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Summary
For diagnostics on MV power cables, measurement of partial discharges (POs) is a commonly used method. Up to now, this method requires that the cable under test is taken out
of service, i.e. off-line. A new system to monitor POs on-line is being developed. On-line
measurement implies that the diagnostics can be applied when the cable is in operation, Le.
without disrupting service. A PO gives a high frequency pulse, propagating through the MV
power cable. At the cable termination, the PO pulses partially reflect and partially transmit
into the connected Ring Main Unit (RMU) due to the impedance transition. Measurement
inside the cable is impossible, which means that only the transmitted pulse in the RMU can
be detected.
A measurement system, using an injection and a detection coil with sufficient accuracy from
500 kHz up to IO MHz was developed and implemented. The injection coil and detection
coil couple without galvanic contact to the HV conductors of the RMU. Therefore, these coils
can be installed and used for measurement while the RMU remains in operation.
For correct interpretation of PO signals from the cable under test, it is essential to know
the impedances of the MV cable and the RMU up to several megahertz. An analysis of the
impedances of the RMU elements is performed. A theoretical analysis based on lumped
impedances is verified using measurements.
Measurements have been carried out on a mini-grid, consisting of two RMUs and several
cables, which is not part of an overall grid. The measurements show good agreement with
predictions. This method of analysis will be used in the on-line PO monitoring system.
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Chapter I
Introduction
1.1

Project Description

The power grid in The Netherlands is among the most fine-meshed and most reliable in
the world. In order to keep this system as reliable as it is, research and improvements are
inevitable. In the overall grid, the distribution grid connects high voltage networks with low
voltage networks. The distribution network, operated at 10 kV, is very widespread, consisting
of about about 900.000 km os cable. Most outages experienced by end users are due to of
disturbances in the distribution grid.
Characteristic for the Dutch distribution grid is the fact that the connections are made by
cables; overhead lines for this part of the grid are very rare. For assessment of the reliability
of the network, the condition of the cables is important. The two most commonly used
cables in the Dutch distribution grid are the paper insulated lead cover (PILC) cable and
the more modern cross-linked polyethylene (XLPE) cable. The PILC cables are generally
the oldest. Knowledge of aging of this cable is important for determining the rest-life and
failure probability of cable connections. A partial discharge (PD) in a cable is an indication
for the condition of the PILC cable. The PDs produce a TEM wave that propagate through
the cable and can be detected at the cable end. The frequency range of this wave at the cable
termination ranges from below I MHz up to 10 MHz and the amplitude of the pulse is in
the mV range.
For the method to detect PD activity that is currently most in use, the cable under test is
taken out of service and connections are made directly to the cable. A high voltage 0.1 Hz
signal is applied to the cable and owing to the electrical stress PDs originate and propagates
to the cables' end, where measurement equipment is connected. The main drawback of this
method it that these diagnostics require the cable to be taken out of service. Moreover the
switching is done by operators, which is part of the overall corst of the diagnostics.
A new method is being developed to measure PD activity in power cables, while the cable
remains in operation; the PD-online project. The signals, produced by partial discharges that
occur during normal operation conditions, can be picked up with a sensor without direct
contact to the MV conductors. The installation point for such a sensor is at a Ring Main Unit
(RMU) the cable is connected to. An impedance transition occurs at the cable end, which
leads to reflection and transmission of the pulse. The electrical characteristics of the RMU,
in terms of impedance, are essential for the correct interpretation of the transmitted signal
from the power cable.
I

1.2

Objectives

The aim of this report is to analyse and characterise the impedances of the elements in an
RMU in the frequency range of a pulse that is initiated by a PO (1-10 MHz). The RMU is
small with respect to the wavelength and a lumped elements model is adequate for the characterisation in the frequency range of interest (FOI). The magnitude of these impedances
must be related to the dimensions of the elements in an RMU in order to make a generic
model. Combining the impedances of elements of the RMU leads to lumped impedance
model of the complete RMU.
For verification of the model, measurement techniques must developped that can be applied
while the RMU is in operation. A second objective was to implement a technique that is
sufficient accurate and operates without direct connection to the conductors.

1.3

The masters thesis outline

In this thesis, the impedance of an RMU is modelled and the model is verified with measurements. In Chapter 2 two types of measurement principles of the impedance of an RMU
are described; direct and indirect measurement. The calibration that is necessary for indirect measurement method is worked out into more detail in Chapter 3. In Chapter 4 the
propagation channel of a PO is described, which runs from the cable, which may contain
several sections, to the RMU. A detailed high frequency model of an RMU with one and
more than one connected cable is developed and verified with measurements. In Chapter 5
the conclusions and the recommendations for further work are given.
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Chapter 2
Measurement Techniques
2.1

Introduction

In the introduction, the significance of the impedance of an RMU in the frequency range
of interest for PO detection was mentioned. Every RMU is different, which means that
no generic RMU impedance can be defined. The impedance is highly dependent on the
components present in an RMU and their geometric arrangement. It is impossible to determine these properties sufficiently accurate for a priori impedance estimation. Therefore,
a measurement system must be developed to determine the impedance of an RMU. The
techniques that can be used for the measurement of the impedance, can be divided in two
groups; direct and indirect techniques. Direct techniques require direct contact between the
RMU and the measurement equipment for injection of a test signal. These techniques can
only be used when the RM U is not powered. When such a measurement is carried out, a
part of the network is temporary unavailable. The goal of the PD-online project is to perform
measurements while the cable and its connected RMUs remain in operation. This requires
sensors for injection of a test signal and detection of the resulting signal that couple to the
RMU without galvanic contact.
In the "mini-grid" that is present at KEMA (see Appendix q, the measurement techniques
can be tested in a real-life environment. The mini-grid is not part of an overall MV network
and therefore the grid is only at 10 kV when this is necessary for a test. This gives the opportunity to test both direct and indirect methods on the same configuration and compare the
results. When both types of measurements are in agreement for the mini-grid, the indirect
measurement system is feasible for measurements in RMUs that are in operation within a
grid. In this chapter, a direct technique (Section 2.2) and an indirect technique (Section 2.3)
are presented.
For indirect measurements, an injection coil and a detection sensor are used. An unwanted
effect occurs when using an injection coil and a detection coil: the devices couple mutually. The magnitude of this crosstalk depends on the positioning of the coils with respect
to each other. The crosstalk for two coils facing and for two coils placed perpendicular are
investigated in Section 2.4. The conclusions from this section are used to develop an injection/detection sensor unit that gives adequate results and can be implemented in practice. A
combined sensor is investigated both theoretically and experimentally in Section 2.5.

3

2.2

Direct measurement technique (Pulse Reflection)

For the direct measurement a pulse generator is connected to the rail of the RMU with a
measurement cable. Close to the pulse generator the data acquisition system (computer digitiser) is placed to measure the injected pulses. At the termination of the measurement
cable, i.e. the connection to the RMU, the pulse will partially reflect and partially transmit,
depending on the wave impedance of the connected RM U. This situation is depicted in Figure 2.1. The reflection of the pulse can be obtained from,
(2.r)

where index i stands for the incoming wave and r for the reflected wave, Zcable(O) is the wave
impedance of the measurement cable and ZR1\W(O) the wave impedance of the RMU. The
propagation velocity of the pulse is about 2 . 106 [m/sJ. If the measurement cable is long
enough, the digitiser will register two separate pulses, one of the injected pulse (Sl (t)) and
one of the reflected pulse (S2(t)). In time domain these pulses can be separated from each
other as depicted in Figure 2.2 and transformed into the frequency domain.
The measurement cable itself, with the attached connectors, introduces a small signal distortion and the input impedance for the frequency range of interest may slightly differ from
50 O. Depending on the magnitude of the distortion, this will influence the measurement
results. This influence can be compensated in a calibration process. The calibration consists
of two steps: one step for measuring the (frequency dependent) measurement cable propagation properties (Hmeas ) and the second step to determine the cable wave impedance Zcable'
For this situation, Equation 2.r can be written as:
Y;.(W) _

Vi

(W )

-

H

() _ H
me as W

-

()Zconn(W) chan W
( )
Zconn W

+

Zcable(W)
( )'
Zcable W

(2.2)

where Zconn is the impedance connected to the cable end, and Zcable is the input impedance
of the measurement cable. If the termination is short circuited, the reflection coefficient

Fig. 2. 1: Measurement setup for direct measurement.
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Fig. 2.2: Measured signal for pulse injection, Injected Pulse (Sl(t)) and Detected Pulse (S2(t)).

becomes -1. This means that the pulse is inverted and fully reflected. The difference between
the injected pulse and the inverted reflection at the digitiser is due to the cable propagation
properties. For H chan (w) this leads to:
H meas ( W )

= H chan ( W )

-Zcable(W)
Z
()
cable W

= - H chan .

