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Development and Control of a Low-Cost
Linear Variable-Reluctance Motor

for Precision Manufacturing Automation
Wai-Chuen Gan, Member, IEEE,and Norbert C. Cheung

Abstract—Most advanced manufacturing processes require
precise linear-position control for material transfer, packaging,
assembly, and electrical wiring. To achieve precise linear motion,
most of these high-performance manufacturing machines use
X–Y sliding tables with permanent-magnet rotary motors and
rotary-to-linear couplers. Though this method is the most widely
used, it has disadvantages of low accuracy, complex mechanical
adjustments, high cost, and low reliability. This paper describes
the use of the variable-reluctance-driving principle to construct
a novel linear direct-drive actuator system for high-performance
position control in manufacturing automation. The proposed
actuator has a very simple structure and it can be manufactured
easily. There is no need for magnets and no limitation on the
traveling distance. The actuator is extremely robust and can
be used in hostile environment. A novel control method, using
cascade control and the force-linearization technique, is developed
and implemented for precision position control of the actuator.
Experimental results of the motion system indicate that the system
has fast responses with good accuracy.

Index Terms—Linear variable-reluctance motor (LVRM),
lookup table force linearization, low-cost implementation, preci-
sion manufacturing automation.

I. INTRODUCTION

V ARIABLE reluctance motors (VRMs) have never been a
popular choice for high-precision and high-speed motion

actuators because it is difficult to control and its output has high
torque ripples. This is due to the fact that the actuator’s char-
acteristic is highly dependent on its complex magnetic circuit,
which is difficult to model, simulate, and control. There is little
in recent literature which concerns high-performance motion
control of variable-reluctance linear drive systems. It was only
in recent years when we saw a general surge of interest in the
VRM [1]–[4]. This was mostly due to the advancement of power
electronics, digital signal processing, and the advance control al-
gorithms for nonlinear systems. The present literature on linear
VRM (LVRM ) development seldom targets high-precision po-
sition control applications, such as semiconductor bonding ma-
chines and pick-and-place machines. In [5] and [7], the develop-
ment of an LVRM is discussed but the application of this LVRM
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is mainly for transportation systems, and the control output is
velocity. In [8] and [9], a detailed motor-design procedure and
a motor-control algorithm are given, but the control output is
again velocity control. In [10] and [11], the development of two
LVRMs using the double-sided configuration is addressed; how-
ever, this motor configuration is not suitable for applications that
have mechanical moving parts installed on one of the motor sur-
faces.

The purpose of the project is to develop a novel, high-perfor-
mance, direct-drive, and linear motion actuator system for preci-
sion position control applications. The actuator is based on vari-
able-reluctance technology [1], [4]. The linear direct-drive ac-
tuator has a simple and robust structure with low inertia and di-
rect-drive capability, and is particularly suitable for high-preci-
sion and high-speed manufacturing machinery. Manufacturing
of the actuator is simple, and it is suitable for precision travel
over long distances. Unlike other types of motion actuators, me-
chanical couplings, lead screws, magnets, and brushes are not
required in variable-reluctance linear actuators [14]. Neither are
special mechanical adjustments or alignments necessary. Com-
pared with permanent-magnet linear motors, the proposed ac-
tuator has a much simpler structure and is less expensive. It is
also more robust and more fault tolerant, and has less of an over-
heating problem.

The organization of this paper is as follows. The construction
of the motion actuator is discussed in Section II and the mod-
eling of the LVRM is presented in Section III. The lookup table
force-linearization scheme and the overall control strategy of the
motor drive are introduced in Section IV. In Section V, the de-
tailed hardware implementation of the proposed motion system
is discussed. Experimental results on both long- and short-dis-
tance travels are reported in Section VI. Finally, concluding re-
marks are given in Section VII.

