Chapter 2

Theory of Voltage Transformer

A voltage transformer is intended to operate normally with
the rated voltage of the network to which it primary winding is
connected, and to provide at its secondary terminals a specified
rated voltage. The voltage transformer works at the line voltage
which in practice is nearly constant and is, in consequence, much

less subject to source of error in ratio and phase angle. Let Vhp

be the rated primary voltage and VQs the rated secondary voltage;
then the nominal or rated voltage ratio for which the transformer

is designed is

- " vﬁp/vﬁs
sometime also called the marked ratio.

" In practice the actual ratio of a.voitage transformer varies
with changes in primary voitage, the secondary load and other fact-
orsy and may be appreciably different from m. Let Vb be any value
of primary voltage and Vs the correspondinh value of secondary vol-

tage; then the true or actual voltage ratio will be

R = v ;/Vs

- The voltage Vs will differ from the ideal value Vb/m in mag-

nitude and from exact phase-opposition to Vp by a emall angle, ¥



§ i

4 .
called the phase angle, phase error or phase displacement of the vo-

ltage transformer. The voltage ratio correction facter is

RCF = B/m

and the‘percentage error in a voltage measurement, the percentage

voltage error or ratio error is
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The error in a voltage measurement is positive when, with a
given secondary voltage, the primary voltage indicated by the instr-
ument in the secondary circuit exceeds the actual valuey, i.e. when
the instrument read too high; it is Qnderstood that thiQ instrument
is scaled in nominal primary values, Otherwise, error is positive
when, with a given primary voltage, the Actual secondary voltage is
in excess of its ideal Qalue Vﬁ/m ;3 or again the nominal ratio exceed-

the actual ratio. Further

True voltage = . R X measured voltage

The phase angle ¥ is generally very small and, though custo-
marily expressed in minutes or arc, would be more rationally stated
in centriradians. The phase angle is positive when the reversed se-

condary voltage vector leads the primary voltage vector,

The external load, consisting of a voltmeter or other instru-



ment with its connecting leads, connected t? the secondary terminal
of a voltage tranaforme;,is its burden and as before, may be speci=-
fied either in ohms o;miﬁ volt-amperes with a stéfod power factor.
The rated ﬁurden is that with which the voltage transformer can.be

loaded at the rated secondary voltage without the value of ratio

»

. error and phase angle exceeding the limitl'laid down in the national

standard specified. -
2,1 Voltage Transformer Equivalent Circuit

In general, the .secondary voltage of a constant voltage

.transformer is proportional teo turns ratio, and in phase with or in

phase opposition to the primary voltage (depending upon the reference

terminal designation) Such would be the case of an ideal transformer,

which has no leakage impedance, losses, or exciting current, However,

in the actual constant voltage transformer, the energy necessary to
magnetize the magnetig circuit of the transformer must be supplied .
from the primary lines through the leakage impedance of the primary-
winding. Also the presence of load current in the transformer wind-
ings. causes a voltage drop in the leakage impedance of the primary
and secondary windings. Load current and exciting current produce
an. overall voltage drop in the transformer, which results in a ratio
B

error and phase angle other than 180 Dbetween primary and secondary

terminal voltages,

In the usual analysis of the voltage transformer, the satu
ration effect may be neglected and assumption of linear, dbilateral
impedances is valide Although condition may exist in which the eff-

ect of non linearity are not discussed here., Usually the voltage
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transformer can be analyzed with reasonable accuracy by reprelenting '

the transformer by the eqnivalent circuit ahown in Fige 2.1.

fkuczu ’

