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Model-Based Broken Rotor Bar Detection on an IFOC Driven
Squirrel Cage Induction Motor
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Abstract— In this paper, we propose an on-line monitoring  to errors in the fault detection task [2]. On the other hand,
scheme to detect broken rotor bars on IFOC driven squirrel g practical advantage of MCSA s that only stator currents
cage induction motors. The drive’s variable speed nature neaq to he measured. Fuzzy logic [3] and neural networks
complicates the use of classical spectrum analysis technigs. [4] techniques have been proposed to handle load-related
The proposed model-based monitoring scheme does not rely - a prop
on spectral methods; instead, it monitors, a carefully selged =~ @mbiguous frequency components. The MCSA method has
induction motor state, using an on-line observer. The key to been the main approach used for detecting broken rotor

pp g
fault detection is the development of a simplified dynamic pars on induction motors operating in open-loop; however,
model of a squirrel cage induction motor with broken rotor spectral analysis techniques applicable under varialgedsp

bars, and the selection, based on techniques from differeiat " . .
geometric theory, of the induction motor state to monitor. conditions have also been presented in the literature (for

Numerical simulations of very different motors validate the instance in [5] and [6]).
model and the monitoring scheme. In spite of the extensive work on broken rotor bar

detection, model-based techniques have not received much

. INTRODUCTION attention. Main reasons are that fault-related inductian m

Induction motors are the dominant component in intor parameters are not well known, and available models are
dustrial processes involving electromechanical energy coquite complicated to be tractable with model based fault
version; thus, they consume between 40 to 50 % of thgetection techniques. However, by making a compromise
electric energy in industrialized nations. Safety, religb  between a better tracking of the fault-related signals (by
and efficiency are major concerns in modern inductiofising dynamic models) and a reduced spectrum of validity
motor applications. For these reasons, in the past yeams thgf the results (due to assumptions about the induction motor
has been an increased interest into induction motor falﬂhrameters)l researchers have recent|y proposed model-
detection and diagnosis. based broken rotor bar detection techniques. One such

Experience has shown that broken rotor bars can bea# example is the Vienna Monitoring Method (VMM)
serious problem with certain induction motors with arduougresented in [7]. The VMM is based on the comparison
work cycles. Although broken rotor bars do not initially of the computed electromechanical torque from two real-
cause an induction motor to fail, they can have seriougme machine models. A healthy induction motor leads to
Secondary effects. The fault may result in broken parts @dua| values Computed by the two models, whereas a non-
the bar hitting stator windings at high velocity. This camealthy induction motor excites the models in a different
cause a serious damage to the induction motor; therefoigay, leading to a difference between computed torque
faulty rotor bars need to be detected as early as possiblesalues. This difference is used to determine the existefce o

Broken rotor bars cause disturbances of the flux pattegtoken rotor bars. The VMM has one disadvantage, which
in induction machines. These non-uniform magnetic fle'ds also present in the proposed monitoring scheme of this
components affect machine torque and stator terminal quagaper: variations on the time rotor constant deteriorage th
tities and are thus detectable by monitoring schemes. Trformance of the fault detection scheme.
date, different methods have been proposed for broken rotoramong the different approaches for model-based fault de-
bar detection. The most well known approach is the noRection, geometric methods are of high interest. Geometric
model-based Motor Current Signature Analysis (MCSAj}heory offers various advantages as it gives a more general
method [1]. This method monitors, in the frequency domaiformulation of the fault detection problem. However, to
sideband components around the fundamental componefte, geometric techniques have not been applied to solve

of stator currents. The main disadvantage of the MCS#ne broken rotor bars detection problem in squirrel cage
method is that it relies on the interpretation of the freqyen induction motors.

components of the stator current spectrum, which are influ- |n this article, we propose a model-based method to

enced by many factors, including electric supply, and statidetect broken rotor bars on an IFOC driven squirrel cage
and dynamic load conditions. These conditions may leggduction motor. The proposed solution does not rely on
H. Rodriguez-Cortées and A. M. Stankovic are with the Dapant spectrum analysis tec.hnlques, but mon'tors instead the
of Electrical and Computer Engineering, Northeastern bhsity, Boston, output signal of a residual generator that is constructed
MA, 02115cor t es{ast ankov}@ce. neu. edu following the fault detector design presented in [8], [9Han
C. N. Hadjicostis is with the Department of Electrical andn@uter 101. Th fth icle i ized foll Sarti
Engineering, University of lllinois at Urbana Campaignbéna, IL, 61801 [ ] e rest of the article Is organized as tollows. Settio

