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Abstract: In this paper, the influence of impact damage to the induction motors on the
zero-sequence voltage and its spectrum is presented. The signals detecting the damages
result from a detailed analysis of the formula describing this voltage component which is
induced in the stator windings due to core magnetic saturation and the discrete dis-
placement of windings. Its course is affected by the operation of both the stator and the
rotor. Other fault detection methods, are known and widely applied by analysing the
spectrum of stator currents. The presented method may be a complement to other me-
thods because of the ease of measurements of the zero voltage for star connected motors.
Additionally, for converter fed motors the zero sequence voltage eliminates higher time
harmonics displaced by 120 degrees. The results of the method application are presented
through measurements and explained by the use of a mathematical model of the slip-ring
induction motor.
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1. Introduction

The non-invasive methods of detection electrical and mechanical damages of induction
motors are based mainly on the stator current spectrum analysis. The signals indicating
various damages have been separated from the current spectrum during a long process of
investigation by many researchers. One can mention several methods developed through
mathematical modeling means [4, 12, 13, 15, 16] and the methods based on laboratory tests of
various induction machines [1, 10] leading to a physical interpretation of obtained results. All
the research studies have created a data-base that can be used for training the artificial intel-
ligence detection systems [7].

The main subject of this paper is to reveal another damage information carrier signal. This
is the zero sequence voltage, which is induced in the phase windings as a result of magnetic
saturation [5, 10]. The waveform of this voltage depends on the state of the air-gap magnetic
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field, where this field depends on the stator and rotor cooperation and also on the machine da-
mages [9, 10]. The slip-ring induction motor was taken apart and the influence of the rotor cir-
cuit asymmetry was analyzed for investigation purposes. Results of laboratory tests have been
interpreted with the use of a developed formula for the zero sequence voltage at steady state.

The research studies must answer the question if this method is promising for diagnostic
purposes. As an object under investigation a low-power slip-ring induction motor was chosen.
This is a specific machine that is different from cage motors with respect to the influence of
harmonic fields and resulting detection signals. However, the assumed modeling method is
common for both machine types and it has been trained using the slip ring motor where the
stator and the rotor currents are available. The cage motors will be studied next.

The scheme of the laboratory stand is shown in Figure 1. The zero sequence voltage
u® =1/\3(uy +uy +uy) results from the measured neutral voltage u, =1/3(uy +uy +uy )
between the neutral point of the supplying transformer and the star point of the stator windings
or the pseudo neutral point of resistors and the above star point. Therefore, u'” = \/Eun . The
rotor circuit asymmetry has been introduced by opening the switch S for the breaking resis-
tance R,z 500 times approximately greater than the rotor phase resistance.

To obtain the circuital model of the machine the phenomenon of magnetic saturation was
modeled using a permeance function of the air-gap. The approach allows for approximating
the air-gap magnetic flux density since the permeance function is strictly connected with the
magneto motive force (MMF) exciting the field. The air gap non-uniformity (due to e.g.
slotting) can be introduced as a signal modulating this permeance function. A similar approach
was presented in [2], however it was presented for an eccentrically positioned rotor. This is
simplification, however enabling self- and mutual inductances of the machine circuit that can
be calculated using the formulae presented in [11] for electrical machines with a non-uniform
air-gap. Thus, the machine voltage equations take the commonly known form

STATOR ROTOR
) u, ) uy, slip ring
Ule < Ik
L1 > K
u;
i >
Uy
Iy R
L3 M[L&Ej
8
UL1T
N

Fig. 1. Connection of the slip-ring induction motor for tests of rotor asymmetry
- d d
U=RI+L4I+45MI, €]

where R, L, M are the matrices of resistances, leakage inductances and self- and mutual
inductances, respectively. Vectors of voltages and currents are denoted by U and I, respecti-
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vely. On the basis of this model the mathematical formulae can be developed and used for
interpreting of measured signals.

