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Abstract-In this paper an investigation iscarried out to seeif it is
possible to assess the condition of arotor by clampingit in a DC-
current-injection rig and measuring voltages in bars at regular
intervals down the axial length. Experimental measurements are
taken on different sections of all the bars for rotors in three
different conditions: healthy, with one broken bar at the end,
and with all bars broken at each end. A simulation iscarried out
to compare the results. A complex set of section voltages are
found when there are broken bars. There is evidence that this
could possibly be a means for testing the condition of rotors
during batch manufacturing.

. INTRODUCTION

The phenomenon of the
discussed for many decades [1],
disregarded in the classical theory of the inductizachines.
The usual assumption is that the resistivity of aheminium
(or copper) bars is lower than that of the ironecand the
bar-core boundary resistance so that virtuallyttedl current

healthy and faulty rotors. This objective is impmitt for the
correct simulation and prediction of the charastars of the
motor for the different applications. This will imgve
induction machine design procedures (reduction oskés,
high starting torque, steady-state performance) ata allow
for development of condition monitoring and diagitss

In this paper the literature which is related te #ffects
and analysis of inter-bar current is briefly reveslv A
proposal is then put forward for a method to asfiesstate
of a rotor, particularly small cast rotors, for drares or
casting anomalies. This is supported with experiaden

inter-bar currents as beggsults on healthy and faulty rotors in order talgse the
but it is generaystribution of the current in the bars by measwetof bar

voltages down the axial length of the cage whendb@ent
is injected down the length of cage using a nomadne
clamping arrangement. Experimental tests on a retibr one
broken bar provide data about the influence of riber

will flow in the cage. The quenching process duringurrent; the extreme situation of all-broken-bait lghlight

manufacture will help increase the bar-core rescsta

As already suggested, the bars of a cage (eitlheicéed
or die-cast) are not insulated from the core, bt lbar-to-
core boundary represents a high resistance bawiapared
to the resistance of the bar. Several experimetiigies have
proved that current flows between adjacent barsutyin the
core material so that the current distribution glahe axial
length of the bar is not constant [2]. This is axtuated in
skewed cage rotors, since the natural path fordtwe current
is down the axial length of the bar, but it is fedcalong the
direction of the skewed bar, as illustrated in Hig.
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Fig. 1. Preferred and forced current flow in skewade rotor.

Inter-bar current become noticeable when there rakdn
rotor bar [3]-[8]. Several papers have studied htav
incorporate the effects of the inter-bar curreno imduction
machine models and simulations in order to colyqutédict
the behaviour of the motor during its operationhwitoth

that there is still good current paths via the lzations and

shaft even with a completely broken set of barsmé&o
simulation is carried out to assess the voltagawelr in the

assumed rotor circuit.

1. LITERATURE REVIEW

According to the classical theory: i) the per-phaszdels
of the induction machine do not take into accotnet ¢ffect
of inter-bar current; ii) inter-bar losses are gaflg included
in the stray-load losses; and iii) diagnostics téghes for the
detection of broken bars are based on the assumiitad a
broken bar is insulated from the core and formsopen
circuit in the rotor. The existence of inter-barremt has been
known for many decades, but it is very complex todel
because the inter-bar resistance varies alongxiaé langth
and around the periphery of the rotor and its vdiegends on
a number of design, manufacturing and aging faf@i<].

Nevertheless some recent researchers have proposed
models which include the effects of the inter-baments and
enable torque/speed curve prediction [2][13], Sfestdte
performance [9]-[12] and starting torque [14][15ome
simulations use equivalent circuits [12]-[14], wbas others
employ multi-sliced analytical [2] or multi-slice2tD finite-
element solutions [13]-[17]. All the models incorpte
different inter-bar circuit configurations usingteahative



radial interconnections. They are implemented using of or fabricated) [7] cage rotors. The aim was to usidad the
the following assumptions [12]: actual behaviour of an induction motor with a rofault,
A) inter-bar current flows only between adjacent barsince significant inter-bar currents reduce the metg
straight across the rotor tooth core: the interrbaistance imbalance brought about by a broken bar. This cakenthe
is formed by doubling the resistance across theirbar early detection of the rotor fault more difficukspecially
(bar-to-core) boundary for a slot side and addihg twhen monitoring the sideband currents around
cross-tooth resistance; fundamental [8]. In addition, large inter-bar cumie will
B) inter-bar current flows from one bar to another -nomesult in large currents flowing in the adjacentsbaear the
adjacent bar, across a bar-iron contact resistamze end-ring close to the bar break, causing a chaattien

the

through a cross-iron (core) resistance;

