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SUMMARY

An analysis of the available null methods indicates that difficulties
are encountered with the accurate determination of the ratio and phase
angle errors of potential transformers in which voltages in excess of
30 KV are involved. The use of a high voltage condenser with a negli-
gible loss angle has become universal. The uncertainties of the auxiliary
apparatus in the different methods together with the circuit arrangement
set a definite limit to the overall accuracy of the measurements.

This paper describes a simple set-up which is capable of high
sensitivity and accuracy of observation and derives theoretical €xprés
sions for accurate calculations. Vector diagrams are presented l:GT
balance conditions. The factors influencing convergence and sensitivity
are also considered. A brief description of the character of measuring
equipment and technique employed precedes an investigation into errors
of typical single-phase and three-phase high potential transformers under
various load conditions and some comparative data are also obtained.
The paper concludes with a discussion of test results.
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. INTRODUCTION

The growirj.g tendency of transmitting power at extra-high voltage i
a constant review of measurement techniques of high voltages gAS HECEASHAIES
measurement 1n high voltage work is the determination of 1he'rati n ln;porlant
angle errors in high potential instrument transformers since the aCC?]r:: Prhase
tests enters directly into the charges for electrical energy. The various y Gth the
of testing potential transformers are conveniently divided into the f; methods

b ollowing t
classes: Comparison Method and Absolute Method. For purposes of rful;:ao

testing, 1t is common practice to employ the comparison method requirin
a standard transformer of the same nominal ratio as the transformer undei
test. The ratio and phase angle of the standard transformer are themselves
determined by an absolute method. The absolute method of measurement of
errors is, therefore, of greater significance than the comparison method and
the null methods in this respect offer the most convenient means of assessing
the performance characteristics of potential transformers.

The object of this paper 1s two-fold: firstly, to review the laboratory methods
for the measurements of the ratio and phase angle errors in potential transformers
in excess of 30 KV; secondly, to present the study of an accurate and precise
method of determining the errors using a condenser-potential-divider in conjuncs
tion with a thermionic-amplifier-detector.

2. GENERAL CONSIDERATIONS

The potentiometer principle forms the basis of null methods of testing
potential transformers. A fraction of the secondary voltage is set in opposition
to an equal portion of the primary voltage derived from some form of potential
divider. Since the voltages differ in phase on account of the impedance drops
in the windings, a suitable phase shifting device is incorporated in the system.
The measuring circuit is adjusted to indicate a balance of magnitude as wel.l as
of phase on the detector. The ratio and phase angle are found from the settings
of the circuit in this condition.

For low and moderately high voltages the impedance on the hfgh voltage
side can conveniently be a resistance-potential-divider. At all' points of the
divider the current should be proportional to and in phase with the voltage.
In potential transformer testing where resistances above 100,000 .ohms are
involved, capacitance presents a Serious problem. For mst_ance, th§ lIT}Pedﬂ“Cf‘f
of a resistor having a d.c. resistance R shunted by a capacitance Cis given.by:

Z - R(l — w*C2R?) — jwCR?(l — «*C*R%)
where '
w = 2w x frequency

SO that the a.c. resistance is
R.. . R(I = jo*C'RY)

and the phase angle is 5
. 8 = arc tan (— «CR)

12
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The phase error is thus nearly proportional to the frequency, the S
and the resistance, while the fractional error in the a.c. resistance js of It)h't"!tam:e
order of magnitude as the square of the phase angle in radians, [ practii:arne
self-capacitance is not lumped between the resistor ends: each element ot: the
resistor has a capacitance to earth and to the conductor. Neverthelegs the
above expressions show the trend in the relationship between the — » the
and the magnitude of the resistor. angle

In order to keep down the dissipation of a large amount of power it ;
however, necessary to use a resistor of a large value. In any form of practicl;i
construction this is accompanied by an increase in capacitance so that the phase
angle will thereby increase in proportion to the square of the resistance The
only practical remedy is to have an elaborate shielding system to redyce the
phase error to a reasonable ltmit. In the 132 KV shielded potentiometer
described by Welles the net phase angle at a frequency of €0 cycles per second
ranges from — 7 at 44 KV to — 4’ at 132 KV. Shielded resistors are installed
at the Bureau of Standards and with some refinements at the National Physical
Laboratory. England. for voltages up to 30 KV. At the National Physic]
Laboratory, England, Davis has designed a shielded resistor with a phase angle
of 0-7" at 40 KV and the resistor due to Bowdler is suitable for the measurement
of magnitudes up to 100 KV. At high voltages the determination of time
constants of such resistors poses a difficult problem and in any case the apparatus
is cumbersome and costly. In precise work a resistor cannot be recognised

as the best proposition for the present purpose.

