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Abstract 

IEC/TS 60076-19:2013 gives the procedures for the determination of uncertainties in the measurement of the 

losses on power transformers and reactors. The purpose of IEC/TS is to ensure that all transformers manufacturers 

estimate measurement uncertainty in the same way. IEC/TS procedure is compared to previously developed ATT 

procedure used in „Končar“ Power Transformer factory. In the paper results of comparison are presented.  

Both procedures are made on the same principles, still they give different estimates of measurement uncertainty. 

In the paper, shortcomings and deficiencies of IEC/TS procedures are pointed out and improvements are suggested. 

New components of measurement uncertainty of load and no-load losses are introduced and also the procedures of 

measurement uncertainties estimation for no-load current and short-circuit impedance voltage are proposed. 
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1. Introduction 

IEC technical specification for the determination of uncertainties in the measurement of the losses on power 

transformers [1] was published four years ago. The purpose of IEC/TS is to ensure that all transformers 

manufacturers estimate measurement uncertainty in the same way.  

Automated measurement of the losses with the estimation of measurement uncertainties has been present in 

“Končar” Power Transformer factory for 16 years as a part of ATT software (Automated Transformer Testing) 

[2,3]. 

Analysis of IEC/TS procedures and comparison with ATT procedures have shown that both procedures are 

consistent (made on the same principles), but they differ in details and give different estimates of measurement 

uncertainty. 

In the paper, shortcomings of IEC/TS procedures are pointed out and improvements are suggested. 

For the sake of clarity, the same symbols are used in the paper as in IEC/TS [1], with some additions. 

2. Comparison of ATT and IEC procedures 

Power transformer losses are measured with power analyser LEM-NORMA 6133TE using instrument 

transformers of accuracy class 0,1 which have been calibrated in accredited (ISO/IEC 17025) Končar Instrument 

Transformers test station traceable to PTB (Phyisikalisch -Technische Bundesanstalt). Based on measured errors of 

instrument transformers it is concluded that no amplitude correction of voltage and current is needed (because of 

very low amplitude errors). Correction of measured losses should be made due to angle errors of instrument 

transformers. Curves of errors (calibration curves) are established by calibrating instrument transformers in eight 

different points  for each nominal ratio and with burden equal to secondary burden of instrument transformers 

during measurements in power transformers test station. 

2.1. Load losses 

In table 1 expanded uncertainties (k=2) of load losses for ten power transformers are shown.  

According to IEC procedure, when power factor is equal or greater than 0.2 measurement uncertainty should be 

estimated based on instrument transformers accuracy class (without correction of losses), and for power factors less 

than 0.2 estimations should be made based on instrument transformers calibration curves (with correction of losses). 

Generally, calibration curves should be provided for every instrument transformer. Therefore, the correction of 

losses is applied regardless of power factor value and estimated measurement uncertainties are shown in table 1. 

In ATT procedure, correction of losses is applied and uncertainty is estimated based on calibration curves. 

Table 1. Comparison between two compliant procedures for estimation of load losses measurement uncertainties 

  IEC ATT ATT/IEC  

  S U (k=2) U (k=2)   cosφ 

  kVA % % 1 1 

1 40000-72,5/B 1.1 0.96 0.87 0.0201 

2 50000-72,5/A 1.1 0.96 0.87 0.0203 

3 111000-300 1.1 0.92 0.84 0.0213 

4 235000-300 2.2 2.2 1.00 0.0086 

5 250000-420 1.4 1.3 0.93 0.0140 

6 250000-420/A 1.4 1.3 0.93 0.0145 

7 350000-300 1.4 1.2 0.86 0.0144 

8 380000-420 1.5 1.4 0.93 0.0129 

9 405000-550 1.4 1.2 0.86 0.0145 

10 420000-420 1.7 1.6 0.94 0.0107 
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ATT procedure has been developed for large power transformers, and for low power factors it gives from 0 % 

to 16 % lower values of uncertainty compared to IEC procedure (in average approximately -10 %). One of the 

reasons for having these differences is neglecting some components of uncertainty which are less important in case 

of large power transformers (component due to angle uncertainties is dominant and other components may be 

neglected). Validity of such proceedings is checked by repeating and reproducing load loss measurement of 

transformer rated power 330 MVA [4]. In case of transformers with lower power ratings (larger power factors), all 

components of uncertainty should be considered. 

Approximation of uncertainty of parameter FD (uFD), stated in IEC procedure, is not good enough. For example, 

with cos = 0.01 and Δ = 10
/
 the exact value of uncertainty is twice the approximate value. 

