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Validation of a Faulted Rotor Induction Machine
Model With an Insightful Geometrical
Interpretation of Physical Quantities
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Abstract—Many proposals about induction-machine broken-
bar detection can be found in the literature. Disturbances that
affect phase currents, current space vector, power, fluxes, torque,
and speed have been utilized to diagnose mains-supplied machines.
Nevertheless, there is still disagreement about how the fault sig-
natures of the different variables correlate with the actual fault
and how they depend on the operating conditions. This paper
presents a simple but effective analytical representation of induc-
tion machines with rotor faults, based on a synchronous reference
frame and on Steinmetz’s phasors. The developed relationships
can be visualized through equivalent circuits, feedback loop block
diagrams, or geometrical loci, allowing a deep understanding of
the underlying physical phenomena, particularly as functions of
inertia and of the machine parameters. The insight thus gained
helps to enhance the quantification of fault severity with respect to
the usual diagnostic technique based on the sum of the sidebands,
clearly defining for the first time the field of validity of such
technique. The analytical results are verified through simulations
and experiments.

Index Terms—Analytical model, broken bars, condition mon-
itoring, fault diagnosis, induction machines, inverse problems,
modeling, motor current signature analysis (MCSA), spectral
analysis.

NOMENCLATURE

t Time.
ω Supply pulsation.
s Slip.
v Supply voltage.
i Phase current.
λ Magnetic flux linkage.
I,Φ Amplitude, angle of fundamental stator current.
i0 Magnetizing current.
e Electromotive force (EMF).
R Phase resistance.
l,M Leakage, magnetizing inductance.
P Number of pole pairs.
k Harmonic order of disturbance.
J, Jv Motor-load combined inertia, virtual inertia.
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KT ,K
ω
P Brake machine constant, speed loop propor-

tional gain.
N,n Total rotor bars, contiguous broken rotor bars.
Ns Number of stator turns per equivalent circuit.
p Differential operator d/dt.
ωr Mechanical rotor pulsation.
θ Mechanical rotor angle.
Tem Electromagnetic (EM) torque.
x,Xm Leakage, magnetizing reactance at supply

pulsation.
Z Specific machine impedance seen by fault-induced

EMF.
δ Adjacent rotor bars displacement.
il, ir Left, right current sideband component.
i′l Left current sideband component when J → ∞.
i′′l Left current sideband component due to speed

ripple.
ΔT ′

em EM torque ripple when J → ∞.
iact, ireact Active, reactive component of stator current.
istat, irot Stator, rotor current ripple caused by fault-induced

EMF.
ψ Angle between ΔIact and −jΔIreact.
β Angle between ΔIact and Ir.
α Angle between Ir and fault-induced EMF.
Subscripts
d, q Healthy, faulty axis of faulty rotor.
s, r Stator, rotor quantity.
b, e Rotor bar, end ring quantity.
p, n Positive, negative sequence symmetrical

component.
Modifiers
Δx Fault-induced ripple of quantity x.
X Steinmetz’s representing phasor of quantity x.
	x Space vector of quantity x.
X Amplitude of quantity x.
ϕx Phase angle of quantity x.

All the rotor quantities are referred to the stator.

I. INTRODUCTION

A S FAR as electric rotor faults in induction motors are
concerned, different physical quantities present anomalies

that can be used to detect the fault event: Currents, torque,
speed, and magnetic flux all contain fault-dependent spectral
components [1]. Historically, researchers have chosen mainly
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to use phase currents [a technique known as motor current
signature analysis (MCSA)] which can be monitored cheaply
and practically.

In case of mains-supplied motors, the amplitude of the phase
current component at (1− 2s)ω at first [2] and, some years
later, the amplitude of both sidebands at (1± 2s)ω [3] have
been proposed as fault indexes to quantify the fault severity.
Many researchers followed and modified these approaches [4]–
[8], with the aim of improving the efficiency of the diagnostic
procedure.

In recent years, the problems arising from converter supply
noise, the presence of different types of control, and, overall,
time-varying conditions have oriented the researchers toward
advanced digital signal processing and artificial intelligence.
In this context, the quantification of the fault, or at least
the determination of an alarm threshold justified through the
physical behavior of the faulty machine, has become secondary
issues. An attempt to link the machine reaction to the fault-
induced speed modulation was presented in [3], in which the
focal point was determining how to combine the amplitudes
of the two current sidebands. In this paper, the underlying
assumptions were not fully supported; moreover, computing
phase displacement by fast Fourier transform is not effective,
and the results were not convincing.

Some authors tried to overcome this problem by considering
a modulation index and distinguishing between phase and
amplitude modulation [9]–[13], considering the envelope of the
current signal [14], [15], or introducing unjustified assump-
tions about the phase displacement [8]. The influence of the
motor-load combined inertia on this displacement was never
addressed. Only paper [16], through the so-called “Vienna
monitoring system,” gives results independent of inertia, but
the proposed method needs voltage, current, and speed signals
and requires heavy computations while not providing a fault
severity diagnosis.

Some improvements have been introduced considering the
power signal or, in case of mains-supplied machines, the current
space vector. Through the active and reactive components at
2sω, researchers tried to obtain further indications to diagnostic
aims [17]–[20]. The question of how rotor faults or load oscil-
lations influence these signals produced many papers aimed at
distinguishing between the two events [10], [21]–[24].

The authors have presented a procedure to correlate the
Steinmetz phasors of phase current sideband components with
the phasors of active and reactive current space vector com-
ponents and, therefore, to compute the unknown displacement
between the sidebands, which depends largely on inertia [24].
This first step can help improve the comprehension of the
underlying physical phenomena.

With the aim of finding possible correlations among the
components of the different physical quantities (phase current,
current space vector, torque, and speed), many simulations were
performed varying inertia, load, and machine size.

The simulation results allow the authors to highlight the links
among the variables. Specifically, an equivalent circuit has been
developed to represent the machine reaction to the initial torque
ripple due to the rotor fault at infinite inertia, i.e., at constant
speed (the so-called steady state).

