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Abstract—This paper presents a closed-loop model reference
adaptive system (CL-MRAS) speed observer developed for linear
induction motor (LIM) drives. Starting from the structure of
the CL-MRAS speed observer developed in the literature for
rotating induction motors, a corresponding speed observer for
LIMs has been developed here. It is based on the LIM dy-
namic model taking into consideration its dynamic end effects.
In particular, the following aspects are original: 1) It employs
the voltage and current models of the LIM considering its dy-
namic end effects, 2) it proposes a net thrust model including
the braking force caused by the dynamic end effects; 3) it mod-
els the friction load of the LIM drive experimentally obtained
with off-line tests. The proposed sensorless technique has been
tested on a purposely developed experimental set-up. Results
show that the CL-MRAS observer permits the drive to operate
down to the speed of 0.01 m/s, i.e., about 0.15% of the rated
speed, which is about 20 times lower than the minimum work-
ing speed achieved with other observers implemented on the
same LIM drive, such as the total least squares (TLS) MRAS
observer, the TLS EXIN full-order Luenberger observer, the
extended Kalman filter, and, finally, the TLS EXIN Kalman filter.

Index Terms—Closed-loop model reference adaptive system
(MRAS) (CL-MRAS), dynamic end effects, linear induction motor
(LIM), sensorless control.

NOMENCLATURE

us=usD=jusQ Inductor voltage space-vector in the in-
ductor reference frame.

is= isD+jisQ Inductor current space-vector in the in-
ductor reference frame.

i′r= ird+jirq Induced part current space-vector in the
inductor reference frame.
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Ψs=ΨsD=jΨsQ Inductor flux space-vector in the inductor
reference frame.

Ψ′
r=Ψrd+jΨrq Induced-part-flux space-vector in the in-

ductor reference frame.
Ls, Lr, Lm Inductor, induced part, and three-phase

magnetizing inductances.
Lσs, Lσr Inductor and induced part leakage

inductances.
Rs, Rr Inductor and induced part resistances.
p Number of pole pairs.
ωr Angular rotor speed (in electrical angles

per second).
v Linear speed.
τm Length of the inductor.
τp Polar pitch.

I. INTRODUCTION

THE literature about the linear induction motor (LIM) is
very rich and dates back to the 1980s [1], [2]. With respect

to the rotating induction motor (RIM), its model presents the
main drawback of increased complexity because of the so-
called end effects and border effects, which makes it difficult
for the linear drive to get performance as good as the rotat-
ing counterpart. The speed control of the LIM, additionally,
requires the adoption of a linear encoder, which is typically
more expensive and less reliable than the one used for the RIM.
Moreover, in the LIM case, the cost of the encoder increases
with the length of the induced part track, which could be
excessive in applications like railway traction systems and, in
general, movement systems with long tracks. The possibility
of employing sensorless techniques [3], [4] is therefore a key
point for these applications, where the track is very long and the
linear encoder might even be exposed to potentially damaging
environmental factors (sun, humidity, mechanical stress, etc.).
Very few applications of sensorless techniques suited for LIMs
have been proposed in the literature, among which are [5] and
[6], probably because of the increasing complexity of the speed
observer which should consider also the end effects of the ma-
chine. In particular, Huang et al. [5] present an involved adap-
tive speed sensorless controller for the LIM, while Ryu et al.
[6] present a sensorless technique for LIMs based on high
frequency signal injection. More recently, Cirrincione et al.
[7], [8] have proposed a neural based model reference adaptive
system (MRAS) observer, where the adaptive model is a linear
neural network, respectively in numerical simulation and exper-
imentally, while Accetta et al. [9] have presented a Luenberger
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adaptive speed observer, where the linear speed was estimated
with a linear neural network: the TLS EXIN neuron. The speed
observers in [7]–[9] are the first few examples specifically de-
veloped for LIMs, i.e., they are all based on its dynamic model
considering dynamic end effects. This paper presents a closed-
loop MRAS (CL-MRAS) speed observer, purposely developed
for LIM drives, based on the LIM dynamic model taking into
consideration its dynamic end effects. This technique is inspired
from [10]–[12], explicitly developed for RIMs, but is improved
in the following aspects.

1) It employs the voltage and current models of the LIM
considering its dynamic end effects like in [7]–[9], even
if expressed in a different reference frame for the current
model. In this regard, a specific consideration should be
made. It could be stated that including the dynamic end
effect in the LIM speed observer could appear useless
since its effect is significant at high speeds, where the
speed observers usually work properly. As a matter of
fact, the dynamic end effects are critical even at low
speed, particularly during speed transients, where a sig-
nificant variation of the LIM speed-dependent electrical
parameters occurs. This variation influences, at the same
time, the accuracy of the speed estimation and the condi-
tions of correct field orientation.

2) It proposes, in addition to the voltage and flux equations,
a net thrust model taking into account the braking force
caused by the dynamic end effects. As a matter of fact,
the CL-MRAS needs a mechanical model to estimate
the machine speed. Differently from the RIM, where the
torque expression is well established, in the LIM case, the
thrust expression includes, besides its main propulsion
term, even some additional braking force terms, which
are caused by the dynamic end effects and are speed-
dependent quantities.