The correction for the wave impedance can be achieved by connecting a standardised impedance
to the injection cable, e.g. 25 O. With this result the input impedance of the measurement
cable can be determined.
H meas ()
W

- H
-

() Zconn

chan W

Zconn

-

Zcable(W)

+ Zcable(W)

=?

Z

_
cable -

H chan

Hchan

+ H meas .
-

H meas

Now the measurement system is ready to determine the impedance of an RMU accurately,
with calibrated channel properties (Hchan ) and the calibrated input impedance of the measurement cable (Zcable).

2.3

Indirect measurement system technique

In contrast to a direct measurement system, for indirect measurement there is no galvanic
connection between the measurement system and the MV conductors. Both injection and
detection sensors must be capable of measuring without direct contact. Suitable sensors can
be divided into two groups, sensors that couple capacitively and sensors that couple inductively to the conductors of the RMU. In reference [Wie03] it was concluded that inductive
coupling has important practical advantages above capacitive sensors. Two types of inductive
sensors are used for measuring the impedance of the RMU: a Rogowski coil for injection
and a Current Transformer (CT) for detection. The "core" of a Rogowski coil is formed by
the air it encloses, which avoids saturation. This makes an air coil suitable for injection. For
detection, a Rogowski coil often is not sensitive enough. For sensitive measurement ferromagnetic core material with high J-tr is used. The sensor should be constructed in such a way
that the magnetic flux density induced by the current from the power system at 50 or 60 Hz
does not saturate the core. The used Fischer Current Coil (F-70) meets this requirement.

5

Fig. 2.3: Equivalent model for inductive coupling.

This coil is not suitable for injection, since the core may saturate due to the high power pulse
excitation. For impedance determination, it is necessary to obtain both the voltage over the
impedance and the current through the impedance. The voltage is equal to the voltage that is
induced by the Rogowski coil. The resulting current is measured by the current transformer.
In Figure 2.3 an electric equivalent circuit for inductive coupling is depicted [Wago4]. The
induced voltage (Uobj ) can be related to the input current (Iinj ) according to:
Uobj =

Zt

I inj

= jwM ~Obj
Zobj

+ JwL 2

For the two previously described coils, two operation conditions can be defined:
• For an air coil in combination with a large
can be approximated by Zt ~ jwM.

Zobj,

wL 2

«

• For a current transformer, /-lr is very high and thus wL 2
MZ b "
can be approximated by Zt ~
J

L;

2.3.1

»

Zobj.

Zobj'

The transfer impedance

The transfer impedance

Injection Coil

The windings of the injection coil are wound around a toroidal core of a non-ferromagnetic
medium. A current through the windings generate a magnetic flux in the air inside its
toroidal shape. If this coil is clamped around a conductor, a secondary current is induced,
without galvanic contact. The coupling strength is given by the mutual inductance M. The
mutual coupling M of a Rogowski coil with N windings, loop area A and radius R can be
approximated by [Wieo3]:
M = /-loAN
(2.6)
2nR '
under the assumption that the radius of the torus is much larger than the radius of the
windings. For the transfer impedance this leads to:
Zt
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.

= JwM =

. /-loAN
2nR

JW--

2.3.2

Detection Coil

A Fischer Current Coil (F-70) was used for detection. This type of coil has a core with a high
J1r (up to 105 ). Saturation can be a problem with a high J1r> especially when the coil is placed
around a power conductor with currents of several hundreds Amperes. Therefore, an air slit
is introduced in the coil. This slit has a fixed size d which is much smaller than the radius
of the torus. Under the assumption that the magnetic flux density in the normal direction at
the slit is constant and homogenous, the H field in the core can be approximated by,
I

=

f

H . dl

=

21r RHcore

+ dHs1it ,

with J1oJ1rHcore = J10Hslit = B.
Now, if J1r » 21r~ the magnetic field in the air slit is dominant and the mutual inductance
becomes
M = J1 0 AN
(2.8)

d

.

For the transfer impedance this lead to:

_ MZobj
Zt L2
In comparison with the Rogowski coil, the transfer impedance Zt of a CT is not differentiating and especially for the lower frequency range this coil is more suitable for detection. The
construction is such that a CT can be clamped around the conductor without taking the cable
out of service. The air slit is made where the two sides of the coil meet. For this type of coils,
wL 2 » Zobj and in Equation 2.5, this leads to a very constant frequency response from the
cut-off frequency zl:j. The transfer of the F-70 coil is constant up to 200 MHz.

2.3.3

Indirect Impedance Measurement

The two sensors that have been described in the previous subsections are adequate for measuring the impedance of an object in a range from I to 10 MHz without galvanic contact. In
Figure 2.4 the situation for impedance measurement is depicted. The transfer impedances

Fig. 2.4: The indirect measurement setup.
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of the injection coil and detection coil are determined separately. With these transfers, the
current through and the voltage over a connected impedance can be determined.
Udet = Jobj .
J - Uobj
obj -

Z

ZT,det

.
ob]

Uobj = Jinj

----'- U

}

----r

-

det -

. ZT,inj

ZT,inj . ZT,det J. .
Z.
In]
ob]

----'>
----r

Z

obj -

ZT,inj • ZT,det
ZT

ZT = !lJM
J.In].
(2.10)

In this analysis it is assumed, that the installed injection and detection coil do not influence
the fields in the measurement setup. Indirect measurement takes place in a loop that is
connected to the impedance. If this connection loop is large, the effect of the placement of
the injection and detection coils can be neglected. But if the connection loop is relatively
small, extra material in the loop will alter the fields and thus influence the self-inductance of
this loop. The objects measured in this project can be considered to be large, and the effect
of the insertion of the measurement setup is neglected.

2.4

Crosstalk Analysis

The available space in the RMU can be limited. The limited space poses a new problem.
Crosstalk between the injection and the detection coil occurs since the two coils are in their
proximity. This crosstalk forms a transfer path from one coil to the other, that is independent
of the impedance ofthe object it connects to. There are two possible solutions considered for
this problem. The first option is to place the coils in such way, that the crosstalk is minimal.
This approach is discussed in this section. The second option is to determine the crosstalk
and keep it constant, which is described in Section 2.5.
A reduction of the crosstalk can be achieved by spacing the coils as far as possible, or by
placing the coils perpendicular to each other. Experiments were done to get an indication of
the magnitude of the crosstalk and the optimal alignment of the coils.
The goal was to find the relationship with the distance and placement of the two coils. The
resulting crosstalk was normalised to the measured transfer impedance in a calibration setup
as described in Section 3.2, when the calibration setup was terminated by 500 (Znormaz).
In this experiment, a pulse was applied to the injection coil. Without crosstalk, this would
not result in a measured signal in the detection coil. The test has been performed in two
situations. In the first experiment the coils were facing each other, as depicted in Figure 2.5.
The setup that has been used is shown in Figure 2.6. The space between the outside of the
coils was varied. The results for a spacing of 0 em, 2 em, 4 em, 7 em and 10 em are presented
in Figure 2.7. It can be clearly seen that increasing the distance between the coils gives less
crosstalk. In practical situations the maximum available distance is 7 em. At this distance
is, the effect of crosstalk cannot be neglected in the frequency range of interest. A detailed
analysis on the placement of coils and the concluding limiting factors is made in Chapter 4.
In the second experiment the coils were placed perpendicular. The distance between the
outside of the coils was varied between 0 em and 3 em. In Figure 2.8 the crosstalk for the
various distances is depicted. The results show that there is less crosstalk when placing
the coils perpendicular in comparison with placing the coils facing each other, but it is still
present.
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Fig. 2.5: Sketch of two facing
coils.

Fig. 2.6: Two coils facing.

