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This paper proposes a long-stroke linear switched reluctance machine (LSRM) with a primary and a secondary translator for

industrial conveyance applications. The secondary one can translate according to the primary one so that linear compound motions

can be achieved. Considering the fact that either one translator imposes a time-variant, nonlinear disturbance onto the other, the self-

tuning position controllers are implemented for the proposed linear compound machine and experimental results demonstrate that the

absolute steady-state error values can fall into 0.03 mm and 0.05 mm for the secondary and primary translator, respectively. A

composite absolute precision of less than 0.6 mm can be achieved under the proposed control strategy.
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1. Introduction

In modern manufacturing and assembly industry, electrical or

mechanical components or parts rely on conveyance systems to transport

them to arrive at proper positions for further processing. For linear

transportations, rotary machines with synchronous belts are sometimes

involved to realize conveyance systems. Due to wear and aging of the

belts and other mechanical parts, the precision of the entire conveyance

system is often hard to be guaranteed.1 The traditional method of rotary

machines and belts can be replaced by direct-drive, linear machines,

which have the advantages of fast response, high-precision and speed.2

For linear conveyance systems nowadays, the speed of the moving part

NOMENCLATURE

h = 1 and 2, stands for the primary and the secondary translator,

respectively

j = phase windings with j =AA’, BB’ and CC’

Uhj = supply phase voltage

ihj = phase current

Rhj = phase resistance

ϕhj = phase flux linkage

xh = displacement

Lhj = phase inductance

f1, f11 and f2, fl2 = generated electromechanical force and load force

for the primary and secondary translator, respectively

M and m = the mass of the primary and secondary translator

Qh = friction coefficient of the two translators

fhj = force command

i *hj = current command

eh =disturbance

ah1, ah2, bh0 and bh1= system parameters

Ah and Bh = system denominator and numerator polynomials,

respectively

Gh = gain matrix

Ph = covariance matrix

ρh = the forgetting factor

θh = identification matrix

δ = a small positive number

Ahm, Bhm = desired pole and zero polynomial

Ah0 = observer polynomial

uh(z
-1) = control input

Rh, Th and Sh = polynomials of self-tuning controller
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should often be kept at specified values for sequenced processing of the

components or parts.4 Two or more transportation tasks can rarely be

handled at the same time.

If any secondary moving part (or translator) can be embedded onto

the linear conveyance system and the moving part makes relative

motions according to the primary conveyance one at the same time,

then the efficiency of the entire component transportation task can be

increased. As shown in Fig. 1 the concept of a direct-drive, compound

linear conveyance system, the stationary part propels the conveyance

track (primary part) along the x axis, and the manipulator is responsible

to transport the components to a certain work station along the y

direction. The secondary part is embedded onto the conveyance track

and the secondary translator is capable of translation along the

conveyance track. It can be seen that the secondary part can work

simultaneously as the conveyance track translates. Thus, the processing

time can be reduced with increased component conveyance efficiency.

Meanwhile, the entire positioning precision of the linear conveyance

system can be improved, if both the conveyance track and the secondary

part can work coordinately.

