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Abstract

As it is well known, with the increase of the unit output, the relative starting torque
(related to the nominal value) decreases in the induction machine with squirrel-cage rotor.
This effect can be partially eliminated by using a new type patented rotor, having a
starting disc. The disc, made of ferromagnetic material, is fixed to the shaft near the end
rings of the single-cage basic machine. The discs can be regarded as a solid rotor where
the stator is formed by the end windings of the basic machine. A further effect is that
it causes skin effect in the neighbouring end rings (resistance increase in the rotor circuit
of the basic machine). The increase of the starting torque is proportional to the sum of
the eddy-current losses in the starting discs and the surplus loss in the end rings. The
rotor, with starting discs, can be used with the best results for induction machines of high
output and small pole number (Pn > 500 kW, p < 2).
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Introduction

As it is well known, with the increase of the unit output, the relative
starting torque (related to the nominal value) decreases in the induction
machine with squirrel-cage rotor. This effect can be partially eliminated
by using a new type patented rotor, having a starting disc. The disc, made
of ferromagnetic material is fixed to the shaft near the end rings of the
single-cage basic machine (Fig. I). The discs can be regarded as a solid
rotor where the stator is formed by the end windings of the basic machine.
A further effect is that it causes skin effect in the neighbouring end rings
(resistance increase in the rotor circuit of the basic machine). The increase
© of the starting torque is proportional to the sum of the eddy-current losses
in the starting discs and the surplus loss in the end rings. The rotor, with
starting discs, can be used with the best results for induction machines of
high output and small pole number (P, > 500 kW, p < 2).

The above mentioned loss components can be controlled by the linear
dimensions and by the distance between the starting disc and the ring.
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For test purposes Ganz Ansaldo Ltd. produced an end winding model
in 1:1 size of a two-pole induction motor — with single-cage and fixed
rotor — for the 1000 kW /1600 kW types (disregarding the axial size of the
lamination). With the help of this model measurement series were carried
out with starting disc of different sizes.

Hereunder we outline the results achieved during the measurement
series carried out for the loss components. Concerning the effect of the
starting disc on the end winding flux of the machine we refer to the pa-

per [1].

Loss at the End Ring

The loss at the end ring with specific resistance p; and volume V; can be
calculated in knowledge of the current density distribution (Jy ):

Py =pg- / J§~dVg.
(Vg)
The end ring can be regarded as a disc type conductor.

Its current density considerably varies in function of the radius (r)
and the distance between the ring and the starting disc (¢) (Fig. 2). The
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Fig. 2. Markings of the end ring and the starting dimensions

volume element of a ring with a4 thickness is as follows:
dVy = 2mag - 7 - dr.

With the help of the above, in function of distance ‘¢, the loss is the

following:
ry

FPy(t)=27-aq-pg- /ng(r,t)r - dr.
s
As a basis of comparison let us choose the loss corresponding to the ring
without current displacement: '

Pgo:Pg'J?('%-

Here Jx means the current density value calculated with the current (Ig),
and the cross-section (4y) of the ring:

Let us introduce the local current density related to the mean value:

j(r,8) = J(r,8)/ Ik
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as well as the mean radius and the height of the ring as follows:
Rx=(ro+7m)/2, H=rg—m,.

The relative loss value is the following:

Tp

Pg(t) = Py(t)/ Pgo = E(l-ﬁ— . /jz(r,t)r - dr.

T

For determining the current density distribution, references {2,3,4] provide
several approximate calculation methods. However, only a few papers dis-
cuss experimental verification of the calculation results. The measurement
method developed by us and applied to the end winding model is based
on the Rogowsky coil. As it is well known, thevoltage (U) induced in the
Rogowsky coil is proportional to the current of the sourrounding conduc-
tor and to the angular frequency. The effective current value of calibration
angular frequency can be determined by measuring the induced voltage of
the coil with Cp constant
I=Cgr-U.

For measuring the current distribution the ‘A’ section of the conductor
is divided into partial cross-sections Aj, A2,... An with the help of small
orifices, those do not disturb the electric conduction significantly, then
I, Iy, ... I, currents are measured with the help of a Rogowsky coil (Fig. 3).
The mean current density value of the i-th cross-section is the following:

Ji = I; [ A;.

This can even be determined correctly to phase.

We mention here that with the Rogowsky coil the resultant current
(I) of a self-contained high cross-section conductor, similar to an end ring,
can also be measured. The current density value of the 7i-th cross-section
related to the above is the following:

Ji=JdilJk.

Returning to the end ring, the diagram about the radial distribution of the
current density with ¢ = constant can be plotted by taking the mean current
density values j1,j2,...Jn, to theradiirq,72... 7, (Fig. 4) belonging to the
centre of gravity of the partial cross-sections. As a current density of an
isotropic conductor is continuous, the j = j(r,t=const) diagram can be
approached with the help of a function. If we repeat this measurement and
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Fig. 3. Application of the Rogowsky coil for determining the current distribution on the
end ring

calculation with different ‘¢’ values, a set of curves can be produced with
‘t’ parameter. Thus, the end winding loss can be calculated in function of
the distance [pg(t)] between the ring and the starting disc of a given size
and material.

