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Abstract: Signal injection method (SIM) is widely applied to the insulation parameters’ measurement
in distribution network for its convenience and safety. It can be divided into two kinds of
patterns: injecting a specific frequency signal or several frequencies’ groups, and scanning frequency
in a scheduled frequency scope. In order to avoid the disadvantages in related researches,
improved signal injection method (ISIM), in which the frequency characteristic of the transformer
magnetizing impedance is taken into consideration, is proposed. In addition, optimization for
signal injection position has been accomplished, and the corresponding three calculation methods
of line-to-ground capacitance has been derived. Calculations are carried out through the vector
information (vector calculation method), the amplitude information (amplitude calculation method),
the phase information (phase calculation method) of voltage and current in signal injecting port,
respectively. The line-to-ground capacitance is represented by lumped parameter capacitances
in high-voltage simulation test. Eight different sinusoidal signals are injected into zero-sequence
circuit, and then line-to-ground capacitance is calculated with the above-mentioned vector calculation
method based on the voltage and the current data of the injecting port. The results obtained by the
vector calculation method show that ISIM has a wider application frequency range compared with
signal injection method with rated parameters (RSIM) and SIM. The RSIM is calculated with the rated
transformer parameters of magnetizing impedance, and the SIM based on the ideal transformer model,
and the relative errors of calculation results of ISIM are smaller than that for other methods in general.
The six groups of two-frequency set are chosen in a specific scope which is recommended by vector
calculation results. Based on ISIM, the line-to-ground capacitance calculations through the amplitude
calculation method and phase calculation method are compared, and then its application frequency
range, which can work as a guidance for line-to-ground capacitance measurement, is concluded.

Keywords: distribution network; line-to-ground capacitance; signal injection method (SIM);
transformer magnetizing impedance; frequency characteristic

1. Introduction

In distribution network, the number of grounding fault reaches 70% in all types of system faults,
and over 70% of them are transient faults [1]. Self-healing plays an important role in distribution
network [2–8]. The systems, which have been effectively grounding, protect themselves by switching
breakers when grounding faults occur. However, resonant earthed system (namely ineffectively
grounded system [9–12]) could compensate faulting current quickly by adjusting the resonance
deviation υ of network through regulating the arc suppression coil. This would make an improvement
of the withstanding ability of distribution network and guarantee a safe and reliable power system.
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As the guidance of regulating arc suppression coil, the insulation parameters of distribution
network mainly are [9–22]: line-to-ground stray capacitance and leakage resistance. Meanwhile,
the line-to-ground stray capacitance is the key factor, which affects the compensation ability of the
system and the performance of arc suppression coil dynamic regulation [9,10]. Besides, the capacitance
can be utilized to improve the performance of fault detection in distribution networks [13–15] and
the suppression of unbalanced voltage in neutral point [16]. In practice, the capacitive current of the
system is often calculated by measuring line-to-ground capacitance. The common measurements are:
artificial single-phase metal earth fault test [9,10], biased capacitance method [17], tuning through
adjustable arc suppression coil [19–27], identification through recorded fault signal [28,29] and injecting
signal into zero sequence of system (namely SIM) [9–11,21,22].

However, problems exist in both the artificial single-phase metal earth fault test and the biased
capacitance method, such as earth fault and endangering the safety of operator. The tuning method
gets line-to-ground capacitance via measuring neutral-to-ground voltage and then solving equations
or just obtaining it from tuning curves, which will inevitably reach the resonance point of system in
the tuning process. The insulation parameters extracted based on the recorded fault waveform of
the transmission line can be classified as passive measurement [28,29], which could not be able to
suppress earth fault automatically when earth fault occurs. The SIM is a widely used method for
line-to-ground capacitance measurement. This method requires the amplitude and phase information
of injecting current and returned voltage to calculate line-to-ground capacitance. And the method
has no influence upon the safe operation of the system because its injection power is low. Besides,
the SIM device is simple and could get a relatively accurate result of line-to-ground capacitance.
The related researches mainly focus on the wave pattern of injecting current signal and the injection
pattern of current signal. The wave patterns of injecting current signal are single frequency [9–11,22]
and several frequencies [9,10]. The single-frequency injection which operates calculation through
the information of a certain frequency, can be divided into constant frequency injection [10,11,22]
and variable frequency injection (namely frequency scanning method) [9,10]. The injection pattern of
current signal is: the open-delta secondary side of potential transformer (PT) in bus [10,21] and the
secondary winding of arc suppression coil [9,22].