From these tests it can be seen that crosstalk can influence the measurement results significantly, especially when the two coils are facing and placed on top of each other, i.e. the
distance is close to 0 cm. When taking 10 % crosstalk as an acceptable level, the only placement of the coils that can be allowed, is the perpendicular placement of the coils with a
mutual distance of over 2 cm. There is a drawback for this method. In the field it is only
practical to install measurement equipment at one place and as compact as possible.

2.5

Fixed sensors

To overcome the crosstalk problem, a second method is examined, where the coils are fixed
on top of each other. The crosstalk effect can be measured beforehand in a laboratory and
can be compensated for in the actual measurements. Solid fixation of the coils is necessary
2.5
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because limited variations in the distance between the coils can give a significant change in
the crosstalk transfer.
For minimising the crosstalk, the B field inside the Rogowski should be concentrated in the
coil, which results only in a small external field. A new Rogowski coil was constructed that
has a very small external field, because return path is established by a winding back through
the core of the coil. The shielding however is not perfect and there will still be a residual
external field that is picked up by the measurement coil. If the distance between the coils is
constant, this effect can be measured, and the impedance measurements can be corrected
for this effect. The crosstalk can be taken into account by adding an extra transfer impedance
to Equation 2.10. The resulting equation is:

ZT(W) = Udet(w) = ZT,inj(W) . ZT,det(W)
linj (w)
Zloo1?,(W)
Z () - ZT,inj(W) . ZT,det(Wj
loop W ZT(W) - Zx(W)

+ Zx(w)

=?

(2.n)

The crosstalk should not be in the same order of magnitude as the impedance that is measured. Otherwise, the crosstalk would decrease the overall accuracy of the measurement. In
Figure 2.9 the measured crosstalk is normalised to the transfer impedance when measuring
a calibration setup as described in Section 3.2. This makes the results from Section 2.4 and
this section comparable.
The crosstalk in the frequency range of interest is well below 15%. When comparing these
results with the results obtained in Section 2.4, Figure 2.7 and Figure 2.8, this fixed injection and detection coils with an improved Rogowski coil perform better than the coils used
previously. The crosstalk of the fixed coils is lower than the earlier measured crosstalk of the
separate coils. The remaining constant transfer can be determined and used to correct the
results.
Equation 2.n can be compared with measurement results as well. Measured transfer at a
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Fig. 2.9: Crosstalk normalised to measurement of the calibration setup.
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specific frequency can be written in the form of:

ZT(ZLoop)

=

F(ZLoop) + C
where

F(ZLoop)

C

_ ZT,inj . ZT,det
Zloop
= Zx

(Z.IZ)

The measurement result are plotted, with l/ZLoop on the x-axis and ZT on the y-axis. This
should result in a linear graph. At x=O the value for the open loop is represented, which
is in fact the value C, the crosstalk. In Figure Z.IC this characteristic is depicted. Because
the crosstalk is too small to give a clear view, this area has been enlarged in the insert. The
transfer has been measured with the loop left open, terminated at 50 n and short circuited.
This results in the three measurement points per line. Three lines are plotted, every line
represents a different frequency. The graphs give a linear result, which means that the measurement setup can be used for measurement of impedances independent of the magnitude
of the impedance under test.

2.6

Conclusion

In this Chapter, two methods for measuring impedances are discussed. In one method, the
measurement equipment is connected directly to the object that is measured. The second
II

method is without galvanic contact to the measured object. In the scope of the P D-online
project, the latter is preferred. In laboratory measurements, the two methods give coherent
results, which means that indirect impedance determination can be utilised.
For indirect measurement, the unwanted crosstalk between the injecting coil and detecting
coil was investigated. The magnitude of the crosstalk of various setups were compared. A
solution for the problem was found in fixation of the two coils, which makes the crosstalk
constant and predictable. This gives the opportunity to take this crosstalk into account in
measurements.
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Chapter 3
Calibration for indirect measurement
3.1

Introduction

In the previous chapter both the direct and the indirect measurement approach is described.
For indirect measurement the transfer of the sensors must be calibrated. For this calibration,
a test setup is developed for which the impedance can be determined with high accuracy by
means of a network analyser. In the second step, the transfer of the individual sensors are
determined using the calibration loop. In the third step both the injection sensor and the detection sensor are placed around the test setup at the same time and the transfer impedance
from one sensor via the test setup to the other is obtained. From this, the sensor transfer
function is calculated.
In this chapter, the calibration process of the fixed coil of Section 2.5 is described. The
calibration of the two separate coils, used for the crosstalk analysis was carried out in the
same way but is not presented in this report.

3.2

Calibration setup

A test setup was constructed to calibrate the indirect measurement system. The test setup
is a circular structure with fixed dimensions and with an adjustable impedance between the
ends. It is important that the shape of the calibration setup does not change during the
measurements, otherwise the impedance of the ring will change as well and the calibration
is invalid. A BNC-connector connects both separate ends. In this place, a defined impedance,
e.g. 25 n of50 n or a short circuit can be connected. For measurement ofthe loop impedance
a network analyser can be connected to the test setup at this point. The setup is depicted
in Figure 3.1. The place marked "I" is a BNC connector where direct measurement of the
impedance of the calibration setup can be performed. The places that are marked "2" are the
points for the injection and detection coils.
The impedance of the calibration setup was measured, from 300 kHz up to 14 MHz using
one port of the network analyser (HP8753). Although the calibration setup does not form
a proper circle because the BNC connector is connecting both ends of the loop, it can be
approximated by a circle with an effective radius. This effective radius is the average of the
minimum and maximum radius. At the connector, the two ends of the loop come together
and have a small overlap. This forms a capacitance. This capacitance however is too small
to be of any importance in the frequency range of interest. The approximation for the self-
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I
Fig. 3. 1: The calibration loop.

inductance of a circular conductor is given by:

(3. 1 )
The effective radius r = 19 cm and the effective diameter of the core d = 0.8 cm. This leads
to a calculated self-inductance of L = 0.78p,H. The result for this direct measurement and
the calculated inductance are presented in Figure 3.2. The results show that this calibration
setup has a very well defined impedance, that can be accurately described by the theory given.
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3.3

Injection coil calibration

Next, the injection coil that is used for the indirect pulse injection is calibrated. To this
purpose, the solid-fixed sensors were placed in one of the gray areas (2) of Figure 3.I. The
effect of capacitive coupling between the coil and the calibration setup was minimised by
placing the coil such that the conductor of the calibration setup was in the middle of the coil.
A high frequency pulse (with a rise time of 70 ns) was injected at the BNC connector of
the calibration setup. The current through the calibration setup was measured using a current probe (Tektronix AMs03/ Tektronix A6302). The resulting voltage at the termination
impedance of the injection sensor was measured. These signals were transformed in the frequency domain and the transfer impedance was determined. The situation is given schematically in Figure 3+
For the intended application as injection coil, the pulse should be applied to the Rogowski
coil and the resulting voltage should be measured. In this calibration an inverse procedure
is used, the current is injected in the calibration setup and the voltage over the injection coil
are measured. The transfer impedance from primary to secondary side equals the transfer
impedance in the other direction if the assumption is made that no parasitic effects are
present. This is done because the voltage over the loop at the BNC connector is unequal to
the voltage over the loop at the injection coil due to the impedance of the calibration setup.
Although the impedance is known, it invokes an extra possibility of inaccuracy. In contrast,
the current in the calibration setup is well defined and constant in the whole loop. This
makes the current measurement at the calibration setup preferable. In Equation 2.5, the
value for Zobj is the input impedance of the measurement cable, which is S0 n, and the value
for jwL 2 is the self-inductance of the coil.
The result of this measurement is shown in Figure 3.4. The transfer impedance of the coil
has no zero crossings in the frequency range of interest, and is sufficiently high, which
makes that this coil feasible for the intended application. The transfer impedance is linear
up to IO MHz, as was explained in Section 2.3. Above this frequency wL 2 becomes in the
same order of magnitude as Zobj and the transfer approaches a constant value. Above this
frequency, capacitive coupling between the windings of the Rogowski coil gives resonance
effects and the transfer impedance decreases.

Fig. 3.3: Scheme for calibration of the injection coil.
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Fig. 3.4: Rogowski Coil Zt.