2. Mathematical background for induction motor diagnostics

2.1. Main assumptions for the mathematical model

e Magnetic core is saturated only due to the first non-zero symmetrical components of stator
and rotor currents. For the slip ring motors this is clear, however for the cage induction
motors this is a simplification.

e The effect of saturation is simulated as enlarging the air-gap length at the location a,,,
where the total MMF of the machine reaches a maximum with respect to the stator phase U
assumed to be the first one. The MMF is represented by the magnetising current iy to be
defined below. This varying air-gap is expressed with the per unit permeance function
approximated with harmonic series of the following form utilising the Euler’s identity:

AP (x,an) = z AL (g )/ P 1 =0,£2,+6,+£10, % 14,... 2)
V7

The base permeance:

A = 2p,1l

zp*s’

where u, =4r- 107" H/m, r, — inside stator radius, [, — equivalent length of the machine core,

0 — air-gap equivalent length comprising the Carter’s factor k¢, p — pole pair number of the

machine, x — angle along the air-gap of the machine cross section with respect to the phase U.
The coefficients of the series (2) are given by the following expressions

| . exp(1=4) . ul v o
A =—, Al = (-1 AR (A = 1) a0 )
sat 2p
where the saturation factor can be approximated by the function
cilf +¢&

=—— g<<1
arctg(ciy/ )+ €

sat
resulting from the magnetisation curve calculated as
Y =arctg(cily)/arctg(c).

e The effect of slotting is modelled as a modulating signal f;, for the previously defined
permeance (2)

fslo(x:(ﬁ) - z AB, ej(kai—lZ,.)xeijZ,(p. )
k,l

In the above: Z, — number of stator slots, Z, — number of rotor slots,
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k=0,+1,%2,..;1=0,+1,+2,... A4 =(-1)"a*", B =(-1)p",

kC? kCr
ay R———p, b #——— rs .
* 7r(|k|+g)ﬁ ' ﬂ(|z|+g)ﬂ
According to [6, 8],
0.81’;
ﬂ?,r = b 2 >
°—+9

[

where b, — stator or rotor slot opening, 5, — geometrical air-gap length, k¢, k. — Carter’s
factors for the stator and the rotor respectively, k¢ = k¢gkc. — machine Carter’s factor.
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Fig. 2. Distribution of the permeance function

¢ The air-gap permeance
Modulating (2) with (4) gives

A5 (X, 001,500 ) = foo (X, 0) AL (X, a0 100 ) =

j(kZz+1Zp)x JIZy . 1 (x— 5)
— ZAkBle‘/( +1Z0)% o 121 ZAZU(IM Ye Htmam)
k1 u"

The examplary distribution of the permeance function (5) is shown in Figure 2 for Z; = 36,
Z, =24, p =4 and the saturation factor kg, = 1.5.
e The new harmonic orders can be defined now by creating the harmonic sets:

H,={u=2i;i=0+1,+3+5_}
H,={m=kZ,+1Z, + up; k=0,£1,+2,.. ; [ =0,£1,£2,..} \. 6)

H,={n=-1Z,;1=0,+1,£2,.}

o The function of the air-gap permeance takes the generic form:
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AR (x,0,0,i5) = z AB(iy ) e e e, (7

HEH y,meH y ,neHy
a=pay. ®)

The permeance coefficient A}, (iy,) depends on the harmonic number g, that is “hidden”
now in the index m. For the machine without slotting m = yp and n=0
¢ The winding inductances are calculated using the formulae defined in [11] for the machine
with a non-uniform air-gap. The machine model is formulated as a connection of resistances
and inductances. Hence, the mutual inductance of the two windings a and b, positioned with
respect to the stator at the locations x, and x;, respectively, is given by the function:

A/V/Ar_ z Z Z ZMs/r/a} —Jjuo 7]\0((1 j(v+m)xhe]ngo (9)

ueHy veHy, meHy, neHy

where

VveH AVmeH,=p=-(v+m)eH,

U ) (10)
N, k‘ \ka\‘“fm\

ML = ApAg(in)

where: N,, N, — turn numbers of the windings a and b, respectively, kLV‘, k‘bv“"‘ — the winding
factors for the respective harmonics vand v+ m. For the machine with a “smooth” air-gap the
formula for the mutual inductance of windings a and b resulting from (10), takes the well
known form.

The mutual inductance (10) exists when the following condition is satisfied for the as-
sumed harmonic orders ve H,, peH,, meH,:

v+p+m=0. 11

This equation assures the harmonic balance inside the mathematical model and must be
satisfied for sets of harmonic orders. Therefore, the assumption for the set contents influences
the accuracy of the mathematical model.

