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BEV

Example for 4 KA/5 A, I/Ix =120% at 5 VA, resistive
Uncertainty budget for &;:

Standard o Uncertainty
Quantity uncertainty P.mb.abll.l ty contribution

distribution
(ppm) (ppm)

Statistical spread of 3 measurands 1,3 normal 1,3
Standard current transformer BEV 30 normal k=2 15,0
Bridge, calibration 5 rectangular 2,9
Burden 15 rectangular 8,7
Other influences 10 rectangular 5,8
U(g) for k=1 18,5
Uncertainty budget for d;:

Standard Probability Uncertainty
Quantity uncertainty distribution contrll.)utlon

(min) (mm)

Statistical spread of 3 measurands 0,02 normal 0,02
Standard current transformer BEV 0,10 normal k=2 0,05
Bridge, calibration 0,03 rectangular 0,02
Burden 0,06 rectangular 0,03
Other influences 0,03 rectangular 0,02
U(S)) for k=1 0,07
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Example for 6 KA/5 A, I/Ix =50% at 15 VA, resistive
Uncertainty budget for g;:
i Quantity (unit) Distribution Xi ux) W Ci ui(y) r(Xy)
1 | Repeatability Normal -0,00694 | 0,0000123 9 1 | 1,23E-05 || 0,0080508
2 | Reference standard Rectangular 0 0,0005774 | infinity | 1 |0,0005774 || 0,3778954
3 | Error in the bridge Rectangular 0 0,0012863 | infinity | 1 |0,0012863 || 0,8419510
4 | Drift of the reference standard Rectangular 0 0,0005774 | infinity | 1 |0,0005774 | 0,3778954
5 | Resolution of test set Rectangular 0 0,0000289 | infinity | 1 | 2,89E-05 | 0,0189160
6 | Error due to burden setting Rectangular 0 0,0000577 | infinity | 1 | 5,77E-05 | 0,0377666
7 | Error due to current setting Rectangular 0 0,0000722 | infinity | 1 | 7,22E-05 || 0,0472574
8 | Circuit and temperature influence | Rectangular 0 0,0000577 | infinity | 1 | 5,77E-05 || 0,0377666
y Normal -0,00694 | 0,0015278 | infinity

Conf. level = 95,45% k =2,0000

Result = -0,0069 U =0,0031
Model: Y =X+X,+ X3+ X+ X5+ X+ X+ X5
Uncertainty budget for d;:
i Quantity (unit) Distribution Xi u(x;) Vi Ci ui(y) r(X,y)
1 | Repeatability Normal 0,45396 | 0,001014 9 1 10,001014 | 0,0171235
2 | Reference standard Rectangular 0 0,0288675 | infinity | 1 |0,0288675 || 0,4874885
3 | Error in the bridge Rectangular 0 0,0426177 | infinity | 1 |0,0426177 || 0,7196891
4 | Drift of the reference standard Rectangular 0 0,0288675 | infinity | 1 |0,0288675 || 0,4874885
5 | Resolution of test set Rectangular 0 0,00289 infinity | 1 [0,00289 0,0488037
6 | Error due to burden setting Rectangular 0 0,00204 infinity | 1 [0,00204 0,0344497
7 | Error due to current setting Rectangular 0 0,002448 infinity | 1 [0,002448 [ 0,0413396
8 | Circuit and temperature influence | Rectangular 0 0,00204 infinity | 1 [0,00204 0,0344497
y Normal 0,45396 | 0,0592168 | infinity

Conf. level = 95,45% k =2,0000

Result = 0,45 Uu=0,12

Model: Y =X1+X2+X3+X4+X5+X6+X7+X8
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CMI
Uncertainty budget for &;:
Limits of error Uncertainty
Quantity Distribution Type contribution
(ppm)
(ppm)
Standard current comparator Tettex 10 rectangular B 53
4764
System for error evaluation Tettex 2767 10 rectangular B 5.8
Burden adjustment 2 rectangular B 1.2
Primary current adjustment 2 rectangular B 1.2
Measuring circuit arrangement 2 normal B 1.2
Primary current swapping (k x 1) 2 rectangular B 1.2
Statistical spread of 5 measurements 3 normal A 3.0
Standard combined u(g;) for k=1 9.0
Uncertainty budget for d;:
I Uncertainty
Quantity Limits of error Distribution Type contribution
(prad)
(prad)
Standard current comparator Tettex 15 rectangular B 3.7
4764
System for error evaluation Tettex 2767 18 rectangular B 10.4
Burden adjustment rectangular B 1.2
Primary current adjustment rectangular B 1.2
Measuring circuit arrangement normal B 1.7
Primary current swapping (k x 1) 15 rectangular B 8.7
Statistical spread of 5 measurements 25 normal A 25.0
Standard combined u(d;) for k=1 29.8
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DMDM

Uncertainty budget for ratio error

Model of measurement for ratio error & is given by the next formula:

ei = AE! + Ag!_fNS? + Agi_ INST _CAL + AE}_ INST _KES + Ag! ~EST 2 Asf_ﬁ’.ﬁ'f‘_‘(:.‘”‘ T (I)
* AEI_B + AEF_B_('AL + Agl’n'f T+ Ag}'_fl?' + Agl AT _CAL

where

& is ratio error of the tested travelling standard current transformer, in
microamper per amper [LA/A],

A& 1s the calculated average value of N readings of ratio error indicated on the

display of transformer test set (INST-2A), in microamper per amper [LWA/A],

A&.mnst  is correction of ratio error due to the manufacturer specifications of
transformer test set (INST-2A), in microamper per amper [LA/A],

A&.nsT.caL 18 correction of ratio error due to the uncertainty of transformer test set
(INST-2A) calibration, in microamper per amper [LA/A],

A&.nsT-RES 18 correction of ratio error due to resolution of transformer test set (INST-
2A), in microamper per amper, [LA/A],

A&.EsT 1s correction of ratio error due to the manufacturer specifications of
reference current transformer EST, in microamper per amper, [LA/A],

A& gst-caL 18 correction of ratio error due to the uncertainty of calibration for the
reference current transformer EST, in microamper per amper, [LA/A],

kpA&p is correction of ratio error due to error of burden, in microamper per amper
[HA/A],

Ag&p.caL 18 correction of ratio error due to the uncertainty of burden calibration, in
microamper per amper [LA/A],

ket AEies 18 correction of ratio error due to the deviation of the current from rated
value, in microamper per amper [LA/A],

AEAT is correction of ratio error due to the error of adapter transformer AT (on
ranges 6 kA, 8 kA and 10 kA) as given by the manufacturer, in microamper
per amper [LA/A],

A& a1.caL 18 correction of ratio error due to the uncertainty of calibration of adapter
transformer, in microamper per amper [UA/A].

For calculations of ratio error & we have done corrections due to error of adapter
transformer A&.at. Other corrections we did not do but those components are evaluated
as uncertainties of measured ratio error of the tested traveling standard current
transformer.

Sources of uncertainty in the ratio error determination

1) Repeatability - Calculated average value of N readings of ratio error for
traveling standard current transformer indicated on the display of transformer
test set (INST-2A), ua (&)

type A uncertainty, normal distribution, degrees of freedom (N-1)
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DMDM

- the average value of measured ratio error and its associated experimental standard
deviation is calculated,

- the type A uncertainty is calculated dividing standard deviation of ratio error
measurement by square root of number of measurements.

2) uncertainty due to manufacturer specifications of transformer test set (INST-
2A), up; = u( A& Nst)

uncertainty type B, rectangular distribution, degrees of freedom infinity

-the value of manufacturer specification for ratio error of transformer test set (INST-2A)

+ (0.2 % of readings + 0.1 % of range) we divide by V3.