For direct-drive translational machines, a linear induction motor is

more suitable for long-range transportation purposes.5 However, it is

difficult to realize a compound machine structure for composite motions

due to the induction machine methodology.6 A linear permanent magnet

(PM) machine is more suitable for high-speed, high-precision

applications, nevertheless, the complicated winding structure prevents

the utilization for long-range conveyance purposes.7-9 The arrangement

of PM blocks further increases system cost and complexity, especially

for long-stroke operations.7 In addition, temperature variations inevitably

result in performance deterioration or even malfunction of the machines.8

A linear switched reluctance motor (LSRM) has the merits of simple

construction and easy implementation. Owing to a robust and stable

mechanical structure, it is particularly suitable for the operation under

long-range applications.9-12

For the composite operation of an integrated LSRM, either the

primary or the secondary part acts as an external, time-variant, load

disturbance onto each other. Since the position control performance of

LSRMs is highly dependent on both position and current,13,14 the primary

or the secondary part inevitably imposes a dynamic temporal-spatial

influence onto each other. Therefore, it is necessary to identify such

influence qualitatively in real time and correct such disturbance

accordingly. It is very difficult for a traditional proportional-integral-

differential (PID) controller to cope with such disturbances since its

design is mainly based on the static model of a system.15 To achieve a

high-precision position control performance, the dynamic models for

the primary and secondary parts should be established for uniform

operations.16,17 According to current literature, a nonlinear proportional

differential (PD) controller is introduced for the LSRM to achieve a

better dynamic response; in Ref. 17, a passivity-based control algorithm

is proposed for a position tracking system of the LSRM to overcome

the inherent nonlinear characteristics and render system robustness

against uncertainties. However, the above nonlinear algorithms fail to

identify and correct the influence of external disturbances in real time.

Therefore, online parameter identification is a good choice to characterize

the dynamic models for both parts.18 In addition, a self-tuning position

controller is capable of adjusting control parameters based on the

dynamic behaviors to achieve a designated position control performance,

according to the desired poles.15

In this paper, a long LSRM with primary and secondary translators

is first introduced. Then, online system identification scheme is

introduced to calculate the model parameters in real time, based on the

recursive least square (RLS) method. Next, the self-tuning position

controllers based on the pole-placement methodology are constructed

to realize a uniform position control performance for both translators.

The contribution of this paper is two folded. First, a compound LSRM

for industrial conveyance applications is proposed and constructed. This

machine has the characteristics of long stroke and the capability of

composite linear motions. Second, by applying the self-tuning position

control strategy, both independent position control and composite control

can be realized to achieve a better, uniform performance, compared to

the PID controllers.

2. Structure and Principle of the LSRM

According to the switched reluctance principle, the compound linear

machine can either conform to a single-sided or double-sided topology.

Fig. 2(a) demonstrates the schematic view of the compound machine.

It mainly consists of a stator base with stator/mover blocks. The proposed

machine utilizes an asymmetric structure. Instead of perfect mirror

along the axis of the primary stator, either the stator phases or the mover

phases apply an asymmetric scheme to improve a higher force-to-

Fig. 1 Concept of the direct-drive, compound linear conveyance

system

Fig. 2 The structure (a) and picture (b) of the LSRM
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volume ratio and efficiency.3,19 Fig. 2(b) is the picture of the machine

prototype.

The stator base and the secondary translator have the same dimensions

and ratings. The windings are three phased and each phase is serially

connected, marked as AA’, BB’, CC’ for the stator or the secondary

translator. When the windings of the stator base are properly excited, the

primary translator translates according to the stator base; if the windings

of the secondary translator are activated, it moves with respective to the

primary translator, which is two meters in total length. Therefore, a

composite movement can be achieved from the primary and the

secondary translators. Table 1 lists the major specifications of the

proposed LSRM.

The voltage balancing equation can be characterized as the following,21

(1)

Under unsaturated regions, the propulsion force of any phase for any

translator can be formulated as,8

(2)

The kinetic equations for the primary and secondary translator can

be represented as Eqs. (3) and (4), respectively.

(3)

(4)

It is clear from the above two equations that the generated force from

either one translator affects the behavior of the other.

3. Compound Position Control System

The compound position control diagram is illustrated as shown in

Fig. 3. For any translator, the multi-phase excitation scheme in the

force control loop decides which phase(s) should be excited, based on

current position and force command fhj. Then current command  of

each phase can be derived, according to Table 2.15 Last, the current

loop of each phase generates the actual current output ihj for each phase

according to the current command . When the switch is in the “off

state, each translator receives its own position reference signal. This

means that each translator can be controlled independently. The two

systems can then be decoupled through their own position feedback

signal, and therefore, the primary translator performs linear movement

relative to the ground, while the secondary translator performs linear

movement relative to the primary translator. If the switch is in the “on

state, the real time position feedback signal from the primary translator

is imposed and serves as another reference position signal to the

secondary translator. Thus, the movement of the secondary translator

can be superimposed. Therefore, a composite linear movement can be

achieved through the secondary translator according to ground.

