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Foreword
 

ver the years, some of our customers 
have reported that for large 
transformers (> 100 MVA) where use 
of tertiary windings is either 

mandatory or prevalent, using a higher test 
voltage leads to a better accuracy in the 
ratio results. Upon further investigations 
and several field measurements at large 
transformer test laboratories, the findings 
were that higher test voltage indeed leads 
to a better accuracy and has a technical 
basis as explained later in this document. 
The test voltage of 250 V was finally 
chosen, as it gave the optimum results.  

 

 O
There a several applications where delta 
connected tertiary windings are either 
essential or more economical than other 
solutions like multi-limb cores. Delta-
connected tertiary windings are invariably 
needed in transformers connected in Y-Y 
primary-secondary connection, at wind 
generation stations where small turbine 
transformers are connected to a Y-Y 
transformer to prevent generator damage 
from line fault zero sequence currents; auto-
transformers.  

 
Higher voltages as 10 kV or 12 
kV doesn’t provide better 
results, as capacitive probes or 
dividers have to be added to 

the test circuit, introducing an additional 
measuring error of 0.5% or even higher, 
which ends in a not accurate measurement 
(standards fix a limit of 0.5% maximum 
error). 
 
To the uninitiated, the tertiary winding is a 
simple case of a multi-winding transformer 
and also referred to as the third winding. 

They are usually delta-connected and serve 
the following purposes: 
 
– To provide a circulating path for the 

third harmonic currents. 
– To help stabilize voltages in the Y-Y 

primary-secondary connection. 
– To provide a path for zero-sequence 

currents. 
– To provide the necessary voltage taps 

for regulating the low-side voltage. 

 
IEEE standard [1] states that 
when rated voltage is applied 
to one winding of the 
transformer, all other rated 

voltages at no load shall be correct within 
one half of one percent (+ 0.5%) of the 
nameplate readings Similar requirements 
are spelt out in IEC 60076-1 standard [2]. 
This means that a transformer tested with 
an inadequate test voltage, can possibly 
give a ratio value outside the + 0.5% 
tolerance limit specified in the standards. 
Transformer manufacturers are known to 
keep this limit even lower (+ 0.2%) as a part 
of their internal quality control criteria. 

 

 

 
During the period of our field investigations 
at large transformer factories, we came 
across few instances of customers reporting 
that transformers with a tertiary winding fail 
to meet the + 0.5% tolerance, if tested at 
100 V and the same tested at a higher 
voltage (250 V) gives a result within the 
tolerance limit prescribed in the IEC standard. 



 
TETTEX INFORMATION N 50 
Measuring ratio on power transformers at higher voltages  
 

Page 4 / 12 
 

 

Analytical Explanation

Why higher test voltage is needed for 
accurately measuring the voltage/turns ratio 
of a large transformer is analytically 
explained hereafter. In the derivation that 
follows, consider the case of a three winding 
transformer with a delta connected tertiary. 
Figure below shows a simplified two 

dimensional representation of a three-
winding transformer. The middle-limb has 
been omitted for simplicity. The winding 
close to the iron-core is the tertiary winding, 
the middle winding and the outermost is 
the high voltage winding.  

 

 
 

 

Leakage fluxes - ϕλ1, ϕλ2 and mutual fluxes 
ϕ21, ϕ12 are shown respectively as closely 
spaced (red) and widely spaced (blue) 
dotted lines.  

 
Assume that the transformer has a core of 
magnetic material whose permeability is 
constant. With this assumption, the 
Principle of Superposition can be applied, 
and the resultant flux linking each winding 
can be expressed as the sum of the 
components due to each current acting on its 
own.  
 
These components are: 
 
1. The leakage flux due to the current in 

the winding 
2. The component mutual flux due to the 

current in the winding; 
3. The component mutual flux due to the 

current in the other winding. 
 
Thus the resultant flux for each of the 
winding-pair tested, ϕ1 and ϕ2 can be 
expressed as 

 

Eq. 1     ϕ1  =  ϕλ1  + ϕ21  + ϕ12 
 
winding 1 is usually either the primary or the 
secondary of a 3 winding transformer –  
 

Eq. 2    ϕ2  = ϕλ2 + ϕ12  + ϕ21  
 
winding 2 is usually the tertiary winding.  
 
The fluxes with double subscripts are the 
components produced by a single current 
acting by itself. That is, ϕλ1 and ϕλ2 are the 
component leakage fluxes produced by each 
current; ϕ21 is the component mutual flux 

produced by current in winding, I1 and ϕ12 is 
the component mutual flux produced by I2. 

