude by a COnstant -
scale factor. : : : VA L '

g It should be noted here that an applled s1nus01dal voltage w1ll be'_ -
- mgmficantly distorted if it drives the MOV device into its turn-on region; in o

particular, the peaks of the waveform will be suppressed. In this case, ‘

~ equation (3.1-1) and the subsequent analysis would not be accurate.. In all
power measurements described in this part of the report, the MOV devxces )
were operated at low enough levels such that slnus01dal waveforms could be ‘

. assumed

. Referring to Flgure 3 1b the quantltles whlch were’ physncally measured

- were v,(t) and vp(t). These waveforms were digitally sampled and a record

of samples was obtained, representative of at least one period- of the applled -'
voltage waveform. Note that the angular resolutlon of the data record is
dependent upon the sampllng rate. If, for example, a sinusoidal waveform,
: (t), of frequency f, Hertz were to be sampled over one perlod at a rate of

o f, samples per second, ‘then the number of samples obtaxned for that ‘one

- period of x(t) would be

lfy,np‘=fs/fo."_ S PR S (312) |



.The angularspaci‘ng between" consecutive samples would be, in degrees,_'fi.. -
. a8 =‘3'60/np=36():f;,/fs. A s T (3;.1,3)'

Tt was des1rable, in thls apphcatlon, that A(—) be small S0 that phase
correctlon could be preclsely made For a glven f,, this is accomphshed by _
‘ mcreasmg f.. o ' ‘ R

After acquiring the sample records of va(t) and vB(t), the data was
scaled in~ magmtude and corrected in phase such that accurate
"representatlons of the device voltage and current were obtained. A record of .
the device current, ip(t), was obtained by d1v1d1ng the v,(t) data by a
'quantlty equal to the combined parallel res1stance of Ry and Ry, and also'
7d1vrd1ng out the galn of the buffer amplifier. In obtalnmg a record of vD(t)
“magmtude scalmg of the vB(t) measurements - was achleved by s1mple:

'multlphcatlon of the data by a frequency dependent scale factor. Phase o

: correctlon, also a frequency dependent quantlty, was accomphshed by
\shlftmg the data by an approprlate number of points Wlthln the data record
In order to shlft posrtlvely in- phase by ©, degrees the data was shlfted

. e)sfs
S 360f,

(3;144)" |

’samples forward within the data record where f, and £, represent sampllng
‘rate and frequency of the applled waveform, as “before. ~ The exact
magmtude and phase corrections necessary are determined by equatlon (3 1-
1) and buffer amphﬁer gain. These scalmg factors were also checke.dm'
experlmentally ' S N

‘ Havmg performed “the above mampulatlon of the data, the dlgltal':"_ '-
records representing 1D(t) and vp(t) were multiplied pomt for point, y1eld1ng o

" a discrete representatlon of the instantaneous power waveform, pD(t)‘.’V '_

Calculatmg the mean of this product over an integral number of perlods '
prov1ded an estlmate of the average power consumed in the dev1ce ‘



‘ ‘3."2 ’Multiple Frequency 'Measurement,s

In thls part of the study, it was desnred to observe power losses when_
the applled voltage waveform consisted of- the sum of a 60 Hertz sinusoid

and a ‘single - harmonic. Measurements ‘were to be taken for dlfferent'f"‘_
magnltudes of both the 60 Hertz fundamental and the harmomc and also o

for dlfferent frequency harmonics.

» If a capacltrve voltage divider were to be used for these measurements, ‘
a s1mple shift along the time axis would not restore the orlglnal phase
characterlstlcs of the- voltage waveform, as in the s1ngle frequency'
measurements of section 3.1, since there are now two distinct frequencles
-present in the signal. Having knowledge of the transfer characterlstlcs of
.the circuit, the original waveform could be recovered usrng more advanced '
~ digital’ s1gnal processing techniques; however, it was declded to use a
"'rcsrstlve voltage divider for s1mpllc1ty Although, in some appllcatlons, hlgh,
voltage resistive dividers have some problems associated with parasrtlc“’"'
" impedances {3,4], frequencles were low enough that 1t was assumed that the
d1vrder could be con51dered purely resistive. . : -

