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Adaptive-Neuro-Fuzzy-Based Sensorless
Control of a Smart-Material Actuator

Ali Sadighi, Student Member, IEEE, and Won-jong Kim, Senior Member, IEEE

Abstract—In this paper, adaptive-neuro-fuzzy-based sensorless
control of a smart-material actuator is presented. The smart ma-
terial that we used to develop a novel type of linear actuator is
Terfenol-D. The peristaltic motion in the actuator is generated by
inducing a traveling magnetic field inside the Terfenol-D element.
The sensorless control of the actuator is based on an observation
illustrating a direct relationship between the active element’s posi-
tion and the coils’ inductances. To detect the inductance change, the
coil’s current response to a pulse voltage input is monitored. Then,
a fundamental relationship between the coils’ current-response
pulsewidths and the active element’s position is developed using a
combination of a Sugeno fuzzy model and neural networks. Even-
tually, the closed-loop sensorless control of the magnetostrictive ac-
tuator was successfully performed. The neuro-fuzzy-based sensor-
less control demonstrated the position-estimation capability with a
+0.5-mm maximum error. The sensorless control scheme com-
bined with the unique features of this actuator is promising in the
applications, where conventional actuation and sensing methods
are proved inapplicable due to technical or reliability issues.

Index Terms—Adaptive-neuro-fuzzy inference system (ANFIS),
fuzzy logic, magnetostrictive actuator, sensorless control.

1. INTRODUCTION

ENSORLESS control replaces conventional sensors with
S position or speed estimation of motors and actuators by
electrical means [1]. It finds crucial applications, where oper-
ation in harsh environments at high temperature and pressure
poses a serious challenge in the reliable use of conventional sen-
sors [2]. Most of sensorless techniques are based on a fundamen-
tal relationship between the motor’s position and its magnetic
characteristics. The changes in magnetic characteristics could
be tracked by monitoring variables, such as current from mo-
tor’s phases [3]. Besides, the phase inductance in an unenergized
phase could be measured and used for position estimation [4].
In these methods, generally a probing signal has to be injected
to the unenergized phases for inductance calculation. Then, the
relationship between the motor’s position and the phase induc-
tance is used to estimate the position.
We developed a novel linear magnetostrictive actuator us-
ing a rectangular slab of Terfenol-D as the active element
[5], as shown in Fig. 1. Terfenol-D is an alloy of formula
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Fig. 1.

Linear magnetostrictive actuator.

Thby 3Dy, 7 Feq .92, which was developed by the Naval Ordnance
Laboratory and has the highest magnetostriction of any alloy,
up to 2000 ppm [6], [7]. Most of the commercially available
magnetostrictive actuators are only capable of delivering high
forces within small ranges [8], [9]. Kiesewetter conceived of
the idea of generating the peristaltic motion with a Terfenol-
D rod in a tight-fitting tube [10]. Later, various prototypes of
inchworm motors were developed [11], [12]. Our linear mag-
netostrictive actuator has demonstrated the speed of 9 mm/min
with the load capacity of 410 N and 45-mm travel range, and
the maximum power consumption by this actuator is 95 W [5].
We also introduced the sensorless control of this actuator based
on a linear approximation of the fundamental relationship be-
tween the coils’ current-response pulsewidths and active ele-
ment’s position [13]. A position-estimation accuracy of =1 mm
was achieved using the proposed method.

The aim of this paper is to develop a neuro-fuzzy-based sen-
sorless method for closed-loop control of a general class of mag-
netostrictive actuators. Based on an observation that illustrates
a direct relationship between the actuator’s position and the
coils’ inductances, a fundamental relationship was developed
between the actuator’s position and the coils’ current-response
pulsewidths. Fuzzy control and neural networks (NNs) are
among most popular intelligent control techniques [14]-[16].
Fuzzy systems have the capability to approximate any con-
tinuous function [17]. Besides, fuzzy systems are known for
their robustness in the sense that they are less susceptible to
change in system parameters or noise [18]. Hence, we use an
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adaptive-neuro-fuzzy inference system (ANFIS) [19] to imple-
ment this fundamental relationship.

ANFIS is a class of adaptive networks that functions as a
fuzzy-inference system [20]. Since its advent, ANFIS has been
extensively used in a wide variety of applications, such as mod-
eling, signal processing, and control [19], [20]. ANFIS was
employed to estimate the rotor position of a switched reluctance
motor in [21]. The phase inductance of a switched reluctance
motor was estimated using ANFIS in [22]. However, it is for the
first time in this paper that ANFIS is employed to implement
the sensorless closed-loop control of a linear magnetostrictive
actuator.