The success of high voltage condensers has led to several methods of
testing potential transformers in which condenser potential-dividers are employed.
Two types are of interest—air condenser and compressed gas condenser. The air
condenser has a dielectric of air at atmospheric pressure, while the compressed
gas condenser has as the dielectric gas held under high pressure, The formeris
readily influenced by dust and humidity and its bulk is a serious defect. The
latter is compact and portable, constant in capacitance, completely shielded and
practically free from losses. It is built even for a working voltage of the ordef
of 500KV. A modern compressed gas condenser possesses the necessary
characteristics of a reference standard principally for voltages in excess of

30 KV.
3. METBHODS FOR LABORATORY TESTS

The method developed by Churcher is shown in Fig. 1. The high and lov .
tension windings of the transformer to be tested are joined together so that the
applied primary voltage acts in the same sense as the induced secondary voltage:
as shown by the arrows. The junction of the two windings is earthed. 'I:hf-'
condenser C, and C, form a condenser-potential-divider, their junction being
connected through a shunted vibration galvanometer. The secondary of a smal
mutual inductor M and one end of an auxiliary mutual inductor m are connected

; . : e
lo the earthed point. The condenser C, is a standard air condenser and th
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condenser C, usually consists of several fixed mica standards in paralle] wij
a variable air condenser. The necessary phase compensation is effected by‘t‘}:h
€

— -

FiGg. |

mutual inductor M, the primary of which, in series with a resistance Q, is
joined across the auxiliary terminals. Shields are provided for M, the vibration
galvanometer G and its shunt and C,; the lead joining C, and C, is also shielded.
All the shields are joined together through the secondary of m to the earthead
point. Balance is secured by regulation of C,, M, varying Q also if necessary, with
the test burden B. The switch contact 2 serves to effect subsidiary balance.

Yoganandam has described a method in which the arrangement utilises the
chering bridge equipment as shown in Fig. 2. The windings of the transformer

)
F

e = ]
— RO
oo

.;"-' J

!

g earthed. The secondary with the

are joined in ition. the junction bein ,,
opposition, ) d of a variable mica condenser G

test burden B closes on a branch compose
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in series with a low resistance slide wire and a variable resistance S, The volta

divider across the primary side consists of the high voltage condenger C i
series with the resistance R shunted by a variable condenser C;. The condei:ls n
C, is chosen so that C,/C, is about equal to the nominal ratio of the tr:msfs;;rm;r
As in the Schering bridge at 50 cycles per second, R may be fixed at 1,000/, ol
so that the reading of Cy in microfarad gives the phase error in tenths of 5 radian
Earthed shields are provided as shown in the diagram. Balance is secyreg b):

adjustment of S and C; until the vibration galvanometer shows zero deflection

Dannatt’s arrangement is shown diagrammatically in Fig. 3. The standard
air condenser C, is connected with a variable resistance R across the Primary
voltage, the secondary voltage divider consisting of two resistances r, anq ry
joined in series with the primary winding of a mutual inductor M. A variapje
condenser is placed across either , and L,, the self-inductance of M or rs, the
two portions retarding or advancing the voltage induced in the secondary of
M respectively. The guard ring of C, is connected to a network y consisting

— ——— — el S = 1

A

Fic. 3

of an inductance in series with a condenser-resistance parallel group. ,Th‘_s
network, as in Churcher’s method, is adjusted successively until the guard circuit
connected to e is at the same potential as b. Balance with the burden B IS
secured by varying R and C until the vibration galvanometer G shows Z€0
deflection.

. . . . L] . ' a\r’e

With a slight modification of Dannatt’s method Jimbo and Sakimura .:;scd

introduced the nerwork illustrated in Fig. 4. C, is a high voltage compfmica
gas condenser with an effective series resistance r,, and C; 1§ 2 decade

: / lead
condenser. The leakage resistance of both the mica condenser and the
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connecting C; and C, is represented by R, and the e} .
; €ctrostatic capaci
cable C,. C, 1s shuntc?d by a fixed resistance re in series witiac;:taTF: of ic
Across the secondary with a burden B js connected a fixed resistance ]Sili : wire,
series

5 R |
= C,
° £,
5 b R _
= ; m ) OM "o C2 TCL SR
S g (6
- ==
Fig. 4

with the primary of a mutual inductor M provided with taps on the secondary
side to suit the nominal ratio of the transformer under test. Balance is obtained
on the vibration galvanometer by adjustment of r, and C,.

The principal defect of a high voltage air condenser is its dimensions on
account of the large clearances required to avoid dielectric breakdown and
losses: proper care is to be taken to maintain cleanliness of the surfaces and
to avoid high humidities. Jimbo and Sakimura have overcome these difficulties
by employing a compressed gas condenser in their method. These investigators
have shown that the defect in quadrature of such a condenser is less than | part
in a millionth of a radian at 50 cycles per second at 80 KV. With the improved
construction especially the present-day compressed gas condenser forms a most

reliable reference standard in high voltage testing.

