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Abstract—The coordinated tracking control for the group
motion control system based on three direct-drive double-
sided linear switched reluctance motors (LSRMs) is in-
vestigated in this paper. The system construction for the
proposed coordinated tracking system is elaborated, includ-
ing the unit system and group system design, communi-
cation configuration among unit systems, and stability and
performance analysis of the group system. The coordinated
control performance is concentrated on three identical
LSRMs with different communication topologies. Experi-
mental results demonstrate that necessary bidirectional
interactions between the unit systems contribute to the
coordination performance. The maximum dynamic tracking
error within ±0.4 mm can be achieved under the sinusoidal
reference of 30-mm amplitude and 0.2-Hz frequency.

Index Terms—Coordinated tracking, group motion con-
trol system, linear switched reluctance motor (LSRM).

I. INTRODUCTION

L INEAR translation, as one of the most common forms of
motion in the industry, can be found extensively in parts

assembly, chip manufacture, printed circuit board drilling areas,
etc. With the fast paces of smart and highly integrated control
chips, the development of intelligent coordinated operating
linear motion control systems with the capability of batch
processing, fast speed, and high precision becomes available.
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For example, an assembly gantry system with three degrees
of freedom has two or more working units. The traditional
processing procedure is that all working units operate in se-
quence. That is, the second unit is often unable to process until
the first one has finished its job. If some of the working units
are able to actuate according to the others’ information, such
as speed, position, etc., the units may operate simultaneously
and coordinately to accomplish one assembly task, and the
overall motion control system can achieve a better performance
such as the annihilation of accumulated errors with improved
efficiency.

To realize a coordinated operation, each working unit can be
connected to the main controller by wired or wireless means
to transmit its real-time working status to the others. The main
controller is responsible for the control decision of operation
from all units, receiving and dispatching all required infor-
mation for them at the same time. However, the “centralized
coordination” manner requires the main controller to possess a
fast computing and data processing capability, and it requires
the collection and exchange of information globally [1]. The
entire system collapses as the main controller fails. If system
fault occurs, such as signal transmission failure or disconnec-
tion from one or more units, the whole control system is bound
to yield performance deterioration or even malfunction [2]. In
addition, for a group motion control system with numerous
or spatially dispersed linear machines, the centralized control
mode will be too expensive to be implemented, and even if they
could be done, the resulting system is not robust or efficient [3].

Apart from the centralized mode, the distributed or decen-
tralized operation does not require any central processing con-
trollers. Any working unit can be considered as an autonomous
“multiagent,” and each unit system has its own controller, trans-
ducer, etc., which individually conforms to a typical closed-
loop linear motion control system [4]. The ultimate global
control goal can be emerged only by local communications
among the independent unit closed-loop systems with local
controllers, without requiring global supervision or decision
[5]. For example, many closed-loop systems based on linear
machines can communicate with each other through local con-
trollers, and all machines can work cooperatively to achieve one
ultimate task such as chassis welding for automobiles.

As the actuator of the linear motion control system, a direct-
drive translational machine has the advantages of a simplified
mechanical structure, high reliability, and reduced mechanical
adjustments or maintenance [6]. Among the linear machines,
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a linear switched reluctance motor (LSRM) owns a robust
and stable mechanical structure. It is more suitable for mass
production and the implementation of a distributed linear mo-
tion control system due to its simple construction and low
cost [7]. Current research mainly focuses on the performance
improvement for the single-LSRM-based control applications
[8]–[10]. In [8], 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 and bounded disturbances. An adaptive
controller is proposed to combat the difficulties and uncertain
control behaviors of a double-sided LSRM in [9]. A nonlinear
proportional differential (PD) controller based on the tracking
differentiator is introduced for the LSRM-based real-time sus-
pension system to achieve a better dynamic response [10].

The study of a linear machine-based distributed coordinated
group motion control system has yet to be reported. The cooper-
ative control theory of dynamic systems based on the decentral-
ized manner provides a theoretical support for the coordinated
tracking of the multiple-LSRM-based group motion control
system. Previous studies on decision-making mechanism in
particle groups, such as flocking [11], swarming [12], and
schooling [13], provide a useful insight for the coordinated
control of LSRMs. The consensus algorithms for second-order
dynamics have been recently researched by Ren and Beard
[14]. The extensional algorithms for the unit of a general linear
system are further discussed by Qu et al. [15]. The coordinated
and cooperative control scheme based on the consensus algo-
rithm has been successfully applied to the formation control of
multiple vehicles [15] and flight vehicles [16]. In rendezvous
problems, the consensus algorithm is applied for all units
in a group to assemble at a certain location simultaneously
[17]. Other applications include multi-spacecraft attitude syn-
chronization and tracking [18]–[20], sensor network decision
making [21], and robot synchronization [22]. Unfortunately, the
majority of the research work discussed earlier is only focused
on theoretical analysis or mathematical simulation, based solely
on ideal assumptions such as synchronous time sampling,
unrestricted communication bandwidth, perfect information
transmission, etc.