In the Section II, we present the working principle and elec-
tromagnetic design of the linear magnetostrictive actuator. Sec-
tion III describes the sensorless position-estimation technique.
Eventually, the ANFIS-based sensorless closed-loop control of
the linear magnetostrictive actuator and its experimental results
are presented and discussed in Section I'V. Section V describes
a key application and shows the relevance and effectiveness of
the proposed method.

II. LINEAR MAGNETOSTRICTIVE ACTUATOR

The working principle of the linear magnetostrictive actuator
is based on the peristaltic motion of the active element. This
peristaltic motion could be induced by generating a traveling
magnetic field inside the active element [5]. The active ele-
ment in our design is in a rectangular shape surrounded by a
force-transmission assembly. The active element is sandwiched
between two thin sheets of Inconel-718, which are resistant to
corrosion. The squeezing force is generated using 16 sets of
Belleville spring washers and screws and transmitted to the ac-
tive element through a squeezing plate. This squeezing force
is transformed to the friction force between the active element
and the Inconel pieces, which contributes to the reaction force
required to move the active element against a load or to hold it
in place. As a result, this actuator self-brakes when the power
is cut off, which is one of the advantageous features of this
linear magnetostrictive actuator. The stators are made of solid
nickel-iron alloy 49 that has very high relative permeability
of 100000 as well as good mechanical properties (S,; = 154
MPa), which makes it withstand normal and shear stresses due
to the squeezing pressure and the external load.

The magnetic field is generated inside the active element by
means of 24 prefabricated coils, where each coil consists of 273
turns of AWG#24 wire. To make the magnetic field travel, three
switching boards were constructed. Each of these boards con-
tains eight power MOSFETSs and eight MOSFET drivers. The
switching frequency of these boards is controlled by the digital
1/Os of a DSP board (Model DS1104 by dSPACE). The objec-
tive of power electronics here is to direct the required current to
three adjacent coils, and then, move it to either side depending
on the actuator’s motion direction. The coil arrangement and the
local three-phase excitation sequence are shown in Fig. 2. Since
only 3 out of 24 coils are energized at each time, the power con-
sumption of this linear actuator is very low. The overall mass
of the actuator is 14.6 kg, and its overall dimension is 86 x
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Fig. 2. Coil arrangement and local three-phase excitation sequence in the
linear magnetostrictive actuator.

Fig. 3. Coils’ inductance-measurement results with the active element placed
in a predefined position illustrate the fundamental relationship between the
actuator position and its magnetic characteristics.

72 x 320 mm. The Terfenol-D slab dimension in this actu-
ator is 31.5 x 12.7 x 200 mm. The stator slot width is 7.9
mm, and the stator tooth thickness is 3 mm [5]. The maximum
power consumption by the linear magnetostrictive actuator is 95
W, and it demonstrated that the force-generating capability of
410 N and the maximum speed is 9 mm/min [5].

III. SENSORLESS POSITION ESTIMATION

A. Fundamental Relationship

Most sensorless methods are based on the development of
a fundamental relationship between the motor position and its
magnetic characteristics. In search for such a relationship in the
linear magnetostrictive actuator, the active element was put in a
predefined position, and the coils’ inductances were measured
using an RLC meter. The cross section of the linear magne-
tostrictive actuator with the active element put in a predefined
position and the coils’ inductances measurements are shown in
Fig. 3. It is observed that the inductance of the coils, which
the active element is completely through, is above 15 mH. In
comparison, the inductances of other coils are around 10 mH. It
is apparent that the increase in coils’ inductances is due to the
relative permeability of Terfenol-D of 3—10. This implies that
the linear magnetostrictive actuator position can be estimated if
we can detect the change in coils’ inductances.
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Fig. 4.  Equivalent circuit of one coil.

The equivalent circuit for a single coil is shown in Fig. 4. If
we apply the KVL for this circuit

di _V—Ri

i~ T M

Here, we consider the system electrically linear. Besides, due
to low speed of the linear magnetostrictive actuator (0.15 mm/s),
the speed voltage term is neglected [23]. Since the generalized
inductance of a coil is a function of position, the rate of change
of the coil current is also a function of position. The responses of
the two coils with different inductance values to a square-wave
voltage input are shown in Fig. 5. As it is seen, by increasing
the coil’s inductance from 10 to 16 mH, the current-response
pulsewidth rises. Thus, the current-response pulsewidth can be
considered as a representation of magnetic characteristics of
the linear magnetostrictive actuator. Hence, the fundamental
relationship will consist of a relationship between the coils’
current pulsewidth and the actuator position.