3) uncertainty of measurement as given in calibration certificate for transformer
test set (]NST-ZA), Ugy = “(AEI-INST-CAL),

type B uncertainty, normal distribution, degrees of freedom 50

- the value of expanded uncertainty of measurement for reference standard transformer
is taken from calibration certificate given by PTB, divided by 2.

4) uncertainty of ratio error of transformer test set (INST-2A) due to limited
resolution, up3; = u(4&.INsT-RES),

uncertainty type B, rectangular distribution, degrees of freedom infinity

- the value of resolution 0,0001% for ratio error of transformer test set (INST-2A) we

divide by 243 and get result 0,00003%.

5) uncertainty of the reference current transformer EST for the measurement of
ratio error as given by the manufacturer, ugs = u( A& gst)

type B uncertainty, rectangular distribution, degrees of freedom infinity

- the value of manufacturer specification for ratio error of reference standard

transformer we divide by +/3 .

6) uncertainty of measurement as given in calibration certificate for the reference
current transformer EST, ups = u(4&.gs1-cAL)

type B uncertainty, normal distribution, degrees of freedom 50

- the value of expanded uncertainty of measurement for reference standard transformer
is taken from calibration certificate given by PTB and divided by 2.

7) uncertainty due to errof of burden, ¢ = u(kgA&.p)
type B uncertainty rectangular distribution, degrees of freedom infinity
-the value of burden 5 VA (or 15 VA where applicable) is multiplied by 1 % and by kg

and divided by /3, to determine the influence of burden on the ratio error.

8) uncertainty of measurement as given in calibration certificate for the burden,
ug7 = u(A&.p.caL)

type B uncertainty, normal distribution, degrees of freedom 50

- the value of expanded uncertainty for burden calibration is taken from calibration
certificate given by DMDM and divided by 2.

9) uncertainty due to the deviation of the current from rated value,

ugg = U(Kirer Aéirer)

type B uncertainty, rectangular distribution, degrees of freedom infinity

- the estimated deviation of the adjusted current 0.1% from the rated value is multiplied
by kier and divided by V3 to determine the influence of applied current on the ratio
error.
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DMDM

10) uncertainty of adapter standard transformer AT for the measurement of ratio
error as given by the manufacturer, upo = u( 4&.a1)

uncertainty type B, rectangular distribution, degrees of freedom infinity

-because we corrected results by the value of adapter standard transformer ratio error,
uge component of uncertainty is zero.

Adapter standard transformer we used for the measurement of ratio error for ranges
6 kA, 8 kA and 10 kA.

11) uncertainty of measurement as given in calibration certificate for the adapter
current transformer, ugio= u(A&.AT-CAL)

type B uncertainty, normal distribution, degrees of freedom 50

- the value of expanded uncertainty of measurement for adapter standard transformer is
taken from calibration certificate given by DMDM and divided by 2.

The combined standard uncertainty for the ratio error uc(& )
is calculated according to:

- q1/2
('il ) ”il (ASI )+ ('12 u’ (Asl-!}\'.S'T ) + Ci u’ (AEI—INST—(,‘AL ) + Csz u? (Agr—wsr-nss ) +

Uc (€:)= “'Cf '”2(531-551-)'*' C: 'MZ(AEJ—EST—CM.)"'Cé '”2(A51—3)+C'f "EE(AEJ-B-CM.)"'

- -uz(Agn_d )+C§ -ut (AL, 7 ) el 'uz(AE.'-Ar-CAL)

2
where cay, ¢1 1o ¢ are sensitivity coefficients.
CAI=C =cy=c3=¢,;=c5= 7= Co= C10=1 (3)
o =k = du.(€) _ F 7 . Loh- & § . -1/100)] @
B TV.V-2 O (S, -1/100)
where:
S; is the set value of burden of the tested transformer,
&(T res, Si) is the ratio error of the tested transformer for /s and Si,
&(I rer, Si- 1/100) is the ratio error of the tested transformer for /;.f and burden
S; - 1/100.

The sensitivity coefficient cg must be determined for each measurement point, ie. for
the reference currents Irer equal to: 0,01 I; 0,02 I,;; 0,05 Iy; 0,2 I; 1,0 [, and 1,2 I, for the
same burden S;.

_ au(‘(g’) _ E}(]ref—l’Si)_gl(lref—Z’Si‘)

Cg =Kpr = - (5)
¥ i a(Aé'mf ) (Iref-l - Iref—l)

where:
g,,,.8)—-¢€1,,,S,) isadifference of values of ratio errors in two adjacent

measurement points,
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DMDM
S; is set value of burden of tested transformer,
& (Lret-1, Si) is ratio error of the tested transformer for measurement
point I, for §; burden,
& (Ire2, Si) is ratio error of the tested transformer for measurement
point I for S; burden.
Cliiry =) is difference of reference currents in two adjacent

measurement points /..y and s

The examples of uncertainty budget for ratio error are given in tables 3 and 4.

Table 3: The uncertainty budget for the ratio error for
measurement point: 4000 A/ S A, burden 5 VA, I/In = 100 %

" Sensitivity
o Value Standard uncertainty - ci - u (X))
Quantity [LA/A] koefi‘liment [LA/A]
Ag -83 0.9 pA/A 1 0.9
A& nst 0 1.25 pA/A 1 1.25
A ins1-CAL 0 10 pA/A 1 10
A& nsT-REES 0 0.289 LA/A 1 0.289
A& st 0 5,774 pHA/A 1 5,774
A&ps1-caL 0 15.0 pA/A 1 15.0
A& p 0 0.0289 VA 10 ppm/VA 0.289
A& p.caL 0 0.000018 VA 10 ppm/VA 0.00018
Arer 0 0.058 % Oppm/ % 0
A& a1 0 0 pA/A 1 0
A& pr-caL 0 0 pA/A 1 0
Combined standard uncertainty
& -83 uc (&) 19.0

Result of measurement:

Measured ratio error is &= - 83 HA/A.

Combined standard uncertainty is  uc (& )= 19.0 pA/A.

Expanded uncertainty is U(g)=2-19.0 nA/A = 38.0 pA/A.
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DMDM

Table 4: The uncertainty budget for the ratio error for
measurement point: 6000 A/ S A, burden 15 VA, I/In =50 %

. Sensitivity
: Value Standard uncertaint Sk G- u(Xy)
Quantity [WA/A] y koeft;uem [WA/A]
Ag " 13.0 pA/A I 13.0
— 0 1.16 nA/A I 1.16
ANy 1-CAL 0 10 pA/A 1 10
AELINST-RES 0 0.289 pA/A 1 0.289
A g 0 5.774 A/A 1 5774
A& psr.can 0 15.0 pA/JA 1 15.0
Agp 0 0.0866 VA 10 ppm/VA 0.866
Ao 0 0.000053 VA 10 ppm/VA 0.00053
A 0 0.058 % 0 ppmv/ % 0
A& a1 -31 0 pA/A 1 0
AB iR 0 20.0 pA/A 1 20.0
Combined standard uncertainty
& -25 uc (&) 30.5
Result of measurement:
Measured ratio error is &= - 25 pA/A.

uc (&)= 30.5 pA/A.
U (&)=2-30.5 pA/A = 61.0 pA/A.

Combined standard uncertainty is
Expanded uncertainty is

Uncertainty budget for phase displacement

Model of measurement for phase displacement & is given by the next formula:

§! = Aé‘l +A5]_1NST +A§i_fNS!'_L}‘iL + Aa}_INST#RES +A51_EST +A§J'_t.5'.|"_(,'ﬁ!. 3

(6)
+ K AG 4+ K oy AT, +AS,
where
A is phase displacement of the tested current transformer, in minutes [’],
A is the calculated average value of N readings of phase displacement
indicated on the display of transformer test set (INST-2A), in minutes [],
Ad.nst  is correction of phase displacement due to manufacturer specifications of

transformer test set (INST-2A), in minutes [],
Ad.nsTcaL is correction of phase displacement due to the uncertainty of transformer
test set (INST-2A) calibration of phase displacement, in minutes ['],
Adnst-rEs 1s correction of phase displacement due to resolution of of transformer test
set (INST-2A), in minutes ['],
is correction of phase displacement due to the manufacturer specification for
the reference current transformer EST, in minutes [],
AdestcaL is correction of phase displacement due to the uncertainty of calibration for
the reference current transformer EST, in minutes ['],
is correction of phase displacement due to phase error of burden, in minutes

('],

AdgsT

kpnAdB
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Kphirer Ayt is correction of phase displacement due to the deviation of the current from
rated value, in minutes ['],

AdaT is correction of phase displacement due to phase displacement of used
adapter transformer, in minutes ['].