In IEC procedure uncertainty of power analyser reading (uPW) and uncertainty of current (uIM) are not clearly 

explained, while the influence of current setting (uIS) is missing. In comparison shown in table 1 these components 

of measurement uncertainty (MU) have been estimated by means of previously developed algorithms in ATT (MU 

of winding resistance with associated temperature, MU of temperature, MU of quantities measured by power 

analyser, etc.). This is the main reason for a relatively good agreement between IEC and ATT estimates of load loss 

uncertainties (table 1). 

2.2. No-load losses 

In table 2 expanded uncertainties (k=2) of no-load losses are shown. 

According to IEC procedure, when power factor is equal or greater than 0.2 measurement uncertainty should be 

estimated based on instrument transformers accuracy class (without correction of losses), and for power factor less 

than 0.2 estimations should be made based on instrument transformers calibration curves (with correction of losses). 

As explained previously, calibration curves should be provided for every instrument transformer. So it is decided to 

apply correction of losses and estimation of measurement uncertainty regardless of power factor value. 

In ATT procedure, correction of losses is applied and uncertainty is estimated based on calibration curves. 

Table 2. Comparison between two compliant procedures for estimation of no-load losses measurement uncertainties 

 IEC ATT ATT (u%F=0 %) ATT/IEC [ATT (u%F=0 %)]/IEC 

S U (k=2) U (k=2) U (k=2)   

kVA % % % 1 1 

40000-72,5/B 0.13 0.26 0.13 2.0 1.0 

50000-72,5/A 0.15 0.32 0.24 2.1 1.6 

111000-300 0.14 0.32 0.24 2.3 1.7 

235000-300 0.13 0.32 0.22 2.5 1.7 

250000-420 0.13 0.26 0.13 2.0 1.0 

250000-420/A 0.13 0.26 0.13 2.0 1.0 

350000-300 0.14 0.32 0.24 2.3 1.7 

380000-420 0.13 0.30 0.22 2.3 1.7 

405000-550 0.15 0.32 0.22 2.1 1.5 

420000-420 0.13 0.32 0.22 2.5 1.7 

Expanded uncertainties of no-load losses obtained by ATT procedure are approximately twice the values 

obtained by IEC procedure. It should be noted that uncertainties of quantities measured by power analyser (uPW) and 

(uUM) are not clearly explained in IEC procedure. Therefore, for these components previously developed ATT 

algorithms are used (see chapter 3). 

Besides, IEC procedure doesn't consider influence of frequency setting on no-load losses. In ATT procedure, this 

component of uncertainty is estimated based on frequency practical variation limits of ±0.1 Hz from nominal 

frequency and exponent 1.6 of no-load losses vs. frequency power function dependency. The exponent is roughly 

estimated based on no-load loss measurements of different transformers (one phase and three phase power 

transformers, different core types, different rated inductions and magnetic sheets) at 50 Hz and 60 Hz. According to 
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standard [5] this exponent is about 1.5. To show the impact of uncertainty component related to frequency setting, 

ATT estimates of no-load loss uncertainties are also given for case in which this component is neglected (see 

column „ATT (u%F=0%)“ in table 2). With that component being neglected, differences between two procedures are 

significantly reduced, but remain large. This is due to the fact that in ATT procedure exponent 2.5 for no-load loss 

vs. voltage power function dependency is used (assessment based on no-load loss measurements of different power 

transformers), and in IEC procedure exponent 2 is used. In addition, IEC procedure doesn't consider component of 

uncertainty related to voltage setting (uVS) which is in ATT procedure estimated using equation (28) in chapter 3.8. 

3.  Proposals for IEC procedure improvement  

The observed deficiencies of IEC procedure can be eliminated with improvements listed in following chapters. 

Uncertainty estimates of voltage measurement uUM, current measurement uIM, and power measurement (power 

analyser readings uPW) are related to loss measurements in general. Uncertainty due to current setting uIS, winding 

resistance uncertainty uT(R) and temperature uncertainty ( u ) are related to load loss measurement, while 

uncertainties related to voltage setting (uVS) and frequency setting (uFS) are related to no-load loss measurement. 

3.1. Uncertainty of voltage measured with power analyser (uUM) 

Measurement uncertainty of voltage, expressed as a percentage ( UMu% ), is estimated based on limits of error 

(accuracy) of voltage channel of power analyser 𝐺𝑃𝐴(𝑉)%, or voltmeter: 

𝑢%𝑈𝑀 =
𝐺𝑃𝐴(𝑉)%

√3
                   (1) 

Procedures for calculating limits of error (as a percentage of measured value) used for uncertainty estimation (1) 

are given in chapter 3.12.  