In the methods of Churcher and Yoganandam the accuracy of the trans-
former ratio rests chiefly on the ratio of the condensers C; and C,. The high

voltage condenser C; presents no serious uncertainty. In precise work, wheq th'e
variable condenser C, consists of several mica condensers in parallcl,.:t is
a matter of great difficulty to determine and allow for the CaPaCilief' ﬂ'}d remdqals
of several units under the experimental conditions. Dannatt, n mtrofiut:l{lg
a refinement by substituting a resistor for the auxiliary cond.enffer, avolds its
. importance in ratio errors. Jimbo and Sakimura achieve a similar result by

placing a low valued resistor across the high impedance auxiliary condenser.
uF, if considerable care

In all the set- ith capacitances below 0-01
t-ups, however, with cap e ep—————

IS not exercised in calibration, the power factor may in
ment may be quite important,

the corrections especially in a phase angle measurement in the circuits
So far as resistance is concerned, the medium-valued resistors ammtln rements
pose no special difficulty in ensuring the highest accuracCy In the measu .
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To accomplish phase compensation the mutual inductor is undoupy
a conven'ent standard and for accurate work it is necessary to know it p;::}’
defect and also the resistance and self-inductance of the primary windin ¢

1ti . i g at
operating conditions. However, methods containing a condenser standag ;l:e
less liable to inductive interference than those using mutual inductance Sta“dard:

In these methods of testing, a vibration galvanometer is employed as ¢,
detector. Since it is a tuned instrument the frequency of the a.c, supply must be
very steady if high sensitivity is to be maintained. However, by InCreasing the
damping of the galvanometer a flattened resonance curve is obtained, thereby
the loss of sensitivity with small changes in frequency becomes much Jeg
important; but the available sensitivity is reduced. Moreover, the sensitivity
conditions involve explicitly the frequency. Hence the vibration galvanomete
is nowadays tending to Le superseded by the extremely sensitive thermionic.
amplifier-detector whose sensitivity is substantially constant over the working

range.

Where the guard electrode of a high voltage condenser is directly eartheg
and not through a Wagner earthing device, an endeavour must be made to
eliminate the effect of the shunting capacitance between the low voltage electrode
and the guard electrode and also of the leakage resistance and electrostatic
capacitance of the shielded lead from the low voltage electrode to the measuring
system. In this respect Yoganandam’s network is open to some error.

4. PRESENT INVESTIGATION

The idealized arrangement of the network for positive phase angle 1s
illustrated in Fig. 5, the phase angle being considered positive when the rctfersed
secondary voltage vector V, leads the primary voltage vector V;. The primary
and secondary windings of the transformer under test are connected in opposition

1:1

— e == P ST — ——

V;A

B
b
el

|
!
I
Agl
i
!
|
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as indicated by the arrows. The junction of the two windings is earthed. Th

standard high voltage compressed gas condenser C, is in series with a st'andarz
fixed mica condenser C,, the circuit being in parallel with the primary of the
transformer. The secondary is provided with the usual test burden B in parallel
with which is a branch consisting of a high fixed resistance R, in’series with
a variable resistance R,. The necessary phase compensation is effected by
a variable decade mica condenser Cy placed across R,., D is a highly sensitive
thermionic-amplifier-detector connected through a screened lead and a one-to-one
ratio transformer to the network. To avoid difficulty due to stray fields and
any tendency to instability, the amplifier system is efficiently shielded and appro-
priately earthed and kept at some little distance from the network. The lead
connecting C; and C, is also screened. Every component is enclosed in a metallic
sheild connected to earth. By providing an earthed metallic enclosure to the
measuring system the influence of the electric field of the high voltage electrode
of C; is eliminated. Balance is secured by adjustment of R, and C,.

In the case when the reversed secondary voltage V, lags on the primary
voltage V,, that is, for negative phase angles it is necessary to transfer the
position of the condenser C;z in the set-up as shown in Fig. 6. In order to

Vi

FiGg. 6

stment the condenser C, is connected across

btain a f ase angle adju
. obtain a fine phas £ ] branch.

a section of the high resistance contained in the
4.1 Expressions for Errors

actl en,

Let Z, and I; be the detector impedance and current rcsp.c;;v?;u;has

with the aid of the mesh equations, the detector current may ’
for Fig. 5,
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J J
wCl CU’CE Vl 0
_-i_ 0 j
wC, . wC,
V,R ] 9
0 $ 4 R, — .__-.}_._ — R{
T R; + R, 4 «C, R, + R,
g = : . : — !
J J A ” (1)
wC, wC, wC,
J J J j
wCy wCy Wl T5 oC.
J J R?
- Ry — — 2
. wCy PowC R{FR, |

