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ABSTRACT

Split-core current transformer (CT) has been widely used in low-voltage distribution networks due
to the merit of live-line installation. However, as the air gaps of the iron core exist, there is a possi-
bly varying magnetizing error, which will severely degrade the accuracy of split-core CT, caused by
manual installation deviation, vibration, and temperature variation in field operation. To tackle this
issue, this paper proposes an online self-correction method to improve the measurement accuracy of
split-core CT. The proposed method contains 1) an auxiliary winding loop (AWL) added to the split-
core CT, to temporarily and intermittently operate in on/off modes; and 2) a self-correction algorithm
(SCA) based on the operation of the AWL, to online determine the varying errors and then to give
corrected measurement results. Moreover, a low-cost solution for embedding the proposed method
in multiple split-core CTs in low-voltage distribution network is provided via series-connecting the
AWLs. For validation, a prototype embedded with the proposed method is implemented, and is tested
versus different applied primary currents and burdens. The test results exhibit that the proposed
method effectively improves the measurement accuracy to a high class (0.2). Also, the proposed
method’s robustness to varying gap lengths and temperatures is verified. Notably, even under the ex-
treme condition with a 0.520 mm gap, the measurement errors are reduced from the inherent values
up to 30.9% and 648 mrad to a satisfactory range below 0.195% and 0.295 mrad, respectively.

1. Introduction
The core construction of split-core current transformer

(CT) can hinge open or totally separate into two halves [1, 2].
This special arrangement leads to the convenience of live-
line installation [3], and thus contributes to the wide usage of
the split-core CT in low-voltage distribution networks moni-
toring [4]. However, as its magnetic circuit is interrupted by
the air gaps, a relatively large unbalanced ampere-turn be-
tween the primary and secondary is introduced and in turn
results in a higher-than-normal magnetizing error degrading
the accuracy of the split-core CT [5–7]. Split-core CTs usu-
ally have an accuracy class of at most 0.5 (and 1 and 3), while
solid CTs can be more accurate with a class of 0.2 and 0.2S.

The accuracy of split-core CTs can be improved via ma-
terial selection or structure design at the design stage [8]. For
instance, the appropriate cut cores (e.g., oval and toroidal)
and the advancedmaterials (e.g., polycrystalline and nanocrys-
talline) with extraordinary magnetic properties can achieve
a small magnetizing error under the conditions contenting
the design requirements [9]. However, the reassembly of the
core halves is critical since it is hard to perfectly ensure the
alignment of two core halves and the sufficiently small gap
length (smaller than 15 �m, as demanded in [10]). There is
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also some uncertainty in the repeatability of manual perfor-
mance from installation to installation. Then this uncertainty
will impose a change on the magnetizing error and offset the
advantages of the magnetic properties. Another way pro-
posed in [11] uses a feedback circuit to actively compensate
the magnetizing error, where a tertiary winding and a ter-
tiary core are employed. The effect of compensation heavily
relies on the high permeability of the tertiary core, which
is further compounded by the aforementioned installation
uncertainty of the split-core CT. In view of this deficiency,
some improvement for the compensation can be obtained via
utilizing a multi-stage split-core CT with nested or side-by-
side cores [12, 13]. These feedback compensating methods
can be effective against the installation uncertainty, but they
will considerably increase the complexity and cost of the
split-core CT. Besides, the error of the split-core CT can
be digitally compensated depending on the magnetization
curve [14]. The requirement for the secondary impedances
makes this method impractical, since these parameters can
change due to temperature variation.

Alternatively, a common way to improve the accuracy of
split-core CT under laboratory conditions is calibration [15].
The calibration for the split-core CT (even all types of CT)
is usually carried out with the comparative method, aimed
at determining the magnetizing error, i.e., the ratio error and
the phase displacement. The comparative method compares
the secondary current of the CT under test with that of the
standard instrument (such as the calibratedCT, the calibrated
Rogowski coil, or the current comparator) applied with the
same primary current [16]. The authors of [17] utilize a
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step-down transformer with multiple primary and secondary
windings as the standard CT, which can all be connected in
series or parallel, to provide higher ratio flexibility of cal-
ibration. Instead of respectively measuring the secondary
currents of the CT under test and the standard CT, a differ-
ential circuit is provided in [18] to measure the difference
between the two secondary currents directly. Similarly, the
difference between the secondary currents can be obtained
via an additional winding to detect the magnetic flux, when
the secondary windings of the CT under test and the standard
CT are connected in subtractive series [19]. Finally, the per-
formances of those calibration studies have been verified by
tests under different applied primary currents (with differ-
ent magnitudes and frequencies) and different burdens [20,
21]. Some of them have been successfully applied in in-
dustry [22, 23]. However, these calibration methods cannot
effectively improve the accuracy of the split-core CT in the
field. At first, the deviation of manual installation will in-
evitably change the gap length after installation, which will
generate a magnetizing error different from that determined
by the calibration in the laboratory. Moreover, the gap length
might vary slowly during the long term in field operation,
due to environmental factors such as vibration and temper-
ature variation. In fact, these variations of the magnetizing
error cannot be effectively addressed by the traditional cali-
bration methods to ensure the accuracy of the split-core CT.