Detection coil calibration

For the detection coil the same calibration procedure was followed. The injected current
in the calibration setup and the resulting voltage over the detection coil were measured.
The transfer impedance is computed and the result is depicted in Figure 3.5. The transfer
impedance is nearly constant. According to the data sheet, the transfer function the transfer
impedance is 1 n in the measured frequency range. The results are not fully in agreement
with this. In the measured frequency range, the impedance of the test loop is high, which
makes the measured signal small resulting in a drop in accuracy.

3.5

Indirect measurement

The fixed injection and detection device was clamped around the calibration setup. When applying a pulse to the Rogowski coil, the voltage at the output ofthe detection coil is measured.
Equation 2.II is recalled here,

ZT(W)

=

Udet(w)
I inj (w)

=

ZT,inj(W) . ZT,det(W)
Zzoop(w)

+ Zx(w).

The product of the transfer of both coils can be obtained from this equation and equals:

ZT,inj(W) . ZT,det(W)

=

Zzoop(w) . [ZT(W) - Zx(w)] .

This equation can be used to perform the final calibration of the measurement setup. The
individual transfer impedances of the two sensors, ZT,inj and Zt,det have been determined
in Section 3.3 and Section 3.4- For the right-hand side of Equation 3.3, the impedance of
the calibration setup was determined in Section 3.2. The crosstalk Zx can be obtained from
Figure 2.9, and the transfer can be measured, in a setup as depicted in Figure 3.6. Now a
comparison is made between the left-hand side and the right-hand side of Equation 3-3- The
two individual sensor transfers are multiplied to obtain the left-hand side and the transfers
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of the right-hand side were measured individually. The comparison is shown in Figure 3.7.
This product is the transfer that is to be used throughout this project.
The results show that the two graphs coincide up to 9 MHz. For higher frequencies the
approximation for the injection sensor that wL 2 « Zobj is not applicable anymore and the
transfer will decrease.
The current probe that has been used for measuring the injected current, introduces a small
time delay. The time delay gives a deviation in the phase of the signal. In time domain the
measured signal can be shifted in time, to overcome this delay. Since the measured signal is
discrete, the delay is likely to be in between of two sampling points. When using a multiplication of the transfer of both individual sensors, i.e. the left-hand side of Equation 3.3, this
error is not compensated for. When taking results of the transfer right-hand, the error due
to the delay has been compensated for. Therefore the latter transfer function is used for the
solid-fixed sensor.
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3.6

Conclusion

The sensors that are used for indirect measurements, need calibration for obtaining the
transfer functions. For the calibration, the individual sensor transfer impedances with respect to a setup with known impedance was determined. The two transfers were measured
and show good agreement with the expected values up to 9 MHz. Above this frequency, the
measurement method becomes less accurate, due to the low spectral power-density of the
signal and high impedance of the calibration setup.
Next to the transfer impedance of the individual sensors, the combined transfer impedance
was determined. Since the sensors couple mutually, the mutual transfer was measured of
the fixed sensors. This crosstalk is in the expected order magnitude and for fixed sensors,
the crosstalk was determined accurately, which enables compensation for crosstalk in measurements.
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Chapter 4
Impedance of an RMU
4.1

Introduction

In the Dutch situation, a Ring Main Unit (RMU) is the place in the power grid where a 10 kV
cable is terminated and connected to a medium voltage to low voltage transformer. In many
cases the 10 kV grid structure is a combination of different topologies, a radial structure can
be combined with ring structures. Most RMUs are connected by more than one 10 kV cable.
The RMUs that are available at the KEMA mini-grid (Appendix C) are a good basis for the
analysis of the properties of an RMU.
Several types of RMUs are in service in The Netherlands. This makes the exact analysis of
a single RMU insufficient for the development of a generic model. Therefore, the model
should be based on parameters that can easily be obtained for every situation. For this research a detailed model is made for the two test RMUs present in the KEMA mini-grid. The
size of most of the Dutch RMUs is comparable to these RMUs, which makes this approach
a good start for the final implementation of the RMU impedance determination.
Knowledge of aging of 10 kV power cable is important for determining the rest life and
failure probability of the cable. For PILC cables, PDs are an indication for the rest-life. The
origin and propagation of partial discharges are described in Section 4-2.
In Section 4-3 the hardware components that form an RMU are described and an analysis
of the SP impedance of the component is made. These components are put together in Section 4-4- The direct and indirect measurement methods can be applied in several places in
the RMU. The measurement sites for the direct and indirect method are given in Section 4-5.
In Section 4-6 the RMU is divided such, that the sections can be measured both directly and
indirectly. The result of the measurement of the impedance of parts of the RMU are given.
With the indirect method, two electrical circuits can be investigated, which is done in Section 4.7. From these circuits, the relevant impedances ofan RMU can be determined, which
leads to the high frequency model of an RMU. The individual impedances are combined in
the overall model which is verified with measurements. In Section 4.8 this overall model is
extended to an RMU with several cables.

4.2

PO origin and PO Propagation in a Power Cable

The insulation of the PILC cable can contain anomalous spots with low dielectric strength.
In these spots an air inclusion or alien particles may be present. This can be caused during
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Fig. 4.1: Shield to Phase (RST and shield) and Phase to Phase channels (R and S).

the fabrication process. Next to that, joints connecting two cable segments can be a cause
of failure. The joint is made in the field and contamination of the insulation can be present
here as well. If the field strength in such an area is too high, a discharge will arise. For the
total insulation, this means the occurrence of a PD. When a PO occurs, a conducting path is
formed in the contamination, which leads to a high frequency current pulse.
In the Dutch distribution grid, a 10 kV cable usually is a three phase cable. In such a cable two distinctive propagation channels can be defined. The first channel is the channel
between two conductors in the cable. This leads to two indipendent channels; from each of
the conductor to one of the other two conductors. This channel is the Phase to Phase (PP)
channel.
For the second propagation channel in an MV cable, the three conductors are regarded as
one effective conductor, and the earth shield surrounding the cable is the return path. Symmetry between the three phases is assumed for this approach. This channel behaves as a
coaxial system with one conductor and one shield. This channel is the Shield to Phase (SP)
channel. The distinct between PP and SP channel is depicted in Figure 4.1. The channel that
is expressed in the picture is tinted a darker shade of grey.
The SP channel can be regarded as a coaxial system with the three conductors as feeder and
the surrounding concentric shield as the return. The cable can be modelled by a transmission line as depicted in Figure 4-2. With the impedance (Z(w)) and admittance (Y(w)) per
unit length of a cable, the voltage and current signal can be written as coupled differential
equations:
8 (V(z,w) ) _

8z

I(z,w)

- -

(

0

Y(w)

Z(w))
0

.

(V(z,w))
I(z,w)
.

The pulse is propagating through the cable and can be regarded as a plane wave that can be

I (z+dz)

1(z)
Zdz
V(z)

V(z+dz)

Fig. 4.2: The per metre impedance and admittance of a cable in the lossless case.
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decomposed into a forward and a backward travelling wave,

V(z,w) = V+e-r(W)Z + V-er(W)Z,
I(z,w) = I+e-r(W)Z - I-er(W)Z,

where ,(w) embodies the damping and dispersion of the cable, per unit length.
The power cable can consist of several segments, interconnected by joints. At the interfaces
of the segments, the wave will partially reflect and partially transmit. Therefore, the model
for the power cable has to involve these segments. In Figure 4.3 it can be seen how several
sections with different propagation characteristics can be distinguished and modelled. The
end of the cable is terminated by a load impedance, formed by the RMU or substation where
the cable connects to. At the interface of the last cable section and the termination, reflection
and transmission occur as well. This load impedance is an important part of the channel
and must therefore be considered for correct interpretation of the signals originating from
the partial discharge.

4.3

Components in an RMU

In the analysis of RMU behaviour, the two RMUs at the KEMA mini-grid are taken as an
example. A set of parameters is introduced to describe the RMU. The aim is to find sufficient
relevant parameters which can be used to describe the SP lumped impedance, regardless of
the exact construction of the RMU. Inside the RMU, several hardware components can be
identified. For the analysis, the simplest configuration of an RMU is described first. This is
an RMU with one incoming 10 kV cable and one connected transformer to the low voltage
network (Figure +4). This type of RMU can be found in the grid opening of a ring structure
or at the end of a radian line. RMUs with more than one incoming cable are more common,
and are discussed later. In a single cable RMU, the MV cables are installed on a circuit breaker,
which connects the cables to a common rail. Via a fuse the rail is connected to transformer
connecting cables, which connect the rail to a transformer. These four elements are examined
in more detail.
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Fig. 4.4: The model of an RMU.