II. CONSTRUCTION OFMOTION ACTUATOR

Fig. 1 shows the design schematic of the linear variable-reluc-
tance motion system and Fig. 2 shows the actual model. The ac-
tuator is optimized for: 1) high power-to-size ratio; 2) low force
ripple; 3) low leakage and eddy current loss; 4) fast current dy-
namics. The linear actuator design is based on VRM technology
with longitudinal configuration [6]. Three-phase coil windings
with 120 electrical degree separation are employed in the vari-
able-reluctance actuator. Fig. 3 shows the three-phase coil ar-
rangement with flux decoupling path. The novel feature of flux
decoupling leads to a simpler motor model and a more robust
motor structure [5], [6]. The tracking guide and the core of the
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Fig. 1. Schematic of the linear VRM.

Fig. 2. Photo of the prototype motor.

Fig. 3. Three-phase flux decoupled motor windings.

windings are laminated with 0.5-mm silicon steel plates. The
motor is integrated on a precision linear motion guide. A linear
optical encoder is mounted on the motion actuator to observe
the motion profile and to provide the position feedback. Table I
summarizes the characteristics of the proposed LVRM.

III. M ODELING OF LINEAR VARIABLE RELUCTANCE

MOTION ACTUATOR

The nonlinear model of the proposed LVRM is discussed in
this section. The nonlinear model of the LVRM is given by

(1)

TABLE I
LINEAR VARIABLE-RELUCTANCE MOTOR CHARACTERISTIC

and

(2)

(3)

where , , , and are the phase voltage,
phase current, phase resistance, and phase flux linkage respec-
tively, is the travel distance, is
the generated electromechanical force, is the external load
force, and and are the mass and the friction constant,
respectively.

This mathematical model consists of two parts. The first
part is the linear model for the mechanical linkage while the
second part is the nonlinear force-generation function. The
mechanical parameters and can easily be found using
standard experiments. The total nonlinear force-generation
function has three components:

, , and . As these
three functions are identical, the modeling of the total
force-generation function can be derived from the modeling
of the force-generation function for one phase .
Therefore, a three-dimensional (3-D) force-current-position
graph of the phase A winding can be measured experimentally
to capture both the linear and saturation regions of the proposed
LVRM.

A special test rig, as shown in Fig. 4, is designed and man-
ufactured for the measurement of the force-current-position
3-D chart. This test rig is not only designed for this particular
LVRM design, but can also be used for the measurement of
other LVRMs without any modifications. This test rig can
accurately divide the 5-mm pole width into 60 divisions using
high-precision screws and gears. In the experiment, the test rig
is used to lock the moving platform at 61 discrete positions (60
divisions) within a pole width (5 mm). After fixing the me-
chanical position, the computer can control the power switch,
measure the force values automatically at 61 discrete phase
current values (from 0 to 10 A) and finally construct the data
base of the 3-D force-current-position chart. The choice of the
61 discrete positions is to ensure that an accurate measurement
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Fig. 4. Test rig for the force-current-position 3-D chart measurement.

Fig. 5. Experimental force-current-position 3-D chart.

can be done using the mechanical test rig. The experimental
force-current-position 3-D chart is shown in Fig. 5.

The second experiment is done to find out the relationship
of the current-force-position needed for the force-linearization
scheme in the real-time controller implementation that will be
introduced in next section. The experiment is conducted by
fixing the moving platform at 61 discrete positions within a
pole width (5 mm). Then, the current required to generate the
force at 61 discrete values from 0 to 110 N is measured. The
experimental data are shown in Fig. 6. Both the data bases
of the 3-D force-current-position and current-force-position
are converted into MATLAB/SIMULINK models for the
simulation purpose.

In addition to the nonlinearities of the flux linkage charac-
teristics, the LVRM could suffer from the hysteresis problem.
Basically, the hysteresis effect becomes more significant when
the airgap width between the stator and the rotor decreases. An
experiment is conducted to measure the hysteresis nonlinearity
versus change of the airgap width. The results are shown in
Fig. 7, where axis is the phase winding A current andaxis the
measured flux. When the airgap width is reduced to almost zero,
the hysteresis band becomes very large and this hysteresis effect
contributes additional nonlinearity on the motor model. How-
ever, when the airgap width increases, the hysteresis loop area
decreases. For our designed example, the airgap width is set to

Fig. 6. Experimental current-force-position 3-D chart.

