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Abstract: Traditionally, synchronous motion among multi-module permanent magnet linear syn-
chronous motors (PMLSM) has been achieved by adopting independent power supply and control.
This method, however, requires multiple drivers and has control time delays. This paper proposes
a novel approach to overcome these drawbacks, in which the windings of each module connect in
series. Aiming at this electrical connection, we conduct research on electromagnetic and synchronous
characteristics. Firstly, a two-module PMLSM is created as a case. Secondly, accurate mathematical
models considering coupling inductance for this novelty structure are established, which are essential
to driving control. The synchronous characteristics of the two-module are then compared with the
independent control of each module. Furthermore, this comparison is conducted under both external
and no external disturbance. Finally, experimental results verify the correctness of mathematical
models, and reveal that this novel technique could eliminate control time delay and acquire better
anti-disturbance performance between the two-module.

Keywords: position synchronization; mathematical model; multi-module; coupling inductance

1. Introduction

Owing to the development of mechanical equipment toward larger size, heavy load,
and higher efficiency, the control of a single driver cannot meet the requirement of accurate
control, adequate driving power, and excellent dynamic performance [1-3]. Therefore, the
synchronous motion is applied in large-scale mechanical equipment, such as embroidery
machines [4] and CNC machine tools [5]. To realize the synchronous motion, various strate-
gies have been proposed. Traditionally, these strategies can be classified into mechanical
synchronization [6-8] and electrical synchronization [9,10].

The mechanical synchronization works in a simple way, where the single motor actu-
ates the long axis to realize synchronous motion through the synchronous belt. However,
the deformation and vibration of the axis are inevitably caused by a long span and dynamic
unbalance, respectively.

Contrarily, electrical synchronization is another synchronous motion of the multi-
motor, substituted for the synchronous belt to avoid the mentioned disadvantages [11,12].
Various control algorithms are used to enhance multi-motor synchronous accuracy [13-16]
and dynamic response under varying loads [17]. However, these synchronous motions of
the multi-motor require multiple drivers, thus leading to rising driver cost. Meanwhile, the
required number of controller interfaces increases with the number of drivers via parallel
processing, which means that the cost of the controller increases, and the anti-interference
of the controller decreases. In order to overcome the above drawbacks, EtherCAT bus is
employed to achieve communication between each driver through serial processing [18].
Although the number of the controller interfaces does not increase, the communication
delay time cannot be completely eliminated.
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Recently, the topology structure of the multi-module has attracted researcher interest.
In [19], the research of permanent magnet machines with modular structure focuses on the
influence of total magnet flux density. In [20], the coupling force between adjacent modules
affecting the whole motor’s detent force has been investigated. In addition, a modular
stator with an appropriate slot-pole combination exhibits higher torque and lower torque
ripple verified by FEM [21]. These studies corroborate the advantages of the modular
structure, which neglect the effects of the coupling inductance. In [22], cross-coupling
inductance characteristics for the multi-segments that are electrically independent of each
other have been studied. Furthermore, the synchronous motions of the multi-module adopt
independent vector control strategies and inverters. In [23], each module of the multi-
module PMLSM is driven and controlled independently, forming an independent drive
unit. However, the above research only focuses on independent control of the multi-module
and how to reduce thrust ripple.

In this paper, we replaced multi-motor synchronous motion with multi-module syn-
chronous motion. The main difference from the conventional synchronous control is that
the windings of the multi-module are connected in series, not electrical independence.
Therefore, we can realize the objective of multi-module synchronous motion with one
driver and non-time delay. To confirm the feasibility of the proposed new idea, a 24s/28p
two-module PMLSM is made as an example to test the synchronous characteristics and
electromagnetic performance.