4.3.1

MV cable

The considered belted power cable in the distribution network is a three-phase cable. The
propagation velocity in such a cable is dependent on the insulation and is equal to
c

V=

VE'

where c is the speed of light in vacuum and E is the dielectric permittivity of the insulation
material. In practical situations, this leads to propagation speed in the cable ranging from
1.5.108 to 2.0.108 m/s. In the frequency range ofinterest, which is between I and 10 MHz,
this corresponds to wavelengths between 15 m and 200 m. Cables are usually longer than a
quarter of these wavelengths and thus the cables can be considered as a long transmission
line from the point ofview of the impedance of the RMU. For the lossless case, the cable can
be modelled by its characteristic wave impedance, Zo which is given by:

(iI

Zo =

V(ji'

where L' is the inductance per metre and C' the capacitance per metre of the cable. The
characteristic wave impedance is [Sad93]:

L'

C'

=

~ln(R)

~ l~;(~)

r

}
=?

Zo

=

LJ~::,: In (~)

where R is the outer radius of the coaxial structure and r radius of the conductor.
The results for the characteristic wave impedance of the power cables entering an RMU, are
in the range of 10 n up to 50 n. For high frequencies the impedance of the cable can be seen
as real.

4.3.2

Circuit breaker

The cable is mounted on a circuit breaker. The circuit breaker connects and disconnects the
cable from the grid. This can be either automated or manual. In the Netherlands, the vast
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majority of the circuit breakers in RMUs are manually operated. A very commonly used
type of circuit breaker is an epoxy insulated circuit breaker (Magnefix). In the two RMUs in
the KEMA mini-grid, two different types of Magnefix are used (MD and MF). In the field,
other types of switching equipment are used as well, but for the high frequency analysis, this
hardly changes the characteristic ofthe RMU. Also for installing of sensors, this usually does
not change the analysis. Therefore, the RMUs at KEMA are representative for the majority
of the Dutch RMUs.
In the circuit breaker, every phase of the power cable is connected to a single breaker. The
end of the cable is brought into an (oil) insulated socket, and the three phases are separated.
The concentric earth conductor of the power cable is folded back and connected to the earth
of the switch gear. From this point, the cable cannot be modelled with its characteristic
wave impedance. This breaker, connects the cable to the common rail of the circuit breaker.
Via another circuit breaker and fuses, the rail is connected to the transformer by means of
transformer connecting cables (TCCs). Concerning the earth connections, the shield of the
incoming cable and the shield of the TCCs are connected to a common earth.
For the SP channel, the circuit breaker is a good conductor for low frequency. In the frequency range of interest however, the self-inductance impedance of the breaker through the
earth connections, becomes significant. In Appendix A an expression is derived for the selfinductance of a rectangular construction. Typical width and height of the circuit breaker are
I m by I m and the effective conductor radius is 2 cm, which adds an inductance with a value
of 3.2 J1H to the circuit. For the frequency range of interest, this leads to an impedance with
an amplitude between 3 nand 30 n, which is in the same order of magnitude as the characteristic impedance of the power cable. The capacitances between the conductors and the
earth can be neglected, because the distance between them is large.

4.3.3

Transformer Connecting Cable (TCC)

The circuit breaker is connected to the transformer via TCCs. Every phase is connected to
the high-voltage connection of the distribution transformer by a single phase cable. Each
TCC is insulated and surrounded by an earth shield. This earth shield is connected to the
RMU common earth at the circuit breaker. The typical length of such a cable is 5 metres.
In the frequency range of interest, this distance is small with respect to the wavelength and
consequently it cannot be approximated with its characteristic impedance. A TCC can be
modelled by its capacitance to earth and a self-inductance due to the TCC earth to the transformer. The per-metre capacitance of a single conductor with a concentric earth conductor
can be obtained from Gauss' law.
COCr

fP EdA =

q

R

U =

J

Edx

r

C=Uq
where R is the radius of the concentric screen and r is the radius of the conductor.
This is the earth capacitance that every single phase contributes. For the SP analysis the
three capacitances are taken in parallel.

4.3.4

Transformer

The transformer connecting cables, are attached to the high-voltage side (HV) of the distribution transformer. The IokV/380V transformer connects the RMU to the low voltage grid
by the low voltage (LV) connectors. Per phase, the transformer has of a set of primary and
secondary windings wound around a common core. Accurate low frequency models of a
power transformer can be found in literature, but for up to 10 MHz, models are rare. Most
of the models for higher frequencies aim for the transfer impedance from the high-voltage
to the low-voltage side. For the impedance modelling at high frequencies, magnetic coupling is small compared to capacitive coupling and thus capacitive parameters are dominant
[POp02]. In [Moroo] a model is presented that can be used in the MHz range. This model
however, does not take the interwinding capacitances into account [Shi02]. In the scope of
the analysis of the RMU impedance, this leads to too much details and the number of variables to describe the impedance of the RMU increases without obtaining a substantial better
result. In those models, the proximity effect, skin effect and hysteresis are omitted as well,
because they increase the accuracy very little in comparison with the complexity they add to
the model.
Since coupling to the low voltage side of the transformer in the frequency range of interest is merely capacitive, the load impedance of the LV network is not considered anymore.
Field measurements confirm that load impedance change at the LV side of the distribution
transformer can be omitted [Wou03].
Since sufficient symmetry between the windings can be assumed, the electrical model for the
transformer can be simplified [Mor93]. If the capacitances except for the HV side to earth
are neglected, the model reduces to the model shown in Figure 4.5.

4.4

Lumped Impedances

In the previous section the impedances of the RMU have been determined. These segments
can now be linked to construct a model of the whole RMU. In this approach, the current
paths that exist in the RMU, including the earth connections at high frequencies must be
identified. Current paths that can be neglected for 50 Hz, may be dominant for high fre-

Fig. 4.5: The SP model for a Power Transformer.
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Fig. 4.6: Lumped elements equivalent model of an RMU.

quencies.
Two current paths for high frequency pulses can be identified in the RMU. The first path
runs from the incoming cable via the circuit breaker through the earth of the TCC, back to
the earth screen of the MV cable. The second path runs from the TCC earth, the TCCs and
via the transformer back to the earth of the TCCs. The current through the LV network can
be neglected as described in the analysis of the transformer. These two paths are indicated
as Segment I and Segment 2 in Figure +6.
Concerning the impedances of the RM U, the two paths can be described as follows:
• The first current path forms a loop via the MV cable (Zo). The connection has a resistance R conn that cannot be neglected, e.g. due to proximity and skin effect. Via
the circuit breaker and the earth of the TCCs the loop is closed. This loop has a selfinductance (Lse1f,1). For high frequencies, the skin effect is noticeable, which leads to
a skin resistance. Next to that, the loop forms an antenna that radiates EM energy.
The radiation property of this loop can be modelled by the radiation resistance as described in reference [Kra88] or [BaI82]. These impedances are included in R rad ,l. In
the model as described in the previous section, the TCC forms a capacitive connection
to earth. This is CTGG • Parasitic effects are incorporated by a capacitance parallel to the
self-impedance of the loop (Cpar ,l)
• For the second path, the earth capacitance ofthe TCC (CTGG ) is connected to the inductance of the loop of the TCC, which is modelled by L se1f,2' The losses are incorporated
by R diss and the radiation resistance is included by means of Rrad' The loop is closed
by the HV side of the transformer (Ztrans). Cpar ,2 models parasitic effects for high
frequencies.
An important observation that can be made, is that the way signals propagate through the
RMU depends on the frequency. The L-C combination of the TCC in the RMU forms a filter
in the propagation path. For lower frequencies, the preferred path will be via the transformer,
but when frequency increases, the absolute value of the impedance of the capacitor formed
by the TCC decreases while the absolute value of the impedance of the inductance of the
TCC increases, so the dominant path becomes via the TCC earth at the circuit breaker.