The circuit used in this series of measurements was 1dent1cal to that
used in the single frequency measurements (Flgure 3. lb) except that
capacitors C; and C, were replaced by two resistors.- POWer calculatlons
were performed as described in section 3.1, except that magmtude scalmg of .
vB(t) ‘was assumed. to be independent of frequency, and no correctlon was '
performed for phase. ‘ ' '

3.3 'Eﬁ'ect “of‘Phase kAngle on Accura.»cy,‘

Recall that for a linear device,. power consumptlon may be related to E
'the phase angle, O, between voltage and current as I

P,ve(@) §=v,,,n,1,,,;scose, e T -_(_?.3_;1)”_. |

. where Vrms and Irms are the r.m.s. values of s1nus01dal voltage and current
4waveforms apphed to the device [5]. Thus for constant V”ns and Irms,’:

.average power varies as COS@



Now consider the e.ﬁect- a' small pertUrbation,: o, 'has on the value of"

L Pave(e): ’:V

‘ Pave((—")-l'b) = “.Vrmslrnlséos(e_l'é)‘

' ;Note'.\,_,hat when O is small d/d(-) {cosO} = s1n(—) is at- a minimum; thereforef o
P aVe(@) changes very little for a small perturbatlon in ©. As © approaches N
90°, however, d/d(—) {cos@} reaches a maximum, and a small perturbatlon in
o results in- a much larger change in P(©). If the perturbatxon, 6,
‘ ‘represents an’ error in_the phase angle between a ~voltage and a_ current _
7 waveform, and the product of the two is used in the calculatlon of average_’ .
'power (as described 1n previous sectlons), then the resultmg error in the -
power calculatlon may be represented as - '

0.5 ‘ Payel : TR 39}
o E'"or( ’.() : 1 Pave(()) v S e EEE (3 3 2)

A plot of thls relatlonshlp for several small negatlve va]ues of b is shown m.'

- ‘I‘ igure 3.3a of the appendlx A posrtrve 6 would produce a sxmllar effect.

Note the dramatrc increase in error with respect to angle as () approaches
- 90°,

~ This relationship of error to phase angle places lirnitations on the' o

.raccuracy which can. be expected -in_ the ‘power measurement procedures o o
B descrlbed in the prevrous sections when the phase angle between voltage andi o

current- is large.. For example, a small inaccuracy in ‘the phase correctlon'."'_ o
factors for the capacitive voltage divider described in section 3.1 could result

in d1sproportlonately large errors in the power calculation. Slmllarly, large"'- _
errors would arise in measurements obtalned using the resistive d1v1der of
section 3.2 if parasitic reactances in the resistors produced an adequate
amount of phase shift. These results are s1gn1ﬁcant because the MOV is

hlghly capacltlve when operatlng below turn-on, and therefore the phase_'__-' .

anglo between voltage and current will tend to be qulte large



" Note also that the procedure of 3.1 (capacitive divider) involves a
discrete phase correction, and the precision to which this correction can be
made,, even if the necessary angular compensation is exactly known, is
limited by the angular resolution, which was referred to as A© in (3.1-3).
Assuming the correction is made to the nearest data point, ‘the gr'eatest

angular. error, (5 which is possible is * 1/2 A() or from the expressxon for
‘AO in (3 1- 3)

 §=180fff,=+1806,T, (343)

_degrees‘v’, “where T, is the sampl'ing period‘ 1/f, ¢ may . be decreased by
-increasing the sampling rate; f;, but there are limitations on how fast one
can sample. Also, if the collected data is to represent at least one period of
the applied waveform, more data must be stored as f; is increased, requiring
that more memory be available, and with more data points representlng the
waveforms, more mathematlcal operations -are’ 1nvolved in processmg the
data, resultlng in 1ncreased calculatlon time.