This new circuit, together with the well-known steady-state
equivalent circuit, allows an insightful interpretation of the
different phenomena involved. They can be visualized by ge-
ometrical loci plotted through the links among torque ripple,
speed ripple, and current components determined with variable
inertia. The main machine parameters involved are further
evidenced through the variation of these loci with load and ma-
chine size. Experiments confirm the validity of the developed
model.

This paper is structured as follows. Section II recalls several
models proposed to simulate the machine behavior in case
of broken bars. In Section III, the steady-state condition is
presented, and the various assumptions that allow introducing a
simple cause/effect relationship are highlighted. Speed reaction
is considered in Section IV, and the mechanism that leads
to the two current sidebands is described by a feedback loop
scheme. The loci of current components with varying inertia
are presented in Section V, as well as the influence of load
and machine size. The experimental test bed is described in
Section VI, while Section VII concludes this paper with the
final remarks.

II. WHICH MODEL FOR INDUCTION MACHINES WITH

BROKEN ROTOR BARS?

A lot of models can be found in the literature to simulate
induction machines considering stator and rotor winding distri-
butions, supply voltage waveforms, skew, and saturation [1],
[25]–[33]. These models can be used to simulate any effect
produced by spatial and temporal harmonics, but they cannot
solve the inverse problem of determining the causes from
the effects (fault quantification). Moreover, they need many
machine design parameters and are not suited for highlighting
the parameters that mainly influence the machine response.
With fault quantification among our goals, we need a simpler
model.

Let us model the machine with an ideal two-phase sym-
metrical stator and a rotor with N + 1 meshes with infinite
impedance parameters in some of the branches [34]. This
model, which excludes magnetic saturation and interbar cur-
rents, is suitable for calculating currents, torque, and speed with
the only effects due to broken bars, i.e., the spectrum line chain
at pulsations (1± 2ks)ω for the currents and ±2ksω for torque
and speed.

Considering a small fault (one broken bar), the spectral
chain can be interrupted at first order (k = 1). With these
premises, the machine shows a quasi-steady-state behavior
characterized by a constant average value of current space
vector (and of phase currents if a synchronous reference
frame is used), torque, and speed, while the superimposed
ripples can be considered as monoharmonic signals at pulsa-
tion 2sω.

Simulations show that a two-phase rotor dynamical model
with suitable asymmetry factors gives results similar to the
mesh model [5], [35]–[40]. In particular, in [5], the asymmetry
coefficients are linked to the rotor bar number as recalled in the
following. The Park model of the machine with the asymmet-
rical rotor, in a reference frame rotating at the electrical rotor
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speed pulsation Pωr, is defined as (1), shown at the bottom of
the page.

This model can be used, together with the mechanical equa-
tions, to describe the operation of the faulty rotor machine with
regard only to the sideband components and their harmonics
due to a rotor asymmetry.

Some simplifying assumptions can be adopted for the slip
up to the rated value, with the rotor resistances being the
main parameters: The difference between the d−q linking and
leakage fluxes can be neglected, while for the rotor resistances,
the following relationships are adopted. If n contiguous bars are
broken and axis q is oriented in the direction of the fault, the two
equivalent rotor circuits have respectively N/2 and (N/2− n)
bars; therefore

Rrd = Rr =
(2Ns)

2

N
2

(
Rb +

Re

N

2 sin2
(
δ
2

)
)

(2)

and for the faulty phase

Rrq =
(2Ns)

2

N/2− n

(
Rb +

Re

N

2 sin2
(
δ
2

)
)
. (3)

This simplified model was extensively tested through simu-
lations and experiments, obtaining good results [5].

III. MACHINE BEHAVIOR WITHOUT SPEED REACTION

Instantaneous symmetrical components are suitable for the
development of equivalent circuits for asymmetrical machines.
Using the common mode and differential parameter system (1),
with the adopted simplifying assumptions, results in (4), shown
at the bottom of the page.

The difference between the two resistances referred to the
healthy resistance, in case of n � N , is

ΔRr =

[
1

N/2− n
− 1

N
2

]
Rr � 2n

N
Rr (5)

and their average is Rr +ΔRr/2 � Rr.
Now, we proceed considering the machine behavior at con-

stant speed, i.e., in the absence of speed reaction to the torque
ripple. In this situation, considering a low severity fault, the
stator current is a simple superposition of a disturbance at pul-
sation (1− 2s)ω on the sinusoidal current at supply pulsation.

With reference to steady-state conditions, the Laplace opera-
tor p in system (4) can be replaced by jsω [35], obtaining the
so-called forward–backward monoharmonic model suitable for
computing the stator component at (1− 2s)ω. The current Isp
(or positive sequence) has the supply pulsation ω, and Irp and
Irn have pulsations sω and −sω, respectively, while Isn has
the pulsation (1− 2s)ω. We obtain (6), shown at the bottom of
the page.

Normalizing the system to the supply pulsation, the system
becomes (7), shown at the bottom of the next page.

It is convenient to emphasize the forward (Isn + Irn) and
backward (Isp + Irp) magnetizing currents

V =(Rs+jxs)Isp+jXm(Isp+Irp)

0=

(
Rs

2s− 1
+jxs

)
Isn+jXm(Isn+Irn)

0=jXm(Isp+Irp)+

[
Rr

s
+jxr

]
Irp+

ΔRr

2

s
(Irp+Irn)

0=jXm(Isn+Irn)+

[
Rr

s
+jxr

]
Irn+

ΔRr

2

s
(Irp+Irn). (8)

⎡
⎢⎣
vd
vq
0
0

⎤
⎥⎦ =

⎡
⎢⎣
Rs + p(ls +Md) −Pωr(ls +Mq) pMd −PωrMq

Pωr(ls +Md) Rs + p(ls +Mq) PωrMd pMq

pMd 0 Rrd + p(lrd +Md) 0
0 pMq 0 Rrq + p(lrq +Mq)