The contribution of this paper includes the following. First,
the coordinated tracking in a decentralized manner has been
first attempted for group motion control systems based on three
independent direct-drive asymmetric double-sided LSRMs
[23]. Second, the construction of the coordinated tracking sys-
tem, including communication configuration, controller design,
etc., is further clarified, together with stability and performance
analysis. Third, four different communication topologies are
studied for the proposed group tracking control system, and the
control performance from each topology is analyzed.

II. BACKGROUND THEORY

A. Mathematical Model of the LSRM Unit System

Any one phase of the LSRM from the ith unit system can be
described in the voltage balancing equation as [10]

uik = Rik iik +
dλik

dt
, k = a, b, c (1)

Fig. 1. Communication topology graphs.

where uik , Rik , and iik are the terminal voltage, coil resistance,
and current, respectively. λik represents the flux linkage for
the kth winding. Rearranging (1) by neglecting the mutual and
leakage flux linkage, we have

diik
dt

=
uik −Rik iik − ∂λ(iik ,xi)

∂xi
· dxi

dt

∂λ(iik ,xi)
∂iik

. (2)

The mechanical representations that depict the entire motion
behavior for any unit control system can be characterized as [9]

dxi

dt
= vi (3)

dvi
dt

=
(f ∗

i −Bivi − fli)

mi
(4)

where xi, vi, Bi, mi, f ∗
i , and fli represent the position, ve-

locity, friction coefficient, mass, and electromagnetic and load
forces for the ith LSRM, respectively. Equations (3) and (4) can
be further expressed as

mi ·
d2xi

dt2
+Bi ·

dxi

dt
+ fli = f ∗

i (5)

f ∗
i can be expressed as

f ∗ (iik , xi) =
∂W ′ (iik , xi)

∂xi
(6)

where W ′ (iik , xi) denotes the coenergy.

B. Graph Theory and Communication Topology

In general, the information exchange among LSRM-based
group motion control systems can be modeled by a graph G
consisting of a nonempty finite set of nodes V = {v1, . . . , vN}
and an edge set E ⊆ V × V [24]. The node vi denotes the ith
LSRM-based unit system. An edge eij ∈ E denotes that there
is a directed information propagative flow from the jth to the ith
unit system. A neighbor set of the ith unit system is symbolized
as Ni = {vj ∈ V : eij ∈ E}. For example, the neighbors of
unit system 2 are systems 1 and 3 in Fig. 1(a). A path from node
vi to vj is a sequence of successive edges in E that connects
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Fig. 2. Position control diagram for ith unit system.

node vj to node vi. A directed graph G has a spanning tree if G
has a node to which there exists a path form every other node
[25]. For the LSRM-based unit systems, as shown in Fig. 1, the
edges of the directed graph can be represented by the directed
lines and arrows. For all the cases from Fig. 1(a)–(d), there exist
spanning trees, and the root node is system 1.

The adjacency matrix A = [aij ] ∈ RN×N associated with
graph G is defined by aij > 0 if eij ∈ E; otherwise, aij = 0,
and aii = 0 for all i = 1, . . . , N . Without considering weights,
aij = 1 if eij ∈ E. The Laplacian matrix L = [lij ] ∈ RN×N is
defined as lii =

∑
i�=j aij , and lij = −aij for i �= j.

C. Coordinated Control of LSRM-Based Group System

The aforementioned graph G represents the communication
topology of the information flow among unit systems, and the
topology restricts the allowed communications between the
nodes. In addition, the communication topology can be artifi-
cially modified for the group system as necessary. Therefore,
the ultimate goal of coordinated control for the group system
is to realize position or velocity synchronization for all unit
systems based on G.

The control law for each LSRM unit system is given by
ui = ki(xi, xj), {xj |j ∈ Ni}, which relies on the position and
velocity information from itself and its neighbors in Ni, i.e.,
the output of each node depends on the specified subset of all the
nodes, of which states can be received by node i. Therefore, the
coordination of the group system can be essentially considered
as a consensus problem provided that ui(t), i = 1, . . . , N ,
limt→∞ ‖xi − xj‖ = 0 with xi,j = [xi,j , ẋi,j ]

T , which repre-
sents that the states from each unit system can achieve the
global control goal for any initial states of i, j = 1, . . . , N [26].

III. CONTROLLER DESIGN

A. Position Controller for the Unit Systems

For each unit system, the typical dual-loop control scheme is
employed, and the outer position controller with the PD algo-
rithm is applied with the control diagram illustrated in Fig. 2 in
the time domain. The operation of the outer position control
loop is based on the assumption that the current controllers
have a perfect tracking capability. Since an LSRM commonly
characterizes a highly nonlinear relationship, the linearization
scheme of the multiphase excitation combined with 2-D 27 ×

Fig. 3. (a) Converter topology and (b) block diagram for the ith unit
system.