4.5

Measurement Sites

In Chapter 2 two measurement techniques that can be used for impedance measurement
as well as PD detection in an RMU were described. Two different groups of measurement
techniques were defined in that chapter; direct and indirect techniques. The sites in the RM U
where these techniques can be applied are depicted in Figure +7 and named in Table +I.
An installation operating at 10 kV is well shielded for external influences and for safety reasons. Due to this shielding, most of the 10 kV conductors are unaccessible. This is for safety
for the operators and for reducing faults by other objects in the RMU that could short-circuit
the conductors. For test purposes, this is very unfavourable since it limits the possible points
for direct measurement.
If the MV cable is in maintenance, the cable should be grounded, which is done at the circuit
breaker. There direct measurement can be carried out at the grounding pins. After some
modification to the connectors of the circuit breakers it is possible to connect to the rail of
the circuit breaker, which makes detailed analysis of the RMU possible if the RMU is not in
operation (Fig. 4.7, AI). In present off-line PD measurement techniques, the circuit breaker
is the best position for measurement. The second place where direct measurements can be
performed, is at the transformer HV feeder. Here, connection to the conductor of the TCCs
can be made (Fig. +7, A2).
If the RMU is equipped with a Magnefix switching device or an open switching installation,
the earth of the incoming cable is connected to the common earth of the RMU and not
connected to the housing of the switching equipment. This place is referred to as Past Last
Earth Connection (PLEC). It gives a possible measurement site, because it allows to inject
and detect in the three phases, without short-circuiting the signal by the earth connection.
Generally, there is sufficient space to place two coils. It can be chosen to place the sensors
around the three conductors or the earth-connection of the MV cable. In principle, this
leads to the same result (Fig. 4.7, BI). Another point where indirect measurement can be
performed, is the earth ofthe TCC where the space is limited as well (Fig. +7, B2). The third
site where coils can be clamped around are the TCCs. This is the only place in the RMU
where the three phases are separately insulated and can be measured indirectly. If the TCCs
are spaced wide in the RM U, sensors can usually not be mounted around all three of them
due to the limited cross-section of the sensors (Fig. 4.7, B3).

Fig. 4.7: Measurement points in the RMU.

Number Type
AI
Direct
A2
Direct
BI
Indirect
B2
Indirect
Indirect
B3

Description
at circuit breaker
at transformer
past last earth connection, or earth connection
earth of transformer connecting cable
transformer connecting cables

Table 4. 1: Measurement places in the RMU

4.6

Impedance of RMU Sections

The verification ofthe RMU analysis, that was made in Section 4.3, is carried out at the KEMA
mini-grid. Since this setup is not part of the overall grid, switching in the RMU is without
any risk. As stated before, switching is possible at the circuit breaker. In addition the circuit
can be altered by disconnecting the TCCs at the transformer side. In that case, the ends of
the TCCs can either be short-circuited to earth or insulated from earth and left open. With
these possibilities, the RMU can be subdivided into three circuits as depicted in Figure 4.8.
The dashed lines indicate the extra connections that are made for this measurement. In
these circuits, both direct and indirect measurement can be performed.
The impedance of the incoming cable can be determined by a direct measurement. For this
measurement, the cable is disconnected and removed from the circuit breaker. The shield
and the three common phases can be connected to the measurement cable. With pulse
injection, the input impedance can be determined. For high frequency, the connection of the
cable is very important. A small connection loop adds extra inductance. If the connection
loop is omitted, the impedance of the power cable itself cannot be determined by the indirect
method described in Chapter 2. The result for the cables ofthe RMU that connects to RMU 2,
is presented in Figure +9. Over the whole frequency range of interest this impedance is
approximately 10 n. Measurements at the other cable end, show that the input impedance is
14 n resistive up to 10 MHz. Two different cable types are used for the connection and both
cables have a different characteristic impedance.
The circuit breaker and the transformer connecting cable can be measured directly and indirectly. These two methods can be compared. For these measurements, modification of the
RMU is necessary. At the circuit breaker, the incoming cable is disconnected and the rail at
that position is connected to the earth shield of the PILe. This is the situation that is most
similar to an RMU in operation when considering the high frequency model and omitting
the incoming cable. The transformer connecting cables can either be disconnected from the
Zbreaker

Ztransformer

Fig. 4.8: Division of an RMU in subsections.
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Fig. 4.9: Input impedance of the Power Cable.

transformer or connected to the earth of the transformer. The modification of the RMU can
only be done in the mini-grid. The result of the measurement with the TCCs connected to
earth is presented in Figure 4-10.
The measured impedance can be modelled by the self-inductance of the loop from the connection at the rail, via the rail to the earth of the transformer connecting cables. These cables
couple capacitively to earth. This gives an L - C combination. The TCCs are connected to
the transformer and form a second loop, which gives another L. In this figure, it can be seen
that the first resonance appears at 1.9 MHz. This resonance is formed by the capacitance of
the TCC earth connection and the loop of the circuit breaker. At 3.9 MHz another resonance
is observed. This is resulting from the L - C - L combination of the circuit breaker and the
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Fig. 4.10: Impedance results of the circuit breaker and the TCe.

TCCs. From Figure 4.10 however, it is impossible to obtain the unique values of the various
impedances because proportional scaling of the magnitude of the impedances leads to the
same results. A solution for this problem is proposed in the next section.
The oscillation from the indirect measurements below 2 MHz is the result of the injection
method. In the injection circuit, a pulse is injected as described in Section 2.5. The oscillation
of the RMU however, is not quenched when the reflected injection pulse arrives at the injection coil for the second time. Reflection in time domain leads to oscillations in frequency
domain.
The results presented in this section prove that the dominant elements in an RMU are the
inductances of the loop at the switch gear and the TCC and capacitance of the TCe. A more
detailed determination of the magnitude of these elements is presented in the next section.

4.7

Lumped element modelling and measurement

In the RMU, two separate current paths can be distinguished. In Section 4.4 these two paths
were identified. When switching in the mini-grid, these paths can be separated and measurements can be performed on each current path. In Figure 4-II the two separate loops
are given. If the transformer connecting cables are disconnected at the transformer, the lefthand loop of Figure 4-II is formed. The right-hand loop of Figure 4-II is formed when the
transformer is disconnected by the circuit breaker. The transformer was short circuited in
the measurement of the two segments in the RMU. The impedance of a transformer is a
complex system. When the transformer is a part of the circuit, this can lead to ambiguous
results. Now the two segments and the transformer are measured and modelled separately
and combined later. The common element in this loop is the earth connection of the transformer connecting cables. In Figure 4.12 the results of the measurement of Segment I are
given. The elements in the model are fitted to this measurement and the values are given in
Table 4-2
In the frequency range between 500 kHz and 9 MHz the measurement and theory coincide.
Above this range, the injected power is low, which causes a drop of measurement accuracy
and transmission line effects begin to become significant. The impedance of the cable (Zo)
corresponds to earlier results, and the connection resistance (R conn ) is in the correct order of
magnitude if the skin effect is included in this impedance. The magnitude of the radiation
resistance (Rmd,l) is frequency dependent and therefore, the corresponding "antenna" length

Segment I

Segment 2

Fig. 4. 11: RMU current loops of an RMU with one connected cable.

Fig. 4.12: Measured and simulated impedance of Segment 1.

element
Zo
Rearm
R rad,1
L self ,1

CTCC
Cpar,1

fitted value
IOD
4D

93 JL H
2·4 nF
220 pF

remark

corresponding to 5 m
corresponds to I m x 50 cm, radius 13 cm

Table 4.2: Model results for measurement of Segment 1

is given. This length is 5 metre, which seems fairly large when compared to the size of the
first segment. The radiation resistance is the effective value for all the conductors in the
segment. Under the assumption that the contribution of all conductors can be added,s m
is in the order of magnitude of the size of the system. The self-inductance of this segment
(Lself,I) can be modelled by a square loop of I m by 50 cm, and an effective conductor radius
of 13 cm. The radius seems very large, but in the switching equipment, the space between
the rails of the three phases is in this order of magnitude. The model is very simple and
does not take into account the complex structure of the compounded self-inductance of the
conductors, but it gives a good indication on the order of magnitude of the self-inductance.
The capacitance of the TCC agrees with the values found in the data sheets of the cable. The
parasitic capacitance has a typical magnitude that is expected in a section of this size.
The results of the measurement and modelling of section 2 of Figure 4.II are given in Figure +13 and Table 4-3- The results of the measurement and the model coincide very well
up to a 2 MHz. Above 2 MHz some deviation arises. Segment 2 is larger than segment I,
and transmission line effects become already notable at lower frequencies. Parasitic effects
become more dominant when frequency increases, which makes these results less accurate.
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Fig. 4. 13: Measured and simulated impedance of Segment 2.