§J

FIG 2-1 VOLTAGE TRANSFORMER EQUIVALENT CIRCUIT

2.2 Actual Ratio & Phase Angle Formulas

The vector diagram resulting from sinusoidal applied roltage
is shown in Fig. 2.2 Starting with the main flux ﬂ in the core, which

links the primary and secondary windings, the induced secondary vol-

~tage E_ lags this flux by 90 * This voltage causes a current I to

flow in thebseccndary circuit and a terminal voltage V; to appear at
the secondary burden (the instrument 1load on transformer)., This
terminal voltage will be less than E. because or the voltage‘drop I'z'
in the secondary vinding. ,the primary terminal voltage Vb may be dive
ided into'two'partc ¢ the primary impedance drop, Ipzp and the primary
induced voltage, Ep = ~n E. (n being the ratio of primary to secondary
turns in the transformer), leading the main flux f by 90 ®°. The pri-

mary current Ip contains two components s‘I° the exciting current of
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the transformer, and - Id/n. the reflection of the secondary current.
Ie will itself have two components 3 Ii, the magnetizing current in
phase with the main‘fiﬁx. and Iw” the core-loss éirrent leading the

flux by 90 ° and in phase with E =-nE.

FIG 2<2 VOLTAGE TRANSFORMER VECTER DIAGRAM .

In using such a transformer as an inatrumenf transformer,
we are interested in the ratio of priﬁary to secondary terminal vole
tages and in the phase angle ¥ between the primary and reversed
secondary terminal voltages,. Rh' xh and RP’ Xb are the resistance

and leakage reactance of the secondary and primary windings respec-

tively; V; and V§ are the corresponding terminal voltages; and ©



is the phase angle of the secondary burden.

If we resolve "VP ‘along V‘ reversed and ignore the sign asso-

ciated in the vector diagram with the reversed secondary vectors, ie

have 3
v, cos ¥ =nv_ + nI'(B’cose +X 8in® )+ Ip('npcosp + an‘:lnp),

Now, ¥ {1° for a well-designed voltage transformer at any

burden within its rating, and we can say that

cosY= 1 ; Ipcosls - I.“r *';‘;n_ cos O ;..and Ipninp - Im-o- fn_l_ sin @
Then.
. - ‘ 5
Vp = oV + nI'(RscosG + x'sme) + Bp( X, *_l_‘g cos 6 )
: I
+X (x, +-_5_ sin © )

X
=nV + I cos@ (nni| *112 ) + I sin © (nx' *_52) + Ivnp + Im;p

n

n n2

E=3 : X
n [V. + I.cos 6 (Ba *EQ-)* I- sin 6 (x. *+ P ) 1'n+1.x ]
’ ' S n

we will write

B X
RB + _% - Bti 3 xs 0'_% = .xts
n n

and note that Rts, Xt‘ are th. equivalent total resistance

and reactance of the transformer referred to its secondary circuite.

Substituting these values in the equation above and dividing by V..

we have ’
actual Ratie = R = .YR
v
8
, IR+I X
ST P I (Bt-scos.ei- X, 800 )+ ¥ nn w p
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IR + r_x nIll
=n 4 2P P+ (Rt.cole +X, 8in 0 )....(2.1)

2} V'

Going back to f:he vector diagram of Fig 2.2 if we write the

eomponent of __Vp perpendicular to‘v- ve have
Vpsin ¥ = Ipxpcosﬁ - IpRpsinp * nL X cosO . nI’aR'linG ;

But under the condition of our approximation sin ¥ = ¥ and :
Vp = nVs. Also the accepted sign convention on phase angles of inst-
rument transformer required that the angle shall be considered posi-
ti#e when the rejersed secondary v‘ector leads the primary vector.
This convention requires that the sign of ¥ in our vector diagram
and equation be negative. Then, on making the indicated substituti-
ons, we may write |

I I ;
-7 = xp(.lw + -5';- cos 8 ) - li.p(IIl + -l-l-?- 8in® ) + nI‘(X'coBQ
- R sin0)

5 nv‘

or

I X R
P m N b (—%-I-Ia) cos O _(_%.*8..) 8in@
n n

(xtsco‘le - R _8in 6 ) ---- (2.2)