Specifications provided by manufacturers are usually valid for a period of one year and a temperature range from 

18 °C to 28 °C. If the instrument is used at temperatures outside the specified temperature range, and for which the 

temperature coefficient of limits of error is specified, limits of error need to be increased for: 

𝐺𝛽(𝑉)% = |𝛽 ∙ ∆𝜗|                   (2) 

where   - is difference between the temperature at which measurement is performed and closer limit of 

temperature range for which temperature coefficient (of limits of errors) is specified [6].  

Therefore, measurement uncertainty of voltage measured at temperature outside the specified temperature range 

is estimated as follows: 

𝑢%𝑈𝑀 =
𝐺𝑇𝑃𝐴(𝑉)%

√3
=

1

√3
[𝐺𝑃𝐴(𝑉)% + 𝐺𝛽(𝑉)%]              (3) 

3.2. Uncertainty of current measured with power analyser (uIM) 

In analogy to the procedure of voltage uncertainty estimation, measurement uncertainty of current is estimated 

based on relations (1) to (3), by replacing symbols V with I: 

𝑢%𝐼𝑀 =
𝐺𝑇𝑃𝐴(𝐼)%

√3
=

1

√3
[𝐺𝑃𝐴(𝐼)% + 𝐺𝛽(𝐼)%]               (4) 

3.3. Uncertainty of power measured with power analyser (uPW) 

Uncertainty of power measured with power analyser (PA), 𝑢%𝑃𝑊 , is estimated based on limits of errors. There is 

de facto general rule for expressing the limits of error for voltmeters and amperemeters (see chapter 3.12), but this is 
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not the case for wattmeters. Therefore, limits of error for wattmeters, provided by different manufacturers, differ a 

lot. Limits of errors for wattmeters (power analysers) can always be expressed in the form: 

𝐺𝑃𝐴(𝑃)% = 𝐺𝑃𝐴(𝑉)% + 𝐺𝑃𝐴(𝐼)% + 𝐺𝑃𝐴(𝑐𝑜𝑠𝜑)%                (5) 

where 𝐺𝑃𝐴(𝑃)%- is limit of error for active power, 𝐺𝑃𝐴(𝑉)%- is limit of error for voltage channel, 𝐺𝑃𝐴(𝐼)%- is limit 

of error for current channel and 𝐺𝑃𝐴(𝑐𝑜𝑠𝜑)%- is limit of error due to angle error. Since specifications are not usually 

provided in general form (5), list of expressions for several actual power analysers, based on manufacturers 

specifications, is given bellow: 

LEM-NORMA D6133TE [7] 

G(𝑉)% = 0.05 %𝑟𝑑𝑔 + 0.005 %𝑟𝑛𝑔                 (6) 

G(𝐼)% = 0.08 %𝑟𝑑𝑔 + 0.005 %𝑟𝑛𝑔                 (7) 

G(𝑃)% = 𝐺(𝑉)% + 𝐺(𝐼)% + 0.00402 ∙ 𝑡𝑎𝑛𝜑 %                 (8) 

FLUKE-NORMA 5000-PP64 [8] 

G(𝑉)% = 0.012 %𝑟𝑑𝑔 + 0.024 %𝑟𝑛𝑔                 (9) 

G(𝐼)% = 0.012 %𝑟𝑑𝑔 + 0.024 %𝑟𝑛𝑔               (10) 

G(𝑃)% = 𝐺(𝑉)% + 𝐺(𝐼)% + 0.00436 ∙ 𝑡𝑎𝑛𝜑 ∙ max (1; √
𝑉𝑟𝑛𝑔

𝑉
; √

𝐼𝑟𝑛𝑔

𝐼
) %          (11) 

YOKOGAWA WT3000T [9] (valid for a period of two years)  

G(𝑉)% = 0.005 %𝑟𝑑𝑔 + 0.005 %𝑟𝑛𝑔               (12) 

G(𝐼)% = 0.005 %𝑟𝑑𝑔 + 0.005 %𝑟𝑛𝑔               (13) 

G(𝑃)% = 𝐺(𝑉)% + 𝐺(𝐼)% + 0.00698 ∙ 𝑡𝑎𝑛𝜑%               (14) 

3.4. Measurement uncertainty of winding resistance with associated temperature, uT(R) 

Since temperature is associated to winding resistance, uncertainty of winding resistance must contain a 

component of temperature uncertainty. Because of that, estimation of winding resistance uncertainty is more 

complex than in a simple case of resistance measurement (without associated temperature) [3,10]. 