Fig. 7. Variation of hysteresis loop with airgap distance.

be 0.4 mm. From Fig. 7, we find that the hysteresis band for the
phase current is A ( 5% of the maximum current)
and the hysteresis band for the flux linkage is mWb
( 5% of the maximum flux level); therefore, the nonlinearity
modeling due to the hysteresis effect is negligible for the pro-
posed LVRM design.

In summary, the basic characteristics of the proposed actuator
are investigated completely. The proposed LVRM is concluded
to be a nonlinear device and there is no generic scheme for the
driving of the proposed actuator. A novel driving scheme for the
proposed LVRM that has high speed, high accuracy, and low
force ripple needs to be developed [16].

IV. CONTROL STRATEGY

Exploiting the fact that the current dynamics are at least an
order faster than the mechanical dynamics, this paper proposes
a dual-rate cascade control approach. A fast inner-loop current
controller is employed to regulate the current–voltage nonlin-
earity of the actuator, while a slower outer-loop trajectory con-
troller is used to control the mechanical dynamics. On top of
this, a nonlinear function is included to compensate the nonlin-
earity of force against current and position. Fig. 8 is the overall
block diagram of the control system.

A current controller is employed to linearize the cur-
rent–voltage relation of the actuator. A proportional integral
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Fig. 8. Overall block diagram of the controller.

Fig. 9. Two-stage force-linearization scheme.

(PI) controller is proposed. The position can be assumed to be
stationary during the control time frame of the current con-
troller, since current dynamics are much faster than mechanical
dynamics. The nonlinear function bridges the link between
the trajectory controller and the current controller. It receives
force commands and position information, and outputs desired
current set points to the current controller.

The trajectory controller forms the essential part of the slow
subsystem. It is a typical proportional integral derivative (PID)
controller. Since the relations of force, current, and position are
nonlinear in nature, a 3-D lookup table is employed in the force-
linearization scheme.

The force-linearization scheme consists of two parts. The first
part is to resolve the force command, , into three compo-
nents, , , and , and then for each phase, a current-force-
position lookup table is employed to calculate the three-phase
desired current , , and . Fig. 9 shows the detailed block
diagram of the force-linearization scheme.

Table II shows the phase-excitation table of the proposed
linear actuator. For example, if the current position falls into
region 5 and the required force command is a negative value,
then phase B and/or phase C can be energized to produce the
required force command; however, if the force command is a
positive value, then only phase A can be energized to generate
the command force. A linear function is proposed to perform the
force distribution when two phase excitation is possible. Fig. 10

TABLE II
PHASE-EXCITATION TABLE FOR SINGLE-POLE PITCH

Fig. 10. Force-distribution function in region 5 for a negative force command.

shows a force-distribution example when the current position
falls into region 5 and the force command is a negative value.
Tables III and IV show the detailed force-distribution functions
for both positive and negative force command. The proposed
linear force-distribution function can improve the force transi-
tion between phase switching without any complex mathemat-
ical function implementation.

The current-force-position lookup table is the main com-
ponent of the real-time controller, and is used to perform
the force linearization. In Section III, we have developed the
experimental current-force-position 3-D table; however, the
data size ( data points) may be too large for
embedded low-cost microcontrollers/digital signal processors
(DSPs). In the real-time controller implementation, we limit
the table size within 512 data points so that the developed
force-linearization scheme can be implemented using low-cost
microcontrollers/DSPs with small memory spaces. The
real-time controller stores sampled version of Fig. 6 and the
table size is data points. It is selected to fulfill
the 512 data point requirement. Therefore, a 3-D lookup table
using the 21 21 data matrix that is sampled from the original
mesh, is developed for the real-time implementation of the
motor controller. The 21 21 current-force-position 3-D chart
is shown in Fig. 11.

Two-dimensional linear interpolation is used to find the in-
termediate values. Fig. 12 shows the method of obtaining the
required current by bi-linear interpolation. First, from the po-
sition and force inputs, two pairs of data in the lookup
table , and , are located. For each
pair, a linear interpolation is done, according to the ratio of,

, and . As a result, two intermediate elements
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TABLE III
FORCE-DISTRIBUTION TABLE FOR+VE FORCECOMMAND F (x IN MM )

TABLE IV
FORCE-DISTRIBUTION TABLE FOR�VE FORCECOMMAND F (x IN MM )

Fig. 11. The 21� 21 current-force-position 3-D chart.