The researches described above have vastly enlarged the technology of line-to-ground capacitance
measurement and provided a lot of practical methods. The SIM is a promising method for its
convenience and accuracy upon measurement of line-to-ground capacitance. For the traditional
measurement, the frequency characteristic of the injecting transformer magnetizing impedance
(represented as Zm) is treated as an ideal model, because Zm is assumed as a massive value and
could be treated as open-circuit. However, it is found that the injecting transformer is easy to be
saturated at low frequency in practice, even if the injecting power is much lower than the rated
capacity of injecting transformer. Besides, normally, the rated capacity of the injecting transformer
is low, which is unable to avoid the saturation. Thus, if the saturation of the injecting transformer is
not considered in the final calculation based on the test data, it is difficult to find the proper injection
frequency range or frequency group during the measurement [9–11,21,22]. And the system error would
also be increased. In addition, the frequency scanning method, applied widely in practice, needs long
measuring times, and requires well output performance and high respond speed of injection signal
source, which makes it hard to meet the requirement of real-time measurement. Moreover, several
frequencies, injected at the same time, demand for the excellent injection signal source because the
desired waveform is always non-standard. Thus, the constant frequency injection is applied in this
paper for its convenience and suitable for realizing real-time measurement.

For the traditional injection patterns [9,10,21,22], the power is injected to the secondary side of
the transformer such as PT or arc suppression coil with a high turn ratio. However, for the presented
method as Figure 1, the power is injected to an injecting transformer with a 1:1 turn ratio. Thus,
the current in the primary side of the transformer, induced by the current injected in the secondary
side of the transformer for the traditional method, is lower than that for the presented method. Hence,
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the presented method could mitigate the influence of the noise upon the current signal and have
a high signal-to-noise ratio. Besides, according to the investigation carried out by ourselves, it is
found that most of the arc suppression coil in China is the multi-tap arc suppression coil. Only the
inductance is presented for a certain resonance deviation of the system, which means the real turn
ratio is difficult to identify. Therefore, the accuracy of the measured voltage in the secondary side
of the injecting transformer may be influenced by the unidentified real turn ratio. When the current
signal is injected through the open-delta of the 10 kV PT in bus, the measurement accuracy may
be affected by the magnetizing impedance because the injecting transformer is normally small in
size, and prone to be saturated. In addition, the injecting transformer is normally installed in the
switchgear. The high injected power may cause the short-circuit fault of the 10 kV bus. Hence,
injecting through the open-delta side of the voltage transformer is a potential threat to the safe
operation of the entire switchgear.
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Figure 1. Line-to-ground capacitance measurement.

Based on the analysis above, a new line-to-ground capacitance measurement method, namely
ISIM, is presented in this paper, which is developed from SIM. The ISIM takes the magnetizing
impedance’s frequency characteristic into consideration. The improved magnetizing impedance model
of the injecting transformer is considered in the final calculation, instead of the ideal model. Besides,
an improved injection pattern, in which the current is injected through a transformer with 1:1 turn ratio
in series with arc suppression coil, is proposed in this paper. It could induce a higher amplitude current
in the primary side of the injecting transformer. And the safe operation problem of the traditional
method could be avoided. According to the two improvements above, three calculation methods
are derived based on the vector, amplitude and phase information of the injecting signal. Moreover,
experiments are carried out on the 10 kV test platform to validate the presented method.

2. Line-to-Ground Capacitance Measurement Method

The signal injection of current signal of ISIM is conducted according to Figure 1. The low-voltage
terminal of arc suppression coil L is connected in series with injecting transformer l0, whose turn
ratio is 1:1, and the injecting current signal is injected into l0. Compared with the traditional injection
pattern of current signal, the new injection pattern in this paper adapts the same topological structure.
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It could produce a higher amplitude current signal than other traditional injection pattern of current
signal, which would enhance the performance of resisting external electromagnetic interference.
Moreover, the new injection pattern is free from undergoing a higher amplitude of neutral-to-ground
voltage, of which most of neutral-to-ground voltage is divided by coil. Furthermore, there is no longer
risking switchgear explosion, caused by the short-circuit fault of the secondary side of the injecting
transformer, to inject signal. Normally, the load of the system can be represented as a Y-connection
impedance. The neutral point is ungrounded. Thus, the load is not taken into account in Figure 1.
Besides, comparing with the impedance of line-to-ground capacitance, the system’s leakage resistances
(RA & RB & RC) is so large that could be neglected. Assuming that line-to-ground capacitances
are equal, which means CA = CB = CC. The equivalent circuit and its simplified circuit of zero
sequence of Figure 1 are shown in Figure 2 based on the transformer Γ equivalent model. Moreover,
constant frequency injection is utilized in measurement of line-to-ground capacitance according to
Section 1.
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circuit (Zk = Z1σ + Z2σ).