3.5. Measurement uncertainty of temperature ( u ) 

Measured load losses must be recalculated to reference temperature. Therefore, uncertainty of temperature 

should be estimated. Transformer temperatures are in most cases measured with thermocouples of T type (cooper-

constantan) and digital thermometer (DTM). 

Thermocouples of T type for temperature measurements in range from -40 °C to 125 °C are classified into two 

classes of accuracy [11]: 

  0.5 C,  

  1.0 C.  
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Error limits of DTM are usually  1.0 C. 

Total absolute standard uncertainty of temperature measured with thermocouples of type T of first accuracy class 

and DTM with given specification is equal to: 

�̇�𝜃 =
1

√3
√𝐺𝑇𝑃

2 + 𝐺𝐷𝑇𝑀
2 =

1

√3
√0.52 + 12 = 0.6455 °C            (15) 

More accurate temperature measurement can be achieved by using resistance temperature detectors (RTD). 

Platinum RTD (Pt100) according to [12] are also classified into accuracy classes. Error limits of RTD sensor of 

class A in the range of temperatures from -30 °C to 300 °C are: 

  𝐺RTD = ±(0.15 C + 0.002 ∙ |𝑡|)               (16) 

where |𝑡| is absolute (measured) value expressed in °C. 

Error limits of more accurate DTM's are usually equal or less than  0.20 C, and in the case of temperature 

measurement performed with a better DTM and Pt100 sensor of class A total absolute uncertainty of temperature is 

(for 100 °C) equal to: 

�̇�𝜃 =
1

√3
√𝐺𝑅𝑇𝐷

2 + 𝐺𝐷𝑇𝑀
2 =

1

√3
√0.352 + 0.202 = 0.2327 °C            (17) 

3.6. Equivalent resistances and their measurement uncertainties 

 

In formula (7) of [1] term „equivalent winding resistance Re“ is used. Equivalent resistances of transformer (18), 

autotransformer of Type 1 (19) and autotransformer of Type 2 (20), are as follows: 

𝑅𝑒 =
𝐼𝑁1

2 ∙𝑅1+𝐼𝑁2
2 ∙𝑅2

𝐼𝑁1
2                 (18) 

𝑅𝑒 =
𝐼𝑁1

2 ∙𝑅1+(𝐼𝑁2−𝐼𝑁1)2∙𝑅2

𝐼𝑁1
2                 (19) 

𝑅𝑒 =
𝐼𝑁1

2 ∙𝑅1+(𝐼𝑁2−𝐼𝑁1)2∙𝑅2+𝐼𝑁2
2 ∙𝑅𝑅

𝐼𝑁1
2                (20) 

Corresponding absolute uncertainties are: 

�̇�(𝑅𝑒) = √[�̇�(𝑅1)]2 + [
𝐼𝑁2

2

𝐼𝑁1
2 ∙ �̇�(𝑅2)]

2

               (21) 

�̇�(𝑅𝑒) = √[�̇�(𝑅1)]2 + [
(𝐼𝑁2−𝐼𝑁1)2

𝐼𝑁1
2 ∙ �̇�(𝑅2)]

2

              (22) 

�̇�(𝑅𝑒) = √[�̇�(𝑅1)]2 + [
(𝐼𝑁2−𝐼𝑁1)2

𝐼𝑁1
2 ∙ �̇�(𝑅2)]

2

+ [
𝐼𝑁2

2

𝐼𝑁1
2 ∙ �̇�(𝑅𝑅)]

2

            (23) 

Currents 𝐼𝑁1 i 𝐼𝑁2 are rated currents of primary and secondary winding. Schemes of both autotransformer types 

are shown in Figure 1. 
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                                a) 

 

                 b) 

 

Figure 1.(a) autotransformer – type1; (b) autotransformer - type2 

3.7. Revised measurement uncertainty of load losses   

Percentage (standard) uncertainty of losses measurement is estimated as: 

𝑢%𝑃 = √𝑢%𝐶
2 + 𝑢%𝑉

2 + 𝑢%𝑃𝑊
2 + 𝑢%𝐹𝐷

2                (24) 

Load losses are stated for a certain current 𝐼𝑠𝑡which is set and measured with an uncertainty. Therefore, losses 

are measured with current not equal to the stated current and uncertainty of current measurement should be 

converted to uncertainty of losses. In that way, stated current may be considered as absolutely correct (without 

measurement uncertainty). Since load losses are proportional to squared current, additional component of losses 

uncertainty due to uncertainty of current setting is equal to:  