In summary, the main challenges for improving the accu-
racy of the split-core CT are: 1) manual installation causes
an uncertain magnetizing error; 2) the error changes due to
environmental variations in field are hard to track; and 3)
as split-core CTs are massively installed for monitoring in
distribution networks, the cost should be as low as possi-
ble. To resolve these challenges, this paper proposes an on-
line self-correction method (OSC), including two key parts,
i.e., an auxiliary winding loop (AWL) configured in hard-
ware and a self-correction algorithm (SCA) embedded in the
digital signal processing unit. The AWL temporarily oper-
ates in on/off modes so as to intermittently inject an auxil-
iary current to the split-core CT. Then the SCA acquires the
response of the secondary current once in a while, to deter-
mine the CT error. Finally, the determined error is used to
correct the measurement results of the split-core CT in the
long term. The main contributions of this paper are listed as:
1) this paper provides a unique solution without interruption
of measurement to significantly improve the accuracy of the
split-core CT, which can be implemented with a low cost
for multiple split-core CTs in low-voltage distribution net-
work; 2) the proposed method is robust to the varying errors
caused by manual installation deviation, vibration, and tem-
perature variation in field operation. Moreover, a prototype
implementation of the OSC and the experimental tests are
presented to verify the effectiveness.

The rest of this paper is organized as follows. Section 2
introduces the general design of the OSC. In section 3, the
principle of operation is given in detail. The implementation
of a prototype and experimental tests are shown in section 4.
Section 5 draws the conclusion.

2. General Design of Split-core CT with OSC
The general design of the OSC is given in Fig. 1. In the

conventional CT measurement system, ip, is, andNs are the
primary current, the secondary current, and the turn ratio of
the split-core CT, respectively. Themagnitude and the initial
phase of is are correspondingly denoted as As and 's, usu-
ally given by the calculation program. And the measurement
resultsNsAs and's without correction are used to represent
the magnitude and the initial phase of ip, with a ratio error
" and a phase displacement � compared with the real values
of ip, i.e., magnitude Ap and initial phase 'p. The OSC in-
cludes two key parts, i.e., an auxiliary winding loop (AWL),
and a self-correction algorithm (SCA). The AWL is config-
ured in hardware, to temporarily and intermittently inject an
auxiliary current ia into the split-core CT. Then the SCA,
running in the digital signal processing system, acquires ia
and the response of is once in a while to calculate " and � of
the split-core CT (represented in the blue dashed box). Fi-
nally, " and � are utilized to obtain the corrected values of
ip as Ap = (1 + ")NsAs and 'p = 's + � (the green dashed
box), respectively.

ip is
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ε δ
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Figure 1: General design of OSC

More explicitly, the OSC can be embedded in a split-
core CT, as shown in Fig. 2. The AWL is comprised of an
auxiliary winding, an auxiliary current source, an electronic
switch, a varistor RV , and a current shunt resistor R2. The
auxiliary winding is uniformly distributed along one half of
the split core. The current signal ia provided by the auxiliary
current source is supposed to have the same power frequency
as that of ip. The electronic switch controls the AWL oper-
ating in off/on modes. At the off mode, the auxiliary current
source is switched out of the AWL and does not affect is.
At the on mode, is will additionally response to ia. To get
rid of the over-voltage produced by the open-circuit AWL
in the off mode, RV is deployed. Meanwhile, since the sec-
ondary winding circuit of the split-core CT is always closed,
unexpected over-voltage will not occur. The DSP unit (in-
cluded in the blue dashed box) collects is and ia via the cur-
rent shunts (R1 andR2) and analog-to-digital conversion cir-
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cuit (ADC). Also, the DSP unit generates the control signal
g = 0 or 1 for the electronic switch in a specially designed
timing. Moreover, the OSC runs only when self-correction
is required. Thus in normal measurement, the OSC is dis-
abled and the electronic switch is always off. The design of
the above components in detail will be presented in Section
4.
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Figure 2: Schematic diagram of split-core CT embedded with
OSC

Furthermore, in low-voltage distribution network, the so-
lution for embedding the OSC in multiple split-core CTs on
multiple lines is provided as Fig. 3. By series-connecting the
AWLs of all the split-core CTs, one set of the auxiliary cur-
rent source, electronic switch, sampling channel, and DSP
unit are shared. Thus additional cost to implement the pro-
posed method will be relatively low.
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Secondary Current 1, 2, 3, , N
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Figure 3: Diagram of OSC for multiple split-core CTs

2.1. Equivalent Circuit
The operation principle of the OSC is derived from the

equivalent circuit model of split-core CT.A typical s-domain
equivalent circuit of a single split-core CT embedded with
the OSC is shown in Fig. 4, where Na is the turn number
of the auxiliary winding. The parameters of the equivalent
circuit are all referred to the primary side. The resistors Rp,
Rs, andRa are thewire resistances of the primary, secondary
and auxiliary windings, respectively. Lp, Ls, and La denote
the leakage inductances to describe the leakage fluxes of the
windings. Besides, Lm∕∕Rm is the magnetizing branch, and

Im represents the magnetizing current. Wherein, Lm is used
to describe the magnetization characteristics of the core, i.e.,
the flux-current curve, depending on the material and shape
of the core. As the magnetization characteristics of the core
are in fact non-linear, e.g., core saturation, the value of Lm
varies with the magnitude and frequency of the magnetiz-
ing current, and can be influenced by other harmonics. And
Lm is relevant to the length of the air gap. Rm represents the
frequency-dependent resistance of the core loss. The equiva-
lent circuit indicates that " and � tracked by the OSC are con-
tributed by two categories of components: 1) burden error
related to the wire resistances and the leakage inductances,
which will change due to variations of temperature and bur-
den R1; and 2) magnetizing error owing to the magnetizing
branch. Generally, this error of split-core CT is larger than
that of solid CT, since the existence of air gaps decreases the
impedance of magnetizing branch. And the change of gap
length will result in a varying magnetizing error.

