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Modeling of a Complementary and Modular Linear
Flux-Switching Permanent Magnet Motor for Urban
Rail Transit Applications
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Abstract—In this paper, a complementary and modular linear
flux-switching permanent magnet (MLFSPM) motor is investi-
gated, in which both the magnets and armature windings are
placed in the short mover, while the long stator consists of iron
core only. The proposed MLFSPM motor incorporates the high
power density of a linear permanent magnet synchronous motor
and the simple structure of a linear induction motor. It is especially
suitable for long stator applications such as urban rail transit. The
objective of this paper is to build the mathematical model for the
purpose of control of this motor. The simulation results by means
of finite-element analysis (FEA) verified the theoretical analysis
and the effectiveness of this model. Both the analytical model and
the FEA results are validated by experiments based on a prototype
motor.

Index Terms—Flux-switching permanent magnet (FSPM)
motor, linear motor, modeling.

1. INTRODUCTION

OR urban rail transit (URT), a direct drive linear motor has
F the benefits of faster dynamic performance, improved reli-
ability, lower noise, lower cost of road maintenance, and lower
pollution due to the elimination of unnecessary energy con-
version from rotary to linear motion when compared to rotary
machines [1]-[5]. Also, when used in subways, it can reduce the
tunnel radius to save construction cost [6]. The conventional per-
manent magnet (PM) linear motor exhibits higher efficiency and
higher power factor than induction linear motor [7]. However,

Manuscript received October 5, 2011; revised January 28, 2012; accepted
March 6, 2012. Date of publication April 9, 2012; date of current version May
18, 2012. This work was supported by the National Natural Science Foundation
of China under Project 50907031, by the Specialized Research Fund for the Doc-
toral Program of Higher Education of China under Project 20090092110034,
and by the Program for Postgraduate Research Innovation in the University of
Jiangsu Province 2010 under Project X10B_066Z. Paper no. TEC-00516-2011.

R. Cao is with the School of Electrical Engineering, Southeast University,
Nanjing 210096, China and also with the Department of Electrical and Com-
puter Engineering, University of Michigan, Dearborn, MI 48128 USA (e-mail:
ruiwucao @gmail.com).

M. Cheng, X. Wang, and W. Hua are with the School of Electri-
cal Engineering, Southeast University, Nanjing 210096, China (e-mail:
mcheng @seu.edu.cn; 18724015102 @ 163.com; huaweil978 @seu.edu.cn).

C. Mi is with the Department of Electrical and Computer Engineering and the
DOE GATE Center for Electric Drive Transportation, University of Michigan,
Dearborn, MI 48128 USA (e-mail: mi3032@gmail.com).

W. Zhao is with the School of Electrical and Information Engineering, Jiangsu
University, Zhenjiang 212013, China (e-mail: zwx @ujs.edu.cn).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TEC.2012.2190985

in long stator applications such as URT, this solution inevitably
results in significant cost increase due to a large amount of mag-
nets or armature windings set on the long stator. In recent years,
a new class of PM brushless motors with magnets and arma-
ture winding all located in the stator, namely the flux-switching
permanent magnet (FSPM) and doubly salient permanent mag-
net (DSPM) motors [8]-[11], have received wide attentions due
to its high power density, fault-tolerant property [12]-[14], ro-
bust mechanical integrity, and free from thermal stress problem.
Recently, the linear structure of FSPM motors [15]-[17] and
DSPM motor [18] have attracted much attention, in which both
the PMs and armature windings are all located in the short
mover, while the long stator only consists of iron core. Hence,
these linear FSPM (LFSPM) and linear DSPM (LDSPM) mo-
tors are suitable for long stator applications. Furthermore, in
order to solve the drawbacks such as asymmetrical magnetic
circuit, large cogging force in the existing LFSPM and LDSPM
motor, modular, and complementary linear FSPM (MLFSPM)
and DSPM (MLDSPM) motors have been proposed and inves-
tigated in [19] and [20], respectively. Due to its complementary
structure, the phase flux-linkage and back-EMF waveform are
symmetrical, the three-phase flux linkage and back-EMF are
balanced, and the total cogging force is smaller.

For URT application, direct force control, or voltage space
vector control are often needed to control the motor. For this
purpose, a mathematical model of the MLFSPM motor based
on synchronous d—¢ frame is necessary.