For calculations of phase displacement & we have done corrections due to phase
displacement of adapter transformer Adat. Other correnctions we did not do but those
components are evaluated as uncertainties of measured phase displacement of the tested
travelling standard current transformer.

Sources of uncertainty in the phase displacement determination

1) Repetability - Calculated average value of N readings of phase displacement
indicated on the display of transformer test set (INST-2A), ua2()

type A uncertainty, normal distribution, degrees of freedom (N-1)

- the average value of measured phase displacement and its associated experimental

standard deviation is calculated,

- the type A uncertainty is calculated dividing standard deviation of phase displacement

measurement by square root of number of measurements.

2) uncertainty due to manufacturer specifications for transformer test set (INST-
2A) for the measurement of phase displacement, up; = u(Adnst)

uncertainty type B, rectangular distribution, degrees of freedom infinity

-the value of manufacturer specification for phase displacement of transformer test set

+ (0.2 % of readings + 0.1 % of range) we divide by 3.

3) uncertainty due to the uncertainty of transformer test set (INST-2A) calibration
of phase displacement, ug;> = u(Ad NnsT-CAL),

type B uncertainty, normal distribution, degrees of freedom 50

- the value of expanded uncertainty of measurement for reference standard transformer
is taken from calibration certificate and divided by 2.

4) uncertainty due to limited resolution of phase displacement of transformer test
set (INST-2A), upi3 = u(AA.INST-RES),

uncertainty type B, rectangular distribution, degrees of freedom infinity

 the value of resolution 0,0001” for phase displacement of device INST-2A we divide

by 24/3.

5) uncertainty of the reference current transformer for the measurement of phase
displacement as given by the manufacturer, ugs = u(AdEsT)

type B uncertainty, rectangular distribution, degrees of freedom infinity

- the value of manufacturer specification for phase displacement measurement of

reference standard transformer we divide by V3.

6) uncertainty of measurement as given in calibration certificate for the reference
current transformer, ug s = u(AdgsT-cAL)

type B uncertainty, normal distribution, degrees of freedom 50

- the value of expanded uncertainty of measurement for reference standard transformer
is taken from calibration certificate and divided by 2.
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DMDM

7) uncertainty due to error of burden, g = u(kpnpAd)
type B uncertainty rectangular distribution, degrees of freedom infinity
- the value of burden 5 VA (or 15 VA where applicable) is multiplied by 1 % and by

kong and divided by 3 to determine the influence of burden on the phase displacement.

8) uncertainty due to the deviation of the current from rated value,

ug17 = U(kphicer Arer)

type B uncertainty, rectangular distribution, degrees of freedom infinity

- the estimated deviation of the adjusted current (+ 0.1% Iref) from the rated value we

divided by V3 and multipied by kphirer to determine the influence of applied current on
the phase displacement.

9) uncertainty due to the deviation of the measurement becouse adapter standard
transformer AT, ug s = u(Ad.A1)

type B uncertainty, normal distribution, degrees of freedom 50

-because we have corrected results by the value for phase displacement of adapter
standard transformer this component of uncertainty ug s is zero.

Adapter standard transformer we used for the measurement of phase displacement for
ranges 6 kA, 8 kA and 10 kA.

The combined standard uncertainty for the phase displacement uc(d)
1s calculated according to:

_Ciz ' “iz (A§: )"‘ 6121 u’ (A‘S{-INST ) 5 ('122 u’ (A5I~INST~(_‘AL ) 2

U (5r ) = CIZB u’ (Aé‘r—IM\'T—R.&.‘.\‘ )+ '3124 ‘u’ (A‘SI—EST )+ Clzs ‘u’ (A(S.I—EST—(',-’;L ) + (7)

_clzﬁ . ”2(kp1.s Ad,_ )+ 0127 ‘uz(kpmn_r 'A‘Sfre_,r )"' cljs '“2(A§1».4T) |

where caz, 11 to ¢g are sensitivity coefficients.

CA2= C11= C12= €13 = C14= C15= C15= | (8)

_ duc(s) _16,,.5)-6,,S, 1/100)]

Cio = = = 9
TR TAAS,) (S, -1/100) &
where:
S; is the set value of burden of the tested transformer,
A res, Si) is the phase displacement of the tested transformer for /..s and S;,
(! rer, Si- 1/100) is the phase displacement of the tested transformer for /s and

burden S; - 1/100.
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The sensitivity coefficient ¢;s must be determined for each measurement point, ie. for
the reference currents I..; equal to: 0,01 I; 0,02 I;; 0,05 1,; 0,2 ,;; 1,0 I, and 1,2 I, for the

same burden S;.

. a“((é‘;) __a‘f(]rr{-l’Sr')_§!(]ref—1’Sr')

c7 =k = -
17 phiref B(AJ;,,;; ) (1,.6,-_1 - Iref—l)

where:

(10)

6,,,.,.5)-0,,.,,8) isadifference of values of phase displacement in two

adjacent measurement points,

S; is set value of burden of tested transformer,

O (Ires.1, Sn) is phase displacement of the tested transformer for

measurement point /s for S; burden,

O (Tref-2, Sn) is phase displacement of the tested transformer for

measurement point /¢ for S; burden.

¢ I is difference of reference currents in two adjacent

measurement points e and Jrer. .

The examples of uncertainty budgets for phase displacement are given in tables 5

and 6.

Table 5: The uncertainty budget for the phase displacement for
measurement point: 4000 A/ 5 A, burden 5 VA, I/In = 100 %

Buniity Va}ue Standard uncertainty isgﬁfgéz G (x;)
[ & (')
A8 0.7859' 0.0233 1 0.0233
A nst 0 0.0067’ 1 0.0067
Ad.nstcAL 0 0.0500’ 1 0.0500
Adinsi-res 0 0.00003’ 1 0.00003
Ad.ist 0 0.0289’ 1 0.0289
Ad.pst-cAL 0 0.0515 1 0.0515
Ad.p 0 0.0289 VA 0.0920 /VA 0.0027
Ayt 0 0.0577 % 0% 0
Adar 0 0 1 0
Combined standard uncertainty

a 0.7859' uc (&) 0.0811'
Result of measurement:

Measured phase displacement is a= 0.7859'
Combined standard uncertainty is  uc (& )= 0.0811".
Expanded uncertainty is U(d)=2-0.0811'=0.1622".
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Table 6: The uncertainty budget for the phase displacement for
measurement point: 6000 A/ 5 A, burden 15 VA, I/In =50 %

Quantity Va}ue Standard encertaimy Sgg;fl:é\;elg Ci U (x;)
('] (] 6 1]
A4 0.4181' 0.0641" 1 0.0641°
A& nsT 0 0.0066" 1 0.0066"
ASINST-CAL 0 0.0500" 1 0.05007
A NS T-RES 0 0.00003" 1 0.00003’
Ad st 0 0.0289’ 1 0.0289"
A EST-CAL 0 0.0515’ 1 0.0515°
Adp 0 0.0866 VA 0.0920 /VA 0.0080
A8, 0 0.0577 % 0% 0
A8 a1 0.2645 0 1 0.5774°
Combined standard uncertainty

a 0.6826' uc (&) 0.1010'
Result of measurement:
Measured phase displacement is o= 0.6826".