For symmetrically designed windings the MMF harmonics have the orders belonging to
the sets:

H,={Q2i-Dp;i=0,£1,£2,..} (12)
for the winding @ and

H,={Q2i-1)p;i,=0,£1,+2,..} (13)

for the winding b.
The phase winding positions for the 3-phase slip-ring induction motor are given below:
— for the stator
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Xo=(a=Df;x=(b-Df;
(14)
a=123b=123;p8 =1,

— for the rotor
x,=(a-Dp.+o;x,=(b-1)p +¢;
a=1,2,3;p=1,2,3;8.=2

27
3p?

(15)

where: ¢ — rotor rotation angle.

2.2. Voltage equations of the motor in machine variables

The machine voltage equations are transformed from the natural system to symmetrical
components. This transformation splits the harmonic components of inductances assigning
them to voltage equations accompanying the respective symmetrical components.
The voltage equations of the motor in machine variables can be shown in the matrix form:

ug| | Ry ig | [ L i M; My, || i
|:u1 = R ! + L % il +% ML M (16)

or separately for the stator and the rotor

U Rsl isl le isl isl irl
_ . d| = d I . d 1 .
U | = RSZ Iy |+ LSZ ar Iy |+ EMS I |+ EMsr Lo
. . . . 17
Uy Ry | i3 Ly Is3 Is3 L3 a7
| 1 I
Uy Rs 1 le
U er irl Lrl irl irl isl
_ . d| s d wall s dwal Tl
Uy | = RrZ Lo |+ Lr2 ar Lo |+ EMr Lo |+ EMsr Lo |,
. . . . 18
U Ros || i L L3 L3 I3 (18)
1 I oI |
u, Rr 1 I—4rl

where the superscript 7’ denotes matrix transposition.

Vectors of voltages and currents contain: uy = uy, Uy = uy, U = Uy — stator phase winding
voltages, iy = iy, i = iy, i3 = I — stator phase currents, u,, = ug, t,, = Uy, U,3 = Uy — rotor
phase voltages, i,; = i, i,y = i, i,3 = [y — rotor phase currents.

The matrices of resistances and leakage inductances are diagonal with generally different
elements Z,,,Z,,, Z,; for each phase winding, where the substitution Z = R or Z = L and
x = s for the stator and x = r for the rotor must be performed. The matrices of self- and mutual
inductances have the forms resulting directly from (8) for the position angles (13) and (14).

Inductance matrices

1

M:: Z z z zMs,me—jyaejntp e /s [1 el (rrmbs ej(VH")Zﬂs]’ (19)

ueH, veH, meHy neH, e*_/VZ/?;
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1
M! = Z z z z M e agiomme| gmivbe |[| gitvemiy gitesm2p | 20)
pueH, veH, meH, neH, e*./VZﬂr
1
M. = Z Z z ZM‘ffme*./ﬂae,f(erern)go o IPs [1 oI Empr ej(v+m)2ﬂ,]. @1
ueHy, veH, meHy neHy ej/'VZﬂS

2.3. Description in symmetrical components

Transformation voltages, currents and fluxes into symmetrical components can be per-
formed using the matrix S for the stator and S, for the rotor, respectively. These matrices are
given below.

111
1 2 j27/3 ipPs
S;=—=|la a |;a=e*" =", (22)
V3 ld a
1 1 111
Sl‘_ﬁ ej}"/’ 1 C_l 22 ;C_l:efZ”B:ejPﬁr. (23)
e 1a* a

After the transformation the structure of equations remains the same as (12) with the super-
script IT indicating the vectors and matrices that now are described with complex numbers:

ul” il il il” 0
@ | _pHf (D 4| (1) d mj (1) d | (1
zs - Rs Lr + LSl E Lx + EMS ls + EMsr lr
2 .2 .2 (2 .(2
T I I T P B @
O i
ul”
Q)] 1l .11 I g .10 d .11 d I* o 11
u, |=u =R;ip +Lyg i + 5 Meiy + Mg, iy —
(2)
u, 25)

S (L M it
dt
In the above equations: giz) = gil)*, g(rz) = g(rl)*,
The symmetrical components are vectors in the stationary reference frame a-f. The real
and imaginary parts are denoted by « and S, respectively. Additionally: f— complex con-
jugate of x.
The resistance matrices RY, R and the leakage inductances LY, LY have the same
generic structure:

{(2) _ (D* -(2) _ (D*
=l s L =l .