3) It considers the highly nonlinear relationship between
the friction load force and the speed, resulting from
the friction load of the LIM drive and experimentally
obtained with off-line tests. As a matter of fact, in the
LIM case, particularly in a configuration with the inductor
running on the induced part track on rails (like the case
under study here), the friction force is a quantity not only
hardly predictable but even dependent on the actual speed
of the inductor on the induced part track.

The proposed sensorless technique has been tested on a suitably
developed experimental set-up. Its performance has been fur-
ther compared with the corresponding performance obtained
with other established observers in the scientific literature such
as the TLS MRAS observer, the TLS EXIN full-order Luen-
berger observer, the extended Kalman filter (EKF), and, finally,
the TLS EXIN Kalman filter.

II. SPACE-VECTOR EQUIVALENT CIRCUIT

OF THE LIM INCLUDING END EFFECTS

In a LIM, unlike a RIM, the secondary (induced part) consists
of a sheet of aluminum with a back core of iron. During the
motion of the inductor, a continuous variation of the surface
magnetically linked with the primary circuit occurs since the

Fig. 1. Space-vector equivalent circuit of the LIM.

inductor presents a limited length. This leads up to a variation
of the induced currents in the sheet and the corresponding
magnetic flux density in the air gap, close to the entrance
(front of the motion) and exit (back of the motion) of the
inductor. This flux in the entrance is different from the one in
the exit. When the moving inductor encounters a new part of
aluminum sheet, new induced currents are generated starting
from a null value. This generation is quite fast because of the
absence of previously induced currents and tries to prevent the
induced flux from varying. The effect is a deep reduction of
the resulting flux close to the front part of the inductor. At the
same time, at the rear part of the inductor, the induced currents
prevent the reduction of the inducing flux, creating an overall
flux increase. The higher the speed of the inductor, the higher
the end-effect phenomenon: This is called dynamic end effect,
which is not to be confused with the static end effects which
are due to the asymmetries in the inductor phase inductances
caused by the different reluctances of the corresponding phase
magnetic circuits. Dynamic end effects depend on the speed
of the machine and increase with it. These effects have been
taken into consideration in the literature in several ways, among
which, with the definition of an end-effect factor Q [13]

Q =
τmRr

(Lm + Lσr)v
(1)

where Rr is the induced part resistance, Lm is the three-phase
magnetizing inductance, τm is the inductor length, Lσr is the
induced part leakage inductance, and v is the machine speed.
It can be observed that the higher the machine speed or the
higher the air-gap thickness (higher leakage inductance) or the
lower the inductor length, then the lower the factor Q, i.e.,
the dynamic end effects increase [see (3)]. Correspondingly,
the three-phase magnetizing inductance varies with Q in the
following way:

L̂m = Lm (1− f(Q)) (2)
with

f(Q) =
1− e−Q

Q
(3)

which states that the inductance virtually reduces with the
dynamic end effects. The computation of the overall losses of
the machine shows that an additional resistance appears in the
transversal branch taking into consideration the eddy current
joule losses. This resistance is equal to

R̂r = Rrf(Q). (4)

This resistance term is not to be confused with the resistance
term taking into consideration the iron losses in the machine.
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Correspondingly, the space-vector equivalent circuit of the
LIM can be deduced from Fig. 1, where it is apparent that the
main differences with the equivalent circuit of the RIM are in
the magnetizing inductance and in the eddy current resistance
in the transversal branch.

It is clearly observable from the scheme in Fig. 1 that there
are two speed-depending electrical parameters, which cause
the dependence of most of the parameters of the space-vector
model on the speed itself, as shown in the following.

III. CLOSED-LOOP MRAS OBSERVER

The CL-MRAS (closed loop) combines the characteristics of
a closed-loop flux observer (CLFO) with those of an MRAS, in-
cluding also a mechanical system model [10]–[12]. The CLFO,
proposed in [14] and [15], combines the voltage and current
models of the induction machine, but rather than proposing an
abrupt switching between the two models at a certain speed, it
provides a smooth and continuous transition from one model
to the other. This observer is inspired from [10]–[12], which
proposes an MRAS CLFO based on the minimization of the
cross product of the rotor fluxes, estimated respectively by the
voltage model and the current model. It is an improvement of
[10], where the closed-loop topology provides a feedback for
the voltage model integration, avoiding the need of a low-pass
filter to cancel the dc drift, differently from [17]. However, this
leads up to a bad behavior of the observer at low speeds: As
clearly written in [10]–[12], a mechanical model of the machine
for compensating this aspect should therefore be used, which
permits the flux and the speed to be estimated also when the
vector product of fluxes approaches zero.

As far as LIMs are considered, the space-vector voltage
and current models including the end effects ought to be
accounted for [8], [9], [26], so as to consider the variation
of the electrical and magnetic parameters with the speed.
Equation (5) corresponds to the voltage model and is based
on the inductor equations in the inductor reference frame.
Some additive terms, aside from the speed-varying electrical
parameters, can be found which are not present in the RIM.
Equation (6) corresponds to the current model written in the
induced part reference frame (natural reference frame). Also, in
this case, an additive term depending on the end effects appears.
Equation (7) describes the speed-varying electrical parameters
(all parameters with ^) of the LIM including the end effects.

dΨ′
r

dt
=

L̂r

L̂m

{
us −

[
Rs + R̂r −

R̂rL̂m

L̂r

]
is

−σ̂L̂s
dis
dt

− R̂r

L̂r

Ψ′
r

}
(5)

dΨr

dt
=

(
L̂m

T̂r

− R̂r

)
i′s −

1

T̂r

Ψr (6)

with

L̂s =Lσs + Lm (1− f(Q))
L̂r =Lσr + Lm (1− f(Q))
L̂m =Lm (1− f(Q))