At no load (secondary circuit -open so that I' = 0) we have

for the ratio and phase angle

Iwnp + Imxp
By = a4t ) mmmmmemeaa (2.3)
8
and
R'I ~XTI
Vo = p m v ——————————— (2.4)
nV s
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Then
B = ..B + nls(ntscie +X . oinf ) o - - (2.5)
\}; ‘ : v’ ;
Y ,
. I
¥ (radian) - | Jo » T’f (Xt.coae - R, 8in Q) --------.(2.6)

¥ (n_linntes )

3438 [Vo- Eg(x“cos.e - Bt--in_e M === (2.7)
v
8

( 1 radian = 3438 minuteal)
2.3 Method for Reducing Ratio Error and Phase Angle Error:
The equation for voltage ratio and phas.'e angle may be written

IR+«I X nl
R = n+ —!-%—M -n—-‘-t-‘—’ (Rt.cose +X sin0 )

8
IR ~IX I J
T.m =P XP LEE (Xt cos® - R,_sin O )
8 ts
nVs_ 'Vs

the deviation of the actual ratio from the turns ratio, R-n
and the phase vangle ¥ each consist of 2‘parts. The first depends
on the drop of voltage due to the reactance of the primary winding
only; while the second depends on the load durrent I. determined by
the secondary burden, flowing in the equivalent impedance of the

whole transformer, looked from thé primary side.

Ajt no load the actual ratio exceeds the turna' ratio by an
amount (IWR.p %+ Imxp)./ Va, i.e. because of the drop in voltage resu-
lting from the exciting current in the resistance and leakage reac-
tance of the primary windihg. Hence the actual ratio can be brought

to nominal if we reduce the turn ratio by this amount, The manner
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in which the leakage reactance is divided between the primary and
secondary circuits cannyt be preciagly evaluateds For most purposes
it is satisfactory t;”aésign half oi the total éénivalent reactance
to the primary circuite With any inductive or resistive load there
is a further increase of ratio because of the voltage drop resulting

from the load current in the equivalent total impedance of the prim-

ary and secondary transformer windings. This would require a further

 reduction in turn ratio to bring the actual ratio to nominal, Thus

thg ratio factor of a voltage transformer can be brought to unity for
s;;e particular combination of load and voltage by adjusting the turn
ratioe This may be ddne either by adding secondary turns or by rem-
oving an equivalent percentage of primary turns, It will be seen from
the equations developed above that the no-load phase angle, Ub » could
be made zero if I.mll.p - IQXp' However, it is not generally practical

to design for this conditions, and the no - load phase angle is gen-

srally pesifive hecaugs xmpp ' Iﬁxp. The means which can be taken

to reduce R.p will increase Im’ and a compromise must be made.  Low
values of R and X are qf importance in decreaging the errors under
load, and accordingly the best design is usually one with a minimum
number of turns and as high a flux density in the core as is feasible
without approaching too closely to saturation. Designers are not
altogether in agreement as to the proper value of flux density to

usey but high permeabiliiy (low Im) is more important than low loss
(low Iw)'

204 Correction for Ratio and Phase Angle Errors.

The ratio correction factor (BCF) of a voltage transformer is
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that factor by which the marked ratio (ratio as indicated on the
nameplate) must be multiplied to obtain the true ratio, VP/V. and is
given by '

v /v .
RCF ML e (2.8)
Marked Ratio

-

The phase angle correction :tactoi (PACF) of a voltage Shin-
former is thaf- factor by which the appareﬁt power factor must be
multiplied to obtain ‘the true (system) pover factor , For positive
transformer phase angle, reversed -V' leads Vpé thergfore for. a lagg-
ing power factor load, the true power factor angle 6p, is less than
the: indicated powezl factor angle © . Assuming no ratio error exists,
the phase angle correction factor for a voltage transformer is given
by v :

PACF = .'i.‘.’B_Q_B & M ________ (2.9)

cos § cos O

The PACF can be expressed in terms of the apparent system
power factor angle e (as indicated on the secondary side of the
transformer), as is given by equation (2,9) In regard to the stan-
dard accuracy classifica.tions for metering service which are given
in the standards on instrument transformers, the accuracy standards

are basedon the system po'ver factor,

Since U is usually very small of the order of minutes,
PACF can be given in terms of O with sufficient accuracy by

tan O
3438

PACF = 1+ 7 ——— (2.10)

where V is expressed in minutes.