Combined standard uncertainty is  uc (& )= 0.1010".

Expanded uncertainty 1s

U(a)=2-0.1010=0.2020".
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Uncertainty budget for &;:

GUM

. Measured Result value of | Standard uncertainty | Standard uncertainty Combined
Blggen Ezt/f current ratio error type A of g type B of g uncertainty of &
VA S D) & (ppm) Une (PPM) Us, (ppm) Ug (PPM)
120 -87 1 19,3 19,4
100 -85 1 19,3 19,4
50 -74 1 19,3 19,4
20 -59 1 19,3 19,4
a5 10 -48 1 19,3 19,4
5 -32 1 19,3 19,4
2 +5 1 28,4 28,4
5 1 - - - -
resistive 120 - - - -
100 -18 1 19,3 19,4
50 -14 1 19,3 19,4
20 -2 1 19,3 19,4
10/5 10 +1 1 19,3 19,4
5 +8 1 19,3 19,4
2 +27 1 28,4 28,4
1 - - N -
Uncertainty budget for d;:
: Measured Result value of | Standard uncertainty | Standard uncertainty Combined
By\;i;zn EZ;'X current  |phase displacement type A of &I type B of §i uncertainty of &
WA | woew | &() g (') usg () usg ()
120 +0,61 0,03 0,132 0,14
100 +0,59 0,02 0,132 0,14
50 +0,71 0,01 0,132 0,14
4/5 20 +0,84 0,01 0,132 0,14
10 +0,88 0,01 0,132 0,14
5 +0,89 0,01 0,132 0,14
2 +0,74 0,02 0,250 0,26
5 1 - - - -
resistive 120 - - - -
100 +0,37 0,01 0,132 0,14
50 +0,37 0,01 0,132 0,14
20 +0,40 0,01 0,132 0,14
10/5 10 +0,41 0,01 0,132 0,14
5 +0,41 0,01 0,132 0,14
2 +0,32 0,01 0,250 0,26
1 R _ R R
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Uncertainty budget for & (I, =100%l,):

Quantity/influence factor Estimate | Standard Probability Sensitivity Uncertallllty
Xi unc. u(xy) | ..o . Type . contribution
Xi distribution coefficient c;
(ppm (ppm) u; (ppm)
Reference CT ratio error ecty 0 13 (%) Normal B 1 13 (%)
ratio error gy of IT test set 0 5 Normal B 1 5
Mean value of IT test set
opposite polarity indications and &R 1.7 Normal A 1 1.2
noise
Burden deg 0 1.4 Rectangular B 1 1.7
Residual core magnetisation dey 0 1.7 Rectangular | B 1 1.7
Current value dec 0 1.6 Rectangular B 1 1.2
Current adjusting time der 0 2.9 Rectangular | B 1 2.9
1(;/Ieasur1ng circuit arrangement 0 12 Rectangular | B 1 12
EMC
€1 ER 15
Expanded Uncertainty (k = 2) 30
(*) For the 10000 A/5 A transformation ratio u(ecry) = 16 ppm and u(g)=18 ppm
Uncertainty budget for &; (I, = 100%]l,):
Quantity/influence factor Estimate | Standard Probability Sensitivity Uncef‘tall.lty
Xi unc. U(X;) | oo o, Type . contribution
X distribution coefficient c;
(prad) (urad) u;(urad)
Phase dcrn of the reference CT 0 22 (%) Normal B 1 22
Phase error &; pf the CT test set 0 5 Normal B 1 5
Mean value of IT test set
opposite polarity indications and Sk 10 Normal A 1 1.7
noise or
Burden influence dog 0 2.9 Rectangular | B 1 2.9
Residual core magnetisation ddy 0 2.9 Rectangular | B 1 2.9
Current value ddc 0 2.9 Rectangular B 1 1.2
Current adjusting time ddr 0 26 Rectangular | B 1 26
Measuring circuit arrangement 0 23 Rectangular | B 1 23
ddmc
6I 6]{ 36
Expanded Uncertainty (k = 2) 72

(*) For the 10000 A/5 A transformation ratio u(8cry) = 28 ppm and u(8;) = 40 ppm




EURAMET 1187 Annex 3 — UNCERTAINTY BUDGETS Page 17 of 35
LCOE
Uncertainty budget

for ratio error € and phase displacement

Uncertainty due to the repeatability of the measurements

Type B uncertainty due to many factors:

Current comparator certificate uncertainty.

Current comparator drift with time.

Bridge certificate uncertainty.

Bridge specifications and drift.

Any other uncertainty contribution due to the measurement method.
Lack of resolution of the measurements.

Uc = Jui + ui

U=k-uc=2-uc (95% probability and coverage factor k=2)
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LNE

Example for 4 KA/5 A, I/Ix =120% at 5 VA, resistive

Measurand: ratio error g;

Quantit Probability .
X. y Standard distribution Sensitivity Uncertainty
' uncertainty /method of coefficient contribution
_ 10-6 evaluation u
g = —124-10 u(x) (A, B) G V)
Setup calibration
Reference standard CT 10.0-10° Normal (B) 1 10.0-10°
Reproducibility 8.0-10° Type (A) 1 8.0-10°
Tettex test set
Accuracy 11.0-10° Normal (B) 1 11.0-10°
Resolution 0.3-10° Rectangular (B) 1 0.3-10°
Assembly
Influence of primary circuit 40-10° Rectangular (B) 1 40-10°
arrangement
Burden
Influence of burden 0.3-10° Rectangular (B) 1 0.3-10°
Linearity 0 Rectangular (B) 1 0
Transformers proximity 0 Rectangular (B) 1 0
Repeatability 3.0-10° Rectangular (B) 1 3.0-10°
Combined standard uncertainty (k= 1) 17.6-10°°
Expanded uncertainty (k = 2) 35.2:10°
Measurand: phase displacement 9,
. Probabili .
Quantity Standard robablity Sensitivity Uncertainty
X; taint distribution fhicient contribution
i uncertainty /method of coefficien "
_ 10-6 evaluation u
8, =155.0-10"°rad u(X;) (A, B) G (rad)
Setup calibration
Reference standard CT 10.0-10° Normal (B) 1 10.0-10°
Reproducibility 9.0-10° Type (A) 1 9.0-10°
Tettex test set
Accuracy 11.0-10° Normal (B) 1 11.0-10°
Resolution 0.3-10° Rectangular (B) 1 0.3-10°
Assembly
Influence of primary circuit 4.6:10° Rectangular (B) 1 4.6:10°
arrangement
Burden
Influence of burden 0.7-10° Rectangular (B) 1 0.7-10°
Linearity 0 Rectangular (B) 1 0
Transformers proximity 0 Rectangular (B) 1 0
Repeatability 0.0-10° Rectangular (B) 1 0.0-10°
Combined standard uncertainty (K = 1) 18:10°°
Expanded uncertainty (k = 2) 36:10°°
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METAS
Influence Type | Distribution Uncertainty of ratio error (in ppm)
for Wlk=5% | for5 % < for
hw/lr<= 10 % Wilr>10%
Reference
Standard current B rectangular 10 5 5
transformer B - -
Transformer testing B rectangular 7 6 4
system
Measurements . B
Statistic distribution A normal 3 3 2
Frequency B rectangular 5 3 2
Temperature B rectangular 1 2 3
Repeatability B rectangular 3 2 1
Burden . B rectangular S 3 3
Primary conductor A normal 10 7 i A
alignment T | SUST —— —
2-turn-setup A normal 5 3 3
Standard uncertainty type A for 1-turn-setup 10 8 7
Standard uncertainty type A for 2-turn-setup 12 8 8
Standard uncertainty type B for 1-turn-setup 14 9 8
Standard uncertainty type B for 2-turn-setup 14 9 8
Combined standard uncertainty 18 12 11
for 1-turn-setup o )
Combined standard uncertalnty 19 12 11
for 2-turn-setup
Expanded uncertainty for 1-turn-setup 36 24 22
Expanded uncertainty for 2- -turn-setup 37 25 s
Influence Type | Distribution Uncertainty of phase displacement (in ")
for hWlrs5% | for5 % < for
IwWlr= 10 % Iwiz>10 %
‘Reference — — - — ———e S ———
Standard current B rectangular 0.05 0.05 0.03
Transformer testing | B rectangular 0.10 0.07 0.05
system
Measurements : . .
Statistic distribution  |A [ normal 0.03 0.01 0.01
Frequency B rectangular _0.05 0.03 . 0.02
Temperature B | rectangular 0.01 0.02 - 0.02
Repeatability B |rectangular | ~ 0.02 0.02. 002 |
_Burden B |rectangular |  0.01 001 001
Primary conductor A normal 0.05 0.03 0.02
alignment _ B R B I
2-turn-setup A normal 0.01 0.01 0.01
_Standard uncertainty type A for 1-turn-setup 006 0.03 _0.02
Standard uncertainty type A for 2-turn-setup - 0.06 | 003 | 002
Standard uncertainty type B for 1-turn-setup _0 12 0.10 0.07
Standard uncertainty type B for 2-turn-setup 0.12 0.10 0.07
Combined standard uncertainty 0.14 0.10 0.07
for 1-turn-setup - _
Combined standard uncertainty 0.14 0.10 0.07
for 2-turn-setup
Expanded uncertainty for 1-turn-setup ~ 0.28 ~0.20 0.14
Expanded uncertainty for 2-turn-setup 0.28 0.20 0.15