𝑢%𝐼𝑆 = 𝑢𝐼𝑠𝑡(𝑃)% = 2 ∙ 𝑢(𝐼)% = 2 ∙ 𝑢%𝐼 = 2 ∙ √𝑢%𝐶
2 + 𝑢%𝐼𝑀

2             (25) 

Percentage measurement uncertainty of load losses at stated current 𝐼𝑠𝑡  is as follows: 

𝑢%𝑃𝐼𝑠𝑡 = √𝑢%𝐶
2 + 𝑢%𝑉

2 + 𝑢%𝑃𝑊
2 + 𝑢%𝐹𝐷

2 + 𝑢%𝐼𝑆
2               (26) 

While recalculating load losses to rated current 𝐼𝑁  percentage uncertainty of load losses remains unchanged 

because rated current and stated current are considered to be without measurement uncertainty (absolutely correct). 

So, expanded measurement uncertainty of load losses at rated current is equal to: 

𝑈%𝑃2 = 2 ∙ √5 ∙ 𝑢%𝐶
2 + 𝑢%𝑉

2 + 𝑢%𝑃𝑊
2 + 𝑢%𝐹𝐷

2 + 4 ∙ 𝑢%𝐼𝑀
2              (27) 

3.8. Uncertainty of no-load losses due to voltage setting (uVS) 

This component of uncertainty is not considered in IEC procedure. However, no-load losses are stated for certain 

voltage (e.g. rated voltage), which is set and measured with an uncertainty. When estimating uncertainty of 

measured no-load losses, one should bear in mind that because of voltage uncertainty no-load losses are measured at 

voltage value different from stated one. Assumption is made that no-load losses around nominal induction depend 

on voltage approximately with exponent of 2.5, so component of no-load losses uncertainty due to voltage setting, 

given in percentages, is equal to:  
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𝑢%𝑉𝑆 = 2.5 ∙ √𝑢%𝑉
2 + 𝑢%𝑈𝑀

2                 (28) 

3.9. Uncertainty of no-load losses due to frequency setting (uFS) 

This component of uncertainty is also not considered in IEC procedure. No-load losses are stated for certain 

frequency. Uncertainty of frequency setting also influences uncertainty of no-load losses. Assuming that the 

frequency is set in range  �̇�(𝐹) = ±0.1 Hz (𝐺%𝐹𝑃 = 0.2 %  when F = 50 Hz), frequency error limits for power 

analyser can be neglected (<0.01 %). As no-load losses depend on frequency with power function of exponent 

approximately 1.6, component of no-load loss uncertainty due to frequency setting is equal to: 

𝑢%𝐹𝑆 = 1.6 ∙
𝐺(𝐹)%

√3
= 0.1848 %               (29) 

This component of uncertainty can be reduced to frequency measurement uncertainty, if frequency is set 

exactly to stated (rated) value. 

3.10. Measurement uncertainty due to instrument transformers 

In IEC procedure, detailed explanation is missing how to estimate uncertainty component of losses due to angle 

errors of instrument transformers. 

Amplitude and angle errors of instrument transformer depend on burden imposed to secondary. Therefore, 

instrument transformer should be calibrated with secondary burden equal to actual burden while performing 

measurement in power transformer test station. In the process of calibration, error is measured in eight points in 

measuring range of each instrument transformer nominal ratio. Measured points are interpolated by means of least 

square method (LSM) and for each nominal ratio calibration curves (amplitude and angular curves of errors) are 

obtained. Measurement uncertainty of an arbitrary point of calibration curve is estimated based on uncertainties of 

calibration and interpolation. Total angular uncertainty of pair of instrument transformers, expressed via angular 

minutes, is as follows: 

�̇�∆𝜑 = √(�̇�∆𝜑𝑉)
2

+ (�̇�𝑖𝑛𝑡∆𝜑𝑉)
2

+ (�̇�∆𝜑𝐶)
2

+ (�̇�𝑖𝑛𝑡∆𝜑𝐶)
2
             (30) 

Correction of losses is usually done due to angular errors of voltage and current transformers, while amplitude 

errors of instrument transformers are in most cases small enough to be ignored. 

Etalons, used in process of calibration of instrument transformers, have also been previously calibrated. If these 

data of calibration process are available, further reduction in uncertainties caused by instrument transformers is 

possible. Correction of instrument transformer calibration curve should be made and uncertainties are estimated 

based on uncertainties of calibration procedure of etalons [13]. 