27-matrix lookup tables is applied to combat the nonlinearities
between force with respect to current and position for each
phase [27]. The multiphase excitation of the force control loop
calculates the phase force command f ∗

k,i (k = a, b, c) from the
total force command f ∗

i derived from the position controller
[27].

∑
j∈Ni

xj represents the set of the neighbors’ position
information, and ei stands for the error sum from xj to xi or
the error sum from xj to xi plus x∗ − xi.

The PD position controller takes the form

Ci(s) = Kp,i +Kd,is (7)

where Kp,i and Kd,i are the proportional and differential gains
for the ith unit system, respectively. The whole force control
loop can be represented as a nonlinear function hi(xi, f

∗
i ) > 0

with respect to position and total force command, and Hi(s) is
the Laplace transform of hi(xi, f

∗
i ) > 0 after linearization [28].

For the current controller for either axes, three asymmetric
bridge pulse width modulation (PWM) converters are em-
ployed so that each phase can be controlled independently.
Fig. 3(a) shows the circuit of the converter for one axis [9].
According to the control block diagram in the complex domain
from Fig. 3(b), the closed-loop transfer function between posi-
tion reference Ri(s) and feedback Yi(s), neglecting load force,
can thus be represented by

H ′
i(s) =

Yi(s)

Ri(s)

=
(Kp,i +Kd,is) ·Hi(s) · Ks,i

mis2+Bis

1 + (Kp,i +Kd,is) ·Hi(s) · Ks,i

mis2+Bis

=
Ks,i ·Hi · (Kp,i +Kd,is)

mis2 + (Bi +Kd,iKs,iHi)s+Kp,iKs,iHi
(8)

where Ks,i is the system gain.
∑

j∈Ni
Rj(s) is the Laplace

transform of
∑

j∈Ni
xj . For the current controller for either

axes, three asymmetric bridge PWM converters are employed
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so that high dynamic response can be enjoyed independently in
each motor phase. The following figure shows the circuit of the
converter for one axis.

B. Coordinated Control Design

Rearranging (5) in the state-space form, we have

[
ẋi

ẍi

]
=

[
0 1

0 −Bi

mi

] [
xi

ẋi

]
+

[
0
1
mi

]
ui (9)

where ui = f ∗
i − fli.

The consensus algorithm for the general second-order linear
system is applied to design the coordinated control law [29] for
the proposed group motion control system. It is formulated as

ui=−c

N∑
j=1

aij [Kp,i(xj(t)−xi(t))+Kd,i(ẋj(t)−ẋi(t))] (10)

where c is the coupled scalar feedback gain and aij is the entry
of adjacency matrix A associated with graph G. The velocity
feedback terms (ẋi(t) and ẋj(t)) are obtained by the differential
of position (xi(t) and xj(t)) from the position control loop. The
dynamic equation for the ith LSRM unit system can thus be
represented as

[
ẋi

ẍi

]
=

[
0 1

0 −Bi

mi

][
xi

ẋi

]
−c

N∑
j=1

aij

[
0
1
mi

]
[Kp,i Kd,i]

[
xj(t)−xi(t)
ẋj(t)−ẋi(t)

]
.

(11)
The dynamic equation for the multiple-LSRM unit system

can thus be derived as

⎡
⎢⎢⎢⎢⎢⎣

ẋ1

ẍ1

...
ẋN

ẍN

⎤
⎥⎥⎥⎥⎥⎦
=

{
IN ⊗

[
0 1

0 −Bi

mi

]
−cL⊗

[
0
1
mi

]
[Kp,i Kd,i]

}
⎡
⎢⎢⎢⎢⎢⎣

x1

ẋ1

...
xN

ẋN

⎤
⎥⎥⎥⎥⎥⎦

(12)

where IN is the N th identity matrix and L is the Laplacian
matrix. Let

x = [x1, ẋ1, . . . , xN , ẋN ]T

Ai =

[
0 1

0 −Bi

mi

]

Bi =

[
0
1
mi

]

Ki = [Kp,i Kd,i].

Since all the LSRM unit systems are identical, the subscripts
for Ai,Bi,Ki can be neglected. Therefore, the above equation
is represented as

ẋ = (IN ⊗A− cL⊗BK)x. (13)

C. Stability Analysis

To analyze the stability for the LSRM unit system as rep-
resented in (11) and the group system in (13), the following
lemma is employed to prove Theorem 1.

Lemma 1: When graph G contains a spanning tree, the
eigenvalues of the Laplacian matrix L(G) can be satisfied as
λ1 = 0, and Re(λi) > 0, i = 2, . . . , N [14].

Theorem 1: Group system (13) is asymptotically stable if
and only if all the matrices

A and A− cλiBK, i = 2, . . . , N (14)

are Hurwitz.
Proof: When directed graph G contains a spanning tree,

the nonsingular matrix M can be obtained such that the Jordan
form J of the Laplacian matrix of G can be calculated by
L(G) = M−1JM . According to Lemma 1, the form of J
satisfies

J =

⎡
⎢⎢⎢⎣
0 0 . . . 0
0 J(λ2) . . . 0
...