element
Rconn
Rrad,2
L se1f ,2
GTCC
Gpar,2

fitted value
5.5 D

remark
corresponding to 7 m
corresponds to 2 m x 50 cm, radius 7 cm

H
nF
2·4
60pF

2.2/-l

Table 4.3: Model results for measurement of Segment 2

The model can be extended by adding circuit components to compensate for these effects.
This makes the model more complex, which is unfavourable. When measuring at the connected cable (PLEq, the frequency range from 2 MHz and higher is not significant for the
total result because of the filtering by the capacitance formed by the TCCs.
In Figure +5 a high frequency SP model for a distribution transformer is given. The comparison between the measurement of the impedance of the transformer and the model of
the transformer are presented in Figure +1+ The values for the impedances in the model
are given in Table +4. These results are in agreement with [Wie04] and [Wou03]
Up to now the lumped elements in an RMU are measured and modelled separately. The
element

R
L

G1
G2

fitted value
3D
I,2/-l H
I,2 nF
13 pF

Table 4.4: Model results for measurement of the transformer
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Fig. 4.14: Measured and simulated impedance of the power transformer.

final step is to perform a measurement with the complete RMU connected similar to when
it is in operation, and verify the measurements with the obtained model. The injection and
detection takes place at PLEC. The results of the measurement and the overall model are
given in Figure 4.15. It is observed that the results coincide in the frequency range between
I MHz and 9 MHz. For higher frequencies the results of the measurements are inaccurate
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Fig. 4. 15: Comparison between the PLEC measurement and the model.

32

Lself,n

Lself.l

R.oo.2 Rdiss
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Fig. 4. 16: Model for an RMU with multiple connected cables.

because of the limited injected power and transmission line effects become significant. In
this range, the impedance of the RMU is high, whereas most sensitive PD-detection can
be done when the impedance of the RMU is low. Therefore the inaccuracy in this area is
acceptable. The results show that an RMU can be modelled by a limited number oflumped
impedances with sufficient accuracy for PD-online detection.

4.8

Ring Main Units with two connected cables

As stated before, the situation of an RMU with one incoming MV cable is not representative
for most ofthe RMUs in the distribution grid. Usually, more than one MV cable is connected
to such an unit. The extension ofthe model that takes in to account more than one connected
MV cables is sensible. At the KEMA mini-grid, a second cable was installed on "RMU 2".
With this cable, it was possible to verify the extended the model to a second cable. The model
and comparison of the model and the results of the measurements is given in this section.
The model for an RMU with one connected cable as given in Figure 4.6 can be altered to
take into account other connected cables. A segment is introduced to represent another cable
mounted on the switch-gear and in such an element can be added N times in the model for N
additional connected cables. The model consists of the characteristic impedance of the cable
(ZO,n) in the segment, combined with a small resistance R n , the self-inductance (Lse1j,n) of
the extra loop between the two sections which is indicated in Figure 4-16. Capacitive coupling
is inevitable in this setup, which is taken into account for by placing a capacitance parallel
with respect to Lse1j,n' In the mini-grid, RMU 2 is equipped with a second cable at the
switching device. Now, the impedance of the RMU can be measured at PLEC of cable I with
cable 2 connected. The results of this measurement, and the results of the model fitted to
these measurements, are given in Figure 4.17 and Table 4.5.
From these result it can be concluded that by adding a segment to the model of an RMU with
element
ZO,n

R
Lse1j,n

Cpar•n

fitted value
IOD
3D
0.6/1 H
0.38 nF

Table 4.5: Values for impedances in element n.
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Fig. 4. 17: Comparison between the PLEC measurement and the model for an RMU with 2
cables.

one cable, a model for an RMU with two cables can be found. This model can be extended to
more cables as long as the size of the RMU is small such that transmission line effects can
be omitted.

4.9

Conclusions

In the mini-grid, the ring main units can be switched and individual elements of the RMU
can be measured. These measurements can be verified with rough models for the elements
in an RMU in the frequency range of interest. More detailed analysis is not useful when
the model must be applicable for RMUs in general. The models and measurements show
good agreement for the frequency range of 1-9 MHz. Also a second connected cable can be
modelled by adding a segment to the model for an RMU with one connected cable, and this
leads to good agreement between model and measurement at PLEC.
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Chapter 5
Conclusion and Recommendations
5.1

Conclusions

• A measurement system without galvanic contact to the RMU and for the frequency
range of interest is feasible. This measurement system consist of an injection coil by
which a pulse is injected and a detection coil that detects a current through the object
under test, i.e. an RMU.
• An accurate lumped element model of an RMU with one connected cable was derived
in the range of I to IO MHz. A good indication on the magnitude of the parameters
for the model, was found from the analysis of the dimensions of the elements in an
RMU. From these parameters the magnitude of the lumped impedances in the RMU
was found.
• The model for an RMU with one connected cable can be extended to several cables, by
adding extra elements to the model of the single cable. This model was successfully
verified in experiments in the mini-grid.

5.2

Recommendations

• A model of an RMU is presented and a measurement method for measuring the
impedance of an RMU is found. However, automatic fitting the model to the measurements should be implemented. In this automation, the geometry of the RMU should
be taken as parameters and the optimal fit should be made by a computer program.
• In general, an MV grid is coupled to the transmission grid in a substation. The substation is constructed in a different way from an RMU. Generally, the switching equipment is shielded by a metal enclosure. The earth screen of the PILC cable is electrically
connected to the enclosure, which makes impedance measurement at PLEC impossible. In addition, the size of a substation makes the lumped impedance approximation
less applicable and transmission line effects may become notable. More research is
needed to extend the model to large substations.
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AppendixA
Lumped elements for approximation
In this Appendix, the lumped elements that are used to model the RMU impedance, are
described.

A.1

Inductance of a square loop L

From the Ampere law we know:

.,

.,

<p' =

'* B' = "21fr'
~
21fr
id:r in (~) ,

£' =

~ In(~).

H'

=

1,

0

(A.I)

where the acute accent (') indicates that the property is per metre.
Now consider an arbitrary loop with width wand height h. As approximation the contributions of the four sides can be added and for R the distance to the opposite side is used. This
leads to:
(A.2)

where w is the width of the coil, h is the height of the setup and d is the effective thickness
of the three phases.

A.2

Capacitance between two wires C

Besides the self-inductance of the loop, the stray capacitance of the loop can be significant as
well. The capacitance of two parallel wires of the loop at the longest side give are dominant
in comparison with the capacitance of the shortest side. Therefore the stray capacitance can
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be approximated by using Gauss' Law on two parallel wires with radius r and distance h

f

E . dA

V = -

= Q =*
Eo

_ Q'
Ex - 2?rEo

Ih

2[ 1

J

E ·dr =* V' =

2S~0 In ~ h + r
-h - r
2

0' =

Ih

1]

--r

] 1-

'

h r

~ 3'0 In (~ ) , (r « h)

-~h+r

?rEo

In

A.3

[1
- +r

(~)'

Radiation Resistance

RRad

For high frequency fields there will be losses that occur due to the radiation. This effect can
be taken into account for by introducing a radiation resistance.

The dissipation P can be obtained using the average Poynting vector:
1
S = "2Re(E x H*)

The far-field components of this field are E e and H</J. The radial component of the Poynting
becomes:
1
*
S r = "2ReEeH</J
(A. 6 )
In the far-field, the E and H components are related by the intrinsic impedance of the

medium,

This lead to:
(A.8)

The total radiated power Pis:

(A·9)

The far-field component of a dipole antenna the He can be obtained and is:

L
H</J = jlof3 sin (B) expjw[t - (ric)]
4?rr

(A.IO)

where L is the effective length of the dipole, f3 is the phase constant 27f/ A and c the speed of
light. This leads to
(An)

which leads to

p= ~f32I6L2

V;

127f

(AI2)

When combining Equation A4 and Equation A.n, and approximating that ~ ~ 1207f
this leads to an expression for the radiation resistance,
(A.I3)
This expression can be used as long as A » L; for far field radiation.
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Appendix B
Nomenclature
In this Appendix the convention for names of the divisions of the RMU is given.

Transformer

10 kV cable

Fig. B. 1: Schema of an RMUs.