To find this fundamental relationship, we changed the active
element’s position from 15 to 44 mm and the current pulsewidths
of the coils #3—#5 were recorded in 1-mm increments. Our
choice of these three coils is due to the fact that, as the actuator
moves, only these coils at either of the two ends will experi-
ence the change in inductance. The actuator movement does
not affect the inductance of innermost coils because the active
element is always inside these coils. To measure the coil cur-
rent, we used Hall-effect-based transducers (model LA 03-PB
from LEM). After reading the current from the analog-to-digital
(A/D) channel of DS1104 board, the pulsewidth is calculated
by measuring the area under a unity-width square wave with
the length equal to the current pulsewidth. Then, the calculated
pulsewidth is registered to a data storage cell as soon as the
current drops to zero, which is detected by a change-detection
block.

The results are depicted in Fig. 6. For each coil, there is a
nonlinear curve consisting of three regions. The first is the low-
magnitude area with the pulsewidth around 0.020 s. This region
corresponds to the time when the active element is not inside
the coil yet. Then, there is an increasing region that starts from
the time the active element begins entering the coil until it is
completely through the coil. Finally, each curve saturates at the
pulsewidth around 0.032 s, which corresponds to the time when
the active element is completely through the coil.
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Fig. 5. (a) Voltage waveform. (b) Actual current in actuator coils with induc-
tances of 10 and 16 mH.
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Fig. 6. Recorded current-response pulsewidths for three coils when the active

element’s position changes from 15 to 44 mm.

Hence, to establish the fundamental relationship, a nonlinear
mapping ¥ from the current pulsewidths of three coils to the
position should be created such as

\I/(tg,t47t5) =T (2)

where t3,t4, and t5 are the current pulsewidths of coils #3—#3,
respectively, and x is the position. As seen in Fig. 6, ¥(0.0225,
0.0322, 0.0341) = 36 mm.

Since fuzzy systems have the capability to approximate
any continuous function [17], this allows the aforementioned
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Fig. 7. Architecture of ANFIS for a fuzzy model with two inputs and one
output [19].

nonlinear mapping to be modeled using a fuzzy model. Be-
sides, fuzzy models are known for their robustness in the sense
that they are less susceptible to changes in system parameters
or noise [18]. If available, a mathematical model or a lookup
table could also be used to create this mapping. However, the
computation-intensive methods have the disadvantage of being
slow, and the lookup tables need a large memory size to achieve
high accuracy, and interpolations would also be necessary [24].

B. ANFIS Architecture

ANFIS [19] is a class of adaptive networks that functions
as a fuzzy-inference system [20]. An ANFIS architecture for a
simple Sugeno fuzzy model with two inputs ; and x5 and one
output f'is shown in Fig. 7. For this Sugeno fuzzy model, two
fuzzy IF-THEN rules are as follows.

Rule 1:If z; is A, and xy is By, then fl =o1x1] + 61$2 + 7.
Rule 2: 1f x1 is As and x5 is By, then fo = asxy + Soxo + ¥o.

Fuzzification of the inputs to the fuzzy model is performed
in the first layer, and the outputs would be the degree of mem-
bership of each of the inputs with respect to a fuzzy set. The
outputs of the adaptive nodes in this layer could be described by

fori =1, 2
fori =3, 4

O1,i = pa, (x1),

O1,i = B, , (z2), )

where z; and x5, are the inputs to node i, and A; and B;_» are the
fuzzy sets described by linguistic labels. The membership func-
tions for A; or B;_» can be any appropriate parameterized ones,
such as the generalized bell (or Gaussian) membership function.
In this paper, the following Gaussian membership function is
used:

pa () = oo 2o )

where x is the input to the fuzzy system, and ¢; and o; are
the parameters of the membership function and referred to as
premise parameters.

The second layer determines the firing strength of each rule.
Each node in this layer acts as a fuzzy AND operator. If the
algebraic product is used for the AND operator, the node output
in the second layer will be as follows:

Oz, = w; = pa, (x1) s, (2), i=1,2. 5)
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Fig. 8. Proposed ANFIS architecture for position estimation.

Normalization of firing strengths calculated in layer 3 is done
in the fourth layer, and the output of each node in this layer
could be described by
Wi

— . i=12 6
P (6)

O3, =w; =
The output of the nodes in the fourth layer is a linear combi-
nation of the inputs multiplied by the normalized firing strength

O =W fi =W (chz1 + Biza + i) (N

)

where {«;, (3;,~; } are called the consequent parameters.

Finally, the outputs of the fourth layer are added in the fifth
layer to generate the output of the fuzzy system.