σ̂ =1− L2
m (1− f(Q))2

[Lσr + Lm (1− f(Q))] [Lσs + Lm (1− f(Q))]

T̂r =
Lσr + Lm (1− f(Q))

Rr (1 + f(Q))
. (7)

Fig. 2 shows the block diagram of the CL-MRAS speed
observer developed for LIM drives. As far as the CLFO is
concerned, after moving from the time domain to the Laplace
s domain, the space-vector of the flux estimated by the CLFO
can be written as

ΨO
r (s) =

1

s

L̂r

L̂m

{
Us(s)−

[
Rs + R̂r −

R̂rL̂m

L̂r

]
Is(s)

−sσ̂L̂sIs(s)− s
R̂r

L̂r

ΨV
r (s)

}

+
1

s

L̂r

L̂m

PI(s)
(
ΨI

r(s)−ΨO
r (s)

)
(8)

where all the quantities in upper case bold represent the corre-
sponding space-vector variables in the Laplace s domain. The
apexes O, V , and I refer to the flux space-vectors estimated,
respectively by the CLFO (O), by the voltage model in (5)
(V ), and by the current model in (6) (I). PI(s) is the transfer
function of the observer’s proportional integral (PI). For the
management of space-vector quantities in the Laplace domain,
please refer to [16].

Equation (8) can be manipulated so as to express the CLFO
estimated flux as a function of the corresponding one estimated
by the voltage and current models

ΨO
r (s) =

sL̂m

sL̂m + L̂rPI(s)︸ ︷︷ ︸
GV (s)

ΨV
r (s) +

L̂rPI(s)

sL̂m + L̂rPI(s)︸ ︷︷ ︸
GI(s)

ΨI
r(s).

(9)

The induced part flux is the sum of the rotor fluxes filtered by
the high-pass filter GV (s) and by the low-pass GI(s); the rotor
flux is estimated, respectively by the voltage and the current
models, where ⎧⎪⎪⎨

⎪⎪⎩
GV (s) =

s2

s2+Kp
L̂r
L̂m

s+KI
L̂r
L̂m

GI(s) =
Kp

L̂r
L̂m

s+KI
L̂r
L̂m

s2+Kp
L̂r
L̂m

s+KI
L̂r
L̂m

(10)

where Kp and Ki are respectively the proportional and the
integral gain of the observer PI.

This leads up to a correction term depending on the differ-
ence between the two estimated fluxes, which are subsequently
processed by the PI controller. The observer shows thus a
smooth transition between the current and voltage model flux
estimation; its dynamics is ruled by the closed-loop eigenvalues
of the observer, depending on the parameters of the PI con-
troller. At rotor speeds below the bandwidth of the observer, the
sensitivity of the observer to parameter variations corresponds
to that of the current model, while at high speeds, its sensitivity
is the same as that of the voltage model.
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Fig. 2. Block diagram of the CL-MRAS observer considering the LIM end effects.

Fig. 3. Bode diagrams of the GV (s) for several values of the LIM speed.

The parameters of the PI have been selected so as to fix the
observer poles σ1 and σ2 as⎧⎨

⎩Kp = L̂m

L̂r
(σ1 + σ2)

Ki =
L̂m

L̂r
σ1σ2.

(11)

In this case, σ1 and σ2 have been selected equal to each other
and have been fixed at the pulsation corresponding to 10 Hz (the
rated frequency of the machine is 60 Hz).

It should be noted that, even if σ1 and σ2 are fixed to be
constant, the transfer functions GV (s) and GI(s), defining the
transition between the voltage and the current flux models, are
speed dependent because of the variability of L̂r and L̂m with
the LIM speed, which would theoretically call for a PI with vari-
able parameters (gain scheduling). Figs. 3 and 4 show, however,
that the Bode diagrams of the transfer functions GV (s) and

Fig. 4. Bode diagrams of the GI(s) for several values of the LIM speed.

GI(s), plotted for several values of the LIM speed v, are almost
independent from it. This is due to the fact that the ratio L̂r/L̂m

varies slightly with the speed, although each term changes
much more with it. As a consequence, even if, theoretically,
the transition between the current and the voltage models is
dependent on the LIM end effects, it can be considered de facto
independent from them. This permits the observer parameters
to be designed exactly as in the RIM case with a constant PI.

A. LIM Mechanical Model

As far as the mechanical model is concerned, its structure is
such that the electromagnetic force is estimated and fed to a
first-order mechanical model. This is also driven by the flux
vector product through a PI controller to compensate model
errors. A feedforward term (Kp1 in Fig. 2) weights the effect of
the CLFO and the mechanical model on the speed estimation.
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If the mechanical model is not properly tuned, only a reduction
of the performance of the observer may result, but in any case,
there is still an improvement over the case where no mechanical
model is used at all, as recalled in [10]–[12]. It can be further
observed that all the blocks with parameters vary with the
linear machine speed v, differently from the RIM counterpart.
As a matter of fact, all the machine parameters with the “∧”
symbol, defined as in (7), depend intrinsically on the machine
speed. Taking into consideration all these variations with the
speed permits a significant increase in the accuracy of the speed
estimation by the observer.