Electronic
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NaIa(s)
NsIs(s)

R1/Ns
2

Ls/Ns
2 Rs/Ns

2

Rp Lp

La/Na
2R2/Na

2

Ra/Na
2

Lm(s)Rm(s)
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Figure 4: Equivalent circuit of the split-core CT embedded
with OSC

Based on the equivalent circuit at off/on modes, the mag-
netomotive force (mmf) balance equation always works as
below, no matter how the above parameters change:

I (k)p (s) − I (k)m (s) = NsI
(k)
s (s) −NaI

(k)
a (s) (1)

where k = 0 or 1 represents the off/on mode of the AWL.
If the primary current is a distorted one composed of the
fundamental and harmonics, each frequency component is in
compliance with (1). In follows, only the fundamentals are
discussed for simplicity. Thus (1) in time domain is utilized
as the basis of the calculation by the OSC as:
√

2Ap sin(2�ft + '(k)p ) −
√

2A(k)m sin(2�ft + '(k)m )

=
√

2NsA
(k)
s sin(2�ft + '(k)s ) −

√

2NaA
(k)
a sin(2�ft + '(k)a )

(2)

where Ap, A
(k)
m , A(k)s and A(k)a are the magnitudes (RMS)

of the fundamentals of i(k)p , i(k)m , i(k)s and i(k)a , respectively;
'(k)p , '(k)m , '(k)s and '(k)a are the phases of the fundamentals,
respectively. f represents the power frequency. Specifically,
when k = 0, A(k)a equals 0.

If the magnitude of ia is sufficiently small, within a short
enough correction cycle, it can be assumed that: 1)Ap and f
are unchanged; and 2) Rp, Lp, Rs, Ls, R1, Ra, La, R2, Rm,
and Lm are constants. Based on the above assumptions, the
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magnitude ratio and phase difference of i(k)s and i(k)m always
satisfy the equations as below, respectively:

A(0)m
A(0)s

=
A(1)m
A(1)s

(3)

'(0)m − '(0)s = '(1)m − '(1)s (4)

3. Operation Principle of OSC
The general operation flowchart of the OSC is presented

in Fig. 5. Embedded with the OSC, the split-core CT can
alternatively operate in the correction cycle or the normal
cycle. When self-correction is required, the split-core CT
runs in the correction cycle. During the correction cycle, the
AWL successively switches its modes according to a specific
timing in Section 3.1. Based on the sampled data of i(k)s and
i(1)a , the SCA wil determine the CT errors, i.e., " and �, as
introduced in Section 3.2. After the correction cycle is ac-
complished, the split-core CT turns into the normal cycle.
Within the normal cycle, the AWL is always off, where only
is is sampled. Then " and � are utilized to correct the mea-
surement results, i.e., Ap and 'p.

If Start

Self-Correction?

Sampe is 

Calculate and Correct Ap and jp

Switch AWL into ON Mode

Switch AWL into OFF Mode

Sampe is
(1)

 and ia
(1)

Sampe is
(0)

 

Run SCA and Determine ε, δ 

Normal

Cycle

Correction

Cycle

NO

YES

Calculate and Correct Ap and jp

Ap=(1+ε)NsAs and jp=js+  

Figure 5: General operation flowchart of OSC

3.1. Mode Switching of AWL
The timing of the control signal g(t) and the cycle se-

quence of the split-core CT are arranged as shown in Fig. 6.
In detail, the mode switching of the AWL within the correc-
tion cycle is revealed in the red dashed boxes. The correc-
tion cycle is performed for a period Tc much shorter than

that of the normal cycle Tn. Wherein, the AWL successively
runs under "off-on-off" mode. After mode switching, a tran-
sient process will occur, represented in the hatched area in
Fig. 6. It is noticed that as the SCA depends on the steady-
state current data, the sampling is only enabled over the de-
noted time intervals 0 and 1, when the circuit is operating in
steady state. And the lengths of the above time intervals are
0.5DTc (D < 1).

Normal

Cycle

Correction

Cycle
g(t) 

g(t) 

0.5Tc 

0.5DTc 0.5DTc 

Tc 

1

0
0

Interval 0 Interval 1

Transients

Normal

Cycle

Normal

Cycle

Correction

Cycle

t 

Tn Tc 

Transients

1

0

off on off

Figure 6: Cycle sequence and mode switching of AWL

3.2. Error Determination by SCA
The operation of the SCA in a correction cycle is de-

scribed as Algorithm. 1.