Hence, the objective of this paper is to build the mathematical
model of this MLFSPM motor that can be used for the control
development of the proposed MLFSPM motor. In Section II, the
topology and principle of the proposed MLFSPM motor will
be introduced. In Section III, the steady-state characteristics
including flux linkage, EMF, inductance, and cogging force
are analyzed using finite-element analysis (FEA) that serves
as the basis of the mathematical models. In Section IV, the
mathematical models based on stator frame and d- and g-frames
are developed. To verify the model of the MLFSPM motor, a
prototype motor has been built and tested, and the results are
discussed in Section V. Finally, some conclusions are drawn in
Section VI.

II. TOPOLOGY AND PRINCIPLE

A. Topology

Fig. 1(a) shows the topology of the modular linear flux-
switching PM motor. Each phase consists of two “E”-shaped
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Fig. 1. Schematic diagram of the MLFSPM motor and linear motor vehicle.
(a) MLFSPM motor. (b) Linear motor vehicle.

modules whose positions are mutually A; apart:

1
A= <k + 5) Ts ey

where 7, is the stator pole pitch, k is a positive integer (k =
2). Each “E”-shaped module consists of two “U”-shaped iron,
between which a PM is sandwiched. The armature winding coils
are located in the slot and wound around the adjacent teeth of
the two “U” modules. The two coils of phase A, namely coil Al
and coil A2, are connected in series. The two PMs in the two “E”
modules are magnetized in opposite directions. The structure of
phase B and phase C is the same as that of phase A.

For a three-phase motor, the relative displacement between
the module of the adjacent two phases is equal to Ao = (j +
1/m)T,, where j is a positive integer (j = 5), m is the number
of phases (m = 3). There is a flux barrier between every two
adjacent “E” modules. The principle of the MLFDPM motor
used for railway application is shown in Fig. 1(b), in which
the short primary mover consisting of PM, armature winding,
and iron is fixed under the bogie of a railway vehicle and the
secondary long stator is fastened between the two iron rails.

B. Operation Principle

Fig. 2 shows the open circuit field distribution of the proposed
linear motor at different mover positions obtained by FEA. At
the initial position as shown in Fig. 2(a), the “E” module of
coil Al (“E1”) is in symmetry with the “E” module of coil A2
(“E2”) along the central axis of stator slot. Assuming that the
flux linkage induced in coils Al and A2 reaches the negative
maximum value at the initial position, when the mover moves
to the position as shown in Fig. 2(b), the flux linkage induced
in coils Al and A2 is nearly equal to zero. Because the magnet
circuits in “E1” and “E2” are different, the position of module
“E1” can be defined as “first balance position” and the position
of module “E2” can be noted as “second balance position.” At
position ., = 180° as shown in Fig. 2(c), “E1” is in symmetry
with “E2” along the central axis of stator teeth, where the flux
linkage induced in coils Al and A2 reaches the positive maxi-
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Fig. 2. Open circuit field distributions of the proposed motor at four mover
positions (a) 8. = 0°. (b) 8. = 90°. (c) . = 180°. (d) #. = 270°.

mum value. Also, at position 8, = 270° as shown in Fig. 2(d),
“E1” moves to the “second balance position” and “E2” to the
“first balance position.” So, when the mover moves by one stator
pole pitch, the flux linkage of coil Al and coil A2 is bipolar,
complementary and symmetrical.

III. STEADY-STATE CHARACTERISTICS OF THE MLFSPM
MOTOR

In this section, the steady-state characteristics of the proposed
motor, including the PM flux-linkage, back-EMF, self- and mu-
tual inductance, and its harmonics are analyzed and investigated
using FEA. Fig. 3(a) shows the PM flux-linkage waveform in
phase A. It should be noted that it contains a small dc component.
The frequency spectrum of the PM flux linkage is illustrated in
Fig. 3(b). It can be seen that it is nearly sinusoidal, and the total
harmonics distortion (THD) is only 1.13%. Fig. 4 depicts the
corresponding back-EMF waveforms induced in phase A at the
rated speed and its harmonics. It can be found that the even har-
monics in the phase back-EMF are significantly reduced. Hence,
the back-EMF is also sinusoidal and its THD is only 1.52%.