...
. . .

...
0 0 . . . J(λN )

⎤
⎥⎥⎥⎦ . (15)

J(λi) are the Jordan blocks associated with λi, i = 2, . . . , N .
The similarity transformation of the matrix IN ⊗A− cL⊗
BK is a block triangular matrix as

(M−1 ⊗ Im)(IN ⊗A− cL⊗BK)(M ⊗ Im)

= (IN ⊗A− cJ ⊗BK). (16)

The above deduction indicates that the group system matrix
IN ⊗A− cL⊗BK is equivalent to the following:

diag{A,A− cλ2BK, . . . ,A− cλNBK}. (17)

Since a state-space transformation does not change the eigen-
values, IN ⊗A− cJ ⊗BK is Hurwitz if and only if A−
cλiBK, i = 2, . . . , N and A are Hurwitz. Similarly, the
asymptotical stability of system (13) can be guaranteed. This
proves Theorem 1. �

By Lemma 1, on the premise that all unit systems in accor-
dance to the matrix pair (A,B) are stabilizable, if the graph
has a spanning tree with the leader as the root node, system
(13) can be guaranteed to be stable with a proper selection of
both c and K to satisfy condition (14). In addition, the selection
of both c and K must conform to a specified graph topology.
Simultaneously, Theorem 1 also implies that a control law K
stabilizing the single LSRM may fail to stabilize the group
system (13). The method of determining c and K is provided
in [26].

Remark of Scope of Stability: From the aforementioned
deduction, on the premise that 1) there is a spanning tree [14] in
graphG and 2) if and only if A andA− cλiBK , i = 2, . . . , N
is Hurwitz stable, i.e., the real parts of the eigenvalues of A and
A+ cλiBK are strictly negative (λi, i = 2, . . . , N represents
the nonzero eigenvalues of Laplacian matrix L of G), then the
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group system (13) is stable. Im is the mth identity matrix, and
m stands for the dimension of the system states from an LSRM.

D. Performance Analysis

For analyzing the converging speed of the group system (13),
the following lemma is introduced.

Lemma 2: Let λi, i = 1, . . . , N, μj and γj , j = 1, . . . ,m be
the eigenvalues of L, BK and A, respectively, corresponding
to the eigenvectors νi, i = 1, . . . , N, υj and ϑj , j = 1, . . . ,m.
Then, ηk = γj − cλiμj , k = 1, . . . ,mN are the eigenvalues
associated with the eigenvectors ϕk = νi ⊗ υjϑj of the state
matrix of the group system (13).

Proof: 1) According to the property of the Kronecker
product, γj · 1N and λi · μj are the eigenvalues of IN ⊗A,
L⊗BK , respectively. Obviously, γj − cλiμj , i = 1, . . . ,
N , j = 1, . . . ,m are the eigenvalues of the group system (13)
in accordance with the property of the square matrix. 2) Let
νi ⊗ υjϑj be multiplied by the state matrix of (13), and the
following derivation can be given as:

(IN ⊗A− cL⊗BK)(νi ⊗ υjϑj)

= (IN ⊗A)(νi ⊗ υjϑj)− (cL⊗BK)(νi ⊗ υjϑj)

= INνi ⊗Aϑjυj − cLνi ⊗BK(υjϑj)

= νi ⊗ γjϑjυj − cλiνi ⊗ μjυjϑj

= (γj − cλiμj)(νi ⊗ υjϑj). (18)

Lemma 2 is proved. �
Let Φ = [ϕ1 ϕ2 · · · ϕmN ] be the matrix consisting of the

normalized eigenvectors ϕk = νi ⊗ υjϑj of IN ⊗A− cL⊗
BK , corresponding to its eigenvalues ηk = γj − cλiμj , k =
1, . . . ,mN . The solution of the group system (13), initialized
from x(0), can be given in accordance with Lemma 1 and
Lemma 2 from the following:

x(t)= e(IN⊗A−cL⊗BK)tx(0)

= eΦΛΦ−1tx(0)

= ΦeΛtΦ−1x(0)

= Φ

⎡
⎢⎢⎢⎣
eΛ(γj)t 0 · · · 0

0 eΛ(γj−cλ2μj)t · · · 0
...

...
. . .

...
0 0 0 eΛ(γj−cλNμj)t

⎤
⎥⎥⎥⎦Φ−1x(0).

(19)

We can distinctly discern that the eigenvalue which has the
minimum absolute value of the real part decides the converging
speed of system (13) under the premise that the real parts of all
eigenvalues γj − cλiμj are negative. Since the first eigenvalue
of L satisfies λ1 = 0, min(|Re(γj − cλiμj)|) is equivalent to
min(|Re(γj)|).

Therefore, we can obtain the conclusion that the state matrix
A of the LSRM determines the converging speed of the group
system (13). In addition, the bigger the value of min(|Re(γj)|),
the faster the converging speed that the system (13) possesses.