Algorithm 1 Self-Correction Algorithm
Input:

f , {i(k)s [n]} and {i
(k)
a [n]};

Output:
" and �;

1: Extract orthogonal components of the fundamentals of
i(k)s [n] and i

(k)
a [n] based on (5);

2: Transform mmf-balance equation into M (k) based
on (6);

3: Calculate cancellation-coefficient B(k) based on (7);
4: Calculate B(1)M (1) − B(0)M (0) to cancel the magne-

tizing error components based on (8) (9), utilizing the
equalities in (3) (4);

5: Calculate " and and � based on (10)-(13) ;
6: return " and �

The fundamental frequency f is measured within the last
normal cycle. Then time lengths 0.5DTc of the intervals 0
and 1 are designed to exactly contain an integer multiple of
the fundamental period 1

2�f . Define the time of the start
point of the correction cycle as t = 0. And the currents
are sampled as: i(k)s [n] = is(0.5kTc + nTs) and i

(k)
a [n] =

ia(0.5kTc + nTs), where the non-negative integer n = 0 ∶
0.5DTc
Ts

and Ts is the sampling period of the ADCs.
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Firstly, the orthogonal components of the fundamentals
of i(k)s [n] and i

(k)
a [n] are extracted as:

[

G(k)s H (k)
s

G(k)a H (k)
a

]

= 2
L

L
∑

n=0

[

i(k)s [n]
i(k)a [n]

]

[

sin(2�fnTs)
cos(2�fnTs)

]T

=
√

2

[

A(k)s cos'
(k)
s A(k)s sin'

(k)
s

A(k)a cos'
(k)
a A(k)a sin'

(k)
a

]

(5)

where L = 0.5DTc
Ts

is the total lengths of the sampling data

{i(k)s [n]} and {i
(k)
a [n]}. ThenA

(k)
s and '(k)s can be calculated.

On this basis, Eqn. (6) transforms mmf-balance equa-
tion, i.e. Eqn. (2), into the sums M (k) of the orthogonal
components of the fundamentals of i(k)p [n] and i

(k)
m [n]. And

M (k) is calculated via G(k)s , H (k)
s , G(k)a , and H (k)

a in step 2
as:

M (k) = 2
L

L
∑

n=0

[

i(k)p [n] − i
(k)
m [n]

i(k)p [n] − i
(k)
m [n]

]

[

sin(2�fnTs)
cos(2�fnTs)

]T

=
√

2

[

Apcos'
(k)
p − A(k)m cos'

(k)
m

Apsin'
(k)
p − A(k)m sin'

(k)
m

]

=

[

NsG
(k)
s −NaG

(k)
a

NsH
(k)
s −NaH

(k)
a

]

(6)

whereA(k)m cos'
(k)
m andA(k)m sin'

(k)
m are the magnetizing error

components.
Step 3 uses Eqn. (7) calculate a cancellation-coefficient

B(k) as:

B(k) =
√

2
2

⎡

⎢

⎢

⎢

⎣

cos'(k)s
A(k)s

sin'(k)s
A(k)s

− sin'
(k)
s

A(k)s

cos'(k)s
A(k)s

⎤

⎥

⎥

⎥

⎦

(7)

Then the product of B(k) and M (k) is constructed as:

B(k)M (k)=

⎡

⎢

⎢

⎢

⎣

Ap
A(k)s

cos('(k)p − '(k)s ) −
A(k)m
A(k)s

cos('(k)m − '(k)s )
Ap
A(k)s

sin('(k)p − '(k)s ) −
A(k)m
A(k)s

sin('(k)m − '(k)s )

⎤

⎥

⎥

⎥

⎦

(8)

where A
(0)
m

A(k)s
cos('(0)m −'

(0)
s ) =

A(1)m
A(1)s

cos('(1)m −'
(1)
s ), and

A(0)m
A(k)s

sin('(0)m −

'(0)s ) =
A(1)m
A(1)s

sin('(1)m − '(1)s ), according to Eqn. (3) (4).
Hence step 4 is to cancel these magnetizing error com-

ponents via subtractingB(0)M (0) fromB(1)M (1), while only
maintaining the parts correlated to the primary current and
the secondary current as:

B(1)M (1) − B(0)M (0) =
[

�
�

]

=
⎡

⎢

⎢

⎣

Ap
A(1)s

cos('(1)p − '(1)s ) −
Ap
A(0)s

cos('(0)p − '(0)s )
Ap
A(1)s

sin('(1)p − '(1)s ) −
Ap
A(0)s

sin('(0)p − '(0)s )

⎤

⎥

⎥

⎦

(9)

Without the effect of the magnetizing error components,
the final step of the SCA calculates the real magnitude ratio
Nsr of i

(0)
s [n] and i

(0)
a [n] as:

Nsr =
Ap
A(0)s

=
A(1)s (�2 + �2)

1
2

(w2 + v2)
1
2

(10)

where

⎧

⎪

⎪

⎨

⎪

⎪

⎩

� = ('(1)p − '(0)p ) − ('
(1)
s − '(0)s )

= �fDTc − ('(1)s − '(0)s )

w = A(0)s cos� − A
(1)
s

v = A(0)s sin�

(11)