Based on the above analysis, the two-module series power supply is a new syn-
chronous motion. First, corresponding control strategies ought to be formulated according
to this particular power supply mode. Accurate mathematical models are crucial to the
whole motor drive control. The mathematical models of flux linkage, voltage, thrust, and
power are derived by referring to the one-module PMLSM. Furthermore, due to the imbal-
anced mutual inductance of the interior module and coupling inductance between each
module, these influences on the whole motor need further investigation. Moreover, the
effect of the coupling inductance may become aggravated, especially in heavy load and
magnetic saturation conditions. Consequently, mathematical models should consider the
coupling inductance between each module.

This paper is organized as follows: the topology structure of the two-module PMLSM
is introduced in Section 2. In Section 3, the mathematical models of the flux linkage, voltage,
power, and thrust for this two-module motor are built. Then, the performance of the
synchronous motion and electrical characteristics are fully discussed by tests and FEAM in
Section 4. Finally, the corresponding results are presented in Section 5.

2. Motor Topology Structure

The ironless PMLSM has the merits of low thrust ripple and fast response. Therefore,
we designed a two-module ironless PMLSM. Figure 1 shows the 3-D view of a two-module
PMLSM. It has two short primaries and one long secondary. Two moving primaries consist
of air-core-concentrated windings and brackets printed by nylon material. The same phase
windings of the two primaries connect in series. All the coils are wounded in nylon slots
and are potted with epoxy resin. Furthermore, the three-phase windings of this motor adopt
a star connection. The secondary has two permanent magnet (PM) rows and back-irons,
forming a two-sided structure. The PMs are magnetized in the alternate direction.

This two-module PMLSM is developed from a one-module PMLSM. Therefore, the
design means of each module are according to the normal PMLSM. To obtain the same
electromagnetic force, the parameters of each module should be the same. The distance
between the two-modules relies on the winding arrangement of each module. As shown in
Figure 2b, the two-module has symmetrical winding arrangements. The detailed parame-
ters and dimensions are illustrated in Table 1 and Figure 2.
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Figure 1. Three-dimensional view of the two-module PMLSM.
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Figure 2. Configuration of the proposed two-module PMLSM. (a) The 24s/28p structure diagram.
(b) Winding connections of the 24s/28p structure.

Table 1. The main parameters of the 24s/28p PMLSM.

Symbol Quantity Value
p Pole pairs 14
T Pole pitch 8 mm
Q Virtual slots 24
hy Height of secondary iron 5mm
Tm Width of PM 10 mm
o Height of PM 5 mm
he Height of coil 5.4 mm
wWs Width of coil 3.75 mm
g Length of the sided air-gap 1 mm
L Longitudinal length 55 mm
N Number of turns per coil 105
R Phase resistance 7.6 Q)
Iy Length of Module I 79 mm
I Length of Module II 79 mm

3. Mathematical Models of the Two-Module PMLSM

The two-module PMLSM can also be applied to classical vector control strategies.
However, the coupling inductances between each module have an effect on winding
flux linkage. Therefore, the mathematical models of the two-module differ from the one-
module PMLSM. The mathematical model must be first derived before studying the vector
control strategy.

To better simplify the analysis and to demonstrate the mathematical essence of the
two-module PMLSM, the assumptions can be listed as follows:

(1) the three-phase windings are symmetrical, differing from each other by 120 degrees
in space;
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(2) the magnetic circuit nonlinearity and PM eddy current loss are neglected;
(8) fluxlinkage produced by windings and PMs is sinusoidal;
(4) the temperature influence on electromagnetic parameters is dismissed.

3.1. Three-Phase Flux Linkage

The magnetic circuit saturation is not taken into account based on the above as-
sumptions. According to the superposition principle of the linear system, flux linkage is
generated from the PMs and armature currents. Owing to the same phase of each module
connected in series, the three-phase flux linkage expression of the two-module can be
written as [24]:

Y = LI+¥; 1)

where ¥ is the column vector of the two-module flux linkage, ¥¢ is the column vector of the
two-module flux linkage produced by PM, I is the column vector of the two-module current,
and L is the inductance matrix, including coupling inductance between the two-module.
They can be written as:

Y = [Ya1 ¥B1 P1 Paz PE2 Yoo) 2

I=[igipiciaipic] @)