chadj i c@i uc. edu Il presents the simplified model of a squirrel cage induction
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motor with broken rotor bars. Section Ill presents the faulthe stator angular displacement relativezstas denotedp,,
detection technique. Section IV presents the monitoringhile the rotor angular displacement relativedp axis is
scheme design. Finally, Section V gives some concludingenoted¢,.. The angular displacements, ¢, and ¢, are

remarks. related as
1. SQUIRREL CAGE INDUCTION MOTOR G5 = Or + O
MODEL WITH BROKEN ROTOR BARS Following the modeling procedure of [13], we have that

To apply model-based fault detection techniques it is ne¢he dynamic model of a squirrel cage induction motor with
essary to have models with two important characteristic§roken bars is described by
simple enough to be tractable and detailed enough to capture "
the fault effects of interest. With these characteristits i Jabes .
mind, we develop a model less detailed than the models Vaber = _RT,Z‘“’” (1)
presented, for instance, in [11] and [12], with the partic- Yo = ey
ularity that the effect of broken rotor bars is taken inthherewabCS, Yapert are the stator and rotor flux linkages,
account by adding only one additional state to the classicg), .., i,,.. are the stator and rotor currents,,.. are the
induction motor model (presented for instance, in [13])stator voltages)y, i), are the broken bar related flux linkage
thus, tractability is achieved. and current,R, = diag{r,} is the rotor resistance matrix,
The proposed model is based on the suggestion thgith r, the rotor winding resistance, arf¢, = diag{r,} is
the super-imposition of an extra set of rotor currents ofhe stator resistance matrix. Flux linkages and currergs ar
those normally found in a healthy motor may simulate theg|ated as
effect of broken rotor bars [11]. Our main assumptions are

_Rs Z.abcs + Vabes

: f Labes Ly Ls Ly wabcs
summarized as follows, see Figure 1. i _ LT L, L Yopor |
_ - - ip L, L/ L Uy
Cs bs as 2)
o< where
Cs as by Cs 3 bs Lys = Ly [ cos(b) cos(fs —c) cos(bs+c) ],
OOEORERRPOORRERPOOOBRBR Lo = Ly [ cos() cosfa—c) cos(ate) ],
Cr r a, -
‘ Ci ar A bry ‘ Cr ary br g Lls + Lms —% Lms —% Lms
‘@@@@@@@ 9@@@‘@@@ 9@@@@@ :) Ly = _% Ls Lis + Lis ) Ly )
2T @ Tt er L — 32 Lms _% Lms Lls + Lms
b, b _
b }f; o — Llr 1+ Lmr _% Lmr -1 Lmr
¢ =— L, = _? Ly Ly + Ly -3 Ly )
L 32 Lmr _% Lmr Llr + Lmr
Fig. 1. Developed diagram of the cross-sectional view. cos(@r) cos(@r + c) COS(9T - C)
Ls. = Lg | cos(f, —c) cos(f,) cos(f, + ¢)

1 Due to high permeability of steel, magnetic fields exist cos(fr +c¢) cos(fp —c)  cos(fy)
only in the air gapy and have radial directiof,, since 3)
the air gap is small relative to the inside diameter ofith 03 = 6, — a andc = %’T
the stator. In equations (2) and (3).;s, L.,s are the stator leakage

2 The stator windingss — o, bs — b, andc, — ¢, are and self inductancd,;,, L., are the rotor leakage and self
identical in that each winding has the same resistanéeductance .. = L., the stator-rotor mutual inductance,
rs and the same number of turns. The rotor winding€.,,., Lys = Ly, is the broken bar related winding to stator
ar —al, b, — bl ande, — ¢, are identical in the same and to rotor mutual inductance respectivdly,is the broken
sense. All windings have sinusoidal distribution. bar related winding self inductance amadis the angular

3 The extra set of rotor currents (representing the brokegposition of the broken bar related winding. Finally, the
bar) is included by adding an extra winding, denoteanechanical dynamics is described by
by b, — bj, , to the original rotor windings.