Therefore, " and � can be respectively obtained as:

" =
Nsr −Ns

Ns
=
A(1)s (�2 + �2)

1
2

Ns(w2 + v2)
1
2

− 1 (12)

� = '(0)p − '(0)s = arctan
−v� +w�
w� + v�

(13)

3.3. Measurement Result Correction
During the next normal cycle, themagnitudeAp and phase

'p of the primary current can be respectively corrected by "
and � on the basis of the measured data As and 'sas:

Ap = (1 + ")NsAs (14)

'p = 's + � (15)

Moreover, even within the self-correction process, the
primary current can keep beingmeasured and corrected based
on "o and �o determined in the last correction cycle. Thus
the OSC will not interrupt the normal measurement of the
split-core CT. In interval 0 of the correction cycle, Ap and
'p can also be corrected according to (14) (15), where " and
� are substituted by "o and �o, respectively. However, as ia
is injected within interval 1, the above equations will cause
an erroneous result of the primary current. Hence addition-
ally using A(1)a and '(1)a , the measurement results in interval
1 can be alternatively and temporarily corrected as:

A(1)p =
[

(1 + "o)2N2
s
(

A(1)s
)2 +N2

a
(

A(1)a
)2

−2(1 + "o)NsNaA
(1)
s A

(1)
a cos('(1)s − '(1)a )

]

1
2

(16)

'(1)p = arctan
(1 + "o)NsA

(1)
s sin'

(1)
s −NaA

(1)
a sin'

(1)
a

(1 + "o)NsA
(1)
s cos'

(1)
s −NaA

(1)
a cos'

(1)
a

(17)

4. Prototype Implementation and
Experimental Tests

4.1. Design and Implementation of Prototype
The split-core CT for prototype implementation is shown

in Fig. 7. This split-core CT has a rated magnitude ratio of
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50 A/0.5 A/0.5 A (primary/secondary/auxiliary) and a rated
0.5 class accuracy. And the core material is silicon-steel. In
fact, the real accuracy of this split-core CT is rather low, and
cannot satisfy the requirement of the rated accuracy class.

44mm

Air Gap

90mm

Secondary Winding

Auxiliary 

Winding

Winding

Terminals

Air Gap

Figure 7: Split-core CT used for OSC prototype

The AWL can be implemented as shown in Fig.8, based
on a three-winding isolation voltage transformer (VT in the
black dashed box). The primary winding of the VT is con-
nected to the phase line and the neutral of the low-voltage
distribution networks, and the phase voltage serves as the in-
put of the VT. One of the secondary windings of the VTwith
voltage uas and a high-value resistor Ras serve as the auxil-
iary current source, as presented in the red dashed box. An-
other secondary winding and a rectifier bridge in the green
dashed box are used to supply dc power for the electronic
switch. Moreover, the electronic switch is designed as a
solid-state relay in the blue dashed box in detail. The elec-
tronic switch is inserted into the AWL via the terminals T1
and T2. The TRIACQS2 is deployed for the switch function
of the electronic switch, and is driven by the optoisolator
TRIAC driver US . The control signal g(t) of US is provided
by the signal processor, according to the timing sequence
shown in Fig. 6.

Electronic
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3-Winding Isolation VT

Auxiliary Current Source

Auxiliary Winding

of Split-Core CT

Phase

Line

Neutral

1

0

DC Power Supply
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Voltage

VCC

DGND

T2

VCC

T1

DGND

R2

Rac

RV

RS5

RS4 RS3

RS2
RS1

g(t)

QS2

US

QS1 DS1

DS2
T1

T2

uas

Figure 8: Implementation schematic diagram of AWL in detail

Moreover, the parameters of the selected low-cost com-
ponents of the AWL and the DSP unit are listed in Table 1.

Table 1
Component parameters

Part Component Parameter

Shunts R1, R2 0.5 or 1 Ω/2 W

AWL
RV 07D180K

Ras 20 kΩ/100 W

Electronic Switch

RS1 4.2 kΩ/0.25 W

RS2 2.7 kΩ/0.25 W

RS3, RS4 470 Ω/0.25 W

RS5 330 Ω/1 W

DS1, DS2 1N4007

QS1 S9013

QS2 MAC97A8

US MOC3021

DSP Unit
ADC AD7606

signal processor TMS320F28335

4.2. Setups of Experimental Test
The platform of the experimental tests is arranged with

a prototype embedded with the OSC, a relay tester, stan-
dard instruments for calibration and display instruments, as
shown in Fig. 9.

ip

Split-Core CT

Relay Tester 

is

ia

S
a

m
p

lin
g

DSP Unit

Display 

Instruments

Electronic Switch 

Power Supplyuas (240 VAC)

Primary Shunt

Host Computer

Oscilloscope

Read/Save

Display

Shunts
R1, R2

Prototype

Keithley Model 2001 Multi-Meter Agilent 4263B LCR-Meter
Standard

Instruments

Calibrate

(a)

Host Computer

DSP Unit

Current Shunts

Electronic

Switch

Relay Tester

Split-Core

CT

Oscilloscope

(b)
Figure 9: (a) Schematic diagram and (b) photograph of ex-
perimental test platform