.Under balance conditions, I, will vanish, that is, the numerator of the
determinant is zero. This gives

J J __i___ VR, V(_}) (R 3 R, B
( oGy mCﬁ) (“"Cﬂ) Rs + R, '\ wC, a wCy R4+R1) (2(;

from which, to a high degree of approximation, the voltage ratio

vl'_g2+cl . - R4 (3)
VE* Cl R4+R1

and the positive phase angle

a = arc tan fo LT (4)
b o
R,
Similarly, for Fig. 6,
3 J Vv 0
{-UCI (ﬂCg :
A 0 —R
w(C, .
0 - R+R— -ﬁ—_—:—. + R,
wCs (3
Iy = . P e it - =S i
) _ 1 J J 0
wC, (!JCg WCz
J J | _— -,
mC2 R,‘ mcs Zn' 4
0 — By R,+R— R"":7 + Ry,
wCy




A Precise Method of Determining the Ratio and Phase Angle Error,

At balance [, will be zero, giving

J J - - J R?
( wCl wcz) (VERd) v'1 (CUC2) Rq + R — E—:J + RI ) = 0

wC,
. - _ (6)
so that, to a high degree of approximation, the voltage ratio
vl — CE + Cl . R,,I .
Ve & Re+ R, +R (7
and
. C R2
the negat = s,
he negative phase angle a = arc tan R, TR, =R (8)

4.2 Vector Diagrams

Fig. 7 illustrates the vector diagram for the balance condition for the circuit
of Fig. 5. In this diagram, the current I, leads on the primary voltage V,, the

1a

FiGg. 7

reference vector by nearly a right angle. The vo!tagc c!rop — jl,,/wcl‘tg Iineh:;? :::
points A, and A, is in lagging quadrature with this curmn}tl.c{l i;sns o
voltage I,R, between B, and Bj since A,, B, and also the eart ; }F(t)his volta gcs
are at the same potential. The current I, will be in quadrature w mgdier the‘
while the current I, is in phase with it. The drop LR, 1s l:c tzrs of voltages
‘current I,, the sum of I, and l,. V, compounded of the v

l,Ry and I,R,, leads on V, by the angle a. 2 &

L 5 - i : - 8;
For the balanced circuit of Fig. 6 the vector diagram IS '"::'Z:ftfduf:dﬂg -

The primary voltage V, is taken as the reference vector, the cu o

; is 1 ‘ uadrature
this by nearly a right angle. The voltage drop —/L/ w(I:'F;S l?nla[igcm[fl‘:nth B,B,.
with the current I, and it is also the voltage drop IRy
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The current 1, in phase with the voltage drop IR, is resolved into itg compo

I, and I,. The voltage drop 4R is in phase with the latter and the Voltalg)e[:;ms
across BB, is in phase with the current I,. The resultant of LR, IR rop
[,R gives the voltage vector V, lagging the voltage V, by the angle e ang

It\

Fig. 8

4.3 Convergence

Reducing and clearing the numerator of inverse terms in the expression
(I) to get only linear variations the detector current, in the first case, may b
expressed as

N
lz = C2 . % (9)
where
N 2 R'i‘ (VECQ + VZCI - VIC],) - R[v]_cl —jVIWCICSRiRI (IO)
and

A =2 (C3 + Cl) [J(R-I + R]) — ngZ‘i (R.; + R]_) + (UCICSR.;R;
_jcl (R4 + Rl) - deRl (Cz A C}) [Cg == C3 —I—jcuCQCSZ‘ (“)

At balance I, will be zero and consequently N will be zero. The process
of adjusting balance consists in making successive adjustments of the WO
parameters R, and C, independently until no current flows through the detectol-
[t is desirable that the detector current shall rapidly converge towards zero.

The rate of change of I, with respect to R, is

N 24
4 3%, ~N3g, (1)

g2
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which at balance is
o = s, v~ 2%
Ri[bRi]ﬁ Wt 4 bR‘I (13)
and similarly
[Al_a_] —uc. L N
("q 3C3 0 '24 3_6; (14)
Differentiating N with respect to R, and C, gives
ON
R, VeC; + V,C, — V.G “jvl‘”C;LCaRl (15)
and = NG NG -G (16)
ON _
DC:; = jvle1R4R1 (17)

Substituting these values in the expressions (13) and (14), it is seen that the
loci of I, for small variations in R, and C,; at balance cut normally, making
it possible to obtain a rapid convergence by the pair (R, C,).