⎤
⎥⎦
⎡
⎢⎣
isd
isq
ird
irq

⎤
⎥⎦ (1)

⎡
⎢⎣
vp
vn
0
0

⎤
⎥⎦ =

⎡
⎢⎢⎣
Rs + (p+ jPωr)(ls +M) 0 (p+ jPωr)M 0

0 Rs + (p− jPωr)(ls +M) 0 (p− jPωr)M
pM 0 Rr + p(lr +M) ΔRr

2

0 pM ΔRr

2 Rr + p(lr +M)

⎤
⎥⎥⎦
⎡
⎢⎣
isp
isn
irp
irn

⎤
⎥⎦ (4)

⎡
⎢⎣
V̄
0
0
0

⎤
⎥⎦ =

⎡
⎢⎢⎣
Rs + jω(ls +M) 0 jωM 0

0 Rs + j[2s− 1]ωM 0 j[2s− 1]ωM
jsωM 0 Rr + jsω(lr +M) ΔRr

2

0 jsωM ΔRr

2 Rr + jsω(lr +M)

⎤
⎥⎥⎦
⎡
⎢⎣
Isp
Isn
Irp
Irn

⎤
⎥⎦ (6)
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Fig. 1. Equivalent circuit corresponding to system (8).

Fig. 2. Simplified equivalent circuit corresponding to system (9).

This allows to visualize the machine behavior by the equiv-
alent circuit of Fig. 1, containing four meshes with vertical
branches. The branches are due respectively to the forward
magnetizing current, to the rotor asymmetry, and to the back-
ward magnetizing current.

Far from the low slip region, the forward magnetizing current
can be disregarded, cutting off the first branch. The third
branch, i.e., the backward magnetizing current Isn + Irn, can
be disregarded as well. Note that this simplification leads to
neglecting the contribution that this magnetizing current, or the
backward flux component at pulsation (1− 2s)ω, gives to the
torque ripple considered in the following [24].

According to the aforementioned assumptions, Isp = −Irp
and Isn = −Irn, system (8) becomes (9), and the equivalent
circuit is reduced to the two-mesh circuit of Fig. 2

V =

[
Rs+

Rr

s
+j(xs+xr)

]
Isp+

ΔRr

2

s
(Isp+Isn)

0=

(
Rs

2s− 1
+
Rr

s
+j(xs+xr)

)
Isn+

ΔRr

2

s
(Isp+Isn). (9)

System (9) allows to express Isn as a function of Isp

Isn =

ΔRr
2

s

Rs

2s−1 + Rr+ΔRr/2
s + j(xs + xr)

Isp. (10)

In the denominator of (10), near the rated slip, the main
parameter is Rr/s. Therefore, in case of n = 1

Isn �
ΔR
2s
Rr

s

Isp =
ΔR

2Rr
Isp =

n

N
Isp =

1

N
Isp. (11)

Having neglected the forward magnetizing current, (11) does
not hold for low slip values. A better approximation is obtained
if the amplitude Isn is referred to the fundamental current once
the magnetizing current Io is subtracted

Isn � n

N
(Isp − Io) =

1

N
(Isp − Io). (12)

The current ratio is fairly constant in a large slip range, and
this is typical of machines of various sizes [24], [41]. It can be
concluded that (12) allows to diagnose the fault on a wide range
of machines and operating conditions at constant speed.

There is a slight numerical discrepancy between the results
obtained by (12) and machine simulations, mainly due to
neglecting end-ring currents. In case of large size machines
with high pole numbers, the end-ring contribution is vanish-
ingly small, and so is the no-load current. In this case, (11)
approximates well the machine behavior.

All the previous considerations on one phase current can be
applied to the current space vector. In steady state, only the
component Isn at pulsation (1− 2s)ω or 2sω is present, and it
will be denoted as the initial (i.e., with infinite inertia) left side
component I ′l = Isn with phase ϕI′

l
. In the next section, we will

show how it is dynamically modified by the speed ripple effect.
The current space vector 	i in a reference frame rotating at

pulsation ω is

	i =

√
3

2

[
Ie−jΦ + I ′le

−j

(
2sωt+ϕI′

l

)]
. (13)

In addition to the dc component
√

3/2I(cosΦ− j sinΦ),
the fault component at pulsation −2sω is present. The locus
described by 	i in the active–reactive plane is a circle traveled
counterclockwise with radius I ′l and center

√
3/2[Ie−jΦ], cor-

responding to active and reactive ripple components with the
same amplitude I ′l = Isn.

The 2sω component in the current introduces a ripple
component in the EM torque. The flux space vector is 	λ =√
3/2[λe−jπ/2], and the EM torque is

Tem(t)=P	λ ∧	i

=
3

2
P
[
λe−jπ/2

]
∧
[
Iej(ωt−Φ)+I ′le

j

[
(1−2s)ωt−ϕI′

l

]]

=
3

2
PλI cosΦ+

3

2
Pλ

[
I ′l cos

(
2sωt+ϕI′

l

)]
. (14)

The EM torque develops a new component ΔT ′
em(t) at

pulsation 2sω proportional to the 2sω component of the current

⎡
⎢⎣
V̄
0
0
0

⎤
⎥⎦ =

⎡
⎢⎢⎢⎣
Rs + j(Xm + xs) 0 jXm 0

0 Rs

2s−1 + j(Xm + xs) 0 jXm

jXm 0 Rr

s + j(Xm + xr)
ΔRr

2

s

0 jXm

ΔRr
2

s
Rr

s + j(Xm + xr)

⎤
⎥⎥⎥⎦
⎡
⎢⎣
Isp
Isn
Irp
Irn

⎤
⎥⎦ (7)

 
 

 



4078 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 60, NO. 9, SEPTEMBER 2013

space vector

ΔT ′
em(t) =

3

2
Pλ

[
I ′l cos

(
2sωt+ ϕI′

l

)]
. (15)

IV. MACHINE BEHAVIOR WITH SPEED REACTION:
CURRENT SPACE VECTOR COMPONENTS AND

CURRENT SIDEBAND FEATURES

With finite inertia, torque ripple generates speed ripple
through the mechanical transfer function; the EM system, in
turn, modifies this initial torque ripple through a feedback
loop mechanism. With sufficiently high inertia, the machine
response is inertial and can be modeled simply [24]. The
speed ripple is linked to the actual EM torque ripple ΔTem(t)
superimposed to the load torque by the integral relationship
Δωr(t) = 1/J

∫
ΔTem(t)dt, and reference can be made to a

quasi-steady state around the operating point. Speed ripple in-
duces motional EMFs and, therefore, new current components
at pulsations (1± 2s)ω (or 2sω in the rotating reference frame).