A correct modeling of the mechanical equation of the LIM is
not straightforward and, in general, is much more complicated
than the corresponding one for a RIM, for at least two reasons.
First, the thrust computed with the classic RIM equation, af-
ter transforming the torque into the force counterpart, is not
sufficient because of the presence of the braking force caused
by the dynamic end effects. Second, a proper modeling of the
friction load force is necessary since the corresponding slip
speed is much higher than the RIM counterpart: The induced
part resistance is much bigger because of the limited thickness
of the aluminum track, and the corresponding inductance is
much lower because of the increased air gap. Moreover, the
friction force is a quantity depending nonlinearly on both the
LIM speed and the position on the track.

The well-known expression of the LIM thrust is the
following:

Fe =
3

2

πp

τp

L̂m

L̂r

|Ψ′
r| isy. (12)

Equation (12) is the thrust expression, equivalent to the torque
one in the RIM counterpart. The thrust expression itself con-
tains a speed dependence on the ratio L̂m/L̂r, even if practi-
cally negligible as explained earlier.

The expression of the braking force caused by the dynamic
end effects of the LIM can be found starting from the ac-
tive power dissipated as Joule effect on the resistance R̂r =
Rrf(Q) in the transversal branch of the equivalent circuit of
the LIM itself (see Fig. 1). This power can be written as

Peb =
3

2
Rrf(Q)�e (imi∗m) (13)

where im is the magnetizing current space-vector and ∗ indi-
cates the complex conjugate operator.

If the inductor and induced-part-flux equations are exploited,
the magnetizing space-vector can be rewritten as a function of
the inductor current and the induced-part-flux linkage

im =
1

L̂r

Ψ′
r +

(
1− L̂m

L̂r

)
is. (14)

After substituting (14) in (13), the expression of the active
power dissipated because of the end effect can be found as

Peb =
3

2
Rrf(Q)

[
|Ψ′

r|
2

L̂2
r

+

(
1− L̂m

L̂r

)2

|is|2

+
1

L̂r

(
1− L̂m

L̂r

)
Ψ′

r ◦ is

]
. (15)

Fig. 5. Variation of the friction load with the speed.

Correspondingly, the braking force due to the end effects can
be found as

Feb =
Peb

v
=

3

2

Lr(1− e−Q)

pτp

×

⎡
⎣ |Ψ′

r|
2

L̂2
r

+

(
1− L̂m

L̂r

)2

|is|2 +
1

L̂r

(
1− L̂m

L̂r

)
Ψ′

r ◦ is

⎤
⎦ .

(16)

The net developed force is therefore the difference between Fe

and Feb, F = Fe − Feb. By analyzing (16), some interesting
considerations could be made. First, the braking force depends
obviously on the speed. At zero speed, this force is nonnull and
is proportional to the square of the induced-part-flux amplitude
as well as to the inner (dot) product between the induced part
flux and inductor current. The more the machine is magnetized,
the higher is the amplitude of the induced part flux as well as the
isx current component, and the bigger is the end-effect braking
force, as expected. This means that an indirect control of the
braking force could be made by acting on the reference flux.
Moreover, a wrong field orientation caused, for example, by an
imperfect knowledge of the LIM parameters or their variation
with the speed can easily result in an increased braking force.

As far as the friction load force is concerned, in the real
case, a strong nonlinearity between the LIM speed and the
force occurs. The curve friction force versus speed (Ffr = b(v)
in Fig. 2) has been then mapped for the adopted test set-up
by an off-line procedure and stored in a linearly interpolated
lookup table. Fig. 5 shows the Ffr = b(v) curve, as obtained
by experimental tests, fixing the working speed under sensor-
full FOC operation and measuring at steady state for each speed
the required force needed to cope the friction. The same figure
shows, besides the measured points, also the corresponding
interpolating curve.

The static friction value is recognizable as the extrapolation
of the curve at zero speed. The trend is near to linear up to
0.5 m/s, and then, a saturation appears.
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Fig. 6. Block diagram of the FOC of the LIM.

This kind of load curve identifies the real operating working
conditions of the tested LIM drive.

IV. FOC OF THE LIM

Several attempts to adapt field-oriented control (FOC) [18]–
[20] and direct thrust control [21] to LIMs have been proposed
in the literature. This paper presents a direct induced-part-flux-
oriented control of the LIM (equivalent to the rotor flux oriented
control in the RIM). The block diagram of the adopted control
scheme is drawn in Fig. 6, where current control is performed
in the induced-part-flux-oriented reference frame (x, y). On
the direct axis (x), a flux control loop commands the direct
current loop, and a voltage control loop commands the flux
loop to permit the drive to work automatically in the field-
weakening region. On the quadrature axis (y), a speed loop
controls the quadrature current loop. It should be noted that the
angular position ρr, needed for the correct field orientation, is
given by the CL-MRAS, and therefore, it implicitly takes into
consideration the LIM dynamic end effects. This guarantees the
correct field orientation, according to the variation of the LIM
speed, independently from the presence of the end effects.

An asynchronous space-vector pulsewidth modulation with
fPWM = 5 kHz has been used to command the inverter. Fi-
nally, to cope with the inverter nonlinearity problem causing
the distortion and discontinuity of the inverter voltage vector
with respect to the reference one, a compensation methodology
has been used that approximates every power device with a
threshold voltage and a differential resistance [22], [23].