The self-inductance and its harmonics are shown in Fig. 5.
Obviously, the second, third and fourth harmonics in the induc-
tance are significant and the THD is about 23%. The mutual
inductance waveform is shown in Fig. 6. It can be seen that the
mutual inductance of the proposed motor is very small. The key
information of the flux-linkage, back-EMF, and inductance is
listed in Table L. It can be seen form Table I that the dc com-
ponents 1 of the flux linkage is about 10% of the peak value
of the fundamental component of the flux linkage. Also, the
peak value of the fundamental component of self-inductance
L,, is about 2.6% of its dc component. Hence, the harmonic
components of the inductance can be neglected. Moreover, the
dc components of mutual inductance L,; and L;. as shown in
Fig. 6 are only about 3.15% of the self-inductance Lpc, and
L., is nearly zero. So, the mutual inductance of the MLFSPM
motor can be neglected.

Fig. 7 shows the cogging force of the MLFSPM motor, in
which “Cogging_A” denotes the cogging force waveform of
the two “E” module of phase A based on FEA. “Cogging_B”
and “Cogging_C” denote the cogging force waveforms of the
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Fig. 5. Self-inductance and its harmonics. (a) Self-inductance. (b) Harmonics
distribution.
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Fig. 6.  Mutual inductance.

TABLE I
CHARACTERISTICS OF FLUX LINKAGE, EMF, AND INDUCTANCE
Flux Linkage EMF Inductance
Items (Wb) V) (mH)
DC component 0.0199%4 0 26.07
Fundamental (Peak) 0.1943 50.64 0.6787
THD (%) 1.126 1.5 24.2

modules of phase B and phase C, which are obtained by shift-
ing “Cogging_A” by 120° and 240° electrical degrees, respec-
tively. Also, “Cogging_sum” is the sum of “Cogging_A,” “Cog-
ging_B,” and “Cogging_C.” “Cogging_whole” is the total cog-
ging force of the LFSPM motor calculated directly by means of
FEA. It should be noted that there are some errors between the
total cogging force based on the two methods, which we believe
is caused by the omission of the end effect in the first method.
However, it can illustrate that the total cogging force is weak-
ened by the three-phase complementary and modular structure.
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IV. MATHEMATIC MODEL OF THE MLFSPM MOTOR
A. Mathematic Model in Stator Reference Frame
From Fig. 3, the three-phase PM flux linkage of the proposed
MLFSPM motor can be expressed as
/(/)ma = /¢0 - wm COS(ee)
d)mb = 1;[}0 - wm COS(GG - 1200)
’(/}mc = 1/10 - wm COS(QG + 1200)
where 1) is the dc component, v, is the peak value of the fun-
damental component as shown in Table I, and 6, is the electrical
degree of the mover position.
It can be seen from Figs. 5 and 6, and Table I that the mutual

inductance Ly, Ly, and L., can be neglected and the three-
phase self-inductance, L, Ly;, L. can be expressed as

@

Ly, = Lpc + Ly, cos(6,)
Ly, = Lpc + Ly, cos(f. — 120°)

Lee = Lpc + Ly, cos(6, +120°)
Lub - Lb(: - Lca ~0

where, Lpc and L, are the dc component and peak value of
the fundamental component of self-inductance respectively, as
shown in Table L.

B. d-q Axis of the Proposed MLFSPM Motor

To realize the transformation from stator reference frame to
mover reference frame, the d- and g-axes of the proposed MLF-
SPM motor is defined in Fig. 8, in which the d-axis is chosen
to be the mover position where the PM flux linkage reaches the
maximum value, and the g-axis is chosen to be the mover posi-
tion where the value of the PM flux linkage is zero. The relative
displacement between the d-axis and the g-axis is 74/4.
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Fig.9. PM flux linkage in different reference frame. (a) Stator reference frame.
(b) d—q reference frame.

C. Abc—dq Transformation

The vector control strategy is based on the synchronous mover
frame that moves at synchronous speed. To get the two-phase
d—q axis electromagnetic parameters, the traditional Park matrix
as shown in (4) is used in this paper

cos(f.)  cos(f. —120°)  cos(f, + 120°)
2
P= 3| sin(f,) —sin(f. — 120°) —sin(f, + 120°)
1/2 1/2 1/2