4 Magnetic saturation, eddy-currents and friction losses
are not included in our analysis.

. P d /T . T .
me = 240, (Zabcs Lsr Laber T Labes Lbs Zb) — 7L,

(4)
where w,, denotes the mechanical rotor velocit, the

_In E|gure Las, bs, ¢ _and ar, by, & denote the pos!tlvt_a number of poles/ the mechanical inertia ang, the load
direction of the magnetic fluxes produced by each windin orque

& indicates the positive direction of current. The angular
displacement of the rotor relative @. is denoted byo,., lWe considerfoper = [ fax  fox  fex ]T-
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Note that the broken bar related winding inductantgs
andL,,, the resistance of the broken rotor bar related winc
ing 7, and the angular position are unknown parameters ~°
since it is not possible to know in advance the number at
the position of the broken rotor bars. -20r 7

It is well known that broken bars result on sideban
components around the fundamental of the stator currels -3or ' 8
at frequencies given by [2]

fr = (1+£2s)f, (5)

wheres is the per unit slip and is the supply frequency.  -sof .
In order to verify that our model has components at thot
frequencies we performed a numerical simulation applyir -69- ‘ ‘ ‘

—40} 4

a 460V, 3-phase balanced voltage. We have considered t o8 59 Frequei?:y [Hz] ot 62 63
induction motors with parameters as follows. Motor 1
| Parameter || Motor 1 3HP) | Motor 2 (L00HP) | 0
Lis, Ly (H) 0.024, 0.013 0.0004, 0.0006
Loms (H) 0.245 0.0096 -10¢ 1
Ty Ts () 1.34, 1.77 0.037, 0.025
P 4 4 -20r 1
J (kgm?) 0.025 0.863
7,(Nm) 12 90 8 -s0- ]

Concerning the broken rotor bar parameters, experimen
evidence has shown that when the amplitude of the brok
rotor bar harmonics (5) is ovél) d B smaller than the fun-
damental frequency component amplitude, the rotor may = —3°
considered healthy [14]. In order to simulate a non healtt
induction motor we choose the fault related parameters  -694 595 60 605 o1
shown in the table below. Frequency [Hz]

—40F 1

| Parameter [ Motor 1 3HP) [ Motor 2 (100HP) | Motor 2
Lys = Ly, (H) 0.0045 0.00043 Fig. 2. Spectral content of stator current.
L, (H) 0.0046 0.00047
ry (§2) 0.015 0.043

With the selected parameters we have for matos = ©on the applied inputs and the mathematical model. These
0.0166 and f, = {58.04,61.95}, while for motor2 we have residuals are obtained by exploiting dynamic relationship
s=0.024 and f, = {59.71,60.29}. As observed in Figure among sensor outputs and actuator inputs. An important
2, the stator current has components at those frequencfd@racteristic for residuals is that they need to be robitst w
with amplitude corresponding to a non-healthy inductiofiespect to the effect of nuisance faults, otherwise nuisanc
motor. faults will obscure the residual’s performance by acting as
a source of false alarms complicating the second step of the

lll. MODEL BASED FAULT DETECTOR DESIGN  gp|a procedure.

The general procedure of fault detection, isolation and puch of the work on the generation of residuals has
accommodation (FDIA) in dynamic systems with the aitheen performed in the analytic redundancy framework and,
of analytical redundancy consists of the following threesjnce the Fault Detection Filter (FDF) of Beard and Jones
step [18]: [15], [16], this problem has attracted great interest. la th
(@) Generation of functions that carry information aboutT| setting the residual generation problem was solved

the faults, so-called residuals; by Massoumnia in [9] using an advanced version of the
(b) Decision on the occurrence of a fault and localizatioFDF of Beard and Jones. In the nonlinear setting the

of the fault, so-called isolation; residual generation problem using analytic redundancy has
(c) And accommodation of the faulty process to normabeen addressed in [17] for state-affine systems and lately

operation. in [10] for input-affine systems. In these works, residual
This paper focuses attention on the first step. generator construction is based, under mild assumptions in

Residuals are quantities expressing the difference btie nonlinear case, on the existence of an unobservability
tween the actual plant outputs and those expected basathspace (distribution) leading to a subsystem unaffdnted
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all fault signals but the fault of interest; then an asymiptot such that in the new coordinates, the system (6) is described
observer for such a subsystem, which in the nonlinear cabg equations of the form
may not exist, yields the residual generator.