C) inter-bar current flow is determined by the bamiro
contact resistance, the core path resistance Igieeg,.
Each of the above radial circuit configurationsdedo an
alternative expression for the calculation of tmei-bar
resistance parameter from the effective bar-torkaistance
measured between an adjacent pair of bars. Thisuneraent
can be made by means of a method explained invih&fe
the end-rings and the last one or two laminatidnsaah end
of the stack were removed. A DC current was ingdtgo
one bar and excited from an adjacent bar and th¢olaar
voltage measured. This method assumes that theodam
contact resistance is uniform along the lengthaafhebar. Its
effectiveness has been proved on many cast aluminage
rotors. Similar methods have been used by otherseher

this is a destructive test.

For cast or fabricated cage rotors there will béation due
to material properties, manufacturing issues ameige aging
and wear. For instance, a cast rotor has bar-iootact down
the whole axial length, whereas the fabricatedrrbts good
contact at the ends of the rotor stacks due tdo#reto end-
ring brazing process [15]. Experimental measureméat/e
shown that the inter-bar resistivity is at leagaetor of? ten
lower in a cast copper rotor compared to a cashialium
rotor; this has considerable influence on the atuqhdi of
inter-bar currents [18][15].

Broken rotor bars can generate substantial intecbaent.
In larger fabricated rotors, fractures can occusenvice due
to mechanical and thermal stressing at the endbeobar.
Cast rotors may have air-bubbles or incompleteirggghat
produces high resistance bar sections. An eartlydi3] was
on large motors with unskewed fabricated coppeglsicage
machines and subsequently on double-cage motfj&. [th
these cases the authors have shown theoreticalty
experimentally that significant inter-bar currefitav when a
bar is broken, making invalid the assumption thdtraeken
bar forms an open circuit in the rotor. The cursentere
measured by means of Rogowski coils placed arotwed
rotor bars between the core and the end-ring. Tliboss
proved that, when the bars were insulated, a velgtilow
broken bar current flows (about a one third of tngiected in
a normal bar) and a large increase in the adjdzmnturrents
occurs to compensate for the missing bar. Movingyafrom
the broken bar, the increased bar current subsittesn the

bar isnotinsulated, the current in the broken bar at the-no

fractured end is almost equal to that which flowsihealthy
bar; the increase in adjacent bar current is alse.

Researchers have taken into account this phenomienoﬁ:

small machines with aluminium [6] or copper (eitldéz-cast

which could result in the surrounding bar fractgrin
Il EXPERIMENTAL DC TESTS

This paper takes a different approach from previous
studies. The tests are carried out by injecting@G drrent
into a complete rotor with the end-rings via clangpplates
and measuring the voltage drops in each bar alimegakial
rotor sections. This is relatively non-invasive eBvn closed-
slot cast rotors (which are extremely common in lbma
machines) sharp needle probes can be pushed thtbegh
bridges over the bars to form good bar contact Witle
damage since the bridges tend to be less than thiokn
The aim of these tests is to analyse the effectseinter-bar
currents on the axial voltages in a cast cage aofgers in
three different conditions: 1) healthy, 2) with dmeken bar,
3) with all broken bars. These measurements proade
insight into the variation of bar and inter-bariseence along
the axial length of the rotor and into the effeztshe broken
bars. This allows calculation of a mesh of inter-ba
resistances, taking into account that inter-barresur is
accentuated in faulty rotors (the mesh is showhig 2 and
described later). In the experimental results belaw
experimental rig is first investigated using a Healrotor to
assess the reliability of the measurement systemas then
replaced with a similar cast copper cage which biael bar
drilled out at one end in order to break it. Afthis, the
broken-bar rotor was further modified by the dnijiof every
bar at alternate ends. Both the healthy and fawdtye rotors

were die-cast with copper (see Table | and Fig. 3).
Vvi2

N bars andM sections

Fig. 2. Inter-bar circuit configuration showing barrrents, inter-bar current
loops and resistance mesh.