Es -r
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1 Z«‘CO Zz Zx 1
" =| Z. . Zo Z.|| e
e\ Z, Z, Z e’
Zo=Zy+Zy+Z (26)

Z=Zn+aZ, +£22x3
Z=RorL ; x=sorrorslorr!

P=0forx=5,0=ppforx=r.

The matrices of self and mutual inductances have the following structures:

MI=33 NN N My, e e, @7

peH, veH, meH, neH,

M" :32 Z Z Z M, e Heelmme.

ueHy veH, meHpy neHp (28)

-diag[l,e””,e” "] Q, diag[L,e "*,e"],

ME=3" 30 Y Y M, e e/ Q,, diaglle 7, e ], (29)

peH, veH, meH, neH,

3x3 matrices Qs, Qy, Q- have their elements Q,,,,, equal to 1 or 0. The element Q,,,,, =1 if
for the given harmonic orders v € H,, associated with the row, and p € H,, associated with
the column, the condition for the harmonic order m = —v — p € H,, is satisfied. This harmonic
condition is indicated by the subscript 1 in the matrix structure. Thus, the generic form is

2O 3460 p PO (s6b)p  pP=(lsel)p SHp =200 b=l 0L
1 0) _ ,(0) 1 0) _ (D) 1 0)_,(2) (0) 30
m==v"" —p"eHy “m=-v'"-p'VeHy “m=-v'" -p'“eHy | v\"W=(3+6k)p eH, ( )

Qs/r/sr = lm:—v“)fﬁ(o)eﬂm lmz—v(l)*p“)ellm lm:—v“)fp(z)ellm v =(1+6k2) p k1=..,-2,-1,0,1,...

k=<1, 01,..
1m=—v‘2)—p“’>eﬂm 1m:—v(2)—p“>eﬂm 1m=—v<2)—p(2>eﬂm v =—(1+6k2) p

The electromagnetic torque takes the form:

. a0 [.0 ) ]
01 i iII*]|:M:I Mg:|{1;l:| Iy _[ls oL ]

r n* || .1 . oy () (1T
Msr Mr 1 l:l = [150) l(l) l(r2)]

r 2

S 31
502 (31)

e

Parameters of the magnetising current vector are described according to the formulae given

below.
ing = \ive +ingg s 32)

iMa = %(isl _%1;*2 _%iﬁ) +L|§irl Cospp _%(irZ _i;~3)5inp(p] ’ (33)

e
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ip =1 = 1)+ =[S sin p + 262 —i)cos po ] G4
i
a =arctg 2 (35)
IMa

ny, — the effective stator/rotor turns ratio per phase (voltage ratio).
Generally, it is clear from (30) that, independently of Z, Z, and z

H,={m=2pk;k=0,£1,£2,...}. (36)

So, instead of the matrix Qs the Table 1 of harmonic orders balance between v, p, m
s/rlsr

can be utilised. The triplets synonymously indicate the harmonic inductances M,/ " pres-
cribed to the given matrix cell.

Table 1. Balance of harmonic orders v, p, m in matrices MY, MY, MY

0 o p®
v £9p, £3p,.. | 13p,=Tp, =p, Sp, 1p...| ....=11p, =5p, p, Tp, 13p.,...
(0)
v
- =_ + = +
m = 6pk m=-2p(1+3k) m=2p(1+3k) 9P, £3p,..
(1)
Vv
= + = ==
m=2p(1+3k) m = 6pk m==2p(1+3k) s =11p,=5p, p, Tp, 13p ...
ye)
m==2p(1 +3k) m=2p(1+3k) m = 6pk = ~13p.=Tp. =p. 5p. 11p,

For example we can assume the following sets of harmonic orders:

H/l: {_25 07 2}
Hm = {_Sps _6177 _4P: _217, 0: 2]77 417: 6]77 Sp}
Hv:Hp: {_13[?: _1 1[?, _917, _7pn _5[?, _317, P> D, 3pa Spa 7pa 9179 11pn 1317}

Thus, for this case, Table 1 takes the form shown below. In this table the harmonic orders
v'=v/p, p'=pl/p, m'=m/p are shown.