For the 1:1 turn ratio of the injecting transformer, all of the parameters shown in Figure 2
have no need to be referred. Zm represents transformer magnetizing impedance, Zm = Rm + j2πfLm.
The magnetizing resistance Rm, whose value is affected by external voltage frequency f, represents the
iron loss of the injecting transformer in the alternating magnetic field. Magnetizing inductance Lm also
varies with external voltage frequency f. Z1σ and Z2σ is the primary impedance and the secondary
impedance of l0, respectively. Let Zk = Z1σ + Z2σ, then Zk is the short-circuit impedance of l0. The value
of Zk is known and linear to external voltage frequency f. The line stray impedance in zero sequence is
represented by Zε, which is normally low, compared with line-to-ground impedance, which could be
neglected. The line-to-ground capacitance, represent by C, is the aggregated value of the line-to-ground
capacitance in each phase.

As shown in Figure 3, the current
.
I is injected into the secondary side of l0 and injecting

port’s voltage
.

U is measured when launching the measurement. The ISIM is employed to measure
line-to-ground capacitance C through vector information of the injecting port based on the known
parameters (Zk & L) and the transformer magnetizing impedance Zm. Although operating the ISIM
through the vector calculation method is simple, it has a higher demand for process module for
its complex operation. Thus, the amplitude calculation method and the phase calculation method
are derived and those validations are testified by experiment. It should be noted that the three
calculation methods above have taken the magnetizing impedance into consideration. If the degree of
simplification of magnetizing impedance is reduced, the measurement of line-to-ground capacitance is
also simplified, which operates the calculation through the simplified model of magnetizing impedance
rather than the improved model. For example, if the magnetizing impedance is treated as the ideal
model (namely SIM), then operate the calculation with Zm = ∞, while treated as rated parameter model
(namely RSIM), then operate the calculation with the rated magnetizing impedance.

If the line stray impedance Zε is neglected, the input impedance Zin in Figure 3 can be given by:
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Zin = Rin + jXin = RL + Rk + jω
(

L + Lk −
1

ω2C

)
(1)

Let: zero-sequence line resistance R0 = RL + Rk, zero-sequence line inductance L0 = L + Lk,
zero-sequence line impedance Z0 = R0 + jωL0. Hence, input resistance Rin = R0, input impedance
Xin = ωL0 − (ωC)−1.Energies 2017, 10, 477 5 of 14 
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2.1. Vector Calculation Method

The original injecting current
.
I is shunted by Zm, thus the current flow through Zin is:

.
I0 =

.
I −

.
U
Zm

(2)

So, the input impedance of load Z is:

Z =

.
U
.
I0

(3)

Then, line-to-ground impedance ZRC is calculated by subtracting zero-sequence line impedance
Z0 from Z:

ZRC = Z− Z0 (4)

Take the imaginary part of ZRC and divide by angular frequency ω to get the line-to-ground
capacitance C:

C =
1

ωIm(ZRC)
(5)

This method is carried out through the vector information in injecting port, based on the known
parameters, and takes magnetizing impedance’s frequency characteristic into consideration.

2.2. Amplitude Calculation Method

The admittance vector equation of the injecting port in Figure 3 can be calculated by:

Y =

.
I
.

U
=

Rin

Rin
2 + Xin

2 +
Rm

Rm
2 + Xm

2 − j
(

Xin

Rin
2 + Xin

2 +
Xm

Rm
2 + Xm

2

)
(6)

Operating mod and square to both sides of Equation (6), then Equation (6) is deform as:

Y2 =
1

Rin
2 + Xin

2 +
1

Rm
2 + Xm

2 + 2
Rm

Rm
2 + Xm

2 ×
Rin

Rin
2 + Xin

2 + 2
Xm

Rm
2 + Xm

2 ×
Xin

Rin
2 + Xin

2 (7)