V. TEST SET-UP

A test set-up has been built to validate the proposed
sensorless technique. The machine under test is a Baldor
LMAC1607C23D99 LIM model. The LIM has been equipped
with a Numerik Jena LIA series linear encoder, which has been
used in the experimental tests only for comparison since the
estimated speed has been used to close the speed loop. The LIM
presents an induced part track that is 1.6 m long. Fig. 7 shows a

Fig. 7. Photograph of the experimental test set-up.

TABLE I
PARAMETERS OF THE LIM

photograph of the test set-up. The employed test set-up consists
of the following:

1) a three-phase LIM whose parameters are provided in
Table I;

2) a frequency converter which consists of a three-phase
diode rectifier and a 7.5-kVA three-phase VSI;

3) a dSPACE card (DS1103) with a PowerPC 604e at
400 MHz and a floating-point DSP TMS320F240.
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Fig. 8. Reference, measured, and estimated speeds during a start-up test at
0.05 m/s (experiment).

Fig. 9. Reference and measured isx, isy current components during a start-up
test at 0.05 m/s (experiment).

VI. EXPERIMENTAL RESULTS

The proposed CL-MRAS speed observer has been tested
experimentally on the previously described test set-up. It has
been verified in several challenging working conditions. In
all of the following tests, the estimated speed has been fed
back to the speed control loop. The first two tests correspond
respectively to a start-up and to a braking test. The start-up test
consists of a speed step reference of the type 0→0.05 m/s, while
the braking one consists of a speed step reference of the type
−0.05 → 0 m/s. Both tests are particularly challenging since
they imply a speed step at very low speed (about 0.73% of the
rated speed) and a long period in which the drive is controlled at
zero speed with the LIM fully magnetized with zero load force.
Fig. 8 (Fig. 12) shows the reference, the estimated, and the
measured speed as well as the instantaneous speed estimation
error during the start-up (braking) test. Fig. 9 (Fig. 13) shows
the corresponding waveforms of the reference and measured

Fig. 10. Induced part flux and force terms during a start-up test at 0.05 m/s
(experiment).

Fig. 11. Electrical parameters variation during a start-up test at 0.05 m/s
(experiment).

isx, isy current components during the start-up (braking) test.
Fig. 10 (Fig. 14) shows the amplitude of the induced part flux
and the all the force terms, i.e., the electromagnetic, the braking,
and the net one, respectively, during this test. Fig. 11 (Fig. 15)
shows the electrical parameters as in (4) and (7) of the machine,
varying during the test. In particular, a quick variation of each
of them could be observed, appearing in correspondence to the
speed step variation, while they are constant at zero speed. In
particular, R̂r becomes null when the LIM works at zero speed,
while L̂m assumes the highest constant value at zero speed.

All the figures show the capability of the CL-MRAS to
properly track these speed references with good accuracy even
in transient (speed peak error almost equal to 0.02 m/s during
the entire transient) while being able to work at zero speed with
the machine fully magnetized. In this condition, the speed is
unobservable as it is well known.

The second two tests correspond to a set of speed reversals
at extremely low speed, from 0.02 to −0.02 m/s (from 0.01
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Fig. 12. Reference, measured, and estimated speeds during a braking test at
0.05 m/s (experiment).

Fig. 13. Reference and measured isx, isy current components during a
braking test at 0.05 m/s (experiment).

to −0.01 m/s), respectively, and corresponding to almost 0.3%
(0.15%) of the rated speed. Fig. 16 (Fig. 20) shows the ref-
erence, the estimated, and the measured speed as well as the
speed estimation error during the test at 0.02 m/s (0.01 m/s).
The estimated speed properly tracks its reference, as expected.
The measured speed correspondingly tracks the estimated one,
and in spite of a transient estimation error, the peak error almost
equals to 0.01 m/s (0.015 m/s), depending on the position of
the inductor on the track. It should be noted that, differently
from the RIM where the air gap can be considered almost
uniform, in the LIM case, the air gap presents significant
variations along its path, which accounts for the variation of
the parameters’ machine causing the difference in accuracy of
the speed estimation. Moreover, not only is the speed reference
very low, but also, the LIM drive is actually loaded (almost
30% of the rated load) because of the friction force of the
system due to the inductor wheels rotating on the lateral tracks,
as shown in Fig. 7.

Fig. 14. Induced part flux and force terms during a braking test at 0.05 m/s
(experiment).

Fig. 15. Electrical parameter variation during a braking test at 0.05 m/s
(experiment).

Fig. 16. Reference, measured, and estimated speeds during a square speed
reference at 0.02 m/s (experiment).
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Fig. 17. Reference and measured isx, isy current components during a square
speed reference at 0.02 m/s (experiment).

Fig. 18. Induced part flux and force terms during a square speed reference at
0.02 m/s (experiment).

Fig. 17 (Fig. 21) shows the corresponding isx, isy current
components. The inductor current curves highlight a proper
field orientation, with isx correctly controlled to a constant
value and isy suddenly varying at the speed reversal and con-
trolled to a constant nonnull value at steady-state speed (due to
the friction load).