Yr = [ Ypma1 Yrmp1 Prumct Yrmaz YemB2 Prmce ]T 4)
-

Laiat Maipr Maica Ma1a2 Maipz Maic
Mpia1 Lt Mpica Mpia2 Mpigz  Mpic2
Mciar Mcipt  Lcica Mcia2 Mcigz Mcic2 5)
Mara1r Mazpr Maxct Lazaz Mazgz Maxc
Mpra1  Mpap1  Mpact Mpoa2  Lpapz  Mpac2
Mcoa1r Mc2pr Mceoca Mcoa2 Mce2p2  Leae

3.2. Three-Phase Winding Terminal Voltage

Based on Kirchhoff’s voltage law and Faraday’s induction law [23], the three-phase
voltage of each module can be expressed as

U=—E+RI (6)

where U is the column vector of the two-module terminal voltage, E is the column vector
of two-module induced EMF, and R is the two-module resistance matrix. They can be
written as

U = [uaq tpy Ucy Uap Upn tca)” ()
d¥y
E=—— 8
7 8)
Ra1 0 0 0 0 0
0 Rgy 0 0 0 0
|l 0o 0 Ry 0O 0 0
R= 0 0 0 Rap 0 0 ©)
0O 0 0 0 Rgp 0
0 0 0 0 0 Re

3.3. Input Power

The input power of this motor from the driver is determined as follows:

(o5
(@]

P = M]l] (10)

Ny

J
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where u; is the three-phase terminal voltage of the whole motor, and i; is the three-phase
current of the whole motor.
On substituting (1) into (7), the input power can be obtained [25]:

where
B,C
Pou =Y (Rjp + Rp)i? (12)
j=A
1 B,C dL M BC,AC k . B,C d
Pew = 1 Z( gzkn L k1k2> Ly Z Z mm i+ ) Z l/JPMknlk (13)
k=An=1

kj=ABn=1m= k=An=

dw 1B€ 2 BC,AC 2
ar Z Z Linkn + Mik2) + Z Z Z Mimjniij (14)
k An=1 kj=ABn=1m=

where P is the input power of the entire motor, Pry, is the electromagnetic power, P is the
copper loss of armature winding, and dW/dt is the accumulation energy of the armature
magnetic field.

3.4. Average Thrust

Depending on the principle of the electromechanical energy conversion [26], the
average thrust can be represented as

18C 2 /a1 BCAC 2 2 4M
Fe Pey/o— - Z y <d Kok, dl\gz;m) Z Z Z km]n' ivi; + Z Z dei/Ikn i (15)

k An=1 kj=ABn=1m=1 k=An=

where z is the primary position, v is the primary velocity, and F is thrust.

3.5. Motion Equation
According to Newton's second law, the motion equation of the two-module can be
expressed as

do
F = mE +Ft +Ff (16)

where m is the total mass of Module I and Module 1, F; is disturbance force, and Fris
friction force of the moving part.

4. Vector Control Strategy for the Two-Module PMLSM

Since the windings of the two-module connect in series, each module has the same
currents. Furthermore, the two-module has the same structural parameters. The position
of the two-module is measured by the magnetic scale; thus, the position and speed of the
two-module could be feedback to the control loop. The merits of this vector control system
are that only one position sensor and one speed loop controller are required, as shown in
Figure 3.

Accurate mathematical models are meaningful in the initial design of a two-module
motor and driving control. It can be found that the above equations of the two-module
motor in Section 3 contain coupling inductance terms. Meanwhile, the equations of the
flux linkage, voltage, and thrust are related to the primary position. In order to apply in
the actual control strategy, these mathematical models in the three-phase abc stationary
coordinate should be transformed into a dg axis rotating coordinate.