A. DC tests on the healthy rotor

To assess the experimental arrangement a healtitywas
Hst used. The tests were carried out by injecti@ current
in the rotor by means of a test rig. Copper platese
lamped around the end-rings and tightened sectwetet
good injection connection (Fig. 4). The currentothrough
these plates into the end-rings and down the fwdcs. It was



necessary to uncover the bars because the tesiseracggood
contact between copper and the probes. As disclussmek,
sharp probes could be used as an alternative vdaintpoke
through the bar bridge. The magnitudes of the tegbcurrent
during the tests were 100 A, 150 A and 200 A. Theent
density in each bar remains quite low (about 0.2 even
for 200 A) which is the maximum current value azhle
from the DC supply; hence rotor overheating is aiotissue

(each test requires about 1 minute).
TABLE |
MAIN CHARACTERISTICS OF THEROTORS

Copper resistivity | 0.017&10° Qm | Stack length 180 mm
Rotor diameter 93.1 mm Shaft diameter 16 mm
Bar number (I 16 Pole number 2

Bar depth 11 mm Tooth width 2.879 mm
Slot area 52.6928 mfm | Bar area (S) 47.15 nim
Skew 1.3333 Lam. thickness  0.65 mm|

341 mm

180 mm

6

%@%ﬁ;

Fig. 3. Motor cross and axial sections.

Fig. 4. Healt rotor in a copper clamping platerection.
The voltage drops in each section are shown ineTHland
5. The slight variation in section voltages,\dnd &g are due
to the position of the probes at the points 1 arasGhown in
Fig. 6; they are located on the end-rings where citygper
section is considerably bigger than the bar sediwh hence
the voltage drop is lower due to lower resistarfade rings.
The bar resistance of each section can be caldulsiag

R="6"/ )

measured by attaching a fixed probe at point 1taedecond
probe at every point up to point 6 (see Fig. 6).

TABLE Il
RESISTANCE VALUE IN EACH SECTION OF A BAR OF THE HEALTHROTOR
CALCULATED FOR EACH VALUE OF INJECTED CURRENT

100 [A] 150 [A] 200 [A]
Riz [UQ] 7.52 7.04 7.60
Riz [UQ] 20.00 19.63 20.24
Ria [UQ] 32.64 32.85 33.52
Ris [UQ] 45.44 45.33 45.40
Ris [MQ] 55.52 55.47 56.32
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Fig. 5. Voltage drops in each section of a bahefttealthy rotor.

V45 V56

END
RING

SHAFT

COPPER
CONNECTION|

COPPER
_|conNECTION

6 5 4 3 2 D
Fig. 6. Rotor with one broken bar split in 5 secsio

Where the bar numbe\, = 16 is the bar number and the bars The tests were carried out at 100, 150 and 206 Ahawn

are nominally identical, so that the current isitspfually
between the bars. These experimental resistances/are
shown in Table Ill, where it can be noticed that thalues
obtained in the three tests are similar. The thealevalue of
each bar resistancByg) is close to the experimental values:
pll _0.01780.180

R= =60.80uQ 2)
S 52.692¢
TABLE Il
VOLTAGE DROP ON A BAR OF THE HEALTHY ROTOR

100 [A] 150 [A] 200 [A]
Vi [mV] 0.047 0.066 0.095
Vs [mV] 0.078 0.118 0.158
Vs [mV] 0.079 0.124 0.166
Vs [mV] 0.080 0.117 0.161
Vss [MV] 0.063 0.095 0.124