Fig. 18 (Fig. 22) shows the amplitude of the induced part
flux and the all the force terms, i.e., the electromagnetic, the
braking, and the net one, respectively, during this test. It could
be seen that not only is the machine significantly loaded in
these working conditions but also the braking force of the LIM
due to the dynamic end effects plays a significant role. Fig. 19
(Fig. 23) shows the variation of the electrical parameters of the
machine during the test. In particular, a quick variation of each
of them could be observed, appearing in correspondence to the
speed reversal. In particular, R̂r increases with the speed, while
L̂m reduces with it due to the global demagnetization of the
machine. T̂r follows the same kind of variation with the speed
of L̂m, as expected. It should be remarked that considering

Fig. 19. Electrical parameter variation during a square speed reference at
0.02 m/s (experiment).

Fig. 20. Reference, measured, and estimated speeds during a speed reversal
reference at 0.01 m/s (experiment).

the LIM parameters’ variation with the speed is very important
since their variation plays a relevant role at each speed transient.

A. Comparison With Other Observers

To verify the improvements achievable with the proposed
TLS full-order Luenberger observer taking into consideration
the LIM dynamic end effects, some experimental comparisons
with other observers in the literature have been made. The
adopted test set-up is that described in Section V. In particular,
the proposed observer has been compared with the TLS EXIN
MRAS observer [8], TLS EXIN full-order Luenberger observer
[9], the TLS EXIN Kalman filter [24], and, finally, the EKF
[3], [4]. All these observers properly work with an estimated
speed feedback to the control loop; among these, the TLS EXIN
MRAS and the TLS EXIN full-order Luenberger observer are
based on the space-vector model taking into account the end
effects, while both the TLS Kalman and the EKF are based on
the classic space-vector RIM model (the end effects are treated
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Fig. 21. Reference and measured isx, isy current components during a speed
reversal reference at 0.01 m/s (experiment).

Fig. 22. Induced part flux and force terms during a speed reversal reference at
0.01 m/s (experiment).

Fig. 23. Electrical parameter variation during a speed reversal reference at
0.01 m/s (experiment).

Fig. 24. Reference, measured, and estimated speeds during a square speed
reference at 0.2 m/s with the TLS EXIN MRAS observer (experiment).

Fig. 25. Reference, measured, and estimated speeds during a square speed
reference at 0.1 m/s with the TLS EXIN full-order Luenberger observer
(experiment).

here as model uncertainty). Regarding the classic MRAS [17]
and the sliding-mode MRAS [25] observers, their behavior
is not shown here since they cannot suitably work with the
estimated speed fed back to the control system, as explicitly
shown in [8] and [9].

Figs. 24–27 show the reference, the measured, and the esti-
mated speed, obtained with the aforementioned four observers,
under speed square references of 0.2 m/s in the TLS EXIN
MRAS case, 0.1 m/s in the case of the TLS EXIN full-order
Luenberger observer, 0.2 m/s in the case of the TLS EXIN
Kalman filter, and, finally, with 0.5 m/s in the case of the EKF.

These are the minimum working speeds for each of the afore-
mentioned observers. Table II compares the performance of
each of them in terms of the following: the minimum working
speed (referred to as the rated speed of the machine), the peak
transient estimation error (referred to as the reference speed),
the steady-state percent average estimation error (referred to
as the reference speed), its corresponding standard deviation,
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Fig. 26. Reference, measured, and estimated speeds during a square speed
reference at 0.2 m/s with the TLS EXIN Kalman filter (experiment).

Fig. 27. Reference, measured, and estimated speeds during a square speed
reference at 0.5 m/s with the EKF (experiment).

and, finally, the standard deviations of the direct and quadrature
components of the inductor currents. These last two parameters
take into consideration the oscillations typically occurring in
the electrical variables in sensorless drives at low speed (with
the estimated speed fed back to the control loop).

Finally, the following conclusions can be made.
1) The minimum working speed is obtained with the

CL-MRAS: It corresponds to 0.15% of the rated speed. It
is followed by the TLS EXIN Luenberger observer with
G �= 0 with 1.4% of the rated speed, then the TLS MRAS
and the TLS Kalman filter with 2.95% of the rated speed,
and, finally, the EKF with 7.4% of the rated speed.

2) At the minimum working speed, the average estimation
error with the CL-MRAS is 8.6% of the reference speed,
followed by the TLS Kalman with 9%, the TLS MRAS
with 22%, and the TLS Luenberger with 37%. Only the
EKF presents a better mean estimation error equal to 5%
which is, however, referred to a reference speed which is
50 times higher.

TABLE II
COMPARISON AMONG SEVERAL SPEED OBSERVERS

3) During the speed reversal at the minimum working speed,
the lowest peak estimation error is achieved by EKF with
8% of the reference speed, followed by TLS Kalman
filter with 28%, the TLS MRAS with 90%, then the TLS
Luenberger observer with 120%, and, finally, the CL-
MRAS with 150%. As expected, the lower the reference
speed, the higher the peak estimation error, which justifies
the high value obtained with the CL-MRAS.

4) The lowest speed standard deviation is obtained by the
CL-MRAS equal to 2.7 · 10−4, followed by the EKF, TLS
Kalman, and TLS Luenberger that show a value of one
order higher and, finally, the TLS MRAS that has a value
of two orders higher.

5) The standard deviations of the isx, isy current compo-
nents achievable with CL-MRAS are the lowest and com-
parable with those obtained by EKF and TLS Kalman.
The TLS Luenberger and TLS MRAS show values one
order higher.