Fig. 4. (a) LSRM structure (to correspond a, b, c representation of
phase), (b) unit control system, and (c) control structure of the group
system .

IV. SYSTEM CONSTRUCTION

The control objects are three identical LSRMs that con-
form to the “6/4” switched reluctance machine structure. A
double-sided machine arrangement guarantees a more stable
and reliable output performance [9], and the asymmetry of the
stators ensures a higher force-to-volume ratio [23], as shown in
Fig. 4(a). The stator base comprises six stators with windings,
and each phase is magnetically decoupled. The silicon-steel
plates are stacked and fixed into the moving platform, and a
pair of linear guides is employed to facilitate the linear motion
of the moving platform. A linear magnetic encoder with the
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TABLE I
MAJOR SPECIFICATIONS

TABLE II
CONTROLLER GAINS

resolution of 1 μm is mounted onto the stator base for real-time
position information collection. Table I demonstrates the major
specifications of the machine.

The controllers are three dSPACE1104 control boards with
onboard 250-MHz floating-point processors. Each control plat-
form consists of two 24-b incremental encoder channels and six
channels of 12-b analog input and output, respectively. The se-
rial port interface is employed for the communication between
the LSRM unit systems. The control card can directly interface
with Real-Time Workshop and MATLAB/SIMULINK, and
control parameters can be modified online.

Each closed-loop unit position control system mainly in-
cludes the LSRM, the power supply with transformers, and the
dSPACE interface, as shown in Fig. 4(b). For each unit system,
the sampling rate for the outer position control is 0.25 kHz, and
the current loop is regulated by three commercial amplifiers that
are capable of inner current control with a 20-kHz switching
frequency based on the proportion integral algorithm. The
switching frequency from the inner current loop is fast enough
for position loop regulation after the current regulation has been
completely settled.

Communication between unit systems is realized by the
serial port with RS232 protocol. The baud rate is 57 600 with
the data and stop bit set as 8 and 1, respectively. According to
Fig. 1 of the communication topology of the three unit systems,
the overall control structure of the group system can be repre-
sented as shown in Fig. 4(c). “External signals” represent the
neighbors’ position information and also the reference signal
for unit system 1. “Internal signals” are the position information
within the unit systems.

V. EXPERIMENTAL RESULTS

Table II tabulates the proportion and differential gains ac-
cording to the constraints depicted in [26]. It can be verified by
the stability analysis that all the parameters from Table II fall
into the scope of stability for all of the aforementioned graph
topologies depicted in Fig. 1. The proportional and differential

Fig. 5. Dynamic response of (a) position and (b) error of graph 1©.

gains are the same for all LSRMs, and the gains are regulated
based on trial and error experimentally [27].

The graphs are denoted by ©1 –©4 , respectively. To fully
inspect the dynamic responses from the different topologies,
the position reference signal is set as the sinusoidal waveform
with an amplitude of 30 mm and a frequency of 0.2 Hz. The
reference signal is generated by an external signal generator,
and it is collected by the analog-to-digital channel of the control
platform of unit system 1. After unit system 1 enters the
steady state, the coordination control algorithm starts at 0.25 s.
According to graphs ©1 –©4 , unit system 1 is the root node of
the communication topology. It is clear that unit system 1 is
strongly led by the reference signal, and its performance is not
affected by unit system 2 or 3. Therefore, the tracking of unit
system 1 is similar to a single-LSRM control problem, and unit
system 1 also acts as an interface to the external reference signal
for the entire group system.

Figs. 5(a)–8(a) illustrate the dynamic tracking profiles from
graphs ©1 –©4 , and Figs. 5(b)–8(b) are the dynamic error re-
sponse waveforms, respectively. In graph ©1 , the dynamic error
profiles from the reference of the LSRM 1 to other LSRM 2
and LSRM 3 (error12, error13) are not identical, and the max-
imum error between the two LSRMs (error23) is falling into
±1 mm. These results demonstrate that there exist measured
disparities between the two sensors of the unit systems since
the state of unit system 1 is dispatched to the two unit systems
simultaneously. From graph ©2 , there is no communication link
between unit systems 1 and 3. The state of unit system 1 is
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Fig. 6. Dynamic response of (a) position and (b) error of graph 2©.

transmitted to unit system 2, and its state is sent to unit system 3.
Unit systems 2 and 3 communicate with each other for the
current status of their own. Therefore, the tracking performance
between the two LSRMs is ensured, and the maximum error is
falling into ±0.4 mm. However, the graph cannot improve the
tracking performance either from unit system 1 to unit system 2
or from unit system 1 to system 3. The nearly overlapped
profiles of Fig. 6(a) prove the effective information flow from
unit system 2 to unit system 3, so each system can track the ref-
erence signal individually with considerate dynamic errors. The
topology in graph ©3 guarantees the state information flow from
unit system 1 to unit systems 2 and 3. Due to the unidirectional
information exchange of unit systems, the dynamic error values
between the two LSRMs are not as small as that from graph ©2 ,
and the maximum error falls into ±0.9 mm. In addition, the per-
formance of each LSRM between unit system 1 can be ensured,
and the error values are smaller when compared to the results
from graph ©2 . This is because the tracking performance from
unit system 1 to unit system 2 is not influenced by system 3.
In graph ©4 , there is no interaction between unit systems, and
the tracking performance between the two LSRMs is the worst
among all the topologies. In addition, the dynamic response
from the reference to each unit system is not uniform since the
state information of unit system 1 is dispatched to each unit
system with measured errors at the same time.