From Eq. (3) and (4), the position control system for the primary or

secondary translator can be represented as second-order systems with

the force command as the system input and position as the system

output, respectively. The second-order system can be rewritten in the

discrete-time form considering disturbance eh as,

(5)
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Table 1 Major specifications

Variable Parameters Unit

Mass of primary/secondary translator (M/m) 15.2/5 kg

Rated power 250 W

Pole width 6 mm

Pole pitch 12 mm

Phase resistance 3 ohm

Air gap length 0.3 mm

Stack length 200 mm

Number of phases 3 -

Number of teeth primary/secondary translator (stator) 83/24 -

Stroke of primary/secondary translator 3.4/1.4 m

Fig. 3 Compound control diagram

Table 2 Multi-phase excitation scheme
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3.1 Recursive least square algorithm with forgetting factor

Since the recursive least square algorithm is suitable for time-variant,

nonlinear systems, it is applied for the identification of the above system

parameters. Eq. (5) is further transformed into the least square form as,

(7)

where, =[−xh(z
−2) − xh(z−3)fh(z−1)fh(z−2)]T, =[ah1ah2bh0bh1]

and  is the residual. The parameters can be calculated by the

following as,22

(8)

(9)

(10)

The forgetting factor should be chosen at the interval (0.9 1), to avoid

identification data saturation.22 The smaller the value the faster the

forgetting is. For initial values, Ph(0) = r·I4×4 with r as a constant value

of 100,000 and I4×4 is a four-dimension unit matrix. If the relative error

from the last and present step is comparatively small, it is regarded that

the present estimated value is correct. Then the criterion to terminate

the recursive calculation can be set as,

(11)

3.2 Self-tuning position control based on pole-assignment

The self-tuning control algorithm adjusts the control parameters based

on the pole-placement scheme, according to the current identified

parameters.23 Therefore, the entire control system can be operated in an

optimized condition according to the desired system predefined poles.23

The control structure of the self-tuning position controller is shown in

Fig. 4.

The controller algorithm can thus be depicted as,23

(12)

The polynomials Rh, Th and Sh from the controllers satisfy the

causality conditions degSh ≤ degRh and degTh ≤ degRh. Then we have,

(13)

(14)

The closed loop characteristic equation can thus be described as,

(15)

Causality conditions are denoted as follows, 

(16)

where polynomials Ahm and Bhm contain the desired closed loop poles

and zeros, respectively. For second-order systems, we have,23
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Fig. 4 Position controller

Fig. 5 Program flow of position control
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parameters enter the steady-state, control decision is switched to the

self-tuning controller. Detailed coefficients calculation r1, r2, s0, s1, t0

and t1 of polynomials Rh, Sh and Th can be found in Refs. 19, 22.

4. Experimental Results

The entire experiment is conducted on the dSPACE DS1104 control

platform, and the developed program can be directly downloaded to the

digital signal processor of the control board. Commercial current

amplifiers are adopted to acquire the desired current for each phase.

Two identical linear magnetic encoders with the resolution of 10 µm

are adopted. The sampling frequency for the position control loop is 1

kHz. Fig. 6 shows the overall experimental setup.

To simulate the positioning of the machine for component

transportations, the nominal state for parameter regulations is set as 40

mm amplitude with the frequency of 0.5 Hz square reference signal.

The dynamic response can be found in Fig. 7, if the two translators are

separately activated. The PID parameters for each translator are

regulated individually, such that a minimum steady-state error values

can be achieved under the nominal condition. The PID parameters are

listed in Table 3. The coefficients of the desired pole polynomials are

selected to theoretically acquire a zero steady-state error according to

the reference signal.23

As shown from Fig. 7(a), the dynamic performance from the two

translators is almost the same. However, the dynamic responses from

the positive transitions to the negative transitions are not uniform for

either translator. There exhibits dominant overshoots from the negative

transitions. This is due to the different mathematic models from the

positive and negative transitions. The reason may originate from the

asymmetric behaviors such as friction coefficients or difference of

manufacture, etc..20 From Fig. 7(b), the steady-state error values for the

primary translator from the positive and negative transitions fall into

0.2 mm and 0.1 mm, respectively; the maximum absolute steady-state

error values for the secondary translator are -0.05 mm and -0.049 mm.

Under PID regulation, the parameter identification is performed at

the nominal state for each translator individually. As shown in Figs.