B. DC tests on the one-broken bar rotor

The broken-bar rotor has one bar drilled out at end
(left, Fig. 6) and each bar was split into five tgmts where it
was possible to see the bar surface for good ctioned@he
voltage drop at each section for all 16 rotors bawss

in Fig. 7. The section voltage drops along the brokar were
not uniform along the bar; the three lines have shene
characteristic, illustrating consistency in the tgeslt is
possible to compare the voltage drops along th&eordar
with the voltage drops along other bars, in paldicwith the
adjacent bars and the opposite bar. Figs. 8 ararare the
broken bar and the adjacent bar voltages. It caseke that
in the adjacent bars the voltage drops are almmsstant in
the central sections, with lower voltages in the sactions;

however, the overall lines are almost straight.
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There is a different behaviour at both ends ofdphposite observed: i) constant (Fig. 12); ii) “concave” (FiB); and
bar (Fig. 10). In all three cases (100, 150 and®2@Bere is a iii) “convex” (similar to the healthy rotor - Fid.4). In these
small decrease in V12 however there is a more pnoced figures the 200 A characteristics only are showrcfarity.
decrease in the V56, where the bar is broken whédee is an < 02

S
: . P E
increase in V56 for the broken bar. This is dueato 5 | ‘ ~e-Bar2 -e—Bar3 —A-Bar13 —%-Barl5 -B-Barl6 ‘
. . . . o -
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The section voltage drop trends in the healthy lb&rthe Fig. 15. Bars affected by concave trend (+), conggxand constant (=)
faulty rotor can compared with the voltage drop$h’e bars showing some symmetry between left and right hlgeasept for 13 and 5
. which could be do casting variation).
of the healthy rotor; the two rotors are differetit of the

same design. In Fig. 11 it can be seen that thages of the 020)  —#—VS6Broken bar rotor (broken bar end)
. R ] - - - V34 Broken bar rotor (center section)
healthy rotor is very similar to that of the oppedbar of the 0.19 -4+ V12 Broken bar rotor (non broken end) A
one-broken-bar rotor. The difference between thedases is % 0.8 | Jmomolous bar (ow resuts) :
probably due to fabrication differences. 8 0171
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V12 V23 o V34 V45 V56 injected) including 6 order polynomial trend line for V56 (broken badgn

Fig. 11. Comparison between the opposite bar ofotiebroken-bar rotor  In summary, in the one-broken-bar-rotor, these ltgsu
and the bar of the healthy rotor. seem to show that the bar section voltages aretafféoy the

The voltage drop trends for all the bars of thdtfatotor  failure. By inspection of the bar section voltageer all the
can be investigated. Three different kinds of trexah be



bars it should be possible to identify broken bamsgl rotor broken bar, and produced a oscillating section agst
cage anomalies by characteristic section voltagtemmes. The characteristic (Fig. 16), the end-section voltagepd are all
“constant” and “concave” shapes depend on the -lmaer increased although there is some inconsistency hie t
currents which pass through the iron core intodther bars. magnitudes which may be due to fabrication and freadion
Fig. 15 shows the relative change in magnitude gf \Abar drilling) variations.

(increase or decrease) for all the bars. In Fig V4§ V34 and
Vg are given, it is clear that the broken bar apptagve an
oscillatory form to the bar voltages of the endtises, which
indicates the nature of the distinctive voltagetgrat that
characterize a broken bar. Work is needed to validae
patterns over a number of production rotors withitfa

C. DC tests on the all-broken bars rotor

The rotor with one broken bar was modified by drglout
each rotor bar at alternate ends, as shown in Hg.The
same tests illustrated in the previous section wepeated
with the rotor in this condition

=

g s

e

Fig. 17. Rotor with all broken bars split in 5 sens.

The curves of the voltage drops measured with atirr

injection present the same “concave” trend. Itoia# that all
the bars have increased 1,V and W The similar
characteristics are due to the faulty but
symmetrical condition of the rotor. Fig. 18 shows turves
for V1,5, Va3, and \kg for 200 A injection across all the bars.
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Fig. 18. Voltage drop in each section of the bdrthe all-broken