Name
kV PLEC
If more than one cable:
IokV PLEC I
IokV PLEC 2

10

(Last) Earth 10 kV
If more than one cable:
Earth 10 kV I
Earth 10 kV 2
3 TCC
Earth TCC
TCC yellow, blue or red
Transformer

Current Symbol
1,plec

if more than one cable
i1,plwil,plec (counted from TCC)
or shorter: iI, i 2 (if there is no need to
make a difference between i p1ec and i 1ec )
1,lec

SP impedance
in case one cable
If more than one cable

Zplec

Zl,plec. Z2,plec

or shorter
Zl,Z2

-

If more than one cable:
i1,lwi2,lec (counted from TCC)
1,tcc

Z3tcc

1,etcc

Ztcce

itcc,y ,itcc,b,i tcc,r

-

1,tr

Ztr

Table B. 1: Definitions of the nomenclature of the RMU

Appendix C
KEMA mini-grid
400V

r··········································
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-

rRMiJ"1···········~~~~;·······]

380V/
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100kVA!
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j

\
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I \

\
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I
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107m
joint 124m
8/10kV
8/10kV
2
2
3*50mm
3*50mm
CU, PILC
CU, PILC

joint

96m
8/10kV
2
3*95mm
CU, PILC

201m
12.5/12.5kV
2
3*95mm
CU, PILC

Fig. C. 1: Mini-grid at KEMA site in Arnhem.

At the site ofKEMA in Arnhem a mini-grid is present that is not part of an overall power grid.
Switching in this grid is possible without consequences for power delivery to customers.
In Figure C.I a schema is given of the mini-grid. The grid consists of two RMUs. The
RM Us are interconnected by one connection consisting of two cables, connected with a joint
at 201 m from RMU I and 96 m from RMU 2. In RMU 2 another MV cable is mounted on
the switching equipment. The length of this cable is 124 m and is connected by a joint to
another cable of 107 m. This cable is connected to another circuit breaker in RMU 2. This
circuit beaker is not connected to another device.
The two RMUs are within metres from each other, which is very efficient for measuring in
the mini-grid. The mini-grid was established thanks to the distribution companies of ENECO
netbeheer BV. and Continuon Netbeheer.
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Appendix D
On-line measurement practice
In this Appendix a more detailed insight in the measurement method is given. For the
project, Matlab 6.1 was used to process the measured data. The Matlab statements that were
used are given in this Appendix.

Fig. D. 1: Measurement system for indirect impedance measurement.

In Figure D.I the measurement setup is given. In this setup a pulse injector generates a high
voltage pulse (+/- 150 V, rise time of70 ns) that is injected by the injection coil. The current
in the injection coil is measured by a current probe (Tektronix AM 503/Tektronix A6302) and
measured by the digitiser. This digitiser is a 4 channel 62.5 MSPS, data acquisition card
inside an ordinary personal computer. At channel 2 of the digitiser, the detection coil is connected. For protection of the hardware and for amplification of the measured signal, before
the input channels of the digitiser, a 20X amplifier is used. Since the channels are equal, this
transfer can be omitted in the processing of the signals. The data files are processed with
Matlab scripts. For reducing the noise, multiple samples are taken and averaged. The files
from the digitiser are stored in the FlexWave format, a format used for the PD-online project.
The Matlab function to import the FlexWave files is
[data, info]=readflex(filename);
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Step I: Initialise
clear all; close all;
path
i-prefix
v-prefix
num_files
pulse_start
pulse_end
k_tek
d_tek
Ts
df

, .. Ipathname/' ;
'ChO_' ;
'Chl_' ;
100;
210;
436-pulse_start;
20;

2;

%
%
%
%

Injected current
detected voltage by current coil
number of measurements
start of the first pulse
% end of the first pulse
% 10mV = 0.2 A
% delay introduced by tektronix

H

16e-9 ;
10e3;
2 round(log2(1/(df*Ts)));
11 (B*Ts);
[0 :B/2]' 1 (B*Ts);
0;

B filter
Filter

tukeywin(2*pulse_end,0.9);
% smooth the end of the time signal
B_filter(length(B_filter)/2:1ength(B_filter)); % with a Tukey window

A

B

df
nn_f_scale

% Frequency domain resolution
% Transform B to nearest power of two
% Re-define the frequency domain resolutior
% Define a nonnegative frequency scale

figure;hold on;

In this section the parameters are initialised. First for the file handling including number of
files. Next for the interpretation of the measured system. Since the injected pulse reflects at
the injection coil and at the injection source, the pulse is repeating. this leads to resonances
in the frequency spectrum and therefore only one injected pulse with its response is selected.
This is done by defining pulse_start and pulse_end. The value k_tek is the amplification factor of measured current to output voltage of the Tektronix current probe. The delay
the device introduces is given by d_tek; 2 samples.
Step 2: read the files with measurement data
for i = l:num_files,
% Induced voltage
[x, nfo]
readflex(strcat(path, i-prefix, num2str(i)));
x * k_tek;
v_in
offsetcorrect(v_in,l,lOO);
data_length
length (v_in) ;
v_in
[v_in(d_tek+l:data_length);zeros(d_tek,l)];
% delay of the current probe
v_in
v_in(pulse_start:data_length);
% shift to the left
% Measured current
[x, nfo]
readflex(strcat(path, v-prefix, num2str(i)));
x

-X;

offsetcorrect(x,l,lOO);;
v_out (pulse_start:data_length);

% shift to the left

% Smooth the end of the pulse with a Tuckey window
Filter
[Filter; zeros (length (v_in)-length (Filter) ,1)];
v_in
Filter .* v_in;
v_out
Filter .* v_out;
% FFT transform and make H
V_in
fft ( [v_in;
zeros(B-length(v_in),l)]);
V_out
fft ([v_out; zeros(B-length(v_out),l)]);
H + V_out .1 V_in;
H

V_in(l:B/2+1) ;
V_out(1:B/2+1);

end

In this section the measurement date is read. For channel I the signal is scaled for the Tektronix current probe and the time delay this device introduces is removed. For avoidance of
resonances due tot the returning pulse, the signal is smoothed by a Tuckey window. The resulting signal is transformed into the frequency domain, where only the positive frequencies

are selected.
Step 3: Compensate with the transfer function of the sensors
%%%%%%%%%%%%%%%%
%% Get calibration of the two coils
[x, nfo]
readCflex (' filename');
% transfer of the two coils
freq
linspace(nfo.xO,nfo.dx*length(x) + nfo.xO, length(x));
ZtZt
interpl(freq,x,nn_f_scale,'spline');
[x,nfo]
freq
Zx
ZPLEC

(Zt*Zt)

readCflex('filename');
% crosstalk transfer
linspace(nfo.xO,nfo.dx*length(x) + nfo.xO, length(x));
interpl (freq,x,nn_f_scale, 'spline'};
ZtZt . / «H / num_files) -Zx)

;

The calibration parameters of the injection and detection coils were determined earlier and
used here. Because the frequency scale of the calibration might be different, the calibration
data was interpolated at the current frequency axis using linear interpolation.
Step 4: Presenting the result and saving to file
%%%%%%%%%%%%%%%%
%% Plot the final result
close all;
subplot(2,1,1);
semilogx(nn_f_scale,abs(ZPLEC),'r');
xlabel('Frequency (Hz)');
ylabel('Transfer (\Omega)');
title('RMU x, Z - PLEC')
axis([3e5 le7
400]);
subplot(2,1,2);
semilogx(nn_f_scale,angle(ZPLEC) ,'r');
xlabel('Frequency (Hz)');
ylabel('Transfer (\angle)');
axis([3e5 le7 -pi pi]);

°

%%%%%%%%%%%%%%%%
%% and write to file
save 'file' ZPLEC nn_f_scale

In this section the results are presented and saved to file. The Matlab file format is used for
this, but FlexWave format can be applied as well.
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List of Abbreviations
CT
FOI
MSPS
PO
PILC
PLEC
PP
RMU
SP
TCC
XLPE

Current Transformer
Frequency-range OfInterest (1-10 MHz)
Million samples per second
Partial Discharge
Paper Insulated Lead Cover
Past Last Earth Connection
Phase to Phase
Ring Main Unit
Shield to Phase
Transformer Connecting Cable
cross-linked polyethylene
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