Identification of the premise and consequent parameters is
carried out using a hybrid learning algorithm. It consists of two
steps, where first the consequent parameters are identified by
the least-squares method in the forward pass while keeping the
premise parameters fixed. Then, in the backward pass, the layer-
two parameters are modified using gradient descent while the
consequent parameters are held fixed.

C. Application of ANFIS for Sensorless Position Estimation

In this section, the ANFIS is employed to model the fun-
damental relationship between the current pulsewidths and the
actuator position. The first step in training the ANFIS is to col-
lect the data. For this purpose, we used 30 sets of data obtained
earlier, as shown in Fig. 6. The ANFIS architecture is illus-
trated in Fig. 8. There are three inputs to the ANFIS, ¢3, ¢4, and
t5, which are the current pulsewidths of coils #3—#5. The input
space of each variable was divided into three regions represented
by three membership functions. Hence, the number of rules in
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Fig. 9. Membership functions for three inputs to the ANFIS.

the fuzzy system will be 27. The Gaussian membership function
is used for input variables, which is specified by two variables,
as described by (4). Hence, the total number of parameters in
the ANFIS that should be identified are 126, of which 18 (9 x 2)
are the premise parameters and 108 (27 x 4) are the consequent
parameters. The ANFIS training was performed using a hybrid
optimization method, a combination of least-squares and back-
propagation gradient-descent method. The optimization process
continues until the training error is less than the specified error
tolerance or when the maximum number of epochs is reached.
Here, the error tolerance was set to zero to make sure that min-
imum error will be reached and the number of epochs was 100.
Membership functions for each input are depicted in Fig. 9.

We also increased the number of membership functions,
which barely improved the performance of the system. We also
tried other types of membership functions, such as triangular
and trapezoidal, but a Gaussian membership function resulted
in the least amount of error.

To verify the effectiveness of the ANFIS model to estimate
the position, the actuator position was changed and the mea-
surement from a laser distance sensor was compared with the
ANFIS-based actuator position. The sensorless position mea-
surement versus the laser-distance sensor output and the error
are depicted in Fig. 10. As it is seen by employing this method-
ology, we are able to estimate the position of the linear magne-
tostrictive actuator with a £0.5-mm maximum error.
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Fig. 10. Neuro-fuzzy-based sensorless position-estimation error.

This error is due to the fact that a minimum change in the
active element’s position should be made before a change in the
current-response pulsewidth could be detected. The spikes in
the ANFIS-estimated position are due to the errors in current
sensing, but do not affect the closed-loop performance of the
linear magnetostrictive actuator, as can be seen in Section IV.

We compared ANFIS with a feedforward NN (FFNN) and
a linear method to estimate the position based on the linear
approximation of fundamental relationship [13]. The developed
FFNN consists of two layers with 20 neurons in the first layer
and one in the output layer, and a tan—sigmoid transfer function
was used for the neuron function. We used the Levenberg—
Marquardt optimization method to train the network. In the
linear method [13], the fundamental relationship between the
current-response pulsewidths and the position was estimated
linearly, and an algorithm was used to calculate the position
based on these linear relationships [13]. Fig. 11 illustrates the
comparison among these three methods, and Table I summarizes
the rms error associated with each of three methods. It is seen
that by employing a NNs (such as ANFIS or FFNN), the error
is reduced by around 50%. It is due to taking into account
the nonlinearities that had been neglected in the linear method
[13]. On the other hand, ANFIS demonstrates less error than
FFNN. Besides, since ANFIS is a combination of NNs and
fuzzy Sugeno system, it has the merit of being less susceptible
to changes in system parameters or noise [18].

Itis seen that sensorless position estimation was built based on
the coil current-response pulsewidth measurements, as shown
in Fig. 6. Hence, the repeatability of these measurements plays
an important role in the effectiveness of the position-estimation
algorithm. To show the repeatability, three sets of measurement
were performed, and the results are shown in Fig. 12. It is seen
that the pulsewidth measurements are quite repeatable, and we
may rely on them in estimating the position.
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Fig.11.  Comparison among three different methods to model the fundamental
relationship.

TABLE I
COMPARISON AMONG VARIOUS SENSORLESS METHODS

Linear
Method

1.78%

Feed-Forward
Neural Network

0.91%

ANFIS

RMS Error 0.81%

IV. SENSORLESS CLOSED-LOOP CONTROL

Now, the ANFIS-based position-estimation algorithm can be
used to implement the closed-loop control of the linear magne-
tostrictive actuator. A photograph of the test setup is shown in
Fig. 13. The schematic diagram of control and instrumentation
is shown in Fig. 14.