To formulate the self and mutual inductances of matrices in Equations (24) and (25) the
harmonic inductances given by series (27-29) must be known. They are assigned to a specific
place of these matrices determined by Table 2. However, for the assumed sets of harmonics
H,, H,, H, the harmonic inductances are synonymously determined by the mutually depen-
dent numbers g, v, m, n. This requirement results from equation (6) under the condition (11).
As such, for the given values m and u resulting from H,, and H,, respectively, the possible
parameters k and / must be determined by satisfying the equation m = kZ; + IZ, + up. Hence,
the equation n = [Z, is given for the inductances. From the above it is clear that the numbers &
need not be known explicitly. They are hidden in the parameters .

For the analysed example the determined sets of numbers m’, k, [, u are presented in
Table 3 for the three-phase motor with Z; = 36, Z, =24, p =4.
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Table 2. An example of harmonic orders v’, p’, m’ corresponding to Table 1

pl 9 3 3 9| prl-nl 7 1] s p-u s ] 73

m’ v’ m’ v’ m’ v’

-6 9o 3] 3] -8 9o 3] -3 -4 9| 3] -3]-9
o[ 3] 3] 9] 2 9 3 -3 9] 2/ 9] 3]|-3 9

6 -3 -9 9 3 -9 3 9

m’ v’ m’ v’ m’ v’

4l 3] 7] 1] 5] -6 13 7] 1] -5 -8 3] 7] 1] -5

2| 7 5 -1 B 7] 1 5| -n 2] B3] 7] 1] 5|1

8 | 1| -5/ -11 70 1] -5/ -n 70 1] -5 -n

" » o L " L

-8 1| s -1 -4 1l s -1 -7 -6 1l s -1 -7

2 s | a2l sl a3 o ul s 713

4 s | a1 7 -] 8] 5| -1 -7]-13 6| 5| -1]-7]-13

Table 3. Sets of numbers m ’ k, I, £ supplementing Table 2

m’=m/p k / U
-4 5 -2

_g -2 2 -2
-1 -2

-4 -2

-4 5 0

_6 -2 2 0
0 -1 0

2 -4 0

-4 5 2

_4 -2 2 2
-1 2

-4 2

-2 3 -2

-2 0 -2
-3 -2

-2 3 0

0 0 0 0
-3 0

-2 3 2

2 0 2
-3 2
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-2 4 -2
-2
4
-2 -2
-5 -2
-2 4 0
0 0
6
-2 0
-5 0
-2 4 2
0 2
8
-2 2
-5 2

It can be observed that the sets of positive and negative numbers are identical for the
absolute value. This is the result of applying the Euler’s identity.

Both the voltage equation sets for the stator (24) and for the rotor (25) can be transformed
into one reference frame x-y rotating at the angular speed @, =da/dt with respect to the axis

a of the stationary reference frame o-3. The transformation matrix
T,y =diag[1 e/ /] (37)

does not change the zero components of stator and rotor voltages and currents.
Denoting the real and imaginary parts of transformed voltage and current vectors by x and
y, respectively, the following relationships are then valid

_ . _ () _—ja
U = Uy + Jiy, =u e

s

_ . ) _-ja
U, = Uy + JU,, =ngu, e

. . . (1) —j
[ =iyt jiy =i
(38)
.(1
1M

nge =r

L T —ja
lr—lyx+]l,.y— e
iM :isx+irx:£.3+i,-

iy =~y
Removing i,, from the set of differential equations the position angle « becomes the state
variable together with i, i, i, and the rotor speed @. So, we can obtain the final form of
differential equations describing the machine. The differential equations describe now the DC
circuit representing the machine.
According to (24) and using (38) the stator voltage equations for the stator and the rotor
star connections can be written now in the form presented below.
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W] [Ro B R 0
1 * -
Zs = Es RSO Es ela ls +
2 * i K
Ei) E.v E R50 e e £Y
Ly L, L, 1 0
*ld Jja ;
+ Ls LSO és E e Lv +
H .
Ly L, Ly e,
1 0
+ % 23 M, Qe el i (39)
Hv,m,n —-ja ¥
e -5
+ % Z3M\irm erejn(pe—j;la .
M,v.m,n
1 1 0
,ej(V+m)¢ P e/ ér
ejﬂ¢7 e*./fl lj