3.11. Revised measurement uncertainty of no-load losses 

It is more appropriate to express measurement in percentage than in relative value, so considering suggestions 

stated above, expression from table 1 in [1] should be: 

𝑢%𝑁𝐿𝐿 = √𝑢%𝐶
2 + 𝑢%𝑉

2 + 𝑢%𝑃𝑊
2 + 𝑢%𝐹𝐷

2 + 𝑢%𝑊𝐹
2 + 𝑢%𝑉𝑆

2 + 𝑢%𝐹𝑆
2             (31) 

where 𝑢%𝐶 - is percentage standard uncertainty of current transformer ratio, 𝑢%𝑉 - is percentage standard uncertainty 

of voltage transformer ratio, 𝑢%𝑃𝑊  - is percentage standard uncertainty of power analyser reading, 𝑢%𝐹𝐷  -  

percentage standard uncertainty due to angle error, 𝑢%𝑊𝐹  – percentage standard uncertainty of correction to 

sinusoidal waveform, and two additional components: 𝑢%𝑉𝑆 – percentage standard uncertainty due to voltage setting 

and 𝑢%𝐹𝑆 – percentage standard uncertainty due to frequency setting. 
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Therefore, expression for percentage expanded measurement uncertainty of no-load losses should be: 

𝑈%𝑁𝐿𝐿 = 2 ∙ √𝑢%𝐶
2 + 7.25 ∙ 𝑢%𝑉

2 + 𝑢%𝑃𝑊
2 + 𝑢%𝐹𝐷

2 + 𝑢%𝑊𝐹
2 + 6.25 ∙ 𝑢%𝑈𝑀

2 + 𝑢%𝐹𝑆
2           (32) 

3.12. In general  

Measured quantity (measurand) M is generally expressed as: 

𝑀 = {𝑀}[𝑀]                  (33) 

where {𝑀} is the numerical value of quantity, and [𝑀] is the measuring unit. 

Complete measurement result is expressed as: 

𝑀 = {𝑀 ± 2 ∙ �̇�}[𝑀]                (34) 

or in a more transparent and comparable form:  

𝑀 = {𝑀(1 ± 2 ∙ 𝑢%)}[𝑀]               (35) 

where �̇� is absolute standard uncertainty (expressed in units of measurand), 𝑢% is standard uncertainty expressed in 

percentage of numerical value of measurand, and 2 is factor of expanded uncertainty for which there is 95 % 

probability that real value lies in specified interval of values. The relationship between percentage 𝑢%, relative 𝑢 and 

absolute uncertainty �̇� is as follows: 

𝑢% = 𝑢 ∙ 100 % =
�̇�

𝑀
∙ 100 %                (36) 

Recommended expression for complete measurement result (with uncertainty included) for electrical quantities 

is, in the example of losses: 𝑃 = 86.7(1 ± 1.8 %) kW. 

Less frequently used expressions are 𝑃 = 86.7(1 ± 1.6) kW, or 𝑃 = 86.7 kW ± 1.6 kW. 

Expanded uncertainty is expressed with two significant digits – and no more. Only as sub result, uncertainty can 

be expressed with three, maximum four significant digits [14,15]. 

It is incorrect to sum up „apples“ (kW) and „oranges“ (%) – as it is stated in annex A.8 in [1]. 

It is common to express complete measurement results of temperature with absolute uncertainties, for example: 

Θ = (55.70 ± 0.64)°C or Θ = 55.70 °C ± 0.64 °C. 

 

As no standardised rule for expression of accuracy of digital instruments exists, error limits (G) of voltage and 

current for digital multimeters (DMM) and power analysers (PA) are provided by manufacturers in various ways: 

𝐺(𝑀)% = 𝑎 % 𝑜𝑓 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 + 𝑏 % 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 = 𝑎 %𝑟𝑑𝑔 + 𝑏 %𝑟𝑛𝑔           (37) 

𝐺(𝑀)% = 𝑎 % 𝑜𝑓 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 + 𝑐 % 𝑜𝑓 𝑓𝑢𝑙𝑙 𝑠𝑐𝑎𝑙𝑒 = 𝑎 %𝑟𝑑𝑔 + 𝑐 %𝑓𝑠          (38) 

𝐺(𝑀)% = 𝑎 % 𝑜𝑓 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 + 𝑑 𝑐𝑜𝑢𝑛𝑡𝑠 (𝑜𝑟 𝑑𝑖𝑔𝑖𝑡𝑠) = 𝑎 %𝑟𝑑𝑔 + 𝑑          (39) 

𝐺(𝑀)% = 𝑎 % 𝑜𝑓 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 + 𝑒 = 𝑎 % 𝑟𝑑𝑔 + {𝑒}[𝑀]            (40) 

where M is measured quantity (voltage or current), a, b, c are coefficients from digital instruments specifications 

(DMM or PA) expressed in percentage of reading, percentage of range and percentage of full scale respectively, d is 

the number of least significant digit (LSD) and e is quantity expressed in measurement units. 