When the phase angle between voltage and current 1s very high, greater
accuracy ‘may be achieved by plac1ng a known resistance in parallel with the
MOV dev1ce, and then performing a power measurement for the parallel
network The phase angle of the parallel network is less than that of the
MOV alone, and so the accuracy of the measurement is 1ncreased Power ‘
~loss i m the resistor may then be calculated as V /R and subtracted from the
net power to y1eld power loss in the MOV device alone. This technique was -
~found to be very useful in making power measurements at higher phase
angles, where the slope of the error versus-angle relationship becomes very
- steep. ‘ '

4. Experirnenta.l ‘Results i

Dlgltal measurements and numerlcal processing were performed w1th a
Data 6000 waveform analyzer unit, which was programmed to perform the
power calculatlon procedures Typically, several measurements were made
consecutlvely, ‘and the results. averaged to obtain the final result The
number of samples used in each data acquisition was 2048, chosen on' the

7 bas15 of avallable memory resources. Sampling speeds were such that the



‘ 'mlmmum number of pomts per perlod was around 1400 From (3 1 3) thls
' 'vcorresponds to an angular resolution of at least. A6 = 360°/1400 =0. 257°
‘_.ngh voltage waveforms were obtamed using a Behlman 6000 VA A. C power ,
supply, the output of Whlch was stepped up usmg a small 10 kVA~ :
dlstr1butlon transformer ’

e 4;1.,_Sing.le Frequency Measurements B

‘ Two devrces, each from dlﬂerent manufacturers, were tested They will
be. referred to ‘as sample ‘A and sample B. Physically, both dev1ces were
; dlSCS, possessing an outer dlameter of 2 mches and a thlckness of 3 /4 inch.
60 -Hertz specifications for- dev1ce A mdlcated a current flow of 1mA
‘(presumably peak value), w1th an applled voltage of 3230 volts, peak
amplltude Speclﬁcatlons for devrce B were - 10 4mA peak at” 3680 volts, c
peak : e

v The res1stors and capacrtors used in the measurement c1rcu1t Flgure
~3.1b; " were measured under low voltage ‘conditions to within 1%. Current

E "‘sensmg res1stor Ry was- 9301 Input lmpedances of the buffer ampllﬁers, RA'
” "‘and RB, measured shghtly more than 2K() C,, the low voltage element of -

~ the voltage d1v1der, was 0. 94,uF the high voltage element Cl, was an orl-f ‘
‘ ﬁlled h1gh-voltage capacltor measuring 96pF. ' : ‘

. E bcahng factors computed for the voltage dnvrder based ‘on the abovev

: values were checked experxmentally Magmtude scahng was checked by use
o of a dlgltal network analyzer, and was found to be accurate to Wlthln 1% V
Phase correctlon factors were. checked by taking measurements ‘with the
';MOV in the measurement circuit replaced by a high-voltage’ resrstor, and
using the calculated correction factors to generate records of vp(t) and ip(t).

"‘The two: d1g1t1zed waveforms were then' ‘displayed, and 1t ‘was’ v1suallyil, ’
. ascertained that the phase difference between the two was zero. At several

. ‘frequencres, the phase dlﬁ'erence between ‘the two records d1d not appear to
“be exactly zero; the correction factor used in the MOV measurements was -

’that whlch experlmentally aligned the two 51gnals The greatest error ° -

- ‘observgd was at 60 Hertz, Where ip(t) appeared to lead VD( ) by about 2° -
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, Power losses were observed for the two dev1ces for applled smus01dal rr
voltages which were 35%, 50%, 70%, and 80% of the manufacturer specrﬁed :

turn-on voltage, and at frequencles between 60 and 1020 Hertz. Average |

power losses measured for the two devices have. been plotted versus'
frequency in Flgures 4. 1a and 4.1b. ’

It ‘was noted that the turn-on characterlstlcs of the dev1ces were
somewhat frequency dependent ‘Plotted in Figure 4. lc are the peak values
of applied sinusoidal voltages which were found to cause a peak current of _
l() rnA through the devrces at several different frequencies. '

Also in¢luded in the appendlx, in Flgures 4.1d through 4. lk are plots of
mstantaneous voltage, current and power waveforms resulting in a few of
the - smgle frequency tests. It should be noted that the srnall splkes f
~appearing in the current waveforms (and consequently in’ the power §

waveforms as well) were produced by the power supply, and are not a

‘characterlstlc of the MOV’s conduction. Also included for 1llustratlon, “in
Flgure 4.1, are similar plots for device A as it is JllSt begrnnlng to turn on,
and m Flgure 4,1m, for 2 shghtly higher applied voltage B