The physical quantities in the dg coordinate can be obtained by the physical quantities
in the abc coordinate. Based on the principle that the magnitudes of the physical quan-
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tities remain unchanged in the coordinate transformation, the constant amplitude Park
transformation equation is as follows:

cos( &L -271) cos(Z2mr—2m)  cos(L2m+ 3 7'[)
P=2| - sin(Z ot Lon) — sin(%Zn 2m) —sin(& ot Lo+ §7) (17)
™" 1 "1
2 2 2

Then, the dq axis current matrix i440 = PI. Similarly, the dg axis inductance matrix is
Lygo = PLP™'.

For symmetric systems, it is generally not necessary to consider the 0-axis component.
Without considering the cross-coupling inductance between the dg axis, the armature flux
linkage in the dg coordinate can be expressed as

2
Ya =Y _(Lagi + Ma1an) (18)
i
2
¥g =) (Lgi + Mgpp) (19)

i=1

where ¢, is the d-axis flux linkage, ¥, is the g-axis flux linkage, M52 and Mg, are
the mutual inductance of Module I and Module Il in the dg axis, Ly; and L,; are the self-
inductance of Module I and Module II in the dg axis.

On substituting (16) and (17) into the dq voltage function, the expression can be
written into

di 0 &
ug = ZRdﬂd + Z Lgi + Ma1a2) d;fi . =Y (Lyi + Mpp)ig (20)
i=1 =1 mi;i—q
di o | 2 )
Ug = Z Ryitg + Z Lyi + Myig2) =+ P Z (Lgi + Maia2)ia + Ppm (21)
i=1 i=1 i=1

where 1 is the d-axis voltage, u, is the g-axis voltage, iy the d-axis current, i, the g-axis
current, Ry; is the d-axis equivalent resistance, R;; is the g-axis equivalent resistance.
Given that the d-axis current i; = 0, the average thrust force of the whole motor can be

expressed as:
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Figure 3. Control diagrams of the two-module PMLSM.

5. Experimental Verification and Results
5.1. Experimental Setup

In order to verify the synchronous motion characteristics between the two-module
and the proposed mathematical model, a prototype of the PMLSM has been manufactured.
For this prototype, the primary component consists of the two-module, and the windings
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of adjacent units are connected in series. The experiment platform includes the prototype
and its driver, EtherCAT motion controller, the force sensor, the power analyzer, and the
position sensor, as shown in Figure 4. A linear magnetic scale sensor (position sensor 1) is
fixed on the side of Module I, which is used as a position sensor. A laser position sensor
(position sensor 2) measures the position of Module 11, of which the measuring range is 0
to 10 mm. The measuring accuracy of both sensors is 1 ym. A tension-compression sensor
(force sensor) is used to record the average thrust of the two-module through the load
linked with this sensor. Then, the thrust data are collected in the case of a various current.
The magnetic scale (SPM MR200A) can record the position of the two-module in real time.
The motion controller (ZMC432) can receive the position signal of the two-module. Then,
the motion controller sends the control signal to the driver (HIWIN D1). Therefore, the
thrust force produced by the two-module can be controlled.

Position
Sensor 2

Position
Sensor 1

Sensor

; = |
L I
4 “u ~
y v;‘}*” - Module 11| g
Position Sensor 2 o oo olNe

(@) (b)
Figure 4. (a) Test platform of the two-module PMLSM. (b) Schematic diagram of the test platform.

5.2. FEM Results of the PM Flux Linkage and Inductance

As seen, the above-derived mathematical models are nonlinear coupling equations.
Some parameters of the analytical model are determined by FEM for the air-core linear
motor to obtain accurate and fast results [27]. Hence, to obtain accurate computational
results, we replaced the complicated analytical models of PM flux linkage and inductance
with FEM. This is called the finite element—analytical method (FEAM). Based on the design
parameters of the two-module motor, Module I and Module II in this paper possess the
same electrical parameters. In addition, due to the reversibility of mutual inductance,
Myj = M.