Fig. 5 shows a set of curves reached by measuring with ¢t = 10, 25,
50, 75, 100 mm in the case of a rotor without starting disc (¢ = o0). For
the measurement series the end ring was divided into partial cross-sections
n = 6 with the help of @ = 2 mm orifices. Though the test was carried
out with starting discs of different diameters and thicknesses, hereinafter
we give the results achieved by a starting disc that has the diameter and
thickness equal to those of the end ring.

Considering the set of curves it can be stated that the effect of starting
disc on the current density distribution of the end ring is significant in the
vicinity of the bar-ring connection. At this connection point — as compared
to the state without starting disc — when ¢ = 10 mm the current density
increases in ratio 2:1. Thus, location of the starting disc near the end ring
(t < 10 mm) is not convenient.

Fig. 6 shows the variation of the end ring loss calculated on the basis of
the current density distribution set of curves in function of the ‘t’ distance.
A part [p;,(t)] of the power loss py(t) also appears when the rotor is not
provided with a starting disc. The surplus loss appearing in the ring under
the effect of the starting disc is the following:

p;(t) = pg(t) — py(2).
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Fig. 4. Marking for the end ring dimensions

It can be read from the diagram that by the decrease of the ‘¢’ distance,
not only the local loss density but also the total loss heavily increase.

2. Loss of the Starting Disc

In the course of the measurement series the star-connected stator of the
end-ring model was fed by symmetric, three-phase current of constant am-
plitude (I, = 80 A, f = 50 Hz). Because of the standstill condition of
the rotor (short-circuited state) practically constant bar and end-ring cur-
rent, — independent of the starting disc — belong to this feeding method.
Correspondingly, both the stator winging loss and the loss appearing on
the rotor bar section can be considered to be constant. Depending on the
starting disc dimension (D, a:) and on the distance from the end ring (2),
the terminal voltage — necessary for maintaining the constant stator cur-
rent — and the effective power input vary. The difference between the
input power values measured with and without the starting disc [AP(t)] is
equal to the sum of the eddy current loss on the starting disc [P:(t)] and
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Fig. 5. Relative current density of the end ring measured along the ring height

the surplus loss of the end ring [P; (t)]. Relating this power value to the

formerly introduced Py:
Ap(t) = pi(t) + pg (2)
The power loss on the rotor front side is the following:

Pa(t) = pg(t) + Ap(2).

Fig. 6 shows the p;(t) diagram as well. The intercept corresponding to the

eddy current loss of the starting disc is as follows:

Pe(t) = pr(t) — py(2).
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Fig. 6. Relative loss on the end ring and the starting disc, resp., in function of the
distance from the disc

3. The Starting Torgue

The starting torque of the induction machine can be calculated by super-
posing, in knowledge of the loss power components of the rotor:

M;(t) = My(t) + AM;(t).

Here M,; means the starting torque of single-cage basic machine while
A M;(t) means the starting torque increase caused by the effect of the start-
ing discs.

The starting torque of the basic machine is proportional to the Py
loss, arising on the rod section of the cage winding, and the P, loss of the
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end rings, w; the synchronous angular velocity, resp.
Mai = (Pr+ Bp)/wr
The torque component corresponding to the starting disc is as follows:
AM;(t) = AP(t) /w1 = Pyo - Ap(t)/wn

The starting torque value related to the starting torque of the basic machine
is the following:

m=1+ M. 1+ Pt P 22 Ap(t).
4. Example

Considering the shaping of the end winding space let us examine the start-
ing torque variation for an induction machine equal to the model when
distance between the ring and the starting disc varies in the range of
t=10...50 mm.

On the basis of the diagram in Fig. 6:

Ap(t=10...50mm) = 15.7...9.5p, = P;/ Py, = 3.5.
The calculated value of the relative starting loss on the cage rods is:
PRZPR/PQOZ 10-5

The starting torque value related to the basic machine varies in the follow-
ing range:

mi(t =10...50mm) = 1+ (15.7...9.5)(10.5 + 3.5) = 2.2...1.7.

Mostly, the starting torque is related to the rated M, value. If for the real
basic machine

Mai/Mn = 0-3

with starting disc in the given ‘¢’ range:

M; /M, = % -m;i(t =10...50mm) = 0.3(2.2...1.7) = 0.66...0.51.
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5. Summary

This paper describes a measurement method for the approximate deter-
mination of the current density distribution developed in the end ring of
the cage type rotor. On the basis of this, the loss of the starting disc and
that of the end ring, as well as the starting torque of the machine can be
calculated. By examining the loss components in function of the distance
between the ring and the starting disc, the expectable temperature-rise
conditions of the machine parts can be estimated. The results of the mea-
surement series highly contribute to the optimum location of the disc and
to the safe machine design.
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