The prototype contains the aforementioned split-core CT,
electronic switch, DSP unit, and the shunts. The relay tester
provides the primary current measured by the prototype, the
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AC voltage uas, and the dc power supply for the prototype.
Wherein, the primary cable is distributed with the split core
by 5 turns to provide an equivalent ip with 5 times of the
magnitude of the tester output current, according to the equiv-
alent ampere-turn principle. The primary current can be
sampled synchronously for reference via a shunt in series
with the primary cable. uas is a standard sinusoid signal with
the magnitude at 240 V, and serves as the input of the AWL.
The sampling rate and resolution of the DSP unit are set as
5 kS∕s and 16-bit, respectively. One of the standard instru-
ments is Keithely Model 2001 multi-meter, assigned to ac-
curately measure the real magnitude of the primary current.
And Agilent 4263B LCR-meter is used to calibrate the re-
sistances and the slight phase displacement of the aforemen-
tioned shunts. Thus the accurate values of ip can be obtained
and used as standard references. Moreover, the oscilloscope
is utilized to display the signal waveforms; and the host com-
puter can read and save the sampled data and measurement
results in tests.

4.3. Mode Switching Characteristics of AWL
When the power frequency is 50 Hz, the mode switching

parameters are set as: Tc = 0.24 and D = 0.667. The wave-
forms of the secondary current, auxiliary winding current,
and the control signal during a correction cycle are shown in
Fig. 10. And the split-core CT can normally operate without
unexpected issues, such as over-voltage.

Interval

0

Interval

1

Figure 10: Secondary current (CH1), auxiliary current (CH2)
and control signal (CH3) during correction cycle

Due to the nonlinearity of TRIAC in the electronic switch,
the winding currents are distorted when the AWL is on in in-
terval 1. The voltage drop on the TRIAC is shown in Fig. 11,
when a standard sinusoidal signal serves as the input signal.

Figure 11: Voltage drop on TRIAC in interval 1

The spectrum of the voltage drop is presented in Fig. 12.
The spectrum indicates that additional dc component and
odd harmonics exist in the voltage drop of the TRIAC. Since
the fundamentals of the winding currents are separately ex-
tracted based on integer-period sampling as (5), the funda-
mental parameters can be accurately obtained without the
effect of the additional harmonics.

Figure 12: Spectrum of voltage drop on TRIAC

4.4. Performance of Prototype under Different
Applied Primary Currents and Burdens

To comprehensively validate the performance of theOSC,
36 cases of tests have been separately taken under different
applied primary currents and burdens, when the CT under
test is normally installed. The setups of the applied primary
currents and burdens are given in Table 2. The magnitude of
the applied primary current Ip is set as 5%, 20%, 50%, 80%,
100%, or 120% of the rated value IpN (=50 A), respectively.
The magnitude of ia in on mode is 11.6 mA. The power fre-
quency f is adjusted as 45 Hz, 50 Hz, or 55 Hz, where the
rated frequency is 50 Hz. The burden (i.e. the current shunt
R1 in Fig. 2) is configured as 1.0 Ω or 0.5 Ω precision resis-
tor with a very low temperature coefficient. And ten repeated
measurements are performed in each test case.

The error determination results of the OSC for the split-
core CT are listed in Table 2. The results show the error of
the split-core CT varies distinctly with values of the applied
primary current magnitude (IpN ), the power frequency (f ),
and the burden R1. Generally, when IpN increases, the ab-
solute values of " and � tend to decrease. The variation of
" and � at different IpN are up to 3.8 mA/A and 8.84 mrad,
respectively. The change of f has a relatively smaller ef-
fect on the variation of " (< 2.2mA/A), while the maximum
variation of � is 11.0 mrad. And the differences of " and
� between the results at R1 =0.5 Ω and R1 =1 Ω are large,
which can correspondingly reach 20.8 mA/A and 19.3 mrad.
Taking these above into consideration, it can be known that
the error of the split-core CT is significantly influenced by
the applied primary current and the burden in operation.

4.4.1. Uncertainty Analysis
The determined errors depend on the current data i(k)s [n]

(k=0, 1) and i(1)a [n]. These data are calculated via the shunt
resistances and the corresponding voltage drops. Hence the
uncertainties describing the reliability of determining the er-
rors are relevant to the uncertainty budgets contributed by
the resistances, the voltages, the standard instruments, and
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Table 2
Test results under operating conditions with different applied primary currents and burdens

IpN = 50 A
Errors and combined standard uncertainties

R1 = 1.0 Ω R1 = 0.5 Ω

f [Hz] Ip[%] Case "[mA/A] uc"[mA/A] �[mrad] uc�[mrad] Case "[mA/A] uc"[mA/A] �[mrad] uc�[mrad]