Figure 5 shows that the amplitude of the three-phase flux linkage is almost the same,
and the initial angle of each phase differs by 120°. Furthermore, the waveforms of the three-
phase flux linkage fluctuate from —0.018 to 0.018 Wb. Figure 6 shows that the waveforms
of self-inductance and mutual inductance of each module are approximately sinusoidal.
The waveforms of inductance for this motor vary with position. For self-inductance, L4141,
Lpip1, and Lcicy are almost equal. For mutual inductance, M 4151 and Mpic; are larger than
Ma1c1. For external mutual inductance between Module I and Module II, Mc1c; is nearly
the same as M1c1, whereas M4142 and Mp1p; are near zero. This is mainly due to the
winding arrangements of the whole motor and the distance between each phase. Figure 6a
shows that the three-phase self-inductance of each module fluctuates from 300.4 to 343.3 uH.
Figure 6b shows the mutual inductance composed of M41p1 and Mpic; fluctuates from
—87.1 to —108.2 uH, whereas M41¢1 fluctuates from —60.9 to —69.5 yH. Meanwhile, the
mutual inductance between Module I and Module II composed of Mcic; fluctuates from
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Self-induactance (mH)

—-61.1 to —52.5 uH. We can see from Figure 6 that the phase difference between any two
phase inductances are almost equal. Furthermore, the inductance changes slightly with the
current due to the large air gap.

=@ Wenn Ve
A W Ve
0.02 - S Vo Ve
=
z
o
=
<
]
» 0.00
=
=
-0.02
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Figure 5. FEM results of the three-phase PM flux linkage of each module varying with position.
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Figure 6. FEM results of the three-phase inductance. (a) The self-inductance of each module. (b) The
interior and external mutual inductance of each module.

5.3. Voltage and Thrust Characteristics

In this section, the comparisons between the one-module and two-module are con-
ducted by adopting i; = 0 vector control strategy. When the peak phase current is 1.2 A,
Figure 7 compares the one-phase voltage of the one-module motor and two-module motor,
which shows that the voltage amplitude of the one-module motor and two-module motor is
8.04 and 16.39 V, respectively. Therefore, the voltage amplitude of the two-module motor is
1.9% larger than that of two times the one-module motor. This is mainly due to the mutual
inductance between Module I and Module II. Furthermore, the FEAM results match well
with the test results. The load cell with the full range of 20 N and the measuring accuracy of
0.2% is employed in this platform. Compared with the one-module motor linked with load,
the two-module motor is used as a whole to drag the load. Figure 8 presents the average
thrust of the one-module motor and two-module motor, varying with peak phase current.
Due to the large air gap between the primary and the secondary, the PMLSM cannot have
magnetic saturation. Therefore, the average thrust is basically linear with the increase in
peak phase current. The minor differences between FEAM prediction and measured results
may come from the ideal mathematical conditions, manufacturing error, and measuring
accuracy. The average thrust of the two-module motor is 2.7% larger than that of two times
the one-module motor.
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Figure 7. One phase voltage comparison of the one-module motor and two-module motor by FEAM
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Figure 8. Average thrust comparison of the one-module motor and two-module motor varying with
peak phase current.

5.4. Input Power Characteristic

Figure 9 shows the input powers of the one-module motor and two-module motor
varying in peak phase current. The two-module input power increases from 0.41 to 4.66 W.
The one-module input power increases from 0.20 to 2.23 W. Thus, the average input power
of the two-module motor is 4.5% larger than that of two times the one-module motor.
Furthermore, with the rise in peak phase current, the input power increases dramatically
in the current range from 1.1 to 1.3 A. This is mainly because of the increasing ratio of

copper loss. The measured results are slightly larger than the FEAM results due to the
actual existing harmonic current.

5.5. Synchronization Performance Comparison without External Disturbance

In this paper, there are two power supply modes for the two-module that are used to
compare synchronization performance. The novel mode is that the windings of Module
I and Module II connect in series. Then, the two-module is driven by one driver. Both
ways use the iy = 0 vector control strategy. The traditional mode is that Module I and
Module II are driven by two drivers. The two drivers communicate in series through the
EtherCAT bus.