Let PRM = Rm/(Rm
2 + Xm

2), PXM = Xm/(Rm
2 + Xm

2). Once frequency is confirmed, Rm and Lm is
assured, then PRM and PXM are constant values. Equation (7) can be rewritten as:

M2 = Y2 − 1
Rm

2 + Xm
2 =

1
Rin

2 + Xin
2 + 2PRM

Rin

Rin
2 + Xin

2 + 2PXM
Xin

Rin
2 + Xin

2 (8)
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Derived from Equation (1), then we can get:
1

Rin
2+Xin

2 = ω2C2

Z0
2ω2C2−2X0ωC+1

Rin
Rin

2+Xin
2 = R0ω2C2

Z0
2ω2C2−2X0ωC+1

Xin
Rin

2+Xin
2 = X0ω2C2−ωC

Z0
2ω2C2−2X0ωC+1

(9)

where Z0
2 = R0

2 + ω2L0
2, then put Equation (9) into Equation (8):

Aω2C2 + 2BωC + M2 = 0 (10)

where A = M2Z0
2 − 2PRMR0 − 2PXMX0 − 1, B = PXM −M2X0. When there are two kinds of signals of

different frequencies, they can be described as:{
f1 : A1ω2

1C2 + 2B1ω1C + M2
1 = 0

f2 : A2ω2
2C2 + 2B2ω2C + M2

2 = 0
(11)

Then, C is given by:

C =
A1ω1

2M2
2 − A2ω2

2M1
2

2(A2B1ω1ω22 − A1B2ω1
2ω2)

(12)

This method operates calculation through two kinds of frequency signals’ voltage and current
amplitude information in the injecting port and then calculates C through Equation (12), and also takes
magnetizing impedance’s frequency characteristic into consideration.

2.3. Phase Calculation Method

The impedance vector equation of the injecting port in Figure 3 can be calculated by:

Z =

.
U
.
I
= Zin||Zm =

(Rin + jXin)(Rm + jXm)

Rin + Rm + j(Xin + Xm)
(13)

The tangent of impedance angle of the injecting port is given by:

tan φ =
Xm

(
Rin

2 + Xin
2
)
+ Xin

(
Rm

2 + Xm
2
)

Rm

(
Rin

2 + Xin
2
)
+ Rin

(
Rm

2 + Xm
2
) =

PXM + Xin
Rin

2+Xin
2

PRM + Rin
Rin

2+Xin
2

(14)

Rewrite Equation (14),

PXM − PRM tan φ +
Xin

Rin
2 + Xin

2 −
Rin tan φ

Rin
2 + Xin

2 = 0 (15)

Let K = PXM − PRMtanφ, which is a frequency-dependent parameter. Equation (15) can be
rewritten as:

Wω2C2 −VωC + K = 0 (16)

where W = KZ0
2 + X0 − R0tanφ, V = 2KX0 + 1, both of them vary with external frequency f. Similarly,

they can be written as: {
f1 : W1ω2

1C2 −V1ω1C + K1 = 0
f2 : W2ω2

2C2 −V2ω2C + K2 = 0
(17)

Then, C is calculated by:

C =
K2W1ω1

2 − K1W2ω2
2

W1V2ω1
2ω2 −W2V1ω1ω22 (18)
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This method utilizes two kinds of frequency signals’ voltage and current phase information in the
injecting port, and then calculates C through Equation (18). The influence of magnetizing impedance is
also considered in this method.

The three measurements of line-to-ground capacitance are shown above; it can be concluded that
magnetizing impedance will influence the accuracy of measurement directly. In addition, the more
saturated the iron core of the injecting transformer, the larger the deviation between calculation value
and true value of magnetizing impedance, and the more affected the results. Besides, the injecting
transformer in traditional measurement always owns a small capacity, which is prone to be saturated.