The transformer voltage equations become 

 

dt
d

N
dt
d

NIRV 12
1

1
1111

ϕϕ λ ×+×+×=

For Winding 1, Eq. 3 

ϕ12 
ϕ21 

ϕλ1 

ϕλ2 

1. High voltage 
winding 

2. Middle winding 
3. Tertiary or third 

winding 
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dt
dN

dt
dNIRV 21

2
2

2222
ϕϕ λ ×+×+×=

For Winding 2, Eq. 4 
 

Each terminal voltage is thus expressed as 
the sum of a resistance drop, a voltage 
induced by leakage flux, and a voltage 
induced by the resultant mutual flux.. The 
component leakage fluxes  ϕλ1and  ϕλ2  induce 
voltages in only the winding with which 
each is associated, but the resultant mutual 
flux   ϕ21 or  ϕ12   links both windings and 
induces in them voltages whose ratio equals 
the turns ratio, as in an ideal transformer. 

 
During a ratio test, only a pair of the winding is 
tested and the winding that is excited is the 
one with a higher voltage rating than the other. 
For example if the winding pair tested is high 
voltage (HV): tertiary, the test voltage is applied 
to the HV winding as it is the higher in voltage 
class than the other. This is done to prevent the 
generation of dangerously high voltages in the 
measured winding, which is connected to the 
ratio meter.  

 
The amount of flux transferred from the 
excited to the measured winding and the core 
depends on the physical location of the 
excited winding with respect to the measured 
winding and the iron core.  During a voltage 
ratio test, the voltage across the winding 1 
(ν1) is fixed and ν2 is measured. It follows 
from Eq. 4 that ν2 is largely a function of the 
mutual flux (ϕ12, ϕ21). Higher test voltage leads 
to the generation of higher excitation current, 

resulting in more flux in the excited winding 
(HV winding in our example) and a 
corresponding increase in the component flux 
levels, ϕλ2 and ϕ21. Consequently this leads to 
an increase in the measured value of ν2   and a 
corresponding decrease in the estimated 
value of the voltage ratio (ν1 / ν2   ).  This drop in 
the ratio value is slight and subtle.  

 

The component flux that makes this 
difference is largely due to the mutual flux 
ϕ21 and to a limited extent by the leakage 
flux (ϕλ2). The role of the mutual flux (ϕ21) is 
governing because its coupling is affected 
by the physical size of the winding pair 
tested and their proximity to each other. In 
simple terms, this means that the ratio 
accuracy is more affected between the 
winding pair – HV: tertiary than HV: middle-
winding. There may be however some 
exceptions. The role of ϕλ2 is limited because 
its increase or decrease is proportional to 
the current flowing in the measured 
winding, i2 (=i1* N1/N2). In other words, the 
increase in the test voltage leads to a 
proportional increase in the value of ϕλ2 and 
thus is not a factor in the estimated value of 
the voltage ratio.  

 

This trend in drop in the ratio values at 
higher test voltages is almost always 
seen in the field results, thereby 
confirming that at a higher excitation 

voltage the mutual flux coupling is more 
representative of a real situation and thus the 
reason behind the improvement in the ratio 
measurement accuracy.  
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Measurement examples from the field.  
 
everal test at different locations and on power transformers of different 
ratings with different test voltages, confirm the tendency that the 
measured ratio gets closer to the design ratio when tested at higher 
voltages levels. 
 S

 
Tables 1 to 3, below shows the results obtained during voltage ratio testing of 
large three-winding transformers.  
 Real 

measurements 
 
During real 
measurements the 
influence of 
different test 
voltages (40 V up 
to 250 V) on the 
measured ratio 
value was 
investigated. 

Field measurement 1 
 
Ratio measurement on 400/225/31,5 500 MVA transformer YN auto d11. 
Voltage ratio measured between 400/225 kV winding, tap 10 (Design ratio 
7.3300) 
 

Instrument 
used Phase 

Test 
voltage Ratio Error (%) 

TTR 2796 Phase U 250 V 7.3417 0.16% 
TTR 2796 Phase U 100 V 7.3539 0.33% 
TTR 2796 Phase V 250 V 7.3383 0.11% 
TTR 2796 Phase V 100 V 7.3495 0.27% 
TTR 2796 Phase W 250 V 7.339 0.12% 
TTR 2796 Phase W 100 V 7.3477 0.24% 

 
 

0.27%
0.24%
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Test results shows that differences between the measured and 
design value is reduced by half when 250 V is used instead 100 V 

 

 

☺ 
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Field measurement 2 
 
Ratio measurement on 388/240/21, 600 MVA transformer. Voltage ratio 
measured between 388/21 kV winding, tap 1.  Worst case! 