Expressions for limits of errors are, in principle, made of two components. First component is proportional to the 
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reading of measured quantity, and second component is independent of reading. This is clearly visible in expressions 

for limits of absolute errors: 

�̇�(𝑀) = 𝑎 ∙ 𝑀 + 𝑏 ∙ 𝑀𝑟𝑛𝑔             (37a) 

�̇�(𝑀) = 𝑎 ∙ 𝑀 + 𝑐 ∙ 𝑀𝑓𝑠             (38a) 

�̇�(𝑀) = 𝑎 ∙ 𝑀 + 𝑑 ∙
𝑀𝑟𝑛𝑔

𝑁𝑟𝑛𝑔
             (39a) 

�̇�(𝑀) = 𝑎 ∙ 𝑀 + {𝑒} ∙ [𝑀]             (40a) 

Second component is the sum of all the noise sources, nonlinearity, drift, offset and resolution.   

Calculation of percentage error limits which are used in expressions for uncertainty estimation (1) now becomes 

more clear: 

𝐺(𝑀)% = 𝑎 % + 𝑏 % ∙
𝑀𝑟𝑛𝑔

𝑀
             (37b) 

𝐺(𝑀)% = 𝑎 % + 𝑐 % ∙
𝑀𝑓𝑠

𝑀
             (38b) 

𝐺(𝑀)% = 𝑎 % +
𝑑

𝑀
∙

𝑀𝑟𝑛𝑔

𝑁𝑟𝑛𝑔
∙ 100 %            (39b) 

𝐺(𝑀)% = 𝑎 % +
𝑒

𝑀
∙ 100 %             (40b) 

where M is measured value,  𝑀𝑟𝑛𝑔  rated value for used range, 𝑀𝑓𝑠  is maximum value for used range, 𝑁𝑟𝑛𝑔  is 

number of counts (digits) corresponding to used range (number that is shown in display without considering decimal 

sign) and e is quantity expressed in measurement units. 

Manufacturers sometimes provide expressions for limits of errors with more than two components, but these 

expressions can always be reduced to two components (one that is proportional to the reading of measured quantity 

and other that is independent on reading).  

In [1] the same symbol (u) is used for limits of errors, relative measurement uncertainties and percentage 

measurement uncertainties. These terms should be strictly distinguished. Accuracies (error limits; symbols 𝐺%, �̇�, 𝐺) 

are specified for instruments, while uncertainties ( 𝑢%, �̇�, 𝑢)  are specified for measurement results. Calibration 

certificates consist of measured errors and expanded uncertainty of calibration ( )2k and not of error limits of 

calibration (accuracy of calibration) as it is stated in 5.th and 7.th column of table A3 in [1]. Expression (15) in [1] 

should be corrected in a way: 

�̇�∆𝜑𝐶 = √�̇�∆𝜑𝐶;𝑐𝑎𝑙
2 + (

�̇�∆𝜑𝐶

√3
)

2

     and   �̇�∆𝜑𝑉 = √�̇�∆𝜑𝑉;𝑐𝑎𝑙
2 + (

�̇�∆𝜑𝑉

√3
)

2

          (41) 

Expression (9) in [1] should be:  

𝑢𝑇 =
�̇�

𝑃𝐿𝐿
                  (42) 

In the absence of data on measurement uncertainty WFu%  in [1] it is arbitrarily assumed that this uncertainty is 

equal to one quarter of correction factor, and that it can be neglected if correction factor is less or equal 1.03. In case 

of correction factor greater than 1.03, uncertainty of no-load losses is changing stepwise from 0.00 % to 

approximately 0.25 %, which can't be reasonably explained.  For example, no-load losses were measured on 

405 MVA transformer at 110 % of rated voltage and correction factor was 1.012. Expanded uncertainty of no-load 
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losses was estimated to 0.39 %, and if 𝑢%𝑊𝐹  had been neglected, it would have been 0.16 %. Therefore, 

measurement uncertainty of correction factor should be experimentally determined first, and only after that included 

into IEC procedure. 

It would be advisable to use symbol „V“ for voltage and symbol „U“ for expanded uncertainty. 

3.13. Measurement uncertainty of short-circuit impedance voltage 

Short-circuit impedance voltage of a transformer is measured in the following way: at a certain frequency current 

of energized winding is set and voltage of energized winding is being measured. After that, measured voltage is 

recalculated to rated current and rated frequency as follows: 

𝑣%𝑆𝐶 =
𝑉𝑀

𝑉𝑁

𝐼𝑁

𝐼𝑀

𝐹𝑁

𝐹𝑀
100 %                (43) 

where VM is measured voltage, VN is rated voltage, IN is rated current, IM is measured current, FN is rated frequency 

and FM is measured frequency.  