(200 A injected).
Another
analysing Fig. 19 which shows the voltage dropstha
healthy bar in the healthy rotor, broken bar inahe-broken-
bar rotor and broken bar in the all-broken-barsndtor V12
and V56 there are three trends: i) reduced voltagp for the
healthy rotor; ii) almost constant voltage drop dme broken
bar; and iii) increased voltage drop for the rotdth all
broken bars. By comparing the behaviour of thebedken-
bars rotor with the healthy one, it can be seen thea end-
section voltages increase when all the bars ar&ebras
expected. While only alternate bar ends are brakeeach
end, this still increases the end-section voltagesthe
adjacent the unbroken bars since these bar seatidihbe
carrying higher current. In comparison with the dmeken-
bar case, where the inter-bars currents affect tdase to the

eledtsica

interesting consideration can be drawn by

It can be concluded that the effects of inter-harent are
complex. As already stated, predicting the sectiottage
variation with broken or incomplete bars is
straightforward and should be further investigated a
number of rotors with different faults.
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Fig. 19. Comparison among healthy rotor, one-breben rotor and all-
broken-bars rotor (200 A injected).

V.

The circuits required for obtaining the inter-basistance
nd integrating it into a machine model is comg@&§6][11]
15]. It can be seen from the results that eveakling the bar

completely does not prevent current flowing dowe thar
with circumferential paths available to other bard also
axial paths are available along incomplete lamamati
insulation (e.g., at edges where there is burr) thedshaft.
However a simple DC model of the rotor with onelanmo bar
can be implemented (Fig. 2). For simplicity it Esamed that
there is no axial current path through the lamorati and
shaft. Therefore this model is only appropriate dme (or
very few) broken bars. The circuit was simulated
MATLAB. While the voltage is calculated at six aljmints
(five sections), fifty sections were used in thadation with
the voltage calculated every ten sections. Thioaus for
the distributed nature of the inter-bar resistaateng the
length of the bars. It was decided to simulateciheuit using
a bar current in each bar and inter-bar currentshasvn in
Fig. 2. Hence, for a driving end-ring-to-end-ringltage V,

SIMULATION

in

-bar rotor the impedance matrix is:

2 Mo |
\% Rn [beny
= . A3)
0 I: atI’IX‘| Ibl(l)
0] L Tbi(Nxm) |

Each resistance component can be set and a resistatrix
formulated. The bar currents were driven by themgiag
voltage (which was adjusted to get an input curoé200 A).
The bar resistance was calculated from the magig@oenetry
and the resistivity of copper (20 °C). The inter-besistance
could be varied and a broken bar inserted by immtusf a
high resistance element in one end section. Thaltseare
shown in Fig. 20 for the cases of complete rot@asgCl) and



one broken bar (with high inter-bar resistance laruken bar

— Case 2, and with low inter-bar resistance andh hi

resistance (partially broken) bar end section -eC3s It can
be seen that Cases 1 and 2 show expected resuhs
identical voltage in the sections apart from the Which is
broken where there is a much high voltage dropsscib6.
However when there is a high resistance break mrdtran
complete break, and the inter-bar resistance ishnawer (as
appears to be the case here in the experiments 16) then
there is a complex set of section voltages whicbwsh
oscillation. While it does not exactly match Fig, 1t should
be borne in mind that the axial resistance pathsutih the
laminations and shaft are not included in the dirand the
simulation is meant to be more indicative rathemtprecise.
It is therefore suggested that there is evidenaktttis sort of
DC current injection could be used to identify oagptissues
in cage rotors.
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Fig. 20. Comparison of simulations results.

V. CONCLUSIONS

In this paper a set of experimental tests carrigtl an
skewed cast copper cage rotors in three differentitions
(healthy, with one broken bar and with all brokerd) have
been reported and these highlight the influencéntar-bar
current. The tests were carried out by injecting &€rent
into the rotor and measuring the voltage drop\m Bections
of equal length for each bar. The bar section geka
produced variation that may be follow charactezigi@tterns
which indicate faults.

In addition a MATLAB simulation program was devedap
and this also indicated that in cast cage rotoheres there is
low inter-bar resistance, there may be characiensitterns
in the section voltages when there are rotor faults

While the results illustrate that inter-bar cursefiow and
that there are section voltage patterns, furthegstigation is
needed to validate the patterns under a varietfawits in
number of rotors. Initial results indicate thatstipattern-
recognition method may be suitable for the develapnof a
testing procedure for the detection of rotor cagenaalies
after manufacture.
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