The coil currents are measured using Hall-effect-based cur-
rent transducers, and the output voltages are sent to the
A/D converters of the DSP board. Then, the current-response
pulsewidths 3, ¢4, and t5 are calculated and sent to the trained
ANFIS model. The estimated position is then fed back to a relay
controller with a dead zone defined as follows:

+1, e>ky
u=®(e) =< 0, —ky <e<ky (8)
-1, e< —ky

where +k( defines the dead zone of the relay element. Since
the precision of the position estimation is 0.5 mm, a dead-
zone threshold value of 0.5 mm should be picked to avoid the
self-oscillation [25].

Fig. 15 depicts a 5-mm closed-loop step response of the linear
magnetostrictive actuator with the ANFIS-based position esti-
mator. It is seen that the steady-state error is 0.1 mm, which
is within £0.5 mm, as expected. This relay-based controller is
also robust to the spikes present in the estimated position. This
lies in the fact that the spikes are of random nature and do not
always appear in the same position where actuator is operating.

Hence, although in some instances, the error signal changes
due to spikes, this does not affect the control signal output from
the relay controller, which is always maximum and makes the
actuator move in the desired direction at the maximum speed
until it reaches the vicinity of reference input, as specified by
the dead-zone threshold. Fig. 16 shows the capability of the
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Fig. 12.  Experiment for the repeatability of current-response pulsewidth mea-

surements in (a) coil #3, (b) coil #4, and (c) coil #5.
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-

Linear
magnetostrictive

/ actuator

Laser sensor

Photograph of the test setup.
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with ANFIS-based sensorless

sensorless control system in tracking a square-wave reference
input. The actuator’s response to a sinusoidal reference input
with an amplitude of 5 mm and frequency of 0.015 rad/s is

illustrated in Fig. 17.
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V. APPLICATION

500

Closed-loop response of the actuator to a square-wave control com-

Recently, magnetostrictive materials have been considered
for the development of novel down-hole tools. An example of
such an effort is actuation of a sliding-sleeve valve (SSV) by



378
E
£
€
[
£
[}
o
o |
> I
5 1 g
| | |
| |
20 : : \T'\ ‘F Actuator Trajectory ||
| | | || —e— - Command Input
18 | | | | T T
0 100 200 300 400 500 600
t(s)
Fig. 17. Closed-loop response to a sinusoidal reference input with an ampli-

tude of 5 mm and frequency of 0.015 rad/s.

Qil flow to
surface

Perforation
Sliding-sleeve

Production
zone

Fig. 18. Schematic drawing of SSV.

means of a linear magnetostrictive actuator [26]. An SSV is
used to establish or cut off the communication between the tub-
ing and the annulus in an oil well. A schematic cross section
of an SSV is shown in Fig. 18. Oil generated from the pro-
duction zone goes through perforations in casing to enter the
annulus space between the casing and the tubing. This space
is isolated from other production zones by two packers. Then,
oil flows through ports of the SSV and enters the tubing, and
then, goes up to surface for further processing. With a linear
magnetostrictive actuator, the sleeve could be shifted to cover
or uncover the ports machined in the body of the SSV. Using the
linear magnetostrictive actuator with sensorless control has two
main benefits for this application. First, the power consumption
of the actuator is low, and it self-brakes when the power is cut
off, which suits the power supply limitations in down-hole ap-
plications [5]. Second, the sensorless position monitoring and
control eliminates the need for conventional sensors in harsh
down-hole environment. It decreases the complexity and in-
creases the reliability of the actuation system. In contrast to
precision positioning applications where nanometer-level accu-
racy is required, the achieved +0.5-mm positioning accuracy
exceeds the requirements for an SSV.
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VI. CONCLUSION

We successfully implemented novel ANFIS-based sensorless
control for the linear magnetostrictive actuator. First, the rela-
tionship between the inductance change in actuator coils and
the rotor position was observed. Based on this observation and
using different sets of experiments, a fundamental relationship
between the coils’ current-response pulsewidths and the actuator
position was established.

Then, an ANFIS was employed to model the fundamen-
tal relationship. The proposed method illustrated a position-
estimation capability of £0.5 mm. Eventually, the closed-loop
control of the linear magnetostrictive actuator was successfully
performed by feeding the ANFIS-based estimated position back
to the relay controller.

The combination of the unique features of this class of actu-
ators, i.e., self-braking and low-power consumption, combined
with this newly developed sensorless control scheme is a promis-
ing alternative in applications, where conventional methods of
actuation and sensing are proved inapplicable due to technical
or reliability issues. An example of such an application is ac-
tuation of down-hole tools, such as SSVs. Since these types of
tools require high force and low power without high-precision
positioning accuracy, the proposed sensorless control method
can meet their requirements well.
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