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Abstract
A phase-coordinate model for induction machines is developed, to facilitate load-flow studies of small hydro- or wind
generators connected to distribution systems. The phase-coordinate method allows ready analysis of system unbalance, and the
model is applicable to both induction motors and generators under these conditions. © 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

2. Model derivation

In the analysis of unbalanced three-phase networks,
phase coordinate methods [1] may offer advantages
over the traditional symmetrical component methods.
The symmetrical component approach is elegant and
simple when applied to a balanced system with unbalanced loads, but when there is unbalance in the network itself, the method loses its decoupling effect and
becomes cumbersome. In this case, the direct phase
coordinate method becomes simpler.
When applying the phase coordinate methods to the
study of rural untransposed distribution lines with connected induction generators, as may be found with
wind turbines or small hydro-electric schemes, or with
large induction motor loads, a three-phase model of the
induction machine is required.
In a loadflow study, modelling the induction machine
as a PV type node is not desirable since the machine
does not maintain voltage magnitude as would a synchronous machine. Neither can it be readily modelled
as a PQ type node, because its P – Q ratio is variable.
Since induction machine reactive power varies with
terminal voltage (and shaft power) it is desirable to
model this behaviour directly.

The phase coordinate representation of a general
three-phase admittance is shown in Fig. 1. The voltages
and currents are related by the equation
(1)

Iabc = YabcVabc

where Vabc = [Va Vb Vc]T = [(V1 − V4)(V2 − V5)(V3 −
V6)]T and Iabc represents the currents flowing in each
phase.
For balanced components, Yabc may conveniently be
formed by transformation of symmetrical component
values, where they are available. The sequence components are related by the equation
(2)

I012 = Y012V012
where
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in which it is assumed that there is no mutual coupling
between the sequence admittances. The phase voltage
and currents are related to the sequence components by
the relations
Vabc = TV012

(3)

Iabc = TI012

(4)
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So from Eqs. (1)–(4) we obtain
Iabc =TY012V012 = TY012T − 1Vabc

(5)

1
Yabc =TY012T − 1 = TY012T*
3

(6)
In the context of this paper, it is convenient to think
of Yabc as the sum of two 3× 3 matrices: Y0, which
contains all of the zero sequence terms, and Y 9 , which
contains the remainder.
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Fig. 2. Induction machine equivalent circuit — positive sequence.

The stator and magnetising impedances remain the
same, but since the negative sequence field rotates
backwards, the effective slip is 2− s. Zero sequence
values ys0, ym0, and yr0 generally are not measured, since
induction machines typically do not have earthed starpoints, so there is no path for zero-sequence currents to
flow.
The equivalent three-phase representation of the machine, connected either in delta or in star, but without
the star point brought out or earthed, is shown in Fig.
4. From this, we obtain

(7)

2.2. Matrix reduction
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2.1. Formation of induction machine matrix

Since nodes 7, 8 and 9 are shorted together, and there
is no injected current, the following relations hold.
I7 + I8 + I9 = 0

(8)

VN = V7 = V8 = V9

(9)

and the induction machine matrix can be simplified by
adding the last three rows and columns

The standard single phase induction machine equivalent circuit is shown in Fig. 2. This is taken as the
positive sequence representation of the machine. For an
induction generator, rotor speed is above synchronous
speed, so slip s is negative. This causes effective rotor
resistance also to be negative, so it appears to act as a
power source rather than a power sink. The negative
sequence circuit, shown in Fig. 3, is almost the same.
(10)

Fig. 1. General three-phase admittance.

Fig. 3. Induction machine equivalent circuit — negative sequence.