Taking into account that the positive and negative harmonic orders are the same for the
absolute value the last two terms of the formula (39) can be written in the form:
et otina Li(-ma  jng  ,=j(-mea,=jne |
% Z3M\i,m eijnq)g?j;za ej(l—y)aejngo e—j(l—#)ae—f”‘/’ £ +
e Fina G j(-ma g =j(1=ma ,=jng || ;

L D, (40)

Qsr —>p,v,m,n

Qs—u,v,mn e

ijnweijyaeij(wmw ej(l—maejwej(wm—p)w e—j(1—#)ae—jwe—j(‘/+m—p)¢ 0
i./'nwe?/'uaet.i(wm)tp ej(I*ﬂ)ae./"fﬂe./("*’”*ll)(/’ e*.i(lfu)aea/'nwea/(V+mfp)go i

ei/nweijuaeij(wmw ej( 1 *#)aeﬂwei(wmw)w e*/’(l*#)ae*/‘weﬁ/(wmfp)w

The above description is valid when for each element of the matrices the relevant harmo-

nics, belonging to the determined sets, are considered.

2.4. The zero sequence voltage
The formula describing the zero sequence voltage results directly from expressions (39), (40):

o Sdiy e .
ul® = 2Re{ Rie” }+2Re{ L e’ + jo.Lie™ }+

+2Re{ < Z3M‘f,mgsej“_”)aej”"’ }+ (41)

w.v,m,n

+2Re{ 4 Z3M§%Z,,ej(l_y)aejwej(V+m_p)¢ }

Hv,m,n
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Determining the whole derivatives

ul® :ZRe{ R.ie™ }+2Re{ L. Se + jo,Li e }+

+6Re z (onm . f’Mvm : ej(wm—p)go)d;n: o=@ yino }+

Oim —.S -r
Mv,m,n

+6Rel Y jllno+ (- oM i, + M0, ]+ (42)

M,V m,n

+(v+m-— p)a)M‘ffﬁ,@j(”m_”)“’} g/I=agine }+

di
+6R€ z (Mvm dt Mli’riz ; e/(‘”'m P)‘ﬂ)e/(l wa jn(p }

M,V m,n

The above expression takes into account the ratio n,, that changes the value of M}, yield-
ing M, =M +m- Additionally, @ =d@/dt — the rotor speed, w, =da/dt — the reference
frame speed.

For the steady state: o =wt=wt, @=wt, dtM/dt=0,dt,/dt=0, where o, =27f,
— angular frequency of mono-harmonic supplying voltages. At the rotor’s one broken phase
the steady state phase currents assume the values: iy = I, sin(msayt), ij = —ix,, iy =0 (1 =
1,2,3,..., s —motor slip, I, = Ir/n,, ). Thus, the rotor current vector takes the following form
in the x-y reference frame:

i :IT,/-(ej(m—l)swst _efj(nﬁl)é'wst). 43)

Hence, omitting derivatives of currents, the zero sequence voltage ul” takes the simplified
form containing only the rotational components:

u” =2Re{R'i /™ |+ 2Re{ jor, L'i ™' |+

+6Rel > jllne+ (1 @)@ ] [(M; i, + M, (/™0 iy (4q)

M,v,m,n
+(V+m p)C{)M;r,; I ( J(n1—1)swst _e—j(nl+1)xwat)ej(v+m—p)(ut} ej(l—y)(z);tejnmt }

These components are the alternating waveforms of frequencies specific for the symmetry
condition and indicating the asymmetry. More detailed analysis allows for additional com-
ponents of the zero voltage to be interpreted. For the rotor asymmetry this approach has been
sufficient.