45

5 1 42.0 0.695 -13.6 0.645 19 23.4 0.839 -31.3 0.502

20 2 39.8 0.546 -11.6 0.789 20 22.5 0.806 -30.9 0.251

50 3 39.3 0.727 -7.63 0.597 21 21.3 0.566 -25.2 0.512

80 4 39.0 0.603 -6.21 0.445 22 20.3 0.398 -23.9 0.730

100 5 38.6 0.400 -5.75 0.814 23 19.4 0.769 -22.3 0.887

120 6 38.9 0.474 -4.76 0.997 24 19.6 0.508 -22.1 0.968

50

5 7 41.9 0.502 -8.64 0.418 25 21.1 0.496 -25.6 0.407

20 8 41.6 0.771 -7.64 0.625 26 21.2 0.401 -24.6 0.486

50 9 39.6 0.378 -3.46 0.617 27 19.3 0.471 -19.6 0.439

80 10 38.2 0.593 -3.00 0.709 28 19.8 0.469 -18.0 0.903

100 11 37.7 0.530 -4.39 0.583 29 18.5 0.441 -17.8 0.964

120 12 38.1 0.458 -1.91 0.785 30 18.5 0.489 -16.8 0.697

55

5 13 41.7 0.866 -5.71 0.780 31 21.6 0.810 -20.3 0.442

20 14 40.7 0.247 -2.24 0.551 32 20.7 0.819 -20.4 0.461

50 15 38.6 0.840 -1.02 0.667 33 19.6 0.715 -15.9 0.666

80 16 38.6 0.749 -0.749 0.426 34 19.1 0.649 -14.2 0.763

100 17 38.4 0.641 -1.14 0.956 35 18.6 0.543 -13.7 0.682

120 18 37.9 0.487 -1.43 0.734 36 17.9 0.186 -14.5 0.487

the sampling system. For simplicity, we use the combined
standard uncertainties only based on type A uncertainties of
specific measurable quantities of is and ia, including: A

(k)
s ,

A(1)a , Δ's = '(1)s − '(0)s , and Δ'(k)as = '(1)a − '(k)s . Based
on Eqn. (12) (14), the transfer functions of the determined
errors and the measurable quantities are shown as:
" = F"(A(0)s , '

(0)
s , A

(1)
s , '

(1)
s , A

(1)
a , '

(1)
a )

=
NaA

(1)
a

Ns[(A
(0)
s )2 + (A

(1)
s )2 − 2A

(0)
s A

(1)
s cos('(1)s − '(0)s )]

1
2

−1

(18)

� = F�(A(0)s , '
(0)
s , A

(1)
s , '

(1)
s , A

(1)
a , '

(1)
a )

= arctan
A(0)s sin('

(1)
a − '(0)s ) − A

(1)
s sin('

(1)
a − '(1)s )

A(0)s cos('
(1)
a − '(0)s ) − A

(1)
s cos('

(1)
a − '(1)s )

(19)
Define the type A uncertainties of A(k)s , A(1)a , Δ's and

Δ'(k)as ) as uA(A
(k)
s ), uA(A

(1)
a ), uA(Δ's) and uA(Δ'

(k)
as ), re-

spectively. Let u(A(1)s , A
(1)
a ) be the estimated covariance of

A(1)s andA(1)a . Also, u(A(1)s ,Δ's), u(A
(1)
a ,Δ's), and u(A

(1)
s ,Δ'

(k)
as )

can be similarly defined. And these type A uncertainties and
estimated covariances are obtained via the results of the re-
peatedmeasurements. Then according to [24], the combined
standard uncertainties of the ratio error and phase displace-
ment, i.e. uc(") and uc(�), respectively, can be calculated as:
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The combined standard uncertainties uc" and uc� are also
presented in Table 2. It can be observed that the OSC deter-
mines " and � up to 42.0 mA/A and 31.3 mrad with uc" and
uc� less than 0.866 mA/A and 0.997 mrad, respectively. And
in the above cases, these uncertainties are found less influ-
enced by the changes of the operating parameters, demon-
strating the reliability of error determination by the OSC.

4.4.2. Accuracy Verification
According to the arrangement in Fig. 9, ip can also be

measured by the DSP unit synchronously. And calibrated by
the standard instruments, the measured values of ip, i.e., Ap
and 'p, are used as the standard references. Compared with
these standard references, the corrected measurement results
in tests still have two types of measurement errors, denoted
as the magnitude error � (%) and the phase error � (rad) as
below:

� =
|

|

|

|

|

|

(1 + ")NsA
(0)
s − Ap

Ap

|

|

|

|

|

|

× 100% (22)

� = |

|

|

'(0)s + � − 'p
|

|

|

(23)

Particularly, if " = 0 and � = 0 are substituted into the above
equations, the inherent measurement errors of the split-core
CT without the self-correction can be obtained.

The measurement errors in the tests are shown in Fig. 13
and Fig. 14, where the error limits of 0.2 class and 0.5 class
at corresponding primary current prescribed by IEC 61869-
2-2012 are represented as the green and purple dashed lines,
respectively.
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Figure 13: Magnitude errors of split-core CT
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Figure 14: Phase errors of split-core CT

For comparison, the inherent measurement errors of the
split-core CT without self-correction are also presented. It
can be clearly observed the inherent errors substantially vary
under different applied primary currents and burdens. And
the inherent errors fail to meet the demand of the rated stan-
dard level (0.5). However, after being corrected by the OSC,
the measurement errors are significantly reduced, and are
maintained in a relatively narrow range. Then the measure-
ment accuracy is effectively improved to a satisfactory level
fully in compliance with the requirement of 0.2 class.