3. Experiment Platform and Techniques

3.1. Line-Ground-Capacitance Measurement

According to the diagram illustrated in Figure 1, the test circuit of 10 kV experiment platform is
established as Figure 4, and its equipment and connection are shown in Figure 5.
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Lumped parameter capacitors are applied to represent the line-to-ground capacitance C of the
system. The capacitors are connected to the outlet terminal of a three-phase 380 V/10 kV transformer.
The transformer is energized by applying 380 V voltage to the low voltage side. The resistance of fuse
Rfuse is 1.2 Ω and it is in series with the neutral point to protect the coil. Once the capacitance C is
changed via regulating the lumped capacitor’s value in each phase, the presetting arc suppression
coil L will be adjusted to the vicinity of over-compensation, which is also near the resonant point.
Thus, in this experiment, the parameter L varies with the changing of C. The coil is in series with the
damping resistance (Rdamp = 11.2 Ω) to avoid zero-sequence circuit resonance. Damping resistance
is connected to one endpoint of the primary side of l0. And another endpoint of the primary side of
l0 is grounded. The turn ratio of l0 is 1:1, and the rated capacity is 2000 VA. When it works at the
rated frequency, Rm = 467.5 Ω, Lm = 1.9558 H, Rk = 1.17 Ω, Lk =1.4 mH. Hence, the rated parameter
model of the injecting transformer is obtained. Arbitrary function signal generator, TEKTRONIX AFG
3011 (TEKTRONIX, Beaverton, OR, USA), is applied to produce a sinusoidal signal. This signal is
amplified by a power amplifier AE TECHRON 7224 (AE TECHRON, Elkhart, IN, USA), which turns
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the voltage signal into the current signal. And the gain of amplifier is adjustable. For the whole
measurement, the root mean square (RMS) of the injecting current signal is no more than 1 A, and the
injecting power is no more than 50 W. The input current signal is injected into the secondary side of l0
and the return voltage signal is also measured from the secondary side of l0. The signals of the input
current and return voltage are sampled and filtered. Then the fast Fourier transform (FFT) and the
calculation method are applied to achieve the final results. In order to strengthen the Electro Magnetic
Compatibility (EMC) of the measuring system, the improved injection pattern is applied to the tests,
which can mitigate the influence of the noise upon the current signal and have a high signal-to-noise
ratio as the explanation in Section 1. Moreover, during the measurement, the data acquisition module
of the measuring system is fine-grounded and the data is transferred through the coaxial cable whose
shielding layer is grounded as well. Besides, the sampled signals of the input current and return
voltage are filtered by a low-pass digital filter. In future work, the analog filter should be investigated
for better EMC performance.

Besides, the line stray impedance Zε of transmission lines or cables could have little effect on
the measurement of line-to-ground capacitance. However, the line stray impedance Zε is quite small
compared with the line-to-ground impedance. Therefore, in most of the methods for line-to-ground
capacitance measurement, the effect of the line stray impedance on the test results is normally ignored.
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As mentioned in Section 2, the load of most of the systems in practice can be treated as
a Y-connection impedance whose neutral points have not grounded. In this situation, the injecting
zero-sequence current will not flow through the load, then the load has no influence upon the
measurement. For a few special systems, its load can be simplified as a Y-connection impedance
whose neutral point is grounded, but the load of the three phases is an approximate balance in formal.
The zero-sequence current, flowing through the load, is quite small, which would also have little
influence upon the measurement results. Thus, the presented method can be applied to the real
power system.

3.2. Magnetizing Impedance’s Frequency Characteristic Measurement

In the process of injecting current signal, it is found that the iron core of l0 is prone to be saturated
when the frequency of injecting current signal is low. As shown in Figure 6, the frequency of injecting
signal is 10 Hz, and injecting power is less than 50 W, which is much smaller compared to the injecting
transformer rated capacity 2000 VA. But previous studies exclude the error caused by Zm, thus its
recommended frequency groups have some randomness. Hence, it is necessary to measure the
magnetizing impedance’s frequency characteristic to get an improved magnetizing impedance model
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for the calculation of line-to-ground capacitance, particularly when the injecting transformer is deeply
saturated. It should be noted that the capacity of the power transformer is much higher than that of
the injecting power. Hence, the saturation of the power transformer caused by the injecting power
does not need to be considered.
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Figure 6. The saturated phenomenon in secondary side of injecting transformer at 10 Hz
injecting situation.

The frequency scope of the injecting current signal is roughly 0–120 Hz [9–11,21,22]. Thus,
the currents with eight frequency points, which is uniformly distributed in this frequency scope,
are applied to the injecting transformer to obtain the frequency characteristic of the magnetizing
impedance of the corresponding frequency based on the values of injecting current signal and returned
voltage signal. During measurement of the frequency characteristic of magnetizing impedance, l0 is
put into zero-sequence circuit, which assures that the circuit is the same as that of the line-to-ground
capacitance measurement. Besides, the system does not need to be energized in the process of this
measurement, because l0 is in series with L, which is a large inductance, and the voltage of l0 is
always low. Then, the calculation of magnetizing impedance at those frequency points is operated.
The formula to calculate magnetizing impedance under load is:

Zm =
.