e Symmetry
There are two series

o =(1- o, +no,

=+ (V+m-— po.
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Introducing:

o=2(1-5), p=-10,-6,-2,0,2,6,10, n=-IZ,, v+m=—p=(1+6k)p

the following frequencies can be distinguished:

fu=1f <1—u>—’j(l—s), (45)
1z,

fa= Al m+Z o tekyi-s)|, (46)
P

[=0,+1,+2,..:k=0,+1,+2,..

e Asymmetry
The relevant spectrum contains frequencies f;; (45), f;, (46) and additionally the frequen-
cies caused by the asymmetry:

f;3 = ](xl —(n1 +1)Sﬁ |'71:1 = ](xl —Zsﬁ, (47)
Jsa = foo—(m +Dsf;
fss = fs (49)

ni =1 = f;Z - 2ng, (48)

3. Laboratory tests

The influence of rotor asymmetry on the zero sequence voltage was tested using the slip-
ring induction motor SZUDe48a. The ratings are: Py =2.2 kW, U, v =380 V (Y), y=7.6 A,
fsv = 50 Hz, ny = 690 rev/min, ny = 0.68, U,y = 62 V (Y), Iy = 24.5 A. Stator parameters:
mg =3 (number of phases), Z, =36, Z,=24,p=4, g, = Z/2mp) = 1.5.

The motor was supplied with the 3-phase mains of the r.m.s. value equal to 400 V. The
supplying voltages were distorted with respect to pure sinusoid with higher harmonics of the
orders: 3 (6.85V),5(3.84V),7(1.01 V),9(0.892 V), 11 (1.413 V) 15 (1 V). The steady state
waveforms are shown in Figure 3.

The influence of rotor asymmetry was analyzed on the background of symmetrical ope-
ration. The asymmetry was performed as the failure of the rotor phase M. Results of measure-
ments are shown in Figures 3 and 4 for the motor loaded with the approximately rated torque
value. Harmonic bars of u, observed at symmetrical and asymmetrical operation can be pre-
dicted using the formulae (45) — (49).

It seems the theoretically predicted harmonic components of u, = u'” / V3 , specific for the
symmetrical operation, appear in the real machine. The harmonic bars for f;; in Figure 5a are
caused by the magnetic saturation. Additionally, it is visible by the bar at f;s = 50 Hz indi-
cating an asymmetry in the stator. This can be caused by an asymmetrical supply, internal
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asymmetry of the stator circuit or the anisotropy. For the studied motor the two former reasons
are most likely contributors.

3\(/10 Ty -y I
200 / = /
100 !j f
PP o
-100|--3 7 7
ooy f \ \

-300 A\ N\

o

0.2 0.21 0.22 023 0.24 s 0.25

Fig. 3. Measured voltages in the system from Fig. 1

The rotor asymmetry is synonymously indicated by the bar f;5 in Figure 5b. Additionally,
for currents iy and iy the characteristic bars have been shown for frequencies in square boxes.
The distortion of supply voltages with higher harmonics does not influence the neutral voltage
waveform u,,.

In the figures only the greatest bars were analyzed. They can be easily measured and
observed in the linear scale.

B AT AT
L U

Fig. 4. Measured waveforms of stator and rotor phase currents and the neutral voltage:
a) symmetry at the slip s = 0.0726, b) asymmetry at s = 0.1277
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f(p=-2 1:0):3fs

0 100 200 300 400 500 600 700Hz 800

ad

0 100 200 300 400 500 600 700 Hz800

Fig. 5. Spectra of the waveforms: a) from Fig. 4a, b) from Fig. 4b
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4. Conclusions

Magnetic saturation of induction motor generates new signals of the neutral voltage indi-
cating the presence of asymmetry of the rotor circuit. This is beneficial only for the star con-
nected stator winding. For the delta connection the zero sequence stator current could be taken
into account. Other damages like eccentrically rotating rotors can be detected using this me-
thod as well. Distortions of supplying voltages influence the neutral voltage u, in a low de-
gree. The currents and phase voltages are influenced more. So, this method could be applied
for fault detection of induction motors supplied by power electronic units.

Particularly, this can be valid when the motor is supplied with a current source inverter or
the current controlled voltage source inverter. In such a case the stator current is forced by the
control system and the spectral response is quite different than using the voltage forced ope-
ration. So, the signals indicating motor faults should be searched for in voltage signals and,
among them, the zero sequence voltage.
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