The transformer correction factor (TCF) is the factor by
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which the reading on a wattmer or registration of a watthour meter

must be multiplied to correct for the effect of the error in ratio

'and>phaae angle of tﬁéﬂvoltage trensformer. It is numerically eq-

ual to the product of RCF and PACF. The ratio of the true system
power to the indicated system power (as indicated by a wattmeter,

including the marked turns ratio) is given approximately by

‘ _l_’_t_ vV, I, cos (0-%)
TCF = P - .
m (Marked Ratio) _V'Ipcose
L' :
Marked Ratio = v-—)';L(—Bm |

S | 4 = (RCF) % (PACF)

'Ktane )

= BOF (1 + 553

* - Sian i i (2.11)

In measurement of voltage only, the ratio error is the only
error of importance. However, in the‘heasurement of a quantity which
isYa function of the product of fﬁltage and current (Watt meters and

watthour meters), the ratio error amd phase angle are both involved.

An RCF greater than the unity indicates that the true turns
ratio is greater than marked ratio, and results in a low meter read-

ing, based on the marked ratio.

Positive phase angle results in low and high meter readings
and PACF greater and less than unity for lagging and leading power

factor loads, respectively,
205 Service Conditions Affecting Voltage Transformer Errors

. 2¢5¢1 Burden

The ratio is approximately_linear with burden at con-
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stant burden power factor and voltage. Characteristics at various
burden, power factors meet at zero burdem. This factor makes it
possible to determine the characteristics of any burden power fac-

tor,if the characteristics are known for ome pover factor.

At a particular burden power factor, the angle of which is
qual to the through impedance angle of the transformer, the phaée
angle is equal to the phase angle at zero burdem for the usual range
of burdeni, However, for the same burden power factor, the rate of
change of RCF with burden is maximum, At extremely low and high bu-
rden power fac?ors. the effects of ratio and phase'angle errors tend

to compensate for one another in the measurement of power.
2.5.2 Vave - form

The effect of wave -~ form is relatively important in
practice since the deviation of practical voltage wave - form the
sine shape is usually slight. With a third harmonic as large as 30
percent of the fundamental, the ratio changes by less than 0.1l per-
cent from the values found with a sine wﬁve; a peaked wave lowers
the ratio and a dimpled-wave increases it., Since such a harmonic
content would be quite exceptional in practice, it may safely be
assumed that the characte:isticl of a voitage transformer are not
appreciably changed by altering the shape of the primary voltage wave,
Oscillograph tests also show that the secondary voltage wave is an

exact copy of the primary wave, indicating a negiigible distortion,
' 2¢5¢3 Frequency

Increasing frequency at a fixed voltage has little
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effect in the voltage transformer characteristicsy since it increa-
ses the voltage drop due to leakage flux and decrease the flux den-
sity and the required exciting current. Unless the frequency is

more than doubled, the effect on performance is usually small.

' Decreasing the frequency results in an increase in flux den-
sity and a corresponding increase in exciting current. A.voltagé
transformer should not be operat?d at less than 95 percent of rated

frequency,
2,54 Voltage

The accuracy of a voltage transformer at other than
rated voltage is influenced by the degree by which the exciting
cn;rent deviates from the normal value. The accuracy characteris-
tics are unchanged at reduced voltage. At abnormally high voltage,
the exciting current is excessive and may result in serious error.

Normal voltage variations do not result in serious errors.
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