According to [3], the actual left sideband component Il is
the composition of a new speed ripple caused component I ′′l
at (1− 2s)ω (−2sω in the rotating reference frame) and the
initial one I ′l. Its amplitude is similar to the amplitude of the
right side component Ir, but the displacement between I ′′l and
I ′l is unknown. In the past, the authors have hypothesized a
displacement of π in order to retrieve the initial value I ′l,
dependent on fault severity, through the sum of the two actual
sideband amplitudes, but it was not clear in which operating
conditions this hypothesis held.

A recent development enables to determine this angular
displacement using a synchronous reference frame [24]. In the
rotating reference frame, the current space vector is

	i =

√
3

2

[
Ie−jΦ + Ile

−j(2sωt+ϕIl) + Ire
j(2sωt−ϕIr )

]
. (16)

We determine the active and reactive components of current
ripple as functions of the sideband components

Δ	i= [Δiact(t)−jΔireact(t)]

=

√
3

2

[
Ile

−j(2sωt+ϕIl
) + Ire

j(2sωt−ϕIr )
]

=

√
3

2
[Il cos (2sωt+ ϕIl) + Ir cos (2sωt−ϕIr )]

−j

√
3

2
[Il sin (2sωt+ ϕIl)−Ir sin (2sωt−ϕIr )] . (17)

The displacement of the two sinusoidal terms representing the
real and imaginary parts of the current space vector at pulsation
2sω is easily computed by the envelope of the sinusoidal
functions obtained projecting the demodulated current space
vector on the synchronous reference frame.

Moving from the time-varying representation to the phasor
representation, the following phasors can be defined:

I l = Ile
−jϕIl , Ir = Ire

jϕIr , ΔIact = ΔIacte
jϕIact ,

ΔIreact =ΔIreacte
jϕIreact .

Fig. 3. Derivation of Il and Ir from the sum and difference of the phasors
−jΔIreact and ΔIact for two inertia values.

Then, using (17)

ΔIact = I l + Ir, ΔIreact = jI l − jIr (18)

and therefore, it is possible to compute the current sideband
phasors from the active and reactive space vector components

I l =
ΔIact − jΔIreact

2
, Ir =

ΔIact + jΔIreact
2

. (19)

The phasor angles are revealing, enabling a thorough com-
prehension of physical phenomena involving torque and speed
ripple, as will be shown in Section V.

The shapes of the involved physical quantities have been
explored through extensive simulations of different machines
in different load and inertia conditions with a low dissymmetry
(one broken bar) as justified in Section II. The simulations
reported below are referred to a machine with a nameplate
1.5-kW 230-V 50-Hz die cast rotor with N = 28 bars, P = 2
pole pairs at full load, and one broken bar. Different load
conditions and different machines have been considered as
well, and the results can be found in [24] and [41].

Varying the inertia, it results that the amplitude ΔIact, start-
ing from the initial value I ′l (for J → ∞), decreases strongly
with decreasing inertia, while ΔIreact, starting from I ′l as well,
remains fairly constant. The computation of Il and Ir according
to (19) can be visualized as in Fig. 3 where the phasor ΔIact is
reported for two inertia values. I l and Ir are the semidiagonals
of the parallelogram formed by −jΔIreact and ΔIact, respec-
tively. This construction shows clearly the machine reaction to
speed ripple: A right side current component is produced that
decreases the initial left side component, being

Il = I ′l + Ir. (20)

The different current components and their displacements are
reported in Figs. 4 and 5. Some experimental results, obtained
according to the procedure described in Section VI, are reported
in the figures as well.

As it can be seen, the displacement angle between I l and
Ir depends heavily on inertia, emphasizing that the sum of the
amplitudes of I l and Ir used for diagnostic aims [3]–[8] is not
always effective. In particular, such diagnostic technique works
well only for very low values of inertia, typically around the
intrinsic rotor inertia. Which fault signature can be used outside
this very limited field?
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Fig. 4. Shapes of peak values of ΔIact,ΔIreact and phase displacement
ψ of ΔIact over −jΔIreact versus inertia from simulation. Points from
experiments.

Fig. 5. Shapes of peak values of Il, Ir and their angular displacement versus
inertia from simulation. Points from experiments.

Fig. 6. Enlargement around the operating point of the current space vector
�i(t) for different inertia values.

If the locus of the current space vector is considered, the
circle found in steady state becomes an ellipse, whose projec-
tion on the imaginary axis, equal to ΔIreact = ΔIreacte

jϕIreact ,
is fairly constant with inertia and can be a better indicator
of fault severity than the sum of the left and right sideband
amplitudes.

Fig. 6 reports the current space vector loci for different values
of inertia.

Fig. 7. Torque and speed ripple and their angular displacement versus inertia
from simulation.

The EM torque component ΔTem(t) at pulsation 2sω
becomes

ΔTem(t) =
3

2
Pλ [Il cos (2sωt+ ϕIl) + Ir cos (2sωt− ϕIr )]

=

√
3

2
PλΔiact(t). (21)

The representative phasor for the EM torque at pulsation 2sω
(21) can be introduced as well, and this allows to visualize the
torque ripple variation with inertia according to the variation of
ΔIact or I l + Ir

ΔT em =
3

2
PλΔIact =

3

2
Pλ(I l + Ir). (22)

The shapes of torque ripple, speed ripple, and their displace-
ments are reported in Fig. 7. Note the similar shapes of ΔTem

and ΔIact in Figs. 7 and 4, respectively, and of Δωr and Ir in
Figs. 7 and 5, respectively.