In the second case, by using the expression (5), the detector current may
be put in the form

Iy = &G, - g (18)
where
N = Ry (V,C, + V.G — V,C) — VG (R, +R)
+ j [V,RRwC4 (Cy + C;) — V,RwC,Cy (R, + Ry)] (19)
and
4 =(Cy +C)[j(Ry+ Ry +R) — wCeR{(R + R, + Z)
- (ﬂCaR (R-I + Rl) _jWEC’CaR (R‘Rl + Z‘R‘ + Z‘R)]
+ wC;C4R (Ry + Ry) —jC; (R + R + Ry) (20)
Then
;?—RE = V,Cy + V4,C; — V,C; + jwRCy (V3Cy + ViCi — ViCY) (21)
¢\ g
22
é'-':- VQC3 + V'Cl =7 VICI ( )
and
(23)

M F[VsRRa (C; + C) - ViR@Cy (Ry + Ry))
3

As before these relations indicate that the pair (R
for a rapid balance.

C,) are practically ideal

4.4 Sensitivity

rrent
Equations (13) and (14) express the rate of change of the detector cu

Iy with respect to variations in R, and C, at balance.
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In the first case, using equations (15) and (17)

] 1 |
m[nkﬂn = @Gt g NG F VG = ViG —jViuCiCR)

(24)
and
[D—I-‘*] = wCs * + (= /V,0CiR,Ry)
cabcan L /Yy 10841y (25)
If 9R,/R4 and dC,4/C, are fractional changes in R, and C, when near balance
the change of detector current is )
I
12 _— CE . A (VECE + V2C1 e V]_Cl —fvlwclcaRl) Rfl . %
4
1 R
=,y q R, V.G, - R: (26)
from equation (10) with R, varied and
i , dC
12 = UJCz = —A"' (—jVIWCIR4R]) C3 . _(f—: (27)

with Cg varied. For a given detectable change of current with both adjustments

Rd _ (-UC3R4 " (—ja*

(28)
numerically.

In the second case, with the equations (21) and (23) the rate of change of
the detector curreat with a small unbalance of 8R; in R, and 8Cy in C; at

balance

[SR],= €2 7 [VACe + VG = ViCy +juRC, (Vi€ + ViCy = ViG]
K, 440

(29)
and

[Me] = ¢, - 3 J[VRR(Cy +C) — ViRaG Ry +R)] O
.C3 a'Ca 0 A
If 8R,/R, and 8C,/C, are fractional changes in R, and C; when near

balance, the change of dectetor current 1s

ol, = wC, - lZ [V::Ca + V,C;, — ViC; + jwRCy (V.G + V(G — viGi)
' oR,
x Ret gy J

! SR | 31)
= wCy + 4 * (R+RY VG - * *
p i e "I‘.
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from equation (19) with R, varied and
| S
8l, = wCy - A J [VﬂRdR‘" (C: + C,) — ViRaC, (R, + R, C, - _B_C(_:_a]
3
. l s 6C .
=l g0 GRIG “6‘3 (32)
from equation (31) with C, varied.
For a given detectable change of current with both adjustments
oR R 8C,
R, ~ ““R " rinr ¢, ‘ (33)

numerically.

[t is thus seen that the sensitivity (1) is proportional to the voltage applied
V, and to the frequency; (2) increases with C, and C,; (3) increases with the
resistance in the secondary poiential divider; and (4) increases with a low
detector impedance (assuming detector of constant sensitivity). The circuits are
more sensitive to R, adjustments for ratio than to changes of C, for phase angle
balance. Also, the detector current due to a certain ratio unbalance is equal to that
due to the same amount of phase unbalance.

It is of interset to examine in what respects the sensitivity conditions are
modified by the use of a high impedance thermionic-amplifier-detector. In
general, the open-circuit voltage across the detector arm may be expressed as

_ N, (34)
vy = 2,
The rate of change of v with respect to R, is
N, _ M
v A,de ' OR, (35)

Ry T T 4F

and with respect to C,

3N‘ _2_4_!
w e, TG (36)
DC; - Al2
At balance N, = 0, so that
R.[S—R.I]n ~ 4, R

and
(38)
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On solving the circuit equations

N, = R; (V,C; + V,C, — V() — R V1G4 —jVIOJCIC;;R‘RI

4, = — (G, + Cy) (jRRwCy + R, + R,) "

in the first case and "
N, =(V.C + V,C, - V,C) R, — 1G (R 4+ R)

+ J [VaR4RwCy (C; + V,) — C,RwC,C4 (R, + R,) (41)

4, =(C + Co) [Ry + R, + R +/ReC; (R, + R,)] @)

in the second case.