VII. CONCLUSION

This paper has presented a CL-MRAS speed observer de-
veloped for LIM drives. It is based on a LIM dynamic model
taking into consideration the dynamic end effects. The proposed
technique improves the scientific literature in the following as-
pects: 1) It employs the voltage and current models of the LIM
considering the dynamic end effect; 2) it proposes a net thrust
modeling taking into consideration the braking force due to the
end effects; and 3) it considers the friction load of the LIM drive
directly obtained experimentally by off-line tests. The proposed
sensorless technique has been experimentally tested on a suit-
ably developed test set-up. Results show that the CL-MRAS
observer permits a minimum working speed of 0.01 m/s, corre-
sponding to about 0.15% of the rated speed, which is about ten
times lower than the minimum working speed achieved with the
best of the other observers [7]–[9] tested on the same LIM drive.



2290 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 51, NO. 3, MAY/JUNE 2015

REFERENCES

[1] I. Boldea and S. Nasar, Linear Electric Motors. Englewood Cliffs, NJ,
USA: Prentice-Hall, 1987.

[2] I. Boldea and S. A. Nasar, Linear Electric Actuators and Generators.
Cambridge, U.K.: Cambridge Univ. Press, 1997.

[3] K. Rajashekara, A. Kawamura, and K. Matsuse, Sensorless Control of AC
Motor Drives. Piscataway, NJ, USA: IEEE Press, 1996.

[4] Holtz, “Sensorless control of induction motor drives,” Proc. IEEE, vol. 90,
no. 8, pp. 1359–1394, Aug. 2002.

[5] C.-I. Huang, F. Li-Chen, W.-Y. Jywe, and J. C. Shen, “Speed motion-
sensorless with adaptive control approach of linear induction motor un-
known resistance and payload,” in Proc. IEEE Power Electron. Spec.
Conf., Jun. 15–19, 2008, pp. 3887–3893.

[6] H.-M. Ryu, J.-I. Ha, and S.-K. Sul, “A new sensorless control thrust
control of linear induction motor,” in Conf. Rec. IEEE IAS Annu. Meeting,
2000, vol. 3, pp. 1655–1661.

[7] M. Cirrincione, M. Pucci, A. Sferlazza, and G. Vitale, “Neural based
MRAS sensorless techniques for high performance linear induction motor
drives,” in Proc. 36th Annu. IEEE IECON, Phoenix, AZ, USA, Nov. 7–10.

[8] M. Cirrincione, A. Accetta, M. Pucci, and G. Vitale, “MRAS speed ob-
server for high-performance linear induction motor drives based on linear
neural networks,” IEEE Trans. Power Electron., vol. 28, no. 1, pp. 123–
134, Jan. 2013.

[9] A. Accetta, M. Cirrincione, M. Pucci, and G. Vitale, “Neural sensorless
control of linear induction motors by a full-order Luenberger observer
considering the end-effects,” IEEE Trans. Ind. Appl., vol. 50, no. 3,
pp. 1891–1904, May/Jun. 2014.

[10] P. L. Jansen and R. D. Lorenz, “Accuracy limitations of velocity and flux
estimation in direct field oriented induction machines,” in Proc. EPE,
1993, pp. 312–318.

[11] R. Blasco-Gimenez, G. M. Asher, M. Sumner, and K. J. Bradley, “Dy-
namic performance limitations for MRAS based sensorless induction mo-
tor drives. I. Stability analysis for the closed loop drive,” Proc. Inst. Elect.
Eng.—Elect. Power Appl., vol. 143, no. 2, pp. 113–122, Mar. 1996.

[12] R. Blasco-Gimenez, G. M. Asher, M. Sumner, and K. J. Bradley, “Dy-
namic performance limitations for MRAS based sensorless induction mo-
tor drives. II. Online parameter tuning and dynamic performance studies,”
Proc. Inst. Elect. Eng.—Elect. Power Appl., vol. 143, no. 2, pp. 123–134,
Mar. 1996.

[13] J. Duncan and C. Eng., “Linear induction motor-equivalent-circuit
model,” Proc. IEE, vol. 130, pt. B, no. 1, pp. 51–57, 1983.

[14] P. L. Jansen and R. D. Lorenz, “A physically insightful approach to
the design and accuracy assessment of flux observers for field oriented
induction machine drives,” IEEE Trans. Ind. Appl., vol. 30, no. 1, pp. 101–
110, Jan./Feb. 1994.

[15] P. J. Jansen and R. D. Lorenz, “Observer-based direct field orientation:
Analysis and comparison of alternative methods,” IEEE Trans. Ind. Appl.,
vol. 30, no. 4, pp. 945–953, Jul./Aug. 1994.

[16] F. Briz, M. W. Degner, and R. D. Lorenz, “Analysis and design of current
regulators using complex vectors,” IEEE Trans. Ind. Appl., vol. 36, no. 3,
pp. 817–825, May/Jun. 2000.

[17] C. Shauder, “Adaptive speed identification for vector control of induction
motors without rotational transducers,” IEEE Trans. Ind. Appl., vol. 28,
no. 5, pp. 1054–1061, Sep./Oct. 1992.

[18] J. H. Sung and K. Nam, “A new approach to vector control for a linear
induction motor considering end effects,” in Conf. Rec. IEEE IAS Annu.
Meeting, 1999, vol. 4, pp. 2284–2289.