: 42 Results For‘Ad-ded Harmonics ,

ln thrs portlon of the experlmcnt two synchronrzed smgle l'requency o
'smusords, one at 60 Hertz and one at an odd harmonic frequency, were
mixed together to produce a voltage waveform. -The harmonic signals were
aligned with the 60 Hertz sinusoid such that positive zero crossings would be
coincident in tlme, ie., the two signals, when added together, would have

Ry constructive peaks. The srgnal was constructed by additively comblmng thef '

outputs of two synchronized waveform generators The devrce tested was
v sarnple A, as used in the single frequency measurements. : , ,
| The values of Ry, Ry, and Rp were. 9302, 2K(2, and 2K, as before As
for the resrstlve divider components, the low-voltage res1stor was 500ﬂ and“—_
_the hlgh voltage resistor measured 9. 7MQ wrthm 1%. e
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o In ‘the ﬁrst series. of measurements the 60 Hertz. fundamental was kept
at a constant magnitude, while the harmonic component was 1ncreased in -
magnitude from zero until the device was near turn-on. Measurements were
‘performed for fundamental component voltage magnltudes 50% and 70% of
'turn—on, and for 3rd, 5th, and 7th harmomcs Results are plotted in Figures .
4.2a and 4.2b. L '

In ‘the second series of measurements, the peak voltage of the 60
Hertz/harmonlc combinations were to be kept constant but the frequency of
the harmonic component was varied. For one set of measurements, the 60
- Hertz cornponent had magnitude 50% of the turn-on voltage; in a second set
of meas»urements,r the 60 Hertz component had magnitude 70% of turn-on. In
both ¢ases, however, the harmonic components were of magnitude such that,
~ when added to the 60 Hertz components, the resulting waveforms had peak
* values equal to 80% of the device turn-on voltage. Thus, both ‘wav‘e’forms
had identical peak voltages, but the _magnitudes of the frequency
components were of different proportion. Results from this series of
- measurements are plotted in Frgure 4.2c, for harmomc frequencres between
180 and 1020 Hertz. :

Plots of instantaneous voltage, current and power waveforms are
mcluded for this series of measurements also, in Figures 4.2d through,4.2e.

4.3 Discrepancy Between the Two Experiments

It should be noted that a discrepancy was observed between results
obtained using the capaéitivc voltage divider and those obtained by use of
the resistive voltage divider. In particular, the results obtained for the
’ addltlve harmonic experiments, which used a resistive d1v1der, when the
‘harmonic was of zero magnitude (the waveform was a 60Hz sinusoid) were
around 25% lower than the power losses calculated in the single frequency
' measurements at 60 Hertz for the same dev1ce, where the capacmve voltage'
divider was employed.

Clrcult element values were too well known for the error to'have been a
- result of inaccurate magnltude scaling, thus the posmbrhty of phase errors,
' as. dlscussed in section 3.3, were examined. : o



The phase angle between MOV voltage and current for the 60Hz:’
measurements was: measured to be 80°.. From (3. 3—2), this- 1mp11es that the

"_phase error would have to be about 2° too:large if the resistive d1v1der were

‘ 'at fault ~The possnblhty that parasmc ‘reactance in the re51st1ve d1v1der'
could cause such a phase’ shlft was mvestlgated however, it was found that
the magnitudes of these reactances would have to be enormous in. order to
7 roduce the 2° phase shift. ' '

L Turnlng to the capacltlve d1v1der, (3 3-2 ) reveals that a phase angle 20
'smaller ‘than ant1c1pated or equlvalently, a phase correctlon factor 2° too

:large, could cause the observed error. Conductance in Cl was 1nvest1gated ,

 but was found to increase, rather than decrease, the phase angle in questlon
It was’also determlned that an inaccuracy of 7% in ‘the value of C, could .
d_ ‘cause thls magnltude of error; but it is unlikely that the measurement of this
4 component was so 1naccurate Finally, the error was traced to the use of
the experlmentally obtamed phase - correction factor,_ rather than . the -

'theoretlcally calculated one. Recall from sectlon 4 1 that a 2° dlscrepancyi AR

arose in checklng the phase correction at 60 Hertz experlmentally Use of -
" the expenmentally obtained result would account for the 2° excess: 1n the
bphase correctlon factor. Error in the experlmental result is. suspected since
it is known to have been erroneous in at least one other measurement (whlch
- 'was removed from the results given in this. report), 1naccuracy in’ thc-»
_expenmental phase measurement was most likely a result of not properly :
allgmng the data  records durmg the v1sual mspectlon procedure, as’
descrlbed in sectlon 4. 1 ' ' o