Fig. 12. Calculatingi from the lookup table.

and are obtained. Finally, the output current command
is obtained by interpolating the two intermediate elements

with , , and .
To qualify the small but effective current-force-position

lookup table, an error-budget analysis is performed. Fig. 13
shows the absolute error plot between the data interpolated
by the proposed scheme and the actual experimental data. It

Fig. 13. Error analysis.

is found that the maximum error is around 1 A, 10% of the
maximum nominal current of the motor driver. The maximum
error is located at the turning corners of the saturation region
because a linear interpolation scheme is not capable of mim-
icking sharp turning corners. Except for the two small regions,
the small lookup table can interpolate accurate data for other
areas. This justifies the tradeoff between the size of the lookup
table and the interpolation accuracy.

To show the effectiveness and the novelty of the proposed
force-linearization scheme using the 3-D lookup table, simu-
lation experiments are performed to tack a 100-mm position
profile. The small lookup table introduced in this
section is employed in the motion controller while nonlinear
motor model is constructed using the experimental data base
obtained in Section III. Fig. 14 shows the force command
input and also the corresponding three-phase force commands
that are generated by the proposed linear force-distribution
algorithm. The three-phase current commands, as shown in
Fig. 15, are then evaluated using the 3-D lookup table. With
the proposed simple but effective motion controller, accurate
position tracking can be achieved. The dynamic position error
between the command position and the actual position is less
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Fig. 14. Simulation results using the proposed nonlinear force compensation
scheme (I).

Fig. 15. Simulation results using the proposed nonlinear force compensation
scheme (II).

than 200 m and the static position error is less than 25m.
The results are shown in the lower section of Fig. 15. In
comparison to the conventional control algorithms proposed
in [3], [8], our nonlinear control algorithm does not require
the implementation of any complex mathematical functions
such as sine, cosine and square root, etc. This novel feature is
particularly suitable for the implementation of the proposed
algorithm on low-cost fixed-point microcontrollers/DSPs.

V. IMPLEMENTATION

The controller is implemented on a DSP based system. Fig. 16
shows the schematic of the whole system while Fig. 17 shows
the actual experimental setup at the power electronics labora-
tory in the Hong Kong Polytechnic University. A Pentium II
computer is used for the program development and motion mon-
itoring during the real time execution.

The mechanical resonance frequency of the proposed LVRM
system with the dummy load attached, is found to be around
250 Hz by a swept-sine experiment. Hence, a position controller
with a sampling frequency of 1 kHz was selected. This is more
than adequate to accommodate the mechanical resonance of the
LVRM. To ensure that the current loop is significantly faster
than the position loop, a sampling frequency of 4 kHz was used.

Fig. 16. Overall setup of the linear motion system.

Fig. 17. Experimental setup at the power electronic laboratory in the Hong
Kong Polytechnic University.

A DSP board, plugged into an Industry Standard Architecture
(ISA) bus of a Pentium II computer, performs all control func-
tions. The TMS320C31 DSP has a processing rate of 33 Mflops.
Four simultaneous triggered analog-to-digital converters (two
16 bits, and two 14 bits) are included into the processor board. A
TMS320P14 slave fixed-point DSP, which is tightly coupled to
the TMS320C31, generates pulsewidth modulation waveforms.
Notice that the present setup is intended for development pur-
pose only. The proposed control scheme can be implemented on
a low-cost DSP or even on a microcontroller.

For the power-electric drive of the LVRM, three asymmetric
bridge insulated-gate bipolar transistor (IGBT) inverters are
employed [1]. This structure facilitates a simple and effective
current control loop so that high dynamic responses can be
achieved in each motor phase. Since the pulsewidth modulation
driver needs to have a chopping frequency that is substantially
higher than the current-loop frequency, a chopping frequency of
12.5 kHz is selected. A voltage of 90 V is employed to supply
the three asymmetric bridge IGBTs. The higher voltage ensures
that the overall drive system has a better current dynamics.