Figure 10a shows the position of Module I and Module II without external disturbance
by experiment. As seen, the position of Module I matches well with Module II obtained
by this new approach. For comparison, Figure 10b displays the position synchronization
between the two modules by the conventional approach. Due to the communication
delay, the position of Module II lags behind Module I about 0.015 s during the starting
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stage. This leads to the asynchronous position between the two modules. Furthermore,
to quantitatively analyze the synchronous performance of Module I and Module I in the
initial stage, waveforms of synchronization error are presented in Figure 11. The maximum
position errors of the novel method are less than 10 ym. This minor discrepancy between
Module I and Module II may attribute to the friction force caused by the manufacturing
errors of the two-module. However, the maximum position errors of the traditional method
are about 150 ym. The maximum errors between the two approaches differ nearly 15 times.

5
—=—FEAM “
. - -A—-Test Two-Module Motor
=
=3
L
=
o
(=%
52
[=H
g

One-Module Motor

05 06 07 08 09 1.0 1.1 1.2
Peak Phase Current (A)

Figure 9. Input power comparison of the one-module motor and two-module motor varying with
peak phase current.
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Figure 10. Position of the two-module versus time under the no external disturbance condition.
(a) The novel method. (b) The conventional method.
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Figure 11. Position errors of the two methods between the two modules without external disturbance.
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5.6. Synchronization Performance Comparison with External Disturbance

Depending on the permanent magnetic periodic distribution principle, we performed
the disturbance experiment within the distance of T, namely 10 mm. Otherwise, the
disturbed Module cannot return to its synchronous position and falls behind the integral
multiple of pole pitch due to the interaction of a traveling magnetic field and PMs. To
analyze the synchronous performance of the two-module in the case of disturbance, Module
I1is exerted on a lasting 0.4 s external load as shown in Figure 12a. Depending on the motion
Equation (16), the speed of each module is influenced by the disturbance force. When the
external load is applied to Module II, the speed of Module II drops rapidly. When the load
is released, Module II can attain the synchronous position within an adjusting time of 0.18 s.
Using the same experimental process, Module II can attain the synchronous position within
an adjusting time of 0.25 s, as shown in Figure 12b. Compared with the traditional method,
the dynamic response of the new approach can reduce 22.2% of adjusting time. Meanwhile,
Figure 13 shows that the maximum control overshoot of the novel and traditional ways is
about 0.3 and 0.98 mm, respectively. The maximum overshoot decreases by 60% through
the new method.

8 8

—o— Module [ —o— Module I
7= %= Module I 7T= <= Module II oy
6L 1

W
T
W
T

disturbance

Position (mm)
S
T
Position (mm)
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3r 8 00~ ?
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2- 2_ — TQ—.
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Figure 12. Position of Module I and Module II versus time under the external disturbance condition.
(a) The novel method. (b) The traditional method.

—— Novel Method
Traditional Method

Position Error (mm)

225 1 1 1 Il
0.6 0.8 1.0 1.2
Position (mm)

Figure 13. Position errors of the two methods between the two-module under the external distur-
bance condition.

6. Conclusions

This article proposes a new approach with a two-module series power supply topology
to overcome the disadvantages of the independent synchronous method. The mathematical
models of the proposed topology structure, including the voltage, average thrust, and input
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power, have been analyzed. The experimental results agree well with these mathematical
models. Moreover, comparisons of the conventional and novel methods are conducted
under the no-external and external disturbance conditions, respectively. From the above
comparisons, the following conclusions can be drawn:

(1) The proposed novel method can realize no control delay time between the two mod-
ules, thus improving the two-module synchronization performance. Furthermore,
the proposed novel method has better dynamic response in the sudden change of
external disturbance.

(2) Influenced by the coupling inductance between the two modules, the two-module
motor’s peak voltage, average thrust, and input power are 1.9%, 2.7%, and 4.5%
larger than those of two times the one-module motor, respectively. Furthermore,
accurate mathematical models are significant to the design and control of the two-
module PMLSM.

Therefore, this method can be applied to multi-module synchronous motions by
adding the voltage and power of the driver.
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