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a b s t r a c t

This paper presents a method which can equivalently arrange the capacitance distribution along with the
winding of the generator on the terminal and neutral respectively in a reasonable partition, particularly
for a type of high-voltage graded insulated cable-wound generator, powerformer. This method can be
used to compensate the capacitive current wholly to improve the reliability of the differential protection.
It is proved that the capacitive current in the case of normal operation, external fault and internal fault
can be calculated using the same dividing method. The formula of the partition coefficient is provided and
the characteristic of the coefficient is explored by MATLAB software.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.

1. Introduction

In the protection zone of the differential protection, the currents
of some branches possibly cannot be measured, like the capacitive
current of direct earth capacitances of the long transmission lines,
which will lower the reliability of the protection. The differential
relay can compensate this charging current to improve the stability
of the protection, which has been implemented in the protection of
the long transmission line for many years. Actually, large conven-
tional generators are confronted with the problem of the increas-
ing capacitive charging current as well [1].

At the end of the 21th century, a new type of high-voltage gen-
erator, powerformer, was invented by Dr. Mats Leijon et al. at ABB
power company for eight years research and development. The sta-
tor windings of the high-voltage generator make use of cable. This
novel generator is called powerformer and it offers a direct connec-
tion of the power network without the need for a step-up trans-
former. Some experts in this field praise this technique as the
power generation technique of the 21th century [2–4].

As far as protection of power systems is concerned, some theo-
ries and criteria should be optimized so that they can adapt to the
change of the ideal of generator winding design. The method using
to compensator capacitive current for long transmission line has
been implemented for many years. And hence for protection of
generators, this problem was not very important in the past. How-
ever, with the development of generator capacity and the applica-
tion of new technique, generator differential protections are
confronted whit the problem of the increasing capacitive charging

current as well [1]. The windings of the powerformer make use of
cross-linked polyethylene cable that formerly used in the trans-
mission lines. The cable of powerformer can be considered as a
capacitor with charges on the electrodes which are, in this case,
the inner and the outer semiconducting layers [5]. On the other
hand, the electrical charge on a phase winding of the powerformer
at voltage maximum is 30 times larger than the charge on a phase
winding of a conventional generator with the same rated apparent
power [6]. Therefore, the impacts on the reliability of differential
protection should no longer be negligible.

There are some literatures available in the field of compensated
differential protection [7,8], but most of them focus on the charg-
ing current compensation for long transmission line, instead of for
generator. The winding capacitive current contributes to the differ-
ential current during normal operation. The differential protection
for generator rarely considers the influence of capacitance in the
protection zone because the current differential protection itself
has already met the requirement of conventional AC electrical ma-
chines, where the value of the direct earth capacitance is quite low.
Similar to the analysis of the capacitance of the transmission line,
the equivalence of winding capacitance of the generator can refer
to [9], in which the capacitance distribution along with the wind-
ing is represented by lump capacitance with 50% at the phase ter-
minal and 50% at the neutral point. This assumption is suitable for
the cases of capacitance evenly distributing, like the transmission
line and the winding of conventional generator. However, it will
lead to errors for analyzing the stator winding of the powerformer
in that the winding capacitance does not actually distribute evenly
along with the stator winding. As known, the winding of the pow-
erformer adopts graded insulation, which leads to the various cable
thicknesses in different portion of the winding, and thus, the un-
even capacitance distribution [10]. A scheme is proposed in [6]

0196-8904/$ - see front matter Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.enconman.2009.10.004

* Corresponding author.
E-mail addresses: tianqing100@hotmail.com (Q. Tian), linxiangning@hotmail.

com (X. Lin).

Energy Conversion and Management 51 (2010) 428–433

Contents lists available at ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier .com/locate /enconman

http://dx.doi.org/10.1016/j.enconman.2009.10.004
mailto:tianqing100@hotmail.com
mailto:linxiangning@hotmail.com
mailto:linxiangning@hotmail.com
http://www.sciencedirect.com/science/journal/01968904
http://www.elsevier.com/locate/enconman


to cope with this problem. In this scheme, the winding capacitance
is divided into two portions in lump parameter. One portion qCx of
the total phase-to-earth capacitance of the winding Cx can be asso-
ciated with the voltage at the neutral end of the phase winding
while the rest (1�q) Cx can be associated with the voltage at the
line terminal of the winding. This makes it possible to represent
a winding with graded insulation. With this arrangement, the
capacitive current can be calculated with the above lump equiva-
lent capacitance and the voltages of the terminal and neutral, as
the compensated differential protection of the transmission line
does.

Therefore, some fundamental work must be done before this
scheme is implemented. Firstly, the above equivalent partition of
the winding capacitance must be proved. Secondly, the coefficient
q must be calculated or measured in advance before the protection
is put into service.