“)
The matrix form of PM flux linkage in the d—¢ frame can be
derived as

lem d 'l/)m a - l/}m
wm, q =P wm b - 0 (5)
/(/)m 0 wm c 1/)0

It can be seen from (5) that the PM flux linkage in d-axis ¢, 4 is
equal to the negative peak value of the fundamental component
shown in Table I. The PM flux linkage in g-axis v,,, is equal
to zero, and the PM flux linkage in 0-axis 1, is equal to the
dc component shown in Table I. To verify the aforementioned
analysis, the waveforms of the three-phase PM flux linkage
versus mover position in the stator frame is calculated using
FEA and the PM flux linkage in the d—g reference frame is
transformed from the FEA results of three-phase flux linkage
as shown in Fig. 9. The average value of 1,4, ¥4, and ¥,
are summarized in Table II. It can be seen that the results from
math model are consistent with the FEA results.
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TABLE II
PM FLUX LINKAGE IN d—q REFERENCE FRAME

Flux Linkage (Wb)

Flux terms

from FEA from Math Model
Wnd -0.1955 -0.1943
Wmq 0.00011 0
Wmo 0.01658 0.01994

As aforementioned, by neglecting the mutual inductance, the
inductances in d- and g-axis frame can be described as follows:

Li Lay Lao L 0 0
Ly L, Lo|=P| 0 Ly 0 [Pt (6)
Loa Log Ly 0 0 Lee

where Ly, Ly, Lo, Lag, Ly Lao, Loas Lgo, and Ly, are the syn-
chronous inductance components in d- and g-axis frame. Thus,
by substituting (3) and (4) into (6), the synchronous inductance
components in d- and g-axis frame can be derived as

L, cos(36,)

Ly = Lpc + 2 (7
L, cos(30,

L,=Lpc — % 8)
—L,, sin(30,

Ly = Lga = % )

Lqo = Log =0 (10)

L L L.
I ;” ) _ Ipe (1)
Lgo =2 X Log = Ly, . (12)

It can be observed from (7) to (8) that the d- and g-axis in-
ductance, Lq and L, are not constant, which all contain a small
cosine component with three times variation frequency of that of
the PM flux linkage. Generally, the mutual inductance between
the d- and g-axis windings is zero, because the flux induced by
a current in one winding will not link with another winding dis-
placed in space by 90°. However, in the PM motor with saliency
stator and rotor teeth, a part of the d-axis winding flux will
link with the g-axis winding as the uneven reluctance provides
a path for flux through the g-axis winding [21]. Hence, the d-
and g-axis mutual inductance L4, is not zero, which is a small
sinusoidal waveform and equals L.

To verify the aforementioned equations, the three-phase
inductances of the MLSFPM motor are first calculated us-
ing FEA as shown in Fig. 10(a). The self-inductance com-
ponents in d- and g-axes, L, L;, and L, are transformed
directly from the three-phase inductance in the stator frame
shown in Fig. 10(a). The average values are L; = 26.085 mH,
L, = 26.055 mH, L} = 26.255 mH, and L = 26.085 mH, as
shown in Fig. 10(b).

On the other hand, by substituting the dc component of the in-
ductance Lp ¢ and the peak value of the fundamental inductance
L,, listed in Table I'into (7), (8), and (11), Ly, L,, and L can be
obtained and shown in Fig. 10(b). It can be seen that there are
some errors between Ly, L,, Lo and L/ ,L;, {» but the shape and

30
T 27.
g
._;
_5
=
T 225
20 : t
0 60 120 180 240 300 360
Elec. degree(®)
(a)
28
T
E
-~
E
24 i i i 1 i
0 60 120 180 240 300 360
Elec. degree(®)
(b)
1
0.75
0.5

025 |

5 -0.25
0.5

0.75 Ly
-1 L L 1

0 60 120 180 240
Elec. degree(®)

()

Inductance (mH)

300 360

Fig. 10.  Waveforms of self-inductance (a). Inductance in stator frame. (b) L,
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amplitude are nearly the same. Fig. 10(c) compares the mutual
inductance components in d- and g-axes, Ly, andL o by the
aforementioned two methods.