U/
( .

I1 −
.
I
′
2

)
(19)

The diagram and physical photo of measurement are shown in Figure 7.
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4. Experiment Results and Analysis

Experiment platform is established and its test circuit is shown in Figure 8. According to Figure 4,
when C is set as 22.27 µF and 14.08 µF and 7.06 µF, the corresponding inductance of coil is regulated
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to 0.44882 H and 0.64744 H and 1.06029 H. Then, eight different current signals are injected into
zero-sequence circuit in eight times, respectively. The results of vector calculation method show that
the calculation of C based on ISIM is prior to the calculation based on SIM and RSIM. Moreover,
the results of vector calculation method based on ISIM are excellent in the range of 10–100 Hz. Thus,
six two-frequency groups are chosen in that scope to operate amplitude and phase calculation based
on ISIM.
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4.1. Vector Calculation Method Results

The results of the vector calculation method, based on different magnetizing impedance models,
are shown in Table 1. C is the sum of capacitance of lumped capacitors in the system, while L is the
corresponding inductance value of the presetting arc suppression coil. Cf is the calculation result based
on ISIM, and the relative error is ef. C50Hz is the calculation result based on RSIM, and the relative error
is e50Hz. C0 is the calculation result based on SIM, and the relative error is e0.

Table 1. Vector calculation results based on different magnetizing impedance models.

C (µF) L (H) f (Hz)
Calculation Capacitance (µF) Relative Error (%)

Cf C50Hz C0 ef e50Hz e0

22.27 0.44882

10 20.96 −171.26 −193.28 5.88 869.02 967.89
20 21.43 17.63 13.24 3.77 20.84 40.55
30 22.37 21.69 19.98 0.45 2.6 10.28
40 22.43 22.74 21.39 0.72 2.11 3.95
60 22.33 22.57 21.69 0.27 1.35 2.6
80 21.69 21.52 18.47 2.6 3.37 17.06

100 19.31 21.07 16.31 13.29 5.39 26.76
120 24.45 15.88 11.02 9.79 28.69 50.52

14.08 0.64744

10 13.81 −34.93 −40.12 1.92 348.08 384.94
20 13.92 5.00 −2.28 1.14 64.49 116.19
30 14.15 11.82 9.52 0.5 16.05 32.39
40 13.98 13.33 12.69 0.71 5.33 9.87
60 13.96 13.64 14.42 0.85 3.13 2.41
80 13.31 12.15 11.7 5.47 13.71 16.9

100 12.87 9.67 9.39 8.59 31.32 33.31
120 10.14 7.03 5.56 27.98 50.07 60.51

7.06 1.06029

10 5.85 −123.84 −211.76 17.14 1854.11 3099.43
20 6.98 −0.02 −5.53 1.13 100.28 178.33
30 7.14 6.22 3.33 1.13 11.9 52.83
40 7.11 6.51 5.43 0.71 7.79 23.09
60 6.93 6.92 6.92 1.84 1.98 1.98
80 6.90 6.15 5.54 2.27 12.89 21.53

100 7.30 5.15 4.09 3.4 27.05 42.07
120 6.93 3.95 3.01 1.84 44.05 57.37
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As shown in Table 1, it can be concluded that:

(1). Cf is more accurate than C50Hz, while C50Hz is more accurate than C0.

(2). If the calculation is based on SIM, the recommended frequency scope of the injecting signal
should be in the vicinity of the rated frequency.

(3). If the calculation is based on RSIM, the recommended frequency scope of the injecting signal
should be 30~80 Hz, but the results are not stable and could be affected by the external topology
and frequency.

(4). If the calculation is based on ISIM, the recommended frequency scope could reach 20~120 Hz,
and the results are more stable and reliable.

(5). With the rise of frequency f of the injecting signal, e50Hz and e0 decrease first and then increase:

• when f is low, the iron core is more vulnerable to be saturated, thus magnetizing impedance
for calculation far away from the true value;

• when f is high, the impedance of line-to-ground capacitance is low, and the line stray
impedance Zε in zero sequence is high. Thus, calculation error and system error increase
during calculation.

(6). With the rise of frequency f of the injecting signal, ef has the same tendency, but the tendency is
not obvious because of the improvement caused by considering the magnetizing impedance’s
frequency characteristic in the ISIM calculation.