The reported uncertainty of measurement is stated as the combined standard uncertainty multi-
plied by a coverage factor k = 2. The measured value (y) and the associated expanded uncer-

tainty (U) represent the interval (y + U) which contains the value of the measured quantity with a
probability of approximately 95 %. The uncertainty was estimated following the guidelines of the

ISO (GUM:1995).

The measurement uncertainty contains contributions originating from the measurement stand-
ard, from the calibration method, from the environmental conditions and from the object being
calibrated. The long-term characteristic of the object being calibrated is not included.
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NPL

Current ratio error uncertainty: 120 to 5 % rated current

Source of uncertainty Value Type Prob.Dist.  Divisor G u, V, or Vg

(+%) (+%)
Uncenainty in Calibration of G9908 0.001 0 B normal 2 1 0.000 5 oo
Calibration of G9908 0.001 0 B normal 2 I 0.000 5 o
Error in the bridge 0.0020 B rectangular  1.732 1 1 0.001 2 oo
Error due to frequency setting 0.000 3 B rectangular  1.732 1 1 0.000 1 o0
Resolution of test set 0.000 1 B rectangular  1.732 1 1 0.000 1 oo
Error due to burden setting 0.000 1 B rectangular 17321 1 0.000 1 oo
Circuit configuation 0.001 0 B normal 2 1 0.000 5 0o
Error due to current setting 0.000 3 B rectangular  1.732 1 1 0.000 1 oc
Repeatability 0.000 4 A normal 1 1 0.000 4 5
Combined uncertainty 0.001 5 1223
Expanded uncertainty k=2 0.0030

Current ratio error uncertainty: 2 % rated current

Source of uncertainty Value Type Prob.Dist.  Divisor C; u, V, or V

(+%) (£%)
Uncertainty in Calibration of G908 0.003 1 B normal 2 1 0.001 6 oo
Calibration of G9908 0.003 1 B normal 2 1 0.001 6 o0
Error in the bridge 0.0020 B rectangular 17321 1 0.001 2 o0
Error due to frequency setting 0.000 3 B rectangular  1.732 1 1 0.000 1 o0
Resolution of test set 0.000 1 B rectangular  1.732 1 1 0.000 1 o
Error due to burden setting 0.000 1 B rectangular 1732 1 1 0.000 1 o
Circuit configuation 0.001 0 B normal 2 1 0.000 5 =
Error due to current setting 0.000 3 B rectangular  1.732 1 1 0.000 1 oo
Repeatability 0.000 3 A normal | 1 0.000 3 3
Combined uncertainty 0.002 6 26090
Expanded uncertainty k=2 0.005 2

Current ratio error uncertainty: 1 % rated current

Source of uncertainty Value Type Prob.Dist.  Divisor Ci u, V,or Vg

(+%) (+%)
Uncertainty in Calibration of G908 0.004 5 B normal 2 1 0.002 3 oo
Calibration of G9908 0.004 5 B normal 2 1 0.002 3 oo
Error in the bridge 0.0020 B rectangular 17321 1 0.001 2 o
Error due to frequency setting 0.000 3 B rectangular  1.732 1 1 0.000 1 o0
Resolution of test set 0.000 | B rectangular  1.732 | 1 0.000 | o
Error due to burden setting 0.000 1 B rectangular  1.732 | 1 0.000 | s
Circuit configuation 0.001 0 B normal 2 1 0.000 5 00
Error due to current setting 0.000 3 B rectangular  1.732 | 1 0.000 1 oo
Repeatability 0.000 3 A normal 1 I 0.000 3 5
Combined uncertainty 0.003 5 89997
Expanded uncertainty k=2 0.007 0




EURAMET 1187

Annex 3 - UNCERTAINTY BUDGETS

Page 21 of 35

NPL
Phase displacement uncertainty: 120 to 5 % rated current

Source of uncertainty Value Type Prob.Dist.  Divisor i u, Vior Vg

(+crad) (+crad)
Uncertainty in Calibration of G9908 0.0010 B normal 2 1 0.000 5 oo
Calibration of G9908 0.0010 B normal 2 1 0.000 5 oo
Error in the bridge 0.0020 B rectangular  1.732 1 1 0.001 1 oo
Error due to frequency selting 0.000 3 B rectangular  1.732] 1 0.000 1 oo
Resolution of test set 0.000 1 B rectangular  1.732 1 1 0.000 1 oo
Error due to burden setting 0.000 1 B rectangular  1.732 1 1 0.000 1 0
Circuit configuation 0.0010 B normal 2 1 0.000 5 oo
Error due to current setting 0.000 3 B rectangular  1.732 1 1 0.000 1 oo
Repeatability 0.000 5 A normal | 1 0.000 5 3
Combined uncerntainty 0.001 5 560
Expanded uncertainty k=2 0.003 0

Phase displacement uncertainty: 2 % rated current

Source of uncertainty Value Type Prob.Dist.  Divisor Ci u, V,or Vo

(+crad) (+crad)
Uncertainty in Calibration of G9908 0.0020 B normal 2 | 0.001 0 o0
Calibration of G9908 0.002 0 B normal 2 1 0.0010 B
Error in the bridge 0.0020 B rectangular  1.732 | 1 0.001 2 oo
Error due to frequency setling 0.000 3 B rectangular  1.732 1 1 0.000 2 o0
Resolution of test set 0.000 1 B rectangular  1.732 1 1 0.000 1 o
Error due to burden setting 0.000 1 B rectangular  1.732 1 1 0.000 1 oo
Circuit configuation 0.001 0 B normal 2 1 0.000 5 oo
Error due to current setting 0.000 3 B rectangular  1.732 1 1 0.000 2 o
Repeatability 0.000 5 A normal 1 1 0.000 5 5
Combined uncertainty 0.002 0 1738
Expanded uncertainty k=2 0.004 0