Consider the following system a = filz,2)+ (e, z) utln(2) me
2 Fo(2) + G2 (2) w+ Lo (2) My + ln2(2) ma,
T = )+ g(z)u+l(x)m, +l;(x)m . ~ ~ ~ ~
fii glryut ey mn HL@me g s B+ gale) ut () me + Da(z) ma
yooome wr = hi(z1)
wherez € R" is the statey € R" is the measurable output, wg = 2z,

R™ is the input andn, € R", R are arbitrar - . .
ue np e € Mn € Y from where it is possible to extract a subsystem driven only
unknown functions of time, representing the target fallur%e{ the target fault as

modes and the nuisance failure modes respectively. Durin

fault-free operation they are equal to zero. The columns of = 2, = f1 (21, wa) 4 §1 (21, we) u + L1 (2) my

g(x), Ln(x) and l;(x), f(x) and h(z) are smooth vector w = hi(z1)

fields with [,,,(z) and l;(x) denoting the actuator failure ! et

signatures. Clearly when it is possible to construct an observer for (10)
The residual generation problem may be stated as fabroblem 1 is solvable.

lows. The computation of the minimal unobservability distribu-

Problem 1. Consider the nonlinear system described byion S* containingL,, can be computed as the last element
(6). Design, if possible, a dynamic residual generator withf the following sequence [10]:

statez € R of the form

(10)

. So = W*+Ker{dh},
b= )+ By @ S o= W lhSiiNKer{dn)] (1)
ro= My), +1g, 51 NKer{dh}], i =1,---,k,

where F(#,y) and the columns ofE(z,y) are smooth wherek < n—1 is determined by the conditia$y, = Sj_;.
vector fields andV/(#, y) is an smooth mapping, that takesConcerningi’*, it is computed as the last element of the
y and u as inputs and generates the residualith the following sequence:

following local properties: 2

(i) When the targgt failuren, is: not present, the residual %1) — W, 4+ [ﬁ Wi Ker{dh}} (12)
generator (7) is asymptotically stable anddecays T [g W-_lﬂKer{dh}} Pi—1 .k
asymptotically to zero, that is, the transmission from Y ’ Y
the inputu and the nuisance faults,, to the residual Wwith k& < n — 1 determined by the conditiol; 1 = W;.
is zero. In (11) and (12),[.,.] is the Lie product,X denotes the

(i) For a nonzero target fault, the residual is nonzero. involutive closure ofX and P = span{l,,(x)}.

Condition (i) considers the stability of the residual gexter

and assures that the input signabnd the nuisance faults IV. BROKEN ROTOR BAR DETECTION

m,, do not affect the residual. Condition (ii) guarantees  Next, we design a residual generator to detect broken

that the target fault affects the residual. rotor bars on an IFOC driven squirrel cage induction motor.
In [10] a necessary condition for the existence of &0 this end, by considering, as an externally generated

solution to Problem 1 is given. This condition, under mildsignal, we express the induction motor dynamics (6) in

assumptions, leads to a subsystem driven only by the fatdtrms of adg frame rotating at synchronous speed Thus,

of interests. Thus, a solution to Problem 1 can be founde have

provided such a subsystem admits an observer.

e .. - . '[j)qs = T iqs — We wds + Vqs
Specifically, assume that the minimal unobservability d|s{b e ryige + we s + v
tribution of (6), denoted by8*, containing the image of the -** B o hds T e Vs dfm , Ly, cos(0,—a)
of the nuisance fault signatute,, i. e. L, = spar{l,(z)}, " — "7 Yar = wWs Yar + s tes T 8o ‘
is locally nonsingular. In [10] it is shown that if Yar = —ZVar T WsYgr + s —
']("')T = ﬁL_m Z.sdjdr_idsdjr
5* Mspartie(a)} = {0} © At ")
+Lps [cos(fs + @) igs
then it is possible, under certain conditions, to find a state — sin(0y + @) igs i) — 7
diffeomorphism and an output diffeomorphism s ds I%b] = 7Ly 13)
2 wherer, = % is the rotor time constanty, = 24=
z=| z2 | = P(x), { e ] = U(y) (9) is the rotor angular speed ang, = w. — w, is the slip
23 w2 angular speed.