In order to prove d—g expression of the inductance is valid,
the calculation method of d—¢g frame inductance as discussed
in [22] is adopted, namely

i cosa — Ppm
= T

__ Y;sina
=
1,

Lq 13)

L (14)

where 1), is the fundamental component of the total flux linkage
considering the armature reaction effects and v, is the funda-
mental component of the total flux linkage excited by PM only,
«a is the phase difference between ¢; and v},,,,. Based on this
method, the d—q reference frame inductances are L; = 25.89 mH
and L, = 27 mH. It can be seen that the average value of d—¢
reference frame inductance based on mathematical method and
the two FEA methods are nearly the same.
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D. Electromagnetic Force

Based on the preceding analysis, the total flux linkage in
d-and g-axes can be defined as

{'l/}d = wmd + Lqiq + quiq
¢q = Lqiq + quid-
Substituting (7), (8), and (9) into (15), it yields

{ wd - Ujmd + (LDC + Lm COS(?)GC)/Q)id -
¥y = (Lnc — Ly, c0s(360.)/2)iy — iqLy, sin(36.)/2.
(16)
In order to prove the accuracy of (16), the total flux linkage in
the d-and g-axes are calculated by two means and compared in
Fig. 11, where “;_FEA” and “1),_FEA” denote the total flux
linkage in d-and g-axes when i; = 0 control method is adopted
at the rated current, “¢p;_Math model” and “1),_Math model”
denote the total flux linkage in d-and g-axes by (16). It can be
seen that the shape and amplitude of the d--q reference frame
flux linkage based on the two methods are nearly the same.
The voltage equations in the d- and g-axes can be written as

5)

d
Ug = dva — Wy + Rig
dt
i (17)
Ug = 7(] +wethg + Riy.

Substituting (16) into (17), the voltage equations can be de-
rived:
{ud = —3we Ly, (ig sin(30.) + i, cos(36,))/2 — wepy + Rig
Uy = 3we Ly, (1g 8In(30,) — iq cos(36.))/2 + wetpq + Rig,
(18

where w, = 27mv/T4 is the electrical angular frequency, and v is
the mover speed.

From (18), the output thrust force of the three-phase MLF-
SPM motor can be derived as

3 [((dvpa/dt) — wetpy)ia + (dipg /dt + wetha)iy]

F, ==
2 v
37 . . 9 9
= — [Ymaly +iaig(La = Ly) + Lag (i — i4)]
9
+ QiL (i2 — 3) sin 30,
Ts
3w

3
= —Umdaty + —iqi,(Lg — L
7'51/} dlq p iatq(La a)

ig Ly sin(36,)/2
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3

+ fLm (Zg -

pm+Fr+FLm

i%) sin 36,

19)

where F,,, is the PM thrust force, F,. is the reluctance thrust
force, and Fr,, is an additional force component, which is

caused by the fluctuation of the self inductance L,,. If L,, is
neglected, the output thrust force can be expressed as
3T
F, = - WdeZq + Zdlq (Ld — Lq)] . (20)

S

When i; = 0 control method is adopted, namely, the three-phase
currents are in phase with the back-EMF and can be expressed
as

I, =1, sin(0.)
I, = I, sin(f. — 120°)
I. = I, sin(f. + 120°)

where, I,,, is the peak value of the phase current. Thus, the phase
current in d- and g-axes can be transformed as

21

I; =0
Iq =—1I, (22)
Iy =0.

By substituting (22) into (19), the output thrust force can be
derived as

3
F" Tr( '(/)mdlm + Lml Sln39 )

S

(23)

It can be seen from (23) that the thrust force consists of two
components, namely a dc component and a sinusoidal compo-
nent with three times variation frequency of that of the PM flux
linkage. Hence, the thrust force ripple can be defined as

Fmax - Fmin % 100 = 2LmIm
‘szg _wmd

where F .« is the maximum value of the thrust force, F,,;, is
the minimum value of thrust force, and F,, is the average value
of thrust force. Equation (24) depicts that the thrust force ripple
is proportional to the peak value of the phase current.

By substituting L,,, = 0.6787 mH, I, =6 x 1.414 A, 1,4 =
—0.1955 Wb, 74 = 0.036 m into (23), the output thrust force can
be drawn and noted as “F,-Math model” as shown in Fig. 12.
To verify the aforementioned theoretical analysis, the thrust
force of the MLFSPM motor was also calculated by FEA and
noted as “F,-FEA” as shown in Fig. 12. It should be noted that
the cogging force value is not included in “F,-FEA.” The key
values of “F,-Math model” and “F,-FEA” are listed in Table III.
Obviously, the shape, period, and average value of “F,-Math
model” and “F,-FEA” are nearly the same. The thrust force
ripple of MLFSPM motor is less than 6%.

Kripple = x 100 (24)

V. EXPERIMENT RESULTS

To validate the mathematical model of the MLFSPM motor
and associated FEA analysis, experiments are conducted on a
three-phase MLFSPM motor prototype as shown in Fig. 13. The
detailed design specifications are listed in Table