Standard uncertainty of short-circuit impedance voltage (with associated rated current and rated frequency) is 

estimated as: 

𝑢(𝑣%𝑆𝐶)% = √[𝑢%𝑈𝑀]2 + [𝑢%𝐼𝑀]2 + [𝑢%𝐹𝑀]2              (44) 

or expanded measurement uncertainty  

�̇�(𝑣%𝑆𝐶) =
2∙𝑢(𝑣%𝑆𝐶)%

100 %
∙  𝑣%𝑆𝐶               (45) 

3.14. Measurement uncertainty of no-load current 

No-load current is stated for a certain voltage (e.g. rated voltage), or induction. Voltage is set and no-load current 

is measured. Therefore, uncertainty of no-load current associated to certain voltage (or induction) is influenced both 

by uncertainty of current measurement 𝑢%𝐼𝑀 and uncertainty of voltage setting %VSu . 

Uncertainty of voltage setting should be converted to uncertainty of no-load current based on no-load current vs. 

induction (voltage) dependency. Based on analysis of magnetization curves of three-phase (three-leg and five-leg) 

and one-phase (four-leg) step-lap cores, no-load current dependency on induction in range 1.7 T to 1.85 T is roughly 

approximated with power function of exponent approximately equal to 10 (5). The component of no-load current 

uncertainty due to voltage setting is equal to: 

𝑢%𝑉𝑆 = 10 ∙ √𝑢%𝑉
2 + 𝑢%𝑈𝑀

2                 (46) 

Having constant voltage (which is set), frequency has a direct impact on induction (and therefore on no-load 

current also). Component of no-load current uncertainty due to frequency setting is equal to: 

𝑢%𝐹𝑆 = 10 ∙
𝐺(𝐹)%

√3
                 (47) 

where �̇�(F) is limits of error of frequency setting, which is from a practical point of view assumed to be ±0.1 Hz. 

With that assumption, component of (standard) uncertainty due to frequency setting is 1.15 %. That component can 

be reduced to error limits of frequency measurement, if frequency is accurately set to stated (rated) value. 

Mathematical model of no-load current measurement is as follows: 
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𝐼𝑁𝐿𝐿 = 𝐼𝑀 ∙ (
𝑈𝑀

𝑈𝑠𝑡
)

10
∙ (

𝐹𝑠𝑡

𝐹𝑀
)

10
                (48) 

where INLL is no-load current, Ust is stated voltage (at which no-load current should be measured) and Fst is stated 

frequency (usually 50 Hz or 60 Hz). 

Percentage expanded measurement uncertainty of no-load current is then equal to: 

𝑈(𝐼𝑁𝐿𝐿)% = 2 ∙ √[𝑢%𝐼𝑀]2 + 100 ∙ (𝑢%𝑉
2 + 𝑢%𝑈𝑀

2 ) + [𝑢%𝐹𝑆]2            (49) 

4. Conclusion 

IEC/TS [1] should be revised, since it is not comprehensive and it doesn’t achieve it’s main purpose - that all 

users follow identical procedure for uncertainty estimation. 

Comparison between IEC/TS procedures and previously developed ATT procedures for estimation of 

measurement uncertainty of losses, both based on the same principles, has shown differences in estimated 

uncertainties as high as 100 %. Some parts of uncertainty calculus, which are not clearly defined in IEC/TS [1], 

were supplemented with appropriate ATT algorithms. Therefore, even greater differences between different 

realisations of measurement uncertainties estimation based on IEC/TS procedure may be expected.   

In the paper, basic objections are given and improvements are suggested to decrease possible differences in 

uncertainty estimation. By revision, errors, inconsistencies and ambiguities should be eliminated.  

Measurement uncertainty should always be estimated with a complete procedure (10.3.2 of [1]) because a lot of 

distribution transformers have power factor less than 0.2 also, and therefore, measurement of amplitude and angle errors of 

instrument transformers (calibration) is inevitable. In that sense, class index procedure (10.3.3 of [1]) is unnecessary. 

Uncertainty of measurement is a characteristic of every measurement result. The estimation of measurement 

uncertainty is a demanding, complex and long-lasting procedure. The only practically acceptable solution is 

automatization of measurement with estimation of measurement uncertainty, not only for no-load and load losses 

but for short-circuit impedance voltage and no-load current also. 
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