3097



Assuming now that the induction motor is fed by currentvhere I' > 0. Furthermore, from the dynamics of
inverters with fast current controllers and considering adescribed by
IFOC scheme, the induction motor dynamics (13) reduces

Ly, . .
to f=—Tr+ 22 sin(fs — ) ip, (18)
Tr
bar = = thar + TG — 2= sin(0s — )iy it is possible to verify that conditions (i) and (ii) are sditd
0, = Wwr as fori, = 0 the residual goes exponentially to zero and is
2 .
Jip = 32 [LL—’” ins Yar + Los [cos(fs + ) i, not affected by the nuisance fault (load torque). Moreover

for 4, # 0 the residual will move away from zero.
. Note that to compute the residual we need to have access
0, = wr+ LT:” ;Ld — LT—bTT cos(fs — ) J;T to the rotor fluxyy4,- which is not always available. However,
(14) asitis used for monitoring purposes only, the rotor ffx
wherei}  andi;  are the desired stator currents fixed byin (17) can be replaced by its steady state estimate given in
the current controllers. [19] as
To write the rotor flux dynamics (14) in terms of (6), first \/{

— sin(0 + a) i, | z‘b} —

we identify the target and nuisance faults. Since we wa .
to design a broken rotor bar detector that is not influenced
by load conditions;;, andi; in (14) are identified as the
nuisance and target fault modes respectively, that is

. . L . .
(LsL,—L2) (zzg + zj;g) — w—:(vgza — Vaig)
e
wherev,, vg are the stator voltages,, ig, are the rotor
CUrrentS,LS = Lls + Lmri Lr = Ll'r‘ + Lmri Lm = lmr

0 — Lrbr sin(fs — ) are the inductor motor inductances antlis the excitation
0 — angular frequency (available from the IFOC scheme).
ln="1 -1 |+t = 3P2Ly.[cos(0.ta) i}, —sin(f.ta) ] |- Now, we verify the performance of the broken rotor
*6 Ly, ~89J 1 bar detector via numerical simulations. We consider a time
— 7 cos(fs —a) - variant load torque as in the table below.
Moreover, we have [ Load torque]| Motor 1 3HP) | Motor 2 (100HP) |
fo=1 —% Yar wr 0wy }T, | 7o (Nm) | 1042 cos(d,) | 80+10 cos(f,) |
T
LT_T 0 0 0 The residual behavior is shown in Figure 3. In order to
g = 0 0 %7/) ar verify that the residual is not affected asymptotically by
Tr Ydr

changes on the load torque, fat= 4 sec, we reduce the
From a practical point of view, it is desirable to designconstant component of load torque b %. Note that the

a residual generator using the rotor speed, as it is 3Bsjdual is not asymptotically affected. Now to show that

easily measurable state. However, it can be shown that Withe residual actually detects the effect of broken rotosbar

the rotor speed as the output of (14) the corresponding; — 8 sec we add the broken rotor bar winding. Note that

minimal unobservability distribution intersects the ira®  the residual, as predicted, detects this effect.

the nuisance fault signature, that is the load conditioaat$f As predicted by our computations the residual reacts

cannot be removed from the residual. to the target fault. However, note that if the rotor time
Note now that considering the rotor fluxy. as the constant is not exactly known deviations from the value

output of (14) the minimal unobservability distributidft  seq in the residual generator will produce a reaction of

is computed as the fault detector. Since changes on the rotor time constant

0 0 0 are mainly due to the rise of the temperature of the motor,

. 10 0 the reaction of the fault detector to this mismatch should be
St=span o 1 (15)  slow. This problem also occurs in the Vienna Monitoring

1 6 1 Method as it is assumed that the rotor time constant is ex-

. . actly known. However, as adaptation schemes are generall
Thus, one has that (8) is satisfied tar— « # 0 and we can y P g y

further to find the diff hi 9) BY i ' used to estimate the rotor time constant this disadvantage
go further 1o find the ditteomorp ism (9). By inspection Weot the proposed fault detector can be overcome. Noisy
note that (10), withw; = y, reads as

measurements can also disturb the detector’s performance,
Yar = —=tar + E2 i, — B sin(0, —a) iy however, initial observations indicate that it will be pibbs
Y = g to distinguish between noisy measurements and broken
(16) rotor bar driven residuals.
and as a result we have that Problem 1 is solvable with the Note that the limitations of the developed induction motor

residual generator dynamics described by model affect the fault detector scheme. For instance, since
X R ) Lo we consider ideally distributed stator and rotor windings,
Yar = —Tthar = (Z N F) Yar + TG, (17) s not possible to determine the influence of other current
r = zﬁdr — Yar, harmonics on the residual.
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