" 5. Discussion

_ Upon- observation 'of ‘the single frequency measurements, plbtted in
Flgures 4.1a and 4.1b, it is obvious that, in the frequency range observed

al power. loss in both- MOV devices increases with frequency, upon a first

approxlmatlon, this. increase appears to be nearly linear. It is also noted, ‘
~that the s]ope of the curves increases as “the magmtude of the apphed-
‘ ',voltage is increased. Figure 4.1c indicates that the turn-on voltage of the E
dev1ces also apparently rises with frequency, which is p0851bly ‘due to the
E dev1ce not having enough time to ful]y turn on at higher frequencles '
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Flgures 4.2a through 4.2¢c 1llustrate the power losses observed in an.

M()V device when the applled voltage was a 60 Hertz sinusoid with an =

..added harmonrc In observing Figures 4. 2a and 4.2b, peak applled voltage_j o

seems to be the prime influence on power loss, although a slight frequency
dependency is apparent; this is indicated more clearly in Figure 4.2¢.. Losses '
- appear to rise slightly for harmonics progressively higher than the 5th this
would be- expected from the single frequency results. For the chosen peak
voltage, the waveform which included the third harmonic caused the device
to begln to turn on; hence the unexpectedly high value of power loss at the
v"thlrd harmonlc in comparison to higher harmonics. It was assumed _that_ the
device entered turn-on only for the third harmonic because of the lower
- turn-on voltage for  this frequency. Figure 4.2¢ also shows- that of
‘waveforms possessing equlvalent amphtudes, the waveform contalnmg the
greater 60 Hertz component (curve 11) produced generally higher power
losses, “particularly at the lower frequencies. A curve from the smgle
frequcncy data, labeled ' 'S", was' included in Figures. 4.2a and 4. 2b, and ;
supports this trend, i.e., the pure 60 Hertz sinusoid produced a higher power
loss  than waveforms of "equal amphtude, but containing a srnaller low
*frequency (60 Hertz) component. R

Note that in the figures referred to above, the dlscrepancy between the " L

two experlments, as discussed in section 4.3, is apparent. Ideally, the ﬁrst
. points of the S" curves should coincide with the corresponding multlple-
frequency points. Whlle this dlscrepancy is great enough to be perceptlble,'
the comparison of the two data sets, nonetheless, should effectrvely '
demonstrate the observations described above ' '

In summary, power loss in the MOV devices studled appears to be
highly dependent on operating frequency when smusordally excited. In the
case where harmonics are present in a 60 Hertz sinusoidal voltage waveform,
losses appear to be primarily influenced by the peak amplitude of the
‘waveform, and only slightly affected by the frequency of the harmonic. On

" the whole; the data collected in this study demonstrates that 60 Hertz power

v specviﬁ'cations for these devices are not, in general, accurate for non-60 Hertz
~or non-sinusoidal operation. This is an important point which should be
~considered when designing an MOV device into a non-60 Hertz application.
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Figure 3.3a Percent error in power calculations resulting from several small
perturbations in phase angle.
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Figure 4.1a Single frequency power loss in sample A at 35%, 50%, 70%,
and 80% of turn-on ( 3230 volts, peak ). '
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Figure 4.1b Single frequency power loss in sample B; turn-on at 3680 volts.
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Figure 4.1¢ Sinusoidal voltages which produced peak currents of 10 mA in
' devices A and B. ' ' ’ o
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Figure 4.1h Sample A, operating at 420 Hz, 50% of turn-on.
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Figure 4.1i Sample A, operating at 420 Hz, 80% of turn-on.
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Figure 4.11 Sample A, beginnixi_g to turn on. V=2170 volts, rms.

/\\/\

SECONDS

AUy v

15 mA

SECONDS
30w

GECOMDS

Figure 4.1m Sample A, at a slightly higher voltage. V==2200 volts, rms.
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Figure 4.2a Power losses in sample A, 60 Hz component at 70% turn-on
(3230 V). |
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Figure 4.2b Power losses in sample A, 60 Hz component at 50% turn-on
(3230 V).
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