4.2. Amplitude Calculation Method Results

Based on the results in Section 4.1, six two-frequency groups are chosen and each group contains
two frequencies: (10, 20), (20, 40), (30, 60), (40, 60), (40, 80), (40, 100). Moreover, amplitude information
of voltage and current is employed in Section 4.1 to operate the calculation through amplitude
calculation method based on ISIM.

The results are shown in Table 2. The two-frequency group consists of f 1 and f 2. The results of
amplitude calculation is Cmf, and emf represents its relative error.

Table 2. Amplitude calculation results of ISIM in different capacitance.

C (µF) f 1 (Hz) f 2 (Hz) Cmf (µF) emf (%)

22.27

10 20 19.22 13.7
20 40 23.23 4.31
30 60 23.99 7.72
40 60 22.76 2.2
40 80 22.59 1.44
40 100 22.76 2.20

14.08

10 20 16.96 20.45
20 40 13.42 4.69
30 60 12.98 7.81
40 60 14.02 0.43
40 80 13.79 2.06
40 100 13.70 2.70

7.06

10 20 6.42 9.07
20 40 6.71 4.96
30 60 6.94 1.70
40 60 6.97 1.27
40 80 6.88 2.55
40 100 7.50 6.23

Firstly, it is obvious that the injecting signal group (10, 20) produces low precision, which is
caused by iron core saturated at low frequency. The magnetic flux Φ ≈ U/(4.44Nf ), where U is external
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voltage and N is the number of turns of l0. The larger the magnetic flux Φ, the deeper the saturation of
the iron core [3,25]. Thus, the degree of saturation of the iron core is subject to the influence of external
voltage U when the external frequency f is low. Therefore, the frequency component of two-frequency
of injecting current signal should not be too low. Secondly, the line stray impedance Zε cannot be
ignored when the injecting signal group (40, 100) is utilized. Besides, the calculation error, caused by
the decrease of magnitude of line-to-ground impedance, is introduced into the results when frequency
is high. Therefore, the frequency component of two-frequency of the injecting signal frequency should
be properly selected. The recommend frequency scope for amplitude calculation method is 20–80 Hz.

4.3. Phase Calculation Method Results

The calculation is operated as Section 4.2, and phase information of voltage and current in
Section 4.1 is employed. The results are shown in Table 3. The results calculated by phase calculation
method is Cpf, and epf represents its relative error. Compared with Table 2, the suitable frequency scope
of phase calculation method is much narrower, and distributes around the rated frequency. The reason
is that compared with amplitude information, phase information of electrical signal is more vulnerable
to the influence of electromagnetic interference. Therefore, in order to assure the accuracy of phase
calculation results, it is necessary to apply shielding measures in the measurement process.

Table 3. Phase calculation results of ISIM in different capacitance.

C (µF) f 1 (Hz) f 2 (Hz) Cpf (µF) epf (%)

22.27

10 20 19.46 12.62
20 40 21.87 1.80
30 60 21.95 1.44
40 60 22.28 0.04
40 80 22.06 0.94
40 100 23.4 5.07

14.08

10 20 15.37 9.16
20 40 12.43 11.72
30 60 12.44 11.65
40 60 13.74 2.41
40 80 12.33 12.43
40 100 11.24 20.17

7.06

10 20 7.68 8.78
20 40 6.52 7.65
30 60 6.59 6.66
40 60 7.29 3.26
40 80 7.66 8.50
40 100 6.26 11.33

5. Conclusions

An ISIM to measure line-to-ground capacitance is proposed, and its validation is investigated.
The ISIM is operated through vector information, amplitude information and phase information of the
injecting port. The results are concluded as follows:

(1). The topology of zero sequence of ISIM is similar to traditional methods and its applied frequency
scope is extended and the accuracy of calculation is improved.

(2). The saturation of iron core at low frequency and the system error due to line stray impedance Zε

in zero sequence at high frequency are the major causes of measurement error.
(3). When the injecting transformer is a transformer of small capacity, it is necessary to measure the

frequency characteristic of magnetizing impedance for better results.
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(4). The frequency group should be selected in the range of 20–80 Hz, if line-to-ground capacitance
is calculated through amplitude calculation method and phase calculation method via
two-frequency information.

(5). Nice shielding and filtering are demanded to obtain reasonable results via phase
calculation method, because electrical signal is more vulnerable to the influence of
electromagnetic interference.
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