V. LOCI OF CURRENT COMPONENTS AND EQUIVALENT

CIRCUIT WITH VARYING INERTIA

The simulations show, besides a constant value of ΔIreact,
a constant value of the angle β between ΔIact and Ir: This
feature allows a geometrical interpretation of how the phasors
change with inertia. The vertex of the parallelogram formed
by −jΔIreact and ΔIact, with the phasor 2Ir as a diagonal,
describes a circle, with −jΔIreact as the chord which subtends
an equal inscribed angle. The vertices of ΔIact and 2Ir move
along this circle with changing inertia. The constant value of
their angular displacement is fundamental and will be analyt-
ically justified in the following. For the machine under test at
full load and with one broken bar, this angle results in β = 54◦.

Fig. 8 shows the loci and the phasors referred to inertia values
of 0.07, 0.014, and 0.007 kg · m2. At infinite inertia, −jΔIreact
and ΔIact overlap, the vertex of ΔIact is in B, and Ir is zero.
Decreasing the inertia, the vertex moves along the circle, and
with inertia approaching zero, the vertex approaches point A.
The particular nonmonotonic shapes of Il and Ir at low inertia,
obtained also in [42], are perfectly justified.

The aforementioned geometrical representation suggests that
the fault signature to be used at large values of inertia, when
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Fig. 8. Loci described by ΔIact and 2Ir assuming −jΔIreact as reference
with 0 < J < ∞.

the sum of the sidebands is no longer effective, is ΔIreact.
The initial left sideband amplitude I ′l is well approximated by
ΔIreact, which is fairly independent of inertia.

There is a second circle, described by the vertex of Il and Ir,
to be noted (dotted circle in Fig. 8). When inertia approaches
zero, this vertex tends to point C, corresponding to equal
lengths of Il and Ir.

We now follow the physical cause/effect chain with the help
of Fig. 8 in order to understand the machine behavior and the
origin of the constant value of β. The machine reaction modifies
the initial torque ripple ΔT

′
em so that (22), from the geometrical

construction in Fig. 8, can be written as

ΔT em =
3

2
Pλ

(
I
′
l + 2Ir

)
=

3

2
Pλ(ΔIreact + 2Ir). (23)

The total torque decrease is therefore linked to twice the right
sideband component amplitude. Using phasor representation,
the relationships among the different variables become

Δωr = −j
ΔT em

J2sω
(24)

for speed and torque ripple and

Δθ = − 1

2sω
jΔωr = − 1

J(2sω)2
ΔT em (25)

for the consequent mechanical angular variation. Simulations
agree with the results obtained by (24) and (25).

The mechanical angle variation acts on the stator flux space
vector. Applying Taylor’s series truncated to the second term,
its effect can be modeled as the addition of a time-varying term
to the fundamental stator flux

λ(t)=

√
3

2
λe−j(π/2−PΔθ(t))=−j

√
3

2
λejPΔθ(t)

�−j

√
3

2
λ[1+jPΔθ(t)]=−j

√
3

2
λ+

√
3

2
λPΔθ(t). (26)

Using phasors, the new flux component at pulsation 2sω is
Δλ = λPΔθ. This motional flux at pulsation 2sω is added to
the existing transformer flux, which allows the transfer of the
rotor backward current component due to the asymmetry to the
stator.

So far, we considered the origin of the fault-generated speed
ripple. Let us now apply the effects of this speed ripple (a time-
varying flux and, consequently, a fault-induced EMF) to the
machine in order to study the electrical reaction. The EMF is
a small signal superimposed to the applied voltage, producing
small effects on the fundamental variables. The further effects
of such disturbance on machine asymmetries are second order,
and the machine can thus be assumed symmetrical.

The fault-induced EMF can be modeled as a voltage source
which, inserted in the symmetrical machine, produces a current
reaction. The Park machine model of the symmetrical machine
in the supply pulsation reference frame is [35][
(p+ jω)Δλ

0

]

=

[
Rs + (p+ jω)Ls (p+ jω)M

[p+ j(ω−Pωr)]M Rr + [p+ j(ω−Pωr)]Lr

]
·
[
istat
irot

]
(27)

where istat and irot are the stator and rotor currents. Using
phasors, the Laplace operator p = d/dt applied to variables at
pulsation 2sω can be replaced by j2sω; ,therefore d/dt+ jω is
replaced by j(1 + 2s)ω, while d/dt+ j(ω − Pωr) is replaced
by 3sω. The system becomes[
j(1 + 2s)λPΔθ

0

]
=

[
Rs + j(1 + 2s)ωLs j(1 + 2s)ωM

j3sωM Rr + j3sωLr

]

·
[
Istat
Irot

]
. (28)

The equations can be referred to a same pulsation ω dividing
the first one by (1 + 2s) and dividing the second by 3s, and the
second equation, system (29), is obtained[

jλPΔθ
0

]
=

[ Rs

1+2s + jωLs jωM

jωM Rr

3s + jωLr

]
·
[
Istat
Irot

]
.

(29)

Obviously, this mathematical passage alters the current pul-
sations: Istat goes from (1 + 2s)ω to ω, and Irot goes from
pulsation 3sω to ω, both with unchanged amplitude.

It is useful to highlight the forward magnetizing current
(Istat + Irot)

jλPΔθ =

[
Rs

(1 + 2s)
+ jωls)

]
Istat + jωM(Istat + Irot)

0 = jωM(Istat + Irot) +

[
Rr

3s
+ jωlr)

]
Irot. (30)

System (30) allows to visualize the machine behavior by
the equivalent circuit of Fig. 9. Two meshes with the stator
and the rotor equivalent currents, respectively, are present,
while the inner branch is due to the forward magnetizing cur-
rent. The stator mesh contains the voltage source corresponding
to the EMF.