Phase displacement uncertainty: 1% rated current

Source of uncertainty Value Type Prob.Dist.  Divisor Ci u, Vior Vg

(#crad) (+crad)
Uncertainty in Calibration of G908 0.002 0 B normal 2 1 0.0010 oo
Calibration of G9908 0.0020 B normal 2 1 0.001 0 oo
Error in the bridge 0.0020 B rectangular  1./32 1 1 0.001 2 o0
Error due to frequency setting 0.000 3 B rectangular  1.732 1 1 0.000 2 o
Resolution of test set 0.000 1 B rectangular  1.732 1 | 0.000 1 oo
Error due 1o burden setting 0.000 1 B rectangular  1.732 | 1 0.000 1 o
Circuit configuation 0.001 0 B normal 2 1 0.000 5 o
Error due to current setting 0.000 3 B rectangular 1,732 1 1 0.000 2 o0
Repeatability 0.000 5 A normal | | 0.000 5 5
Con.vined nncertainty 0.002 0 1738
Expanded uncertainty k=2 0.004 0

The reported expanded uncertainties in Tables 5 to 10 are based upon a standard uncertainty
multiplied by a coverage factor of & = 2, providing a coverage probability of approximately
95%. The quoted uncertainties apply only to the measured values and do not carry any
implication as to the long-term stability of the current transformer.
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PTB

MEASUREMENT UNCERTAINTY

The uncertainty budgets of PTB results &y and dppyy contain ten different contributions; Type-A uncertainty
of the measurement and uncertainty of the bridge (1), uncertainty of the standard CT (2), burden variation
(3), frequency variation (4), day to day reproducibility (5), swapping the primary and secondary connections
of the CT (0), short-term stability due to self-heating at 50 % and or 100 % test point (7), due to eccentricity

of the primary conductor (8), and due to an angular eccentricity (9) of the primary conductor.

An effect of the distance of the return conductor (10) is not taken into account, as the arrangement of the

position of the CT is according to the requirements.

The expanded uncertainties (£ = 2) of the PTB results are calculated according to

U(SPTB) =2 Z” (‘gPTB)

=N

where # represents the standard uncertainty of the contribution with index 7.
Index 7 (standard uncertainty contributions of the):
1) test set SEKAM II

2) standard transformer IW17 (4kA... 10kA) / 5A

3) due to a £ 3 % variation of the burden

4) due to a frequency variation of = 2 % (or + 1 Hz)

5) due to reproducibility of the measurement (day to day)

0) due to swapping the secondary terminals (grounding of either k or | terminal = capacitive

effect in the secondary winding)
7) due to short term stability at 50 % and / or 100 % test point (self-heating)
8) due to a eccentricity of * 1 cm (window type CT)
9 due to a angular eccentricity of * 4° (window type CT)

10)  due to the distance of the return conductor (window type CT)
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Uncertainty budget of the current ratio error and the phase displacement for the ratios
(4 kA -

PTB

5kA)/5A

uncertainty budget (traveling CT)

50 Hz; (4kA - 5kA) / 5A; I, /1, = 1%... 120%

PTB Braunschweig

working group 2.35 "Instrument transformer”

current ratio error &,
quantity limits T standa_rd
X in pA / A type distribution uncszié;nty

i
s(ex) (SEKAM II; n = 20) 0,5 A normal 0,06
€ Brigge (SEKAM 1) 0,5 B normal 0,25
ey (standard CT - IW17) 3 B normal 1,50
£ (influence of burden) 2 B normal 1,00
£ (influence of frequency) 0 B normal 0,00
€ repro (reproducibility; day to day) 4 B rectangular 2,31
€ ground (8Wapping ground; k < 1) 2 B rectangular 1,15
€ gt (@t 50% and/or 100%) 2 B rectangular 1,15
£ cireuit 1 (€CCENTricity £ 1cm) 2 B rectangular 1,15
£ cireuit2 (@Ngular eccentricity + 4°) 2 B rectangular 1,15
€ Gireuit.3 (return conductor) 0 B rectangular 0,00

standard uncertainty u(g,) = 3, 74pA/A

round off - expanded measurement uncertainty (k =2) Uprp(€4) = 8,0pA /A
phase displacement &,
. . standard
guantity .|ImItS type distribution uncertainty

X in prad u(x)
s(0x) (SEKAM II; n = 20) 1 A normal 0,11
0 gridge (SEKAM 1) 0,5 B normal 0,25
O\ (standard CT - IW17) 4 B normal 2,00
0 (influence of burden) 5 B normal 2,50
O (influence of frequency) 0 B normal 0,00
0 repro (reproducibility; day to day) 15 B rectangular 8,66
& grouna (SWapping ground; k < I) 2 B rectangular 1,15
0 4riit (@t 50% and/or 100%) 5 B rectangular 2,89
0 circuit1 (€CCENtricity + 1cm) 2 B rectangular 1,15
0 circuit 2 (@NQular eccentricity + 4°) 2 B rectangular 1,15
0 circuit 3 (return conductor) 0 B rectangular 0,00

standard uncertainty u(d,) = 9,88 HA/A

round off - expanded measurement uncertainty (k =2) Upg(6,) =

20,0 uA / A
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PTB

Uncertainty budget of the current ratio error and the phase displacement for the ratios
(6kKA-10kA)/5 A

uncertainty budget (traveling CT)

50 Hz; (6KA - 10kA) / 5A; I,/ 1,, = 1%... 120%

PTB Braunschweig

working group 2.35 "Instrument transformer"

current ratio error &,
quantity limits T standa_rd
X in pA / A type distribution uncszié;nty

i
s(ex) (SEKAM II; n = 20) 0,5 A normal 0,06
€ Brigge (SEKAM 1) 0,5 B normal 0,25
ey (standard CT - IW17) 3 B normal 1,50
£ (influence of burden) 1 B normal 0,50
£ (influence of frequency) 0 B normal 0,00
€ repro (reproducibility; day to day) 3 B rectangular 1,73
€ ground (8Wapping ground; k < 1) 2 B rectangular 1,15
€ gt (@t 50% and/or 100%) 2 B rectangular 1,15
£ cireuit 1 (€CCENTricity £ 1cm) 2 B rectangular 1,15
£ cireuit2 (@Ngular eccentricity + 4°) 2 B rectangular 1,15
€ Gireuit.3 (return conductor) 0 B rectangular 0,00

standard uncertainty u(e,) = 3,30 A/ A

round off - expanded measurement uncertainty (k =2) Uprp(€x) = 7,0pA /A
phase displacement &,
. . standard
guantity .|ImItS type distribution uncertainty

X in prad u(x)
s(0x) (SEKAM II; n = 20) 1 A normal 0,11
0 gridge (SEKAM 1) 0,5 B normal 0,25
O\ (standard CT - IW17) 4 B normal 2,00
0 (influence of burden) 2 B normal 1,00
O (influence of frequency) 0 B normal 0,00
0 repro (reproducibility; day to day) 10 B rectangular 5,77
& grouna (SWapping ground; k < I) 2 B rectangular 1,15
0 4riit (@t 50% and/or 100%) 4 B rectangular 2,31
0 cireuit1 (€CCENtricity £ 1cm) 3 B rectangular 1,73
0 circuit 2 (@NQular eccentricity + 4°) 2 B rectangular 1,15
0 circuit 3 (return conductor) 0 B rectangular 0,00

standard uncertainty u(8,) = 7,03 pA/A

round off - expanded measurement uncertainty (k =2) Upg(6,) =

15,0 YA / A
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RISE (SP)