For a clear illustration, the dynamic error response wave-
forms between LSRM 2 and LSRM 3 are drawn together as
shown in Fig. 9(a). The tracking performance between the two

Fig. 7. Dynamic response of (a) position and (b) error of graph 3©.

unit systems is the best for graph ©2 , and the topology of ©3 is
second to the best. The following conclusion can be derived
from the aforementioned analysis. First, it can be deluded
that bidirectional interaction between the two unit systems is
advantageous to the coordination performance rather than a uni-
directional way. Second, the interaction between unit systems 2
and 3 is bound to improve the coordination performance, while
the communication path can also affect the tracking perfor-
mance from the reference to each individual system. Third,
redundant communication paths are not necessary to realize
a better coordination control performance. In addition, the
two dispatched signals from unit system 1 to the other unit
systems may lead to signal disparity and conflict to each unit
system [31].

The experiment toward a bidirectional, complete graph topol-
ogy is carried out. In this topology, each LSRM can commu-
nicate with the other two LSRMs, capable of receiving and
dispatching information at the same time. At the time interval
of (0, 2 s), the dynamic error between any two machines falls
into ±2 mm, as shown in Fig. 9(b). This is mainly because
the bidirectional communication results in more accumulated
measured disparities and the tracking performance between any
two machines is even worse, compared to the results in graph
©1 . At the time of 2.4 s, the communication link between
unit systems 1 and 3 is cut off. It is clear from Fig. 9(b) that
the tracking performance is similar to but a little worse than
the case of graph ©2 , due to the bidirectional link between
unit systems 1 and 2. At the time of 7.5 s, the link between
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Fig. 8. Dynamic response of (a) position and (b) error of graph 4©.

unit systems 2 and 3 is further broken. It can be seen that
the reference signal for LSRM 3 becomes zero after some
transient regulations, and LSRM 3 stops at the zero position.
Fig. 9(c) shows the steady-state position response profiles as
three LSRMs receive the reference signal simultaneously. It
is clear that the maximum dynamic error values all fall into
±2.5 mm since all three LSRMs are strongly led by the ref-
erence independently. It can be concluded that the individual
tracking and coordinated tracking are coupled. Furthermore,
the individual tracking control effect with redundant reference
signals acts as an external disturbance to the coordinated control
effect with bidirectional communication. Fig. 9(d) shows the
steady-state position response profiles under the load of 10%
of mass of the moving platform imposed on unit system 2
with bidirectional communication. It is clear that the dynamic
response from either two unit systems deteriorates. The relative
error from unit systems 1 and 2 is worse, which may be caused
by two disturbances from the reference signal and the load
simultaneously.

VI. CONCLUSION AND DISCUSSION

The attempt for the coordinated tracking of the three direct-
drive LSRM-based group motion control system is first pro-
posed in this paper. The design and control procedure for the
coordinated tracking of the three-LSRM-based unit systems is
elaborated. It can be found that the graph topology possessing
a bidirectional communication between unit systems guaran-

Fig. 9. Dynamic response for (a) different graphs, (b) failure simulation,
(c) all unit systems receiving reference, and (d) load on unit system 2.

tees an improved coordinated tracking performance; however,
redundant interaction paths to the reference are actually not a
necessity for further coordination performance improvement.
In addition, although the tracking performance of unit system 1
influences the control performance of the entire group system,
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there are some other important factors such as package dropouts
or delays, communication manners, etc., that affect the coordi-
nation performance of the group system. Furthermore, there is
a lack of any closed control scheme for the entire group system
globally since the state information from unit systems 2 and 3
does not provide feedback to the group system. Therefore,
global closed-loop control strategies should be considered for
the further improvement of the coordinated controlperformance.

Due to hardware limitations, the coordination control is
based on three unit systems and three dSPACE control plat-
forms. Future research will focus on the implementation of the
proposed algorithm on three digital single-chip processors to
further improve the group motion control performance, partic-
ularly on the annihilation of communication delays among unit
systems. In addition, the detailed employment of closed and
advanced group motion tracking control methods is the next
work, and it is out of the scope of this paper. Furthermore, a
detailed study on load influence for different unit systems will
be carried out.