 
On this 
measurement, the 
ratio test was 
performed 
between the HV 
and the tertiary 
winding on an 
extreme large 
power transformer 

 
Instrument 

used Phase 
Test 

voltage Ratio Error (%) 
TTR 2796 Phase U 250 V 11.144 0.13% 
TTR 2796 Phase U 100 V 11.161 0.28% 
TTR 2796 Phase V 250 V 11.142 0.11% 
TTR 2796 Phase V 100 V 11.156 0.23% 
TTR 2796 Phase W 250 V 11.142 0.11% 
TTR 2796 Phase W 100 V 11.152 0.20% 
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R
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r

100V 250V  
 
Test results shows that differences between the measured and 
design value is reduced by half when 250 V is used instead 100 V 

 

 

☺ 
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Field measurement 3 

 
Ratio measurement on 464/100/30, 350 MVA transformer. Voltage ratio 
measured between 464/30 kV windings, nominal tap 
 Attention! 

 
Measuring at 25 V 
results on value 
outside the 
standard limits 

Instrument 
used Phase 

Test 
voltage Ratio Error (%) 

TTR 2796 Phase U 25 V 9.0064 0.859% 
TTR 2796 Phase U 100 V 8.9719 0.473% 
TTR 2796 Phase U 250 V 8.9529 0.260% 
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Using test voltages bellow 100 V, the measured ratio value is outside 
the + 0.5% tolerance limit specified in the IEC standard 

 

☺ 
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Field measurement 4 

 
Ratio measurement on a 49/16’9 kV, 12.5 MVA transformer. Voltage ratio 
measured between 464/30 kV winding, nominal tap phase U 
 

Instrument 
used Phase Test voltage Ratio Error (%) 

TTR 2796 U 25 V 2.90210 0.0933% 
TTR 2796 U 100 V 2.90043 0.0367% 
TTR 2796 U 250 V 2.89943 0.0067% 
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 Similar tendency of higher test voltages leading to a better accuracy  

can also be seen on a medium power transformer 

 

Instrument used  
Experience acquired from the above described field studies formed the 
basis for the development of the TTR 2796, Which combines mobility and 
user friendly handling with unmatched accuracy of up to 0.03%.  
 
The higher Test voltage of 250 V together with the high precision assures 
authentic results especially on large power transformers. Advanced analysis 
features like trending allow the user to detect problems in an early stage.  
 
The automatic winding connection identification feature aids to find the 
correct transformer configuration.  With the optional arbitrary phase shift 
software also special transformers with irregular vector groups can be 
measured.  
 
For additional technical information about this instrument, download the 
leaflet from  
 

 www.haefely.com 
 
or contact  
 

   sales@tettex.com 
 

Best results 

http://www.haefely.com/
mailto:sales@tettex.com
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Conclusions 

Field results clearly show that at higher test voltages, the accuracy of ratio 
measurement is greatly increased and measured values are closer to the 
design values. This supports the analytical conclusion that at higher test 
voltage, the flux coupling between the tested and measured windings is 
correctly captured and reflected in the measured results.  
 
A closer look at field measurement 3 reveals that the ratio measurement 
error at 25 V is 0.859%, at 100 V it is 0.473% and at 250 V it is 0.26%. This is 
an example case of a transformer erroneously disqualified as having a ratio 
fault, while in reality it did not meet the IEC tolerance limit of + 0.5%, for 
want of adequate test voltage.  
 
Field measurement 4 represents a case of ratio measurement of a 12.5 MVA 
two-winding transformer and even for this case, the ratio measurement 
accuracy is vastly improved from 0.0933% at 25 V to 0.0067% at 250 V. In 
simple terms, this means that ratio measurements at 250 V will almost 
always lead to a better accuracy than at lower voltages.  
 

Note 

Foregoing conclusions may drive one to the belief  that using 1 kV 
or even higher test voltages will keep increasing the accuracy. Our 
field measurements using different test voltages reveal that a 
combination of highly accurate measuring instrument and 
optimum selection of the test voltage is necessary to get accurate 
results. Increasing the testing voltage to kV range necessitates use 
of additional components like high voltage divider to get to a safe 
measurement range, which in turn reduces the measurement 
accuracy due to additional errors introduced by these 
components. 
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