Test point 20 - 120 %

Uncertainty contribution, Ratio error Estimate | Evaluation | Sensitivity | Uncertainty
1200/5A and higher [ppm] coeff. [ppm]
Standard uncertainty for bridge 20 1 1 20
Contribution due to error in value of applied
burden 1 1 1 1
Contribution due to error in applied test point value 1 1.732 1 |
Centering of conductor 1 1.732 1 1
Resolution of bridge readout 1 3.46 1 0
Combined standard uncertainty 20
Phase displacement [prad] [urad]
Standard uncertainty for bridge 20 1 1 20
Contribution due to error in value of applied
burden 1 1 1 1
Contribution due to error in applied test point value 1 1.732 1 1
Centering of conductor 1 1.732 1 1
Resolution of bridge readout 1 3.46 1 0
Combined standard uncertainty 20
0.069
Test point 10 %
Estimate | Evaluation | Sensitivity | Uncertainty
[ppm] coeff. [ppm]
23 1 1 23
1 1 1 1
1 1.732 1 1
1 1.732 1 1
1 3.46 1 0
Combined standard uncertainty 23 ppm
[nrad] [prad]
23 1 1 23
1 1 1 1
1 1.732 1 1
1 1.732 1 1
1 3.46 1 0
Combined standard uncertainty 23 prad
0.077 min

ppm

prad

min
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Test point 5 %

RISE (SP)

Estimate | Evaluation | Sensitivity | Uncertainty
[ppm] coeff. [ppm]
30 1 1 30
1 | 1 1
1 1.732 1 1
1 1.732 1 1
1 3.46 1 0
Combined standard uncertainty 30
[urad] [urad]
30 1 1 30
1 1 1 1
3 1.732 1 2
1 1.732 1 1
1 3.46 1 0

Combined standard uncertainty 30
0.103
Test point 2 %
Estimate | Evaluation | Sensitivity | Uncertainty
[ppm] coeff. [ppm]
50 | 1 50
1 1 1 1
1 1.732 1 1
1 1.732 1 1
1 3.46 1 0
Combined standard uncertainty 50
[prad] [prad]
50 1 1 50
1 | 1 1
5 1.732 1 3
1 1.732 1 1
1 3.46 1 0
Combined standard uncertainty 50

0.172

ppm

prad
min

ppm

prad

min
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RISE (SP)

Estimate | Evaluation | Sensitivity | Uncertainty
[ppm] coeff. [ppm]
100 1 1 100
1 1 1 1
1.732 1 1
1 1.732 1 1
1 3.46 1 0
Combined standard uncertainty 100
[prad] [prad]
100 1 1 100
1 1 1 1
10 1.732 1 6
1 1.732 1 1
1 3.46 1 0
Combined standard uncertainty 100
0.344

ppm

prad

min
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UME

Uncertainty budget for ratio error g; and phase displacement J;

The following sample uncertainty budget given below shows the contributions associated with the
measurements made on ratio 4 kA/5 A at I/Ix = 100%, at a burden of 5 VA, unity power factor, at a

frequency of 50 Hz and an ambient temperature of 23 °C.

Standard - . Uncertainty
. . . Probability Sensitivity o
Quantity Estimate Uncertainty | Type Distribution Coefficient Contribution
(ppm) (ppm)
Calibration of bridge and 5.8 B normal | 5.8
comparator
Error in the bridge 6,1 B rectangular 1 6,1
Error due to burden setting 1,2 B rectangular | 1,2
Circuit configuration 5,8 B normal 1 5,8
Repeatability 0,9 A normal 1 0,9
Combined uncertainty 10.3
Expanded uncertainty (U) 20.7
(k=2) :

The contributions for the “Calibration of the bridge and comparator” and “Error in the bridge” take into

account any error of the test set and standard comparator used in calibration of the transfer standard.

The contribution for the error due to the burden setting takes into account the fact that the actual burden
was either too high or too low. The change in e€x and dx for a change in VA was calculated and then the

error included in the budget.

The value for repeatability is the standard deviation of the mean for each individual set of

measurements.

The reported expanded uncertainty of measurement is stated as the standard uncertainty of measurement
multiplied by the coverage factor k = 2, which for a normal distribution corresponds to a coverage
probability of approximately 95%. The standard uncertainty of measurement has been determined in

accordance with GUM and EA-4/02.
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VSL

Uncertainty budget for ratio error € and phase displacement J;

The magnitude ratio error has been defined in the protocol as

_ rnom'ls -1

Ly

€

The measurement software used in our experiments gives us the ratio between the voltage signals representing the secondary
currents of the transformer under test (Is) and the reference transformer (IsIref ),

|
Imeas = rsef
I S
Combining these two equations and adding uncertainty components we find the mathematical model for the magnitude ratio
error:

€1 = I'meas '(1+5ref +‘9repr + Econt )_1 >
where the components are explained in the list below:
& Magnitude ratio error of the transformer under test as defined in the protocol

f
Isre

Mmeas  Measured ratio ( I/ ) between the secondary currents of the transformer under test ( ls) and the reference

transformer (15" )
Eret Magnitude ratio error of the reference transformer

Erepr  Uncertainty due to reproducibility of the measurements, including orientation

Eeonf  Uncertainty due to double-loop configuration and positioning of the return conductors

An example uncertainty budget for the magnitude ratio error at 120 % of 4 kA with 15 VA burden is given in the
table below:

This leads to magnitude ratio error of (-135 + 9) pA/A (k= 2).

An example uncertainty budget for the magnitude ratio error at 1 % of 10 kA with 5 VA burden is given in the table

cunie | vaue | S T oition | Sty | Shey
Ieas 0.9998676 A/A 1.0 nA/A normal 1 1.0 pA/A
g™ 3.0 pA/A 2.5 pA/A normal 1 2.5 pA/A
Orepr 0 nA/A 3.2 nA/A rectangular 1 3.2 nA/A
Scon 0 nA/A 1.2 pA/A rectangular 1 1.2 pA/A
P -135.4 pA/A 43 pA/A

below:
Qunity | vawe | e | piiion | ST | Srees
I reas 1.0000091 A/A 2.0 pA/A normal 1 2.0 pA/A
g™ 3.0 pA/A 2.5 pA/A normal 1 2.5 pA/A
Orepr 0 nA/A 2.6 pA/A rectangular 1 2.6 pA/A
Scont 0 nA/A 1.2 pA/A rectangular 1 1.2 pA/A
& +6.1 pA/A 3.9 nA/A

This leads to a magnitude ratio error of (6 + 8) uA/A (k= 2).
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YSL
bt
The phase displacement has been defined in the protocol as the phase difference between the secondary current Ig and the

primary current lp. Our measurement software gives us the phase difference between the two secondary currents. Therefore,
the mathematical model for the phase displacement is as follows:

5I = 5meas - 5ref + 5repr + 5conf ’

where the components are explained in the list below:

) Phase displacement of the transformer under test as defined in the protocol

Omeas Measured phase between the secondary currents of the transformer under test ( Is) and the reference transformer (I o
)

Oret Phase displacement of the reference transformer

Orepr  Uncertainty due to reproducibility of the measurements, including orientation

Oconf  Uncertainty due to double-loop configuration and positioning of the return conductors

An example uncertainty budget for the phase displacement at 120 % of 4 kA with 15 VA burden is given in the table

below:
Quaniy | vaiwe | Sondnd ] pion | S [ Sreeing
Omeas -178.5 prad 2.0 urad normal 1 2.0 urad
Oref -8.6 prad 2.5 prad normal 1 2.5 prad
Orepr 0 prad 6.6 prad rectangular 1 6.6 prad
Oconf 0 prad 11.5 prad rectangular 1 11.5 prad
Y -187.1 rad 13.7 urad

This leads to a phase displacement of (-187 + 27) urad (k = 2).