4.5. Performance of Prototype against
Environmental Variations

4.5.1. Change of gap length
The change of the gap length bymanual installation devi-

ation and vibration is the major practical cause for the vari-
ation of the magnetizing error of split-core CTs. And this
change cannot be completely avoided in long-term opera-
tion. To test the performance of the OSC against this change,
the split-core CT under test is installed with an artificially
configured air gap. The gap length is set from 0 (with no
artificially configured air gap) to 0.520 mm with a step of
0.104 mm. In fact, the length of the gap length usually will
not reach 0.520 mm in practice, while it is utilized to provide
an extreme condition to test the OSC. Ten measurements are
performed at each gap length. The magnitude of the applied
primary current and the power frequency are 50 A and 50
Hz, correspondingly. And the burden is selected as 0.5 Ω.

The errors determined by the OSC against the gap length
changes are presented in Fig. 15 and Fig. 16, respectively.
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Figure 15: Ratio errors and combined standard uncertainties
versus gap lengths
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Figure 16: Phase displacements and combined standard un-
certainties versus gap lengths

The results directly show that the increase of the gap
length sharply degrades the performance of the split-core
CT. Despite these errors varying in a wide range, the OSC
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determines these errors with the combined standard uncer-
tainties under 0.526 mA/A and 0.780 mrad, respectively.

The measurement errors of the prototype in these tests
are shown in Fig. 17 and Fig. 18, respectively, in compari-
son with those of the split-core CT without self-correction.
The results show that the increase of the gap length makes
the secondary current magnitude sharply decrease to a value
much smaller than the expected one, i.e., ApNs

; and then the
measurement errors significantly increases, even resulting in
total invalidity of the split-core CT. The errors of the split-
core CTwithout self-correction correspondingly reach 30.9%
and 648mrad under the extreme condition (gap length=0.520
mm), while those without artificial air gap are 1.82% and
16.9 mrad, respectively. And when the gap length changes
with 0.104 mm, the magnitude error and the phase error in-
crease more than 5.09% and 78.7 mrad, respectively. Owing
to the OSC, the measurement errors of the prototype can be
effectively reduced to acceptable values below 0.195% and
0.295 mrad, respectively, which satisfies the requirements
of 0.2 accuracy class. Apparently, the OSC is robust to the
severe impact of the gap length change.
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4.5.2. Performance against temperature variation
The performance of the OSC against temperature varia-

tion is provided in Table 3. The CT under test works at: 1)
the room temperature (25.3◦C); and 2) the ambient air tem-
peratures T heated to 36.4◦C, 44.6◦C and 51.1◦C by a heat
blower, respectively.

Table 3
Errors and combined standard uncertainties versus temperature

T (◦C) " (mA/A) uc" (mA/A) � (mrad) uc� (mrad)

25.3 18.5 0.441 -17.8 0.964

36.4 18.9 0.456 -19.4 0.399

44.6 20.8 0.866 -18.2 0.632

51.1 21.2 0.573 -18.0 0.418

The results show that the temperature variation leads to
a relatively slight change of the ratio error and the phase
displacement, not exceeding 2.30 mA/A and 1.6 mrad, re-
spectively. And the OSC determines the errors, with com-
bined standard uncertainties below 0.866 mA/A and 0.964
mrad, correspondingly. Notably, the magnitude errors and
the phase errors of the primary current in these tests are all
within 0.196% and 1.94 mrad, under the limits of 0.2 class.

5. Conclusion
This paper has proposed a online self-correction method

to improve the accuracy of the split-core current transformer
in low-voltage distribution networks. The proposed method
includes: an auxiliary winding loop to operate in twomodes,
and an self-correction algorithm cooperating with the auxil-
iary winding loop to online determine the errors of the split-
core CT for correcting the measurement results. The pro-
posed method can improve the measurement accuracy of the
split-core CT, without interrupting the measurement. Also,
the proposedmethod can keep track of the varying errors due
to the manual installation deviation and environmental vari-
ations. Moreover, this paper provides a low-cost solution for
embedding the proposed method in multiple split-core CTs
in low-voltage distribution network, via series-connecting
auxiliary winding loops to share one set of the auxiliary cur-
rent source and electronic switch.

A prototype embedded with the proposed method is im-
plemented for validation. In experimental tests of the proto-
type, the proposedmethod reliably determines the ratio error
and the phase displacement up to 42.0mA/A and -31.3mrad,
with combined standard uncertainties below 0.866 mA/A
and 0.997 mrad, respectively. Most importantly, the pro-
posed method significantly improves the measurement accu-
racy to 0.2 class, while the accuracy of the CT without cor-
rection cannot satisfy the requirement of 0.5 class. Further-
more, the proposed method’s robustness to the gap length
change is verified. Against the error sharply increasing with
the gap length, the proposed method can maintain the mea-
surement accuracy at 0.2 class. Notably, even under the ex-
treme condition with a 0.520 mm gap, the measurement er-
rors are significantly reduced from the CT’s inherent errors
up to 30.9% and 648 mrad to a satisfactory range under 0.1%
and 0.2mrad, respectively. Also, themeasurement errors be-
low 0.196% and 1.94 mrad at different ambient temperatures
confirm the proposed method’s effectiveness.
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