Far from the low slip region, the magnetizing current can be
disregarded, cutting off the magnetizing branch. The equivalent
circuit is reduced to that of Fig. 10.
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Fig. 9. Equivalent circuit corresponding to system (30).

Fig. 10. Simplified equivalent circuit corresponding to (31).

Fig. 11. Qualitative phasor diagram linking ΔT em (or ΔIact) with Δωr ,
Δθ, and Ir .

The stator current yields the right sideband, and neglecting
the stator resistance, very simple relationships can be obtained

Irot=Ir=
−jλPΔθ

Rs

(1+2s)+jxs+
Rr

3s +jxr

� −jλPΔθ
Rr

3s +j(xs+xr)
=

e

Z
.

(31)

The angular relationships among the phasors involved in the
speed reaction to torque ripple are visualized in Fig. 11.

Starting from torque ripple ΔT em, speed ripple Δωr lags
by π/2, Δθ again lags by π/2, the same for the EMF
−j(1 + 2s)ωλPΔθ opposite to Δωr, and then, Ir is shifted by
angle α, being

α � arctg
3s(xs + xr)

Rr
. (32)

This relationship shows clearly that the displacement

β = π − α (33)

between Ir and ΔTem depends only on machine parameters
and load, while it is independent of inertia. This development
supports the previous observation (from both simulations and
experiments) that this angle is constant for a given machine
at a given load condition. For the considered 1.5-kW machine,
passing from the rated slip to half, the angle β varies from 54◦

to 67◦ for the decrease of α due to the increase of the equivalent

Fig. 12. Closed-loop block diagram of the faulty machine behavior.

resistance Rr/3s with respect to the reactance. These results are
reported in [24].

The angle α is highly dependent on machine design. Gen-
erally, the equivalent resistance Rr/3s decreases with respect
to the reactance with increasing machine sizes; therefore, α
increases, and β decreases. Results involving a larger test
machine can be found in [41].

The cause/effect chain rotor asymmetry → torque ripple →
speed ripple → machine reaction to speed ripple described
earlier can be represented as a closed-loop block diagram
reporting the quantities at pulsation 2sω (see Fig. 12). Although
it is a very simplified representation, it helps understand the
relationships among the physical quantities involved, and it
justifies why angle β is constant.

VI. EXPERIMENTAL TEST BED

In order to verify the theoretical analysis on the effects of
inertia, a suitable test bed, realized by the authors, was used.

The motor under test was connected to a brake test bench
which included a speed-controlled permanent-magnet machine.
The test bench has the capability of measuring speed, torque,
voltages, and currents of the machine under test.

The permanent-magnet brake was driven through a speed
control feedback loop with a proportional gain Kω

P and no
integral action. The speed control loop constrains the speed
ripple due to the rotor fault (which, to the control loop, is
an external disturbance), realizing a virtual increase of the
inertia. This strategy allows a continuous variation of the inertia
attached to the tested machine without the need to physically
swap weights and flanges.

At twice the slip pulsation 2sω, i.e., torque ripple pulsation,
the virtual inertia is proportional to the proportional gain [43]

Jv =
KTK

ω
P

(2sω)
. (34)

The results of experiments at different values of equivalent
inertia are reported in Figs. 4 and 5. The measurements are in
fair agreement with the simulation results. The discrepancies
can be ascribed to the assumptions of the model and to the pres-
ence of unavoidable intrinsic rotor asymmetries that influence
the tests.

VII. CONCLUSION

This paper presented a representation of the behavior of
faulty rotor induction machines which allows a deep physical
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understanding of the phenomena involved. A faulty machine
model was first used to derive a fault-induced EMF due to speed
ripple. Then, such disturbance was introduced in a healthy
machine model in order to close the physical cause/effect loop
chain.

Extensive simulations, confirmed by experiments, showed
how the behavior of the fault-affected physical quantities de-
pends on inertia, allowing insightful geometrical representa-
tions of the variables involved.

The analytical model confirms the experimental observations
and shows that, through the active and reactive components of
current ripple and the use of phasors, it is possible to improve
the usual MCSA technique based on the sum of the current
sideband amplitudes, used to quantify the severity of rotor bar
breakage.

REFERENCES

[1] A. Bellini, F. Filippetti, C. Tassoni, and G.-A. Capolino, “Advances in di-
agnostic techniques for induction machines,” IEEE Trans. Ind. Electron.,
vol. 55, no. 12, pp. 4109–4126, Dec. 2008.

[2] B. G. Hargis, K. Gaydon, and K. Kamash, “The Detection of Rotor
Defects in Induction Motors,” in Proc. IEE Elect. Mach., Design Appl.
Conf., London, U.K., 1982, pp. 216–220.

[3] F. Filippetti, G. Franceschini, C. Tassoni, and P. Vas, “AI techniques in
induction machines diagnosis including the speed ripple effect,” IEEE
Trans Ind. Appl., vol. 34, no. 1, pp. 98–108, Jan./Feb. 1998.

[4] W. T. Thomson and M. Fenger, “Case histories of current signature anal-
ysis to detect faults in induction motor drives,” in Proc. IEEE IEMDC,
Madison, WI, Jun. 2003, pp. 1459–1465.

[5] A. Bellini, F. Filippetti, G. Franceschini, C. Tassoni, and G. B. Kliman,
“Quantitative evaluation of induction motor broken bars by means of
electrical signature analysis,” IEEE Trans. Ind. Appl., vol. 37, no. 5,
pp. 1248–1255, Sep./Oct. 2001.

[6] S. M. A. Cruz and A. J. M. Cardoso, “Multiple reference frames theory:
A new method for the diagnosis of stator faults in three-phase induction
motors,” IEEE Trans. Energy Convers., vol. 20, no. 3, pp. 611–619,
Sep. 2005.