Let 8Ry/Ry and 9C,/C,; represent fractional changes in R, and C, whep
near balance. Then the voltage appearing across the detector when the ;alance
is slightly upset is, in the first case,

sv 5 RVG, e,
(G +C) URRwCy + Ry +Ry) Ry (43)
L VICI . §_R4
C, R, (4)
with R, varied and
Sy = J ‘R’Il.\rlc‘.l.':""(:315{4l 45]
(Cl + Cz) (]R1R4wc3 + Rl + R4) (

with C, varied. For a given detectable change of current with both adjustments

R, 0C,
Rd wC3R'l —'C—s (46)
numerically.
In the second case
Sy _ _ (R + R1) V1C1 " S_E: (47)
(Cl + Ca) [Rd + Rl + R +jR“'C3 (R4 +- R:)] Ry
_ ViC;  9R, (48)
with R, varied and |
5 wC3R2V,C, 0Cy (49)

with C, varied. For a given detectable change of current with both adjustments

53Ry _ ~., . R 3G (50)
Rq wcaR R+Rl C3

numerically.
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The preceding theory indicates that, with a thermionic-
sensitivity (I) is proportional to the voltage applied
independent of frequency; (2) increases with Gy
As before, the circuits are more sensitive to R, adj
changes of C; for phase angle balance and also,
a certain ratio unbalance is equal
unbalance.

amplifier-detector, the
VY, and is practically
and (3) decreases with Cy
ustments for ratio than to
the detector current due to
to that due to the same amount of phase

4.5 Character of Equipment and Experimental Procedure

The high voltage compressed gas condenser C, used in the experiments had
a capacitance of 4999 uuF, capable of operating up to 500kV r.m.s. The
power factor of this condenser was less than 1| part in 10,000 and was therefore
regarded as a pure standard. From previous determinations it was known that

its permeance was assured to the same accuracy over a wide range of applied
voltage.

The standard fixed mica condenser C, of nominal value of 2uF had a
capacitance of 1-9988 uF and power factor of 2-9 x 10-% when calibrated at 20° C
and 50 cycles per second. The condenser C; was a three-decade standard mica
condenser totalling 1-11 uF by steps of 0-001 uF. It was accurate at least to
| part in 1,000 in capacitance and 2 minutes in phase angle at its various settings.
Extreme accuracy in its value and power factor are not of importance, All the
resistances were compared with known standards and their values were deter-
mined to an accuracy of | part in 10,000 at the working temperature. Prior
calibrations of these specially wound resistors showed that their time-constants
were less than 10-7 sec. The thermionic-amplifier-detector employed was sensitive
to a tenth of a microvolt, the sensitivity being substantially constant over any
working change in frequency.

The screens of the resistance boxes and the condensers C, and C; were
suitably connected and earthed. Leads from the low potential electrode of G,
and from the detector were run in earthed screens. Long and thin leads were
avoided in the connections. All precautions were taken to effectively screen the
low potential leads, detector and other auxiliary apparatus from any stray electric
fields by providing an earthed metal enclosure, while it was noticed that' the
relative positions of the observer made no influence on the detector observations.

For comparison with Dannatt’s method a Stand§rd Mutua_l Indl(l:(:}toor oé'
111 mH was used. Its accuracy was known to within 1 part in 10, AN

the phase defect was negligible at the operating frequency.

The source of power supply for the tests was an a'ttenuator coupled tc;.
a direct current motor whose speed was capable of fine adjustment bfy 31ean§ or
a fine regulator incorporated into its field system. The voltage derived was o
a pure sine wave form and was steady in its value. A_ny des'lrcd _frcquency
between 15 and 60 ¢/s was obtainable and correctly maintamcfl with this ‘system‘;
The voltage was stépped up by a high voltage power transformer, having on
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end carthed and the other connected to the high potential terming of

transformer under test. For three-phase working three such units were ol t:le
priately connected. The application of a small initial voltage served ¢, t&stpn?;

correctness of the circuit connections. In testing the three-phase Potentja|
transformer, it was ascertained that the maximum unbalance in the seconda
voltages and consequently in the primary voltages was less than half 3 per Cen?
and also the phase sequence was verified by a Phase Sequence Indicator,

4.6 Measurements

The following results were obtained by tests on single-phase and theee-phase
potential transformers:—

(a) Single-Phase Potential Transformer

°

w

FiGg. 9

Details

Voltage Ratio 13, 200/4/3/110/4/3/110{4/3 volts system

Secondary Rating 500 VA
Tertiary Rating 200 VA
Accuracy Class B (B.S. 81-1936)
Frequency 50 cycles per second
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(b) Three-phase Five-limb Voltage Transformer

ENE]
7 ‘H

CBANTR

Fig. 10
Details
Voltage Rating 66, 000/4/3/110/y/3
Secondary Rating 200 VA per phasc
Accuracy Class B (B.S. 81-1936)
Frequency 50 cycles per second

bl
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The secondary and tertiary windings were identical. They were ¢q

H.