[19] G. Kang and K. Nam, “Field-oriented control scheme for linear induction
motor with the end effect,” Proc. Inst. Elect. Eng.—Elect. Power Appl.,
vol. 152, no. 6, pp. 1565–1572, Nov. 2005.

[20] V. Isastia et al., “A voltage feeding algorithm for vectorial control of linear
asynchronous machines taking into account end effect,” in Proc. Int. Conf.
Power Electron. Drives Energy Syst. Ind. Growth, 1998, vol. 2, pp. 729–734.

[21] I. Takahashi and Y. Ide, “Decoupling control of thrust and attractive force
of a LIM using a space vector control inverter,” IEEE Trans. Ind. Appl.,
vol. 29, no. 1, pp. 161–167, Jan./Feb. 1993.

[22] J. Holtz and Q. Juntao, “Sensorless vector control of induction motors at
very low speed using a nonlinear inverter model and parameter identifica-
tion,” IEEE Trans. Ind. Appl., vol. 38, no. 4, pp. 1087–1095, Jul./Aug. 2002.

[23] J. Holtz and Q. Juntao, “Drift- and parameter-compensated flux estimator
for persistent zero-stator-frequency operation of sensorless-controlled in-
duction motors,” IEEE Trans. Ind. Appl., vol. 39, no. 4, pp. 1052–1060,
Jul./Aug. 2003.

[24] F. Alonge et al., “Descriptor-type Kalman filter and TLS EXIN speed
estimate for sensorless control of a linear induction motor,” IEEE Trans.
Ind. Appl., vol. 50, no. 6, pp. 3754–3766, Nov./Dec. 2014.

[25] M. Comanescu and L. Xu, “Sliding-mode MRAS speed estimators
for sensorless vector control of induction machine,” IEEE Trans. Ind.
Electron., vol. 53, no. 1, pp. 146–153, Feb. 2006.

[26] M. Pucci et al., “State space-vector model of linear induction motors,”
IEEE Trans. Ind. Appl., vol. 50, no. 2, pp. 195–207, Jan./Feb. 2014.

Angelo Accetta (M’08) received the Laurea de-
gree in electrical engineering from the University of
Palermo, Palermo, Italy, in 2008, where he has been
working toward the Ph.D. degree in the Department
of Electrical Engineering, Electronics and Telecom-
munications since 2008.

He is currently with the Institute of Intelligent Sys-
tems for Automation (ISSIA-CNR), Palermo, Italy.
His current research interests are electrical machines,
control techniques of electrical drives, intelligent
control, power converters, and fuel cell system con-

trol and diagnosis.

Maurizio Cirrincione (M’03–SM’10) received the
“Laurea” degree in electrical engineering from
the Polytechnic of Turin, Turin, Italy, in 1991 and
the Ph.D. degree in electrical engineering from the
University of Palermo, Palermo, Italy, in 1996. In
1997, he was awarded the prize “E.R. Caianiello” for
the best Italian Ph.D. thesis on neural networks.

Since 1996, he has been a Researcher at the Insti-
tute of Intelligent Systems for Automation (ISSIA-
CNR), Palermo, Italy. Since September 2005, he
has been a Professor at the University of Belfort

Montéliard, Belfort, France. His current research interests are neural networks
for modeling and control, system identification, intelligent control, electrical
machines, and drives. Since April 2014, he has been the Head of the School of
Engineering and Physics of the University of the South Pacific, Suva, Fiji.

Marcello Pucci (M’03–SM’11) received the “Lau-
rea” and Ph.D. degrees in electrical engineering
from the University of Palermo, Palermo, Italy,
in 1997 and 2002, respectively. In 2000, he was
a host student at the Institut of Automatic Con-
trol of the Technical University of Braunschweig,
Braunschweig, Germany, working in the field of con-
trol of ac machines, with a grant from the Deutscher
Akademischer Austauschdienst—German Academic
Exchange Service.

From 2001 to 2007, he was a Researcher, and since
2008, he was a Senior Researcher at the Institute of Intelligent Systems for
the Automation (ISSIA-CNR), Palermo, Italy. His current research interests
are electrical machines, control, diagnosis and identification techniques of
electrical drives, intelligent control, and power converters.

Dr.Brawnshweig, Germany Pucci serves as an Associate Editor of the IEEE
TRANSACTIONS ON INDUSTRIAL ELECTRONICS and IEEE TRANSACTIONS

ON INDUSTRY APPLICATIONS. He is a member of the Editorial Board of the
Journal of Electrical Systems.

Gianpaolo Vitale (M’04–SM’13) received the “Lau-
rea” degree in electronic engineering from the Uni-
versity of Palermo, Palermo, Italy, in 1988.

From 1994 to 2001, he was a Researcher, and since
2002, he has been a Senior Researcher with the Insti-
tute of Intelligent Systems for Automation (ISSIA-
CNR), Palermo, Italy. He teaches power electron-
ics for the MD on Electronic Engineering at the
University of Palermo. He was the Supervisor of a
research project on electromagnetic compatibility of
electric drives and of a research project on intelligent

management of electric energy supplied by renewable sources. His current
research interests are in the fields of power electronics and related problems
of electromagnetic compatibility.

Mr. Vitale is a member of the IEEE Vehicular Technology Society, IEEE In-
dustrial Electronics Society, and IEEE Electromagnetic Compatibility Society,
and he serves as a reviewer for several journals and conferences.



<<
  /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
  /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

  /CreateJDFFile 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