[7] I. M. Culbert and W. Rhodes, “Using current signature analysis tech-
nology to reliably detect cage winding defects in squirrel-cage induc-
tion motors,” IEEE Trans. Ind. Appl., vol. 43, no. 2, pp. 422–428,
Mar./Apr. 2007.

[8] B. Xu, L. Sun, and H. Ren, “A new criterion for the quantification of
broken rotor bars in induction motors,” IEEE Trans. Energy Convers.,
vol. 25, no. 1, pp. 100–106, Mar. 2010.

[9] G. Didier, E. Ternisien, O. Casparyu, and H. Razik, “Fault detection of
broken rotor bars in induction motors using a global flux index,” IEEE
Trans. Ind. Appl., vol. 42, no. 1, pp. 79–88, Jan./Feb. 2006.

[10] M. Blodt, J. Faucher, B. Dagues, and M. Chabert, “Mechanical load fault
detection in induction motors by stator current time frequency analysis,”
IEEE Trans. Ind. Appl., vol. 42, no. 6, pp. 1454–1463, Nov. 2006.

[11] I. Jaks and P. Fuchs, “Demodulation analysis for exact rotor fault detection
under changing parameters,” in Proc. IEEE SDEMPED, Cargèse, France,
Sep. 2009, pp. 1–7.

[12] H. Jin, N. Faliang, and Y. Jiaqiang, “Induction motor rotor fault diagnosis
method based on double PQ transformation,” Front. Elect. Electron. Eng.
China, vol. 2, no. 1, pp. 117–122, Mar. 2007.

[13] V. Choqueuse, M. E. H. Benbouzid, Y. Amirat, and S. Turri, “Diagnosis
of three-phase electrical machines using multidimensional demodulation
techniques,” IEEE Trans. Ind. Electron., vol. 59, no. 4, pp. 2014–2023,
Apr. 2012.

[14] A. D. Silva, R. Povinelli, and N. Demerdash, “Induction machine broken
bars and short circuit diagnostics based on three phase stator current
envelopes,” IEEE Trans. Ind. Electron., vol. 55, no. 3, pp. 1310–1318,
Mar. 2008.

[15] H. Arabacı and O. Bilgin, “Diagnosis of broken rotor bar faults by using
frequency spectrum of stator current envelope,” in Proc. ICEM, Marseille,
France, Sep. 2–5, 2012, pp. 1643–1646.

[16] C. Kral, F. Pirker, and G. Pascoli, “The impact of inertia on rotor fault
effects—Theoretical aspects of the vienna monitoring method,” IEEE
Trans. Power Electron., vol. 23, no. 4, pp. 2136–2142, Jul. 2008.

[17] M. Trzynadlowski and E. Ritchie, “Comparative investigation of diagnos-
tic media for induction motors: A case of rotor cage faults,” IEEE Trans.
Ind. Electron., vol. 47, no. 5, pp. 1092–1099, Oct. 2000.

[18] Z. Liu, X. Yin, Z. Zhang, D. Chen, and W. Chen, “Online rotor mixed
fault diagnosis way based on spectrum analysis of instantaneous power in
squirrel cage induction motors,” IEEE Trans. Energy Convers., vol. 19,
no. 3, pp. 485–490, Sep. 2004.

[19] M. Drif and A. J. M. Cardoso, “The instantaneous reactive power ap-
proach for rotor cage fault diagnosis in induction motor drives,” in Proc.
IEEE PESC, Rhodes, Greece, Jun. 2008, pp. 1548–1552.

[20] M. Eltabach, J. Antoni, G. Shanina, and X. Carniel, “Broken rotor bars
detection by a new non-invasive diagnostic procedure,” Mech. Syst. Signal
Process., vol. 23, no. 4, pp. 1398–1412, May 2009.

[21] M. Entalbach, A. Charara, and I. Zein, “A comparison of external and
internal method of signal spectra analysis for broken bar detection in
induction motors,” IEEE Trans. Ind. Electron., vol. 51, no. 1, pp. 107–
121, Feb. 2004.

[22] H. De Angelo, G. R. Bossio, and G. O. Garcia, “Discriminating broken
rotor bar from oscillating load effects using the instantaneous active and
reactive powers,” IET Elect. Power Appl., vol. 4, no. 4, pp. 281–290,
Apr. 2010.

[23] G. R. Bossio, C. H. De Angelo, C. M. Pezzani, J. M. Bossio, and
G. O. Garcia, “Separating broken rotor bars and load oscillations
on IM fault diagnosis through instantaneous active and reactive cur-
rent,” IEEE Trans. Ind. Electron., vol. 56, no. 11, pp. 4571–4580,
Nov. 2009.

[24] C. Concari, G. Franceschini, and C. Tassoni, “A new method to discern
mechanical unbalances from rotor faults in induction machines,” in Proc.
IEEE ICEM, Jul. 2012, pp. 310–321.

[25] A. Ceban, R. Pusca, and R. Romary, “Study of rotor faults in induc-
tion motors using external magnetic field analysis,” IEEE Trans. Ind.
Electron., vol. 59, no. 5, pp. 2082–2093, May 2012.

[26] G. A. Capolino and H. Henao, “A new model for three-phase in-
duction machine diagnosis using a simplified spectral approach,” in
Conf. Rec. IEEE IAS Annu. Meeting, Chicago, IL, Oct. 2001, vol. 3,
pp. 1558–1563.

[27] A. R. Munoz and T. A. Lipo, “Complex vector model of the squirrel-
cage induction machine including instantaneous rotor bar currents,” IEEE
Trans. Ind. Appl., vol. 35, no. 6, pp. 1332–1340, Nov./Dec. 1999.

[28] H. A. Toliyat and T. A. Lipo, “Transient analysis of cage induction ma-
chines under stator, rotor bar and end ring faults,” IEEE Trans. Energy
Convers., vol. 10, no. 2, pp. 241–247, Jun. 1995.