The ultimate goal of the implementation and study of
multiple-LSRM-based group motion systems is to suggest that
linear machines act as working units in manufacture and assem-
bly lines to take advantage of the merits of linear machines. In
addition, the realization of a cooperative behavior for multiple
linear machines is expected to gradually replace the traditional
sequenced working manner in the advanced manufacture or
assembly industry.

REFERENCES

[1] J. Hu, H. Xu, and Y. He, “Coordinated control of DFIG’s RSC and
GSC under generalized unbalanced and distorted grid voltage conditions,”
IEEE Trans. Ind. Electron., vol. 60, no. 7, pp. 2808–2819, Jul. 2013.

[2] J. Ghommam and F. Mnif, “Coordinated path-following control for a
group of underactuated surface vessels,” IEEE Trans. Ind. Electron.,
vol. 56, no. 10, pp. 3951–3963, Oct. 2009.

[3] H. Xin, Z. Qu, and A. Maknouninejad, “A self-organizing strategy for
power flow control of photovoltaic generators in a distribution network,”
IEEE Trans. Power Syst., vol. 26, no. 3, pp. 1462–1473, Aug. 2011.

[4] B. Ranjbar-Sahraei, F. Shabaninia, A. Nemati, and S. Stan, “A novel
robust decentralized adaptive fuzzy control for swarm formation of multi-
agent systems,” IEEE Trans. Ind. Electron., vol. 59, no. 8, pp. 3124–3134,
Aug. 2012.

[5] J. Qin, C. Yu, and H. Gao, “Coordination for linear multiagent systems
with dynamic interaction topology in the leader-following framework,”
IEEE Trans. Ind. Electron., vol. 61, no. 5, pp. 2412–2422, May 2014.

[6] P. Zeng and A. Khaligh, “A permanent-magnet linear motion driven
kinetic energy harvester,” IEEE Trans. Ind. Electron., vol. 60, no. 12,
pp. 5737–5746, Dec. 2013.

[7] J. G. Amoros and P. Andrada, “Sensitivity analysis of geometrical param-
eters on a double-sided linear switched reluctance motor,” IEEE Trans.
Ind. Electron., vol. 57, no. 1, pp. 311–319, Jan. 2010.

[8] S. W. Zhao, N. C. Cheung, W. C. Gan, J. M. Yang, and Q. Zhong,
“Passivity-based control of linear switched reluctance motors with robust-
ness consideration,” IET Elect. Power Appl., vol. 2, no. 3, pp. 164–171,
May 2008.

[9] J. F. Pan, Y. Zou, and G. Cao, “Adaptive controller for the double-
sided linear switched reluctance motor based on the nonlinear inductance
modeling,” IET Elect. Power Appl., vol. 7, no. 1, pp. 1–15, Jan. 2013.

[10] J. Lin et al., “Active suspension system based on linear switched reluc-
tance actuator and control schemes,” IEEE Trans. Veh. Technol., vol. 62,
no. 2, pp. 562–572, Feb. 2013.

[11] C. W. Reynolds, “Flocks, herds and schools: A distributed behavioral
model,” ACM SIGGRAPH Comput. Graph, vol. 21, no. 4, pp. 25–34,
Jul. 1987.

[12] T. Vicsek and A. Zafeiris, “Collective motion,” Phys. Rep., vol. 517,
pp. 71–140, 2012.

[13] I. D. Couzin, J. Krause, and N. R. Franks, “Effective leadership and
decision-making in animal groups on the move,” Nature, vol. 433,
no. 7025, pp. 513–516, Mar. 2005.

[14] W. Ren and R. W. Beard, Distributed Consensus in Multi-Vehicle Coop-
erative Control. London, U.K.: Springer-Verlag, 2008, pp. 121–123.

[15] Z. Qu, J. Wang, and R. A. Hull, “Cooperative control of dynamical
systems with application to autonomous vehicles,” IEEE Trans. Autom.
Control, vol. 53, no. 4, pp. 894–911, May 2008.

[16] I. Bayezit and B. Fidan, “Distributed cohesive motion control of
flight vehicle formations,” IEEE Trans. Ind. Electron., vol. 60, no. 12,
pp. 5763–5772, Dec. 2013.

[17] R. Olfati-Saber, J. A. Fax, and R. M. Murray, “Consensus and coop-
eration in networked multi-agent systems,” Proc. IEEE, vol. 95, no. 1,
pp. 215–233, Jan. 2007.

[18] A. Zou, “Distributed attitude synchronization and tracking control for
multiple rigid bodies,” IEEE Trans. Control Syst. Technol., vol. 22,
no. 2, pp. 478–490, Mar. 2014.

[19] A. Zou, “Finite-time output feedback attitude tracking control for
rigid spacecraft,” IEEE Trans. Control Syst. Technol., vol. 22, no. 1,
pp. 338–345, Jan. 2014.

[20] P. Massioni, T. Keviczky, E. Gill, and M. Verhaegen, “A decomposition-
based approach to linear time-periodic distributed control of satellite for-
mations,” IEEE Trans. Control Syst. Technol., vol. 19, no. 3, pp. 481–492,
May 2011.