8(a) and (b) the identification results, all parameters reach to their

stable values within 5 seconds. After all the parameters are converged,

the control algorithm is switched to the self-tuning control method.

From the dynamic response profiles illustrated in Figs. 8(c) and (d), the

dynamic response waveforms almost overlap for the primary and

secondary translator, and a symmetric steady-state error performance

can be achieved for either positive or negative transitions. The steady-

state error values are 0.05 mm and 0.03 mm for the primary and

secondary translator, respectively.

If the “switch” in Fig. 3 is turned off and the position reference

signals are identical, then a simultaneous movement can be achieved

for the two translators. Though the two translators move together, each

follows its own reference signal independently. Figs. 9(a) and (c)

demonstrate the dynamic response profiles of the two translators under

PID and self-tuning control, respectively. Under the same control

parameters, the PID controllers for each translator are no longer able to

remain the same control performance, since time-variant disturbances

from the translators are existent. The steady state has not even dwelled

during the negative transitions. For the self-tuning position controllers,

however, the control performance remains the same. This is because

the self-tuning controller can regulate the control parameters in time,

Fig. 6 Experimental setup

Table 3 Control parameter regulation values

Control parameter Value Control parameter Value

P1 4.173 P2 3.985

D1 0.031 D2 0.029

I1 0.01 I2 0.01

a1m1 -1.942 a2m1 -1.937

a1m2 0.944 a2m2 0.938

a10 -0.896 a20 -0.903

ρ1 0.997 ρ2 0.995

note: the desired poles for the primary and secondary translators are

0.967±0.094i and 0.9685±0.0028i, respectively

Fig. 7 Experimental results of individual operation from PID (a)

response (b) error
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according to the designated desired poles. The speed profiles of the

primary and the secondary translator can be illustrated in Fig. 9(b). It

is clear that an accumulated speed to ground can be obtained.

If the switch is “on”, then the position feedback signal of the primary

translator can serve as the part of the reference signal for the secondary

translator. Thus, a compound linear movement to ground can be

achieved. For example, in the conveyance industry, the primary translator

is often required to perform reciprocal motions among different work

stations for component conveyance. If an emergency occurs at some

work station, and at the same time, the primary translator cannot respond

to such emergency, then the secondary translator can take this job for

this emergency response. As shown in Fig. 10(a), the actual position

signal for the primary translator is a sinusoidal waveform of amplitude

±40 mm and 0.2 Hz. To quickly respond to the emergency, the reference

position signal to ground is a perfect square waveform to ground. Then

the reference signal for the secondary translator according to the primary

one can thus be derived as the blue dashed lines, as shown in Fig. 10(a).

According to Fig. 10(b), a compound linear motion according to ground

can be realized from the secondary translator for a square waveform

with amplitude of 80 mm. This compound operation successfully

simulates the above situation, it can be seen that the tracking error

values from the primary translator fall into 0.4 mm; while the maximum

steady-state error falls into 0.2 mm for the secondary translator.

Therefore, the compound precision from the secondary translator to

ground does not exceed 0.6 mm.

Fig. 8 Identification converging profiles (a) and (b), individual

operation from self-tuning control (c) response (d) error

Fig. 9 Results of operation from PID (a) and (b) speed profiles (c)

response under self-tuning control
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5. Conclusions & Discussions

A linear compound switched reluctance machine that consists of a

primary moving part and a secondary translation part is proposed in

this paper. This machine is able to realize a composite linear motion

from the secondary translator to ground. By the implementation of the

self-tuning position control strategy, the steady-state error values can be

controlled within ±0.03 mm and ±0.05 mm for the secondary and

primary translator, respectively, under the nominal square wave reference

signals. This proposed machine successfully simulates a linear

conveyance system operation in a constant sinusoidal reference signal,

while the secondary translator responds to emergency at the same time.

To realize the composite motion to ground in a square waveform of

amplitude ±40 mm and 0.2 Hz, experimental results demonstrate that

the compound precision is less than ±0.6 mm.

From the above analysis, all control parameters are regulated under

the nominal state. In addition, since parameter identification schemes

often require enough steady states from the control process,22 the control

performance under the composite motion is not optimized. It is

recommended that some control algorithms under reference signals with

continuous variations to be included for the proposed linear machine.
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