V. GOPALAKRISHNA

in parallel to form one effective secondary winding. The resylis arnnﬁf:led
. € given
in Table J.
TABLE |
Temperature 16° C,
N B T ——
Secondary burden  Fre- Per cent. Ratio* Pha
-—— quency rated Nominal True error Py
VA Power in primary ratio ratio €, in ?ﬁ"
factor c/s voltage of it
l I 50 120 1.200 1195-5 4038 <13
110 by o
100 11956 +0:37 :'
90 1) ’ "1'4
80 " k) ~1-5
25 1 50 120 1,200 1195-5 4038 —13
110 ] - 3 | 1
100 1195-6 +0-37 Y
90 ’” se ~1+6
80 b & 1 L1
400 1 50 100 1,200 1196-6 1028 -3
25 0-9 50 120 200 1195-5 +0-38 13
110 T 1) —1%Z
100 1195-6 +0-37 —1-4
90 9 L L] 3
80 " - —1-8
25 06 50 120 1,200 1195-5 +0-38 —~12
110 vy 9% "
100 11956 +0-37 ,l"3
90 3 LR :1.4
80 9 r? %
=g - — B = 12
25 0-2 50 120 1,200 1195-5 4-0-38 I-2
110 &4 ¥ =
100 11956 +0-37 &
90 ”" 9 _..i,-I
80 " "

*Ratio Error ¢, in % = 100(

Nominal Ratio
True Ratio

...|)
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In the above experiments the phase angle correction was effected b
a variable mica condenser C, shunted across one-tenth of a total of 10 000 ohms
(actually 10,004:6 ohms) in the branch. A test check was carried out with an

air condenser connected across the entire resistance and the following results
were recorded in Table III.

To show the accuracy attainable, both the single phase and 'three-phase
transformers were tested by the mutual inductance method of Dannatt and the
following comparative results were secured in Taple 1V.

4.7 Discussion of Results

As already pointed out, phase compensation in the present method was
effected by a three-decade mica condenser. A test check was made to ascertain
whether the impurity of the condenser had any effect on the phase angle measure-
ment by replacing it with an air condenser. The results are shown in Table 11J
and the small difference in phase angle is probably due to observational error.
As a matter of interest a phase defect of 0-1 per cent. of a radian in Cg was
assumed and the phase angle error was caiculated. There was no modification
of the error up to a tenth of a minute,

The figures in Table 1V bear out a fairly close agreement between the
mutual inductance method of Dannatt and the present method. The maximum
discrepancy is about | part in 1,000 in ratio and about 5 parts in 10,000 of
a radian in phase angle. Some difficulty was experienced in obtaining consistent
results with the mutual inductance method. Each balance condition involved
the determination of an average of four readings, the leads to the detector and
mutuals being reversed alternately. The process, however, laid {nuch emphasis
on the correct screening and complete astaticism of the mutual inductor.

Some figures from Table 1 are plotted in Fig. 11 to illustrate thc_variation
of ratio and phase angle errors with different power factors for a given volt-

amperes secondary burden. Although an increase in ratio error is to l:z
expected with decrease in power factor, there 15 no change probably becaus

of the low burden in comparison with the large secondary rating of the trans-

_r-.—

o
° o . 08 06 04 02 O

} 08 0§68 04 O2
AT 25 VA
POWER FACTOR AT 25VA POWER FACTOR

Fic. 11
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Temperature 18° C.

— T i e e i — TR — —-

= — i

- ' | .
Sﬁﬂjgdaﬁ’ Per True Ratio Ratio Error ¢, in % Phase Angle a in mins,
uFgen Fre- | cent, | Nomi- B
quency Rfated nal ‘ 1
VA/ Power [in ¢/s (Primary Ratio Phase Phase Phase Phase | Phase Phase Phase Phase Phase
Phase | Factor Voltage A B C A i B C A R C
0 o 50 110 600 5971 597-2 597 -4 I. +0-49 4+0-47 +0-44 -0 +0+3 —-0:8
100 do do do ! do = do do -0-6 +0-1 -1.2
80 do 5971 597-3 do 4045 +0:45 -7 —~0-2 ~-1-4
60 do do 5974 do do +0-44 —-0-8 —-0-3 —-1:6
| 40 597-2 597 -2 587+0 +0-47 +0-47 +0-42 -0-8 —-0-4 —-1.%
0 - 60 | 110 | 600 5968 5969 5073 | +0-54 | +0:52 | +0-45 ~1.0 -0 ~1-0
| 100 do do do do do | do do -0-3 —-1-4
80 do do do do do do do —0-5 —145
- [~ i i R . i -
50 l1 1 i 50 | 10 | 600 | o071 | 6072 o5 | 4049 | +0.47 | +o042 | -1.8 | ~-10 ] ~—2:3
100 do do do do do do —1-9 —-1.2 —2:.4
| 80 do 5071 5974 do +0-49 +0-44 —2.3 —1-4 —2.6
| \ 60 do 5972 597-56 do +0-47 +0-42 -2.2 ~1-5 ~2-8
- i 11 50 607-2 do 597-5 + 0+ 47 do | do do —1+8 —-2-9
50 1 ' 60 ¢ 110 | 600 5971 5071 5OT-4 +0-49 +0-49 +0- 44 —2-4 ~1-5 —2.8
100 do do N7 -0 clos cdo 4 0 -4 —2-0 — 27 clo
L1 ey AULT-N o clen 3 (¥4 el s ) aler — -8 — 20