This paper proves that the capacitive current in the case of nor-
mal operation, external fault and internal fault can be calculated
using the same dividing method. The formula of the partition coef-
ficient is provided and the characteristic of the coefficient is ex-
plored by MATLAB software [11,12].

2. Capacitance equivalence of the powerformer cable

As for the powerformer, the outer semiconductor of the cable
used in the winding is grounded at regular intervals [10]. Hence,
it is normally a good approximation to assume that the voltage
on the outer semiconductor is almost at ground potential. This
means that the electric field driven by the voltage differences in
the winding is concentrated between the inner and outer semicon-
ducting layers of the cable. The electric field is very low outside the
cable so that there is almost no electricity coupling between the
turns in cable-wound generator, which is different from the con-
ventional generator. In this case, turn-to-turn and coil-to-coil or
phase-to-phase coupling capacitances, which are important in
capacitive current of long transmission line, can be ignored when
analyzing the powerformer [5]. According to the above assump-
tion, the electric field in the winding is concentrated between the
inner and outer semiconducting layers of the cable. Hence, in the
coaxial insulation system, normally only the capacitance between
the inner and outer semiconductor ought to be considered. The
capacitance per unit length C0 between the inner and outer semi-
conductor can be calculated from the formula for two cylindrical
coaxial tubes, which is given by

C0 ¼ 2pe0er= lnðr2=r1Þ ð1Þ

where e0 = 8.854e-12; relative permittivity er = 2 � 3 [13]; r1 is the
outer radius of the inner semiconducting layer and r2 is the inner
radius of the outer semiconducting layer, as shown in Fig. 1.

A discrete lumped circuit, representing the displacement cur-
rent in the cable, can be replaced by a more compact one by a Tay-

lor expansion [14]. The capacitance between the conductor and
ground for a piece of cable between two grounded points of the
outer semiconductor can be represented by just a capacitor. How-
ever, C0 should be different at different position of the winding
when the insulation thickness of cable of the powerformer in-
creases stepwise from the neutral to the terminal, as described
by (1).

Assume that each segment of the cable with the same insulation
thickness can be modeled as a p network, as shown in Fig. 2, which
illustrates the equivalent circuit of capacitance of the powerformer
cable with N segments.

Note that the voltage distribution within the stator winding is
still linear along with the winding and is proportional to the turn
number of the winding, we can assume that the voltage at any point
inside the winding can be equivalent as the linear combination of
the voltages of two terminals, the _U0 and _UN . It is no harm to let

_Ui ¼ k2iþ1
_U0 þ k2iþ2

_UN ð2Þ

where k2i+1, k2i+2 are both real numbers.
From Fig. 2 and Eq. (2) the capacitive current of phase a, _Ica, can

be related to the cable capacitance Ci and the voltages of both ter-
minals, as follows:

_Ica ¼ jx
PN
i¼0

Ci
_Ui ¼ jx

PN
i¼0

Ci k2iþ1
_U0 þ k2iþ2

_UN

� �

¼ jx _U0
PN
i¼0

k2iþ1Ci þ _UN
PN
i¼0

k2iþ2Ci

� � ð3Þ

Where Ci is the real distributed capacitance at point i, which can be
regarded as a portion of the total winding capacitance. Let Cx be the
total distributed capacitance of a stator winding, we will prove the
following assumption:

The capacitance combination
PN

i¼0k2iþ2Ci, is a portion of the Cx,
namely qCx and the

PN
i¼0k2iþ1Ci, is the residual portion of Cx,

namely ð1� qÞCx as described in Eq. (3), where q is a partition
coefficient. In this case, Eq. (3) can be rewritten as below:

_Ica ¼ jx½ð1� qÞCx
_U0 þ qCx

_UN� ð4Þ

Three typical scenarios of the generator operation states,
namely the normal operation, the external fault and the internal
fault, were analyzed to prove the above assumption. During the
analysis, a N-segment cable is taken to set up the cable model of
powerformer winding as the example. A schematic representa-
tion of N-segment cable during normal operation is shown in
Fig. 3. Among which, neutral voltage and terminal voltage are
referred as _Un and _Ut . C01, C02...C0N is the capacitance per unit
length of first segment, second segment...N segment, respec-
tively. The total length of winding is referred as l. It is easy to
know:

0 6 a1 6 a2 6 � � � 6 aN�1 6 1
aN ¼ 1

ð5Þ

The winding voltage of per unit length of phase a, _E0a, is related
to the neutral and terminal voltages as follows:

E0al ¼ Ut � Un ð6Þ

Fig. 1. Cross-section of the cable used in the powerformer. Fig. 2. Equivalent circuit of capacitance of the powerformer cable.
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