[21] H. Song, L. Yu, and W. Zhang, “Distributed consensus-based Kalman
filtering in sensor networks with quantised communications and ran-
dom sensor failures,” IET Signal Process., vol. 8, no. 2, pp. 107–118,
Apr. 2014.

[22] A. Guillet, R. Lenain, B. Thuilot, and P. Martinet, “Adaptable robot
formation control: Adaptive and predictive formation control of au-
tonomous vehicles,” IEEE Robot. Autom. Mag., vol. 21, no. 1, pp. 28–39,
Mar. 2014.

[23] J. F. Pan, Y. Zou, and G. Cao, “An asymmetric linear switched reluctance
motor,” IEEE Trans. Energy Conversion, vol. 28, no. 2, pp. 444–451,
Jun. 2013.

[24] H. Zhang, G. Feng, H. Yan, and Q. Chen, “Observer-based output feed-
back event-triggered control for consensus of multi-agent systems,” IEEE
Trans. Ind. Electron., vol. 61, no. 9, pp. 4885–4894, Sep. 2014.

[25] Z. Qu, Cooperative Control of Dynamical Systems. Berlin, Germany:
Springer-Verlag, 2009, pp. 78–79.

[26] Z. Li, Z. Duan, G. Chen, and L. Huang, “Consensus of multiagent sys-
tems and synchronization of complex networks: A unified viewpoint,”
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 57, no. 1, pp. 213–224,
Jan. 2010.

[27] J. Pan, N. C. Cheung, and J. Yang, “High-precision position control of
a novel planar switched reluctance motor,” IEEE Trans. Ind. Electron.,
vol. 52, no. 6, pp. 1644–1652, Dec. 2005.

[28] J. F. Pan and N. C. Cheung, “An adaptive controller for the novel pla-
nar switched reluctance motor,” IET Elect. Power Appl., vol. 5, no. 9,
pp. 677–683, Nov. 2011.

[29] Z. Meng, W. Ren, Y. Cao, and Z. You, “Leaderless and leader-following
consensus with communication and input delays under a directed net-
work topology,” IEEE Trans. Syst., Man, Cybern. B, Cybern., vol. 41,
no. 1, pp. 75–88, Feb. 2011.

[30] H. Zhang, F. L. Lewis, and Z. Qu, “Lyapunov, adaptive, and optimal
design techniques for cooperative systems on directed communication
graphs,” IEEE Trans. Ind. Electron., vol. 59, no. 7, pp. 3026–3041,
Jul. 2012.

[31] Y. Shi, J. Huang, and B. Yu, “Robust tracking control of networked
control systems: Application to a networked dc motor,” IEEE Trans. Ind.
Electron., vol. 60, no. 12, pp. 5864–5874, Dec. 2013.

Bo Zhang (M’15) received the Ph.D. degree
from Northwestern Polytechnical University,
Xi’an, China, in 2013.

He is currently a Lecturer with the College of
Mechatronics and Control Engineering, Shen-
zhen University, Shenzhen, China. His main
research interests are the modeling and control
of group motion systems.



ZHANG et al.: MOTION TRACKING OF LINEAR SWITCHED RELUCTANCE MACHINE-BASED CONTROL SYSTEM 1489

Jianping Yuan received the B.S. and Ph.D.
degrees from Northwestern Polytechnical
University, Xi’an, China, in 1982 and 1985,
respectively.

He is currently a Professor in the School of
Astronautics, Northwestern Polytechnical Uni-
versity. His research interests are spacecraft
flight dynamics and control, and space robotics
cluster technology.

Li Qiu received the B.S. degree in control en-
gineering from Jinan University, Jinan, China, in
2003, and the M.E. and Ph.D degrees in control
theory and control engineering from South
China University of Technology, Guangzhou,
China, in 2006 and 2011, respectively.

She is a Lecturer in the College of Mechatron-
ics and Control Engineering of Shenzhen Uni-
versity, Shenzhen, China. Her current research
interests include networked control systems,
Markovian jump linear systems, analysis and

synthesis of time-delay systems, uncertain systems, and robust control.

Norbert Cheung (SM’05) received the M.Sc.
degree from the University of Hong Kong,
Hong Kong, in 1987 and the Ph.D. degree from
the University of New South Wales, Sydney,
Australia, in 1995.

He is currently an Associate Professor in
the Department of Electrical Engineering, Hong
Kong Polytechnic University, Hong Kong. His
research interests are motion control, actuator
design, and power electronic drives.

J. F. Pan (M’15) received the Ph.D. degree
from the Department of Electrical Engineering,
Hong Kong Polytechnic University, Hong Kong,
in 2006.

He is currently a Professor with the College
of Mechatronics and Control Engineering,
Shenzhen University, Shenzhen, China. His
main research interests are the design and
control of switched reluctance motors and
generators.



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

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