9t

VNHSI¥NYIVdOD ‘A “H
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TABLE III
True ratio/ Phase‘\
Fre-  Per cent. Nominal ratio in angle
Secondary quency rated Phase +m1ns
burden In primary tested Mica Air Mica -
c/s voltage condenser condenser Condenser
Ca C3 Ca ong:nsﬂf
0 50 100 C 0998 09958 13 .
TARLE IV
True ratio/ Phase
| Fre- Per cent. Nominal ratio - in m?;g‘lc
Type Secondary  quency rated - N
burden in primary Dannatt’s Present Dannatt’s Preseny

¢/s  voltage method method method methy

Single phase 25 VA at 50 100 0:9965 0-9967  —1-6  —i3

transformer unity p.f.
400 VA at - s 0-9975  0-9970 ~2-1 ~3-6
unity p.f.
Three phase Zero 5 5 0-9947  0-9953 —1-6 +0-1
transformer .
Phase tested B 200 VA/phase " " 0-9967  0-9957 —5-0 -3l
at unity p.f.

former. The phase angle, however, shows a slight tendency to fall with reduction
in power factor.

In potential transformers which are designed for reasonably close accuracy,
the ratio and phase angle vary linearly with secondary burden with full voltage
applied to the primary winding. The influence of exciting current predominates
at no load and it becomes less important with increasing burden. Fig. 12‘ IS
derived from figures of Table 1I. It shows a decrease in ratio error with increasing
volt-amperes burden, though this change is very small, Under the samé condt-
tions the effect of change in load on phase angle is considerable.

In the same figure the effect of an increase in frequency is depictcfi. An
increase in frequency for a constant primary voltage causes a reduction in fu%
with a corresponding reduction in exciting current. The ratio falls, thm:jcr
increasing the ratio error at no load. With the diminution in influence of ¢ )
exciting current with increasing loads, the difference in ratio error narrows dow
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+0-7 R 3 I ~7
+06 T -6 I
+O'5 ' 60N oc -5 .
+0-4 %ﬂ_ﬂ i_ﬁ -gl
- 500 | mine "4 ROy T ]
v +0-3 1 =3 ]
+0.2 L‘ L7 ‘ ""2 wt}l— -4
+ 01 -+ — -
O -  ——— O l 1
o) 50 100 1I1SO 200 O 0 100 150 200
SECONDARY BURDEN IN VA AT UPF SECONDARY BURDEN IN VA AT UPF

FiG. 12

to small limits, The phase angle, however, increases as the frequency is increased
and the difference steadily increases with load.

-6'5
0'6 —— - 6_0
Ullburden
02 T 2Zeno bur | - 50
: i 1 |
€v 4 Full burden <-4 0 1 + |
in inmns
g -30 1 —
0.2 - ZE - 2-0 § = f2
O ‘ - 10 — -
Zero [burden
O o)
o KO 90 80 70 60 HOo 100 90 80 0 60
‘/,RATED PRIMARY VOLTAGE 4 RATED PRIMARY VOLTAGE
Fig. 13

Fig. 13 shows the ratio and phase angle curves plotted from Table II, the
errors being plotted against the values of secondary voltage. | As the applle_d VO“?E"—'
is reduced, the flux density in the core will be correspondingly reduced involving
a fall of the exciting current. The ratio may change very slightly as the components
of the exciting current, namely, the magnetizing and iron-loss components n'::i
Not reduce in the same proportion. Actually there is very lltﬂﬂlf-‘hﬁﬂg;: :vncvcr
ratio as the voltage is reduced. The effect on the phase angic 15, loeﬂ‘ects:
more pronounced. Even when the transformer is loaded, the genera s
on the errors are not very much modified on account of the existence O

Sécondary current.
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4.8 Conclusion

The present method enables potential transformers to be readily test
an accuracy of 0-1 per cent. and 1 minute in phase angle at all voltages i
of 30 KV,

ed with
n CXcess
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