[29] B. Liang, B. S. Payne, A. D. Ball, and S. D. Iwnicki, “Simulation and
fault detection of three-phase induction motors,” Math. Comput. Simul.,
vol. 61, no. 1, pp. 1–15, Nov. 2002.

[30] H. Henao, C. Martis, and G.-A. Capolino, “An equivalent internal circuit
of the induction machine for advanced spectral analysis,” IEEE Trans.
Ind. Appl., vol. 40, no. 3, pp. 726–734, May/Jun. 2004.

[31] H. Henao, A. Razik, and G.-A. Capolino, “Analytical approach of the
stator current frequency harmonics computation for detection of induction
machines rotor fault,” IEEE Trans. Ind. Appl., vol. 41, no. 3, pp. 801–807,
May/Jun. 2005.

[32] A. Khezzar, M. Hadjami, N. Bessous, M. E. K. Oumaamar, and H. Razik,
“Accurate modelling of cage induction machine with analytical evalu-
ation of inductances,” in Proc. IEEE IECON, Orlando, FL, Oct. 2008,
pp. 1112–1117.

[33] B. Mirafzal, R. J. Povinelli, and N. A. O. Demerdash, “Effect of load
magnitude on diagnosing broken bar faults in induction motors using the
pendulous oscillation of the rotor magnetic orientation,” IEEE Trans. Ind.
Appl., vol. 41, no. 3, pp. 771–783, May/Jun. 2005.

[34] P. Vas, F. Filippetti, G. Franceschini, and C. Tassoni, “Transient modelling
oriented to diagnostics of induction machines with rotor asymmetry,” in
Proc. ICEM, Paris, France, Sep. 1994, pp. 62–67.

[35] G. J. Retter, Matrix And Space Phasor Theory Of Electric Machines.
Budapest, Hungary: Akadémiai Kiadó, 1987.

[36] T. J. Sobczyk and W. Maciolek, “Asymmetry factors of induction motor
rotor cages,” in Proc. IEEE SDEMPED, Grado, Italy, Sep. 2001, pp. 487–
491.

[37] C. Kral, “Derivation of the space phasor equation and the required param-
eters of a squirrel cage induction machine with a faulty rotor bar,” in Proc.
IEEE SDEMPED, Goijon, Spain, Sep. 1999, pp. 395–400.

[38] M. Stockes, F. Rodyukof, and A. Medvedev, “Idealized two-axis model of
induction machines under rotor faults,” in Proc. IEEE ICIEA, Singapore,
May 2006, pp. 1–7.

[39] K. Drobonic, M. Nemec, D. Makuc, R. Fiser, and V. Ambrozic, “Pseudo-
salient model of induction motor with broken bars,” in Proc. IEEE
SDEMPED, Bologna, Italy, Sep. 2011, pp. 1–6.

 
 

 



CONCARI et al.: VALIDATION OF A FAULTED ROTOR INDUCTION MACHINE MODEL 4083

[40] S. M. A. Cruz and F. Gaspar, “A new PQ method to diagnose rotor faults
in three phase induction motors coupled to time-varying loads,” in Proc.
IEEE SDEMPED, Bologna, Italy, Sep. 2011, pp. 1–7.

[41] C. Concari, G. Franceschini, and C. Tassoni, “An insightful geometrical
interpretation of spectral components of the physical quantities involved
in induction machines rotor faults,” in Proc. IEEE SDEMPED, Bologna,
Italy, Sep. 2011, pp. 24–30.

[42] G. R. Bossio, C. H. De Angelo, C. M. Pezzani, J. M. Bossio, and
G. O. Garcia, “Evaluation of harmonic current sidebands for broken
bar diagnosis in induction motors,” in Proc. IEEE SDEMPED, Cargèse,
France, Sep. 2009, pp. 1–6.

[43] A. Bellini, C. Concari, G. Franceschini, E. Lorenzani, C. Tassoni, and
A. Toscani, “Virtual inertia test bed for quantification of sideband cur-
rents in induction machines diagnostics,” in Proc. ICEM, Kania, Greece,
Sep. 2006, pp. 1–6.

Carlo Concari (S’98–M’06) was born in
San Secondo Parmense, Italy, in 1976. He received
the M.S. degree in electronics engineering and the
Ph.D. degree in information technology from the
University of Parma, Parma, Italy, in 2002 and 2006,
respectively.

Since 2006, he has been an Assistant Profes-
sor with the Department of Information Engineer-
ing, University of Parma. His research activity is
mainly focused on power electronics, digital drive
control, static power converters, and electric machine

diagnostics.

Giovanni Franceschini was born in Reggio Emilia,
Italy, in 1960. He received the M.S. degree in elec-
tronic engineering from the University of Bologna,
Bologna, Italy.

Since 1990, he has been with the Department
of Information Engineering, University of Parma,
Parma, Italy, where he was first an Assistant Pro-
fessor and is currently a Full Professor of electric
machines and drives. He is the author or coauthor
of more than 150 technical papers and is the holder
of four industrial patents. His research interests in-

clude high-performance electric drives and diagnostic techniques for industrial
electric systems.

Carla Tassoni (SM’97) was born in Bologna, Italy,
in 1942. She received the M.S. degree in electri-
cal engineering from the University of Bologna,
Bologna, in 1966.

She joined the University of Bologna as an Assis-
tant Professor, later becoming an Associate Professor
of Electrical Machines in the Department of Electric
Engineering. She is currently a Full Professor of
Electrical Engineering with the University of Parma,
Parma, Italy. She is the author or coauthor of more
than 150 scientific papers. Her main research inter-

ests include simulation and modeling of electric systems and applications of
diagnostic techniques.

Andrea Toscani was born in Fidenza, Italy, in 1976.
He received the M.S. degree in electronic engineer-
ing and the Ph.D. degree in information technology
from the University of Parma, Parma, Italy, in 2004
and 2008, respectively.

Since May 2004, he has been with the Department
of Information Engineering, University of Parma.
His research activity is mainly focused on power
electronics, drive control, and diagnostics.

 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