A crossover protection circuit is used to protect the power
supply from short-circuiting. Since the worst case turnoff time
for the IGBTs are 0.5s, a 1- s delay is introduced to the turn on
of the IGBTs. The three-phase currents through the coils of the
LVRM are sensed by three highly sensitive Hall effect elements.
Three second-order analog active filters, with cutoff frequencies
of 500 Hz are used to filter out the high-frequency components
of current sensors.



332 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 8, NO. 3, SEPTEMBER 2003

Fig. 18. Position response for the long-distance position profile.

Fig. 19. Force-distribution diagram.

VI. EXPERIMENTAL RESULTS

Two position profiles (100-mm and 250-m traveling dis-
tances) are used as the test inputs. The first experiment is to
test the tracking performance of the long-distance position pro-
file. The full-load 5 kg is applied to the moving platform and
the position response is shown in Fig. 18. The actual position
tracks closely with the command position. The maximum dy-
namic error is approximately equal to 180m and the steady
error is just below 20 m which satisfies our design specifica-
tions.

The force command and the three-phase force distribution
for the long-distance profile are depicted in Fig. 19. The max-
imum required force is about 120 N. The summation of the
three-phase forces are equal to the command force. The result
in Fig. 19 shows that the proposed force-distribution scheme
and the lookup table force-linearization scheme work effectively
without the implementation of complex mathematical functions
such as sine, cosine and square root. Fig. 20 shows the actual
current for the phase A motor winding. The maximum current
requires to achieve the peak acceleration/deceleration is approx-
imately equal to 11 A. This rating still falls into the motor ampli-
fier driving capability. Hence, the long-distance position profile
can still be tracked accurately.

The short-position profile needs to be investigated closely be-
cause small distance movements are indeed involved in many
industrial applications such as pick-and-place movements and

Fig. 20. Phase-A output current(100 mV = 1 A).

Fig. 21. Position response for the short-distance position profile.

Fig. 22. Total force command and the phase-A current for the short-distance
position profile.

the semiconductor bonding processes. Fig. 21 shows the posi-
tion response when the 250-m short-distance position profile
is used as the test input. Although overshoot and nonlinear ef-
fects are present at the output, the steady state error is just below
25 m, which still satisfies the design specifications. Fig. 22
shows the internal dynamics of the position control system in
response to this short position profile. The upper section shows
the total force command while the lower section depicts the cor-
responding phase current for winding A.
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Fig. 23. Stiffness of the control system around a set-point of 150 mm.

In addition to the position tracking responses, we also mea-
sured the static stiffness of the motion control system. The mea-
sured result that represents the stiffness of the control system
is shown in Fig. 23. The restoring force acting on the motion
platform is measured when it is deviated from its original set
point position of 100 m. The force-position profile is a familiar
S-shape curve. There is a large force change around the25- m
region, and then the force change becomes more gradual outside
this region. The reasonably high stiffness of the system indicates
that the system can be controlled to a high degree of accuracy.
In summary, the proposed motion control system can follow the
command path quite closely with a high stiffness.

VII. CONCLUSION

The variable-reluctance linear motion system described in
this paper is robust, reliable and has little mechanical adjust-
ments. Owing to its performance and low manufacturing cost,
the actuator can be applied to many new and high-end applica-
tions which require high-precision and high-speed motions. It
will also have a tendency to replace many traditionalX–Ytables
that operate by rotary motors and mechanical lead screws.

The variable-reluctance linear drive system uses a simple
machine structure but a sophisticated control method. In this
paper, an effective control method based on a cascade structure,
a nonlinear lookup table, and dual-rate sampling is proposed
and implemented. The proposed nonlinear control algorithm
does not require any implementation of complex mathemat-
ical functions and is particularly suitable to be embedded in
low-cost fixed-point microcontrollers/DSPs. Experimental
results show that the linear variable-reluctance actuator can
be operated at high acceleration/deceleration rate with high
precision.
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