An example uncertainty budget for the phase displacement at 1 % of 10 kA with 5 VA burden is given in the table

below:
Quaniity Vale | iy | Pistrivution | cortone | Contribution
Omeas -136.1 prad 2.0 urad normal 1 2.0 urad
Oref -8.6 prad 2.5 prad normal 1 2.5 prad
Orepr 0 prad 3.1 prad rectangular 1 3.1 prad
Ocont 0 prad 8.7 urad rectangular 1 8.7 prad
0 -144.7 rad 9.5 prad

This leads to a phase displacement of (-145 + 19) prad (k = 2).
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Calculation of ratio error g uncertainty, current 5 000 A (ratio 10 000 A/S A),

burden 15 VA resistive

Model Equation:

CTratio=RatiOrogro*Krog/Kro* (1+ Ratioctear) * (1+ oLingeg) * (1+ SDVMrange)* (1+ sposition);

Krog= KR*(1+ &tabrog)/Rati ORogCAL*(l+ matiORogCAL) ;

List of Quantities:

Quantity Unit Definition
CTatio Calibration result, ratio of CT
Krog Measured scale factor for Rogowski coil
dstab,, Stability of Rogowski coil
Kr Constant (0.1 ohm)
Kgr2 Current shunt (0.5 ohm) calibrated against 0.1 ohm shunt
SLingee Linearity of the Rogowski coil
Ratiorogear Auxiliary calibration, ratio of 0.1 ohm shunt and Rogowski coil, measuring
current 7 A, during 19-27.2.2014
Ratiogegr> Voltage ratio, measured with Rogowski coil (high current) and shunt 0.2 ohm
(low current)
SRatiogegcaL Uncertainty of measurement when making auxiliary calibration, because of low
voltage levels
SDVMrange Uncertainty due to DVM ranges
dposition Effect of non-centralized conductor (+2 cm)
ORatiocreal Uncertainty of voltage ratio measurement when measuring ratio of CT
dstab,,,:

Type B rectangular distribution
Value: 0
Halfwidth of Limits: 8-10°

Estimated stability of Rogowski coil.

Kg:

Type B rectangular distribution
Value: 10

Halfwidth of Limits: 4-10°°

KR2:

Type B rectangular distribution
Value: 2.00019224

Halfwidth of Limits: 4-10°

SLing,,:

Type B rectangular distribution
Value: 0

Halfwidth of Limits: 14-10°

RatiORUgCAL:

Type A

Method of observation: Direct
Number of observation: 17
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No. Observation
1 0.012303223
2 0.012303235
3 0.012303211
4 0.012303227
5 0.012303194
6 0.012303224
7 0.012303168
8 0.012303188
9 0.012303164
10 0.012303146
11 0.012303196
12 0.012303212
13 0.012303215
14 0.012303203
15 0.012303196
16 0.012303227
17 0.012303196

Arithmetic Mean: 0.01230320147
Standard Deviation: 25-10”
Standard Uncertainty: 5.98-10”
Degrees of Freedom: 16

RatioRnngz

Type A

Method of observation: Direct
Number of observation: 3

No. Observation
1 4.921898436
2 4.921910164
3 4.921895235

Arithmetic Mean: 4.92190128
Standard Deviation: 7.9-10°
Standard Uncertainty: 4.54-10°°
Degrees of Freedom: 2

8Rati0RogC AL+

Type B rectangular distribution
Value: 0

Halfwidth of Limits: 10-10°

8DVMrange:

Type B rectangular distribution
Value: 0

Halfwidth of Limits: 6-10°

Sposition:

Type B rectangular distribution
Value: 0

Halfwidth of Limits: 2.5-10°

ORatiocrcar
Type B normal distribution

Value: 0
Expanded Uncertainty: 5-10°
Coverage Factor: 2

VTT MIKES
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VTT MIKES
Uncertainty Budgets:
CTaio:  Calibration result, ratio of CT
Quanity Vale | iy | Distribution | (St | Contribution | e
Sstabyog 0.0 4.62:10° rectangular 2000 9.2:107 14.9 %
Kx 10.00000000 2.31-10° rectangular 200 460-10° 0.0 %
Kgo 2.00019224 2.31-10° rectangular -1000 -2.3-107 0.9 %
SLingeg 0.0 8.08-10° rectangular 2000 0.016 45.8 %
Ratiogegear 0.01230320147 5.98-107 normal -160-10° -970-10°° 0.2 %
Ratiogogro 492190128 4.54-10° normal 410 1.8:10° 0.6 %
ORatiogegcaL 0.0 5.77-10° rectangular 2000 0.012 23.3%
dDVMrange 0.0 3.46:10° rectangular 2000 6.9-10° 8.4 %
Sposition 0.0 1.44-10° rectangular 2000 2.9-10° 1.5%
SRatiocreal 0.0 2.50-10°° normal 2000 5.0-107 4.4 %
CTrasio 2000.0600 0.0239

Measurements have been made with Rogowski coil (primary current) and 0.5 ohm shunt (secondary current).

Krog: Measured scale factor for Rogowski coil

Quantity Vale | ity | Pistribution | St | Cantribution | e
Sstabyog 0.0 4.62-10° rectangular 810 3.8:107 38.8%
K 10.00000000 2.31-10° rectangular 81 190-10°° 0.0 %
Ratiogegear | 0.01230320147 598107 normal -66000 -390-10°° 0.4 %
SRatiogogcaL 0.0 5.77-10°° rectangular 810 4.7-10° 60.7 %
Kog 812.79657 6.03-10°

Output voltage of Rogowski coil is multiplied with factor to define current. Factor is dependent on frequency.

Results:
) Expanded
Quantity Value Uncertainty Coverage factor Coverage
CTatio 2000.060 24-10°¢ (relative) 2.00 95% (normal)
Kiog 812.797 0.012 2.00 manual
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Calculation of phase displacement J; uncertainty, current 5 000 A (ratio 10 000 A/5 A),
burden 15 VA, resistive

Model Equation:

CTphase= 60*(Phaserogro-Phaserog-oPhaserog-Phasepvm-dposition)

List of Quantities:

Quantity Unit Definition

Phaserogr2 deg Calibration result, measured phase of CT

Phasegg, deg

SPhasegog deg Stability of Phase

CTphase min Result

Phasepym deg Phase corrections of DVMs

dposition Effect of non-centralized conductor (2 cm)
Phaseggr::
Type A

Method of observation: Direct
Number of observation: 3

No. Observation
1 -89.97833085 deg
2 -89.97827411 deg
-89.97822595 deg

Arithmetic Mean: -89.9782770 deg
Standard Deviation: 53-10° deg
Standard Uncertainty: 30.3-10° deg
Degrees of Freedom: 2

Phaseg,,:

Type A

Method of observation: Direct
Number of observation: 9

No. Observation

-89.98518721 deg
-89.9854912 deg
-89.98436895 deg
-89.98567421 deg
-89.98376528 deg
-89.98567421 deg
-89.98546509 deg
-89.98526315 deg
-89.98387189 deg

O [0 [ Q[N [N | |[W[N|—

Arithmetic Mean: -89.984973 deg
Standard Deviation: 760-10° deg
Standard Uncertainty: 254-10° deg
Degrees of Freedom: 8
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SPhaseg,,:

Type B rectangular distribution

Value: 0 deg

Halfwidth of Limits: 0.002 deg

PhaseDVM:

Type B rectangular distribution

Value: -0.0006 deg

Halfwidth of Limits: 0.0015 deg

Sposition:

Type B rectangular distribution

Value: 0

Halfwidth of Limits: 0.0005

Uncertainty Budgets:

CTphase: Result

. Standard e e . Sensitivity | Uncertainty

Quantity Value Uncertainty Distribution Coefficient | Contribution Index
Phasegogra -89.9782770 deg | 30.3-10° deg normal 60 1.8:10° min | 0.0%
Phaseg,, -89.984973 deg 254-10° deg normal -60 -0.015 min 2.9 %
SPhaseg,, 0.0 deg 1.15:10% deg | rectangular -60 -0.069 min 59.7 %
Phasepyy -600-10° deg 866-10° deg | rectangular -60 -0.052 min | 33.6 %
dposition 0.0 289-10°° rectangular -60 -0.017 min 3.7%
CTphase 0.4378 min 0.0896 min

Results:

. Expanded
Quantity Value Uncertainty Coverage factor Coverage
CTphase 0.44 min 0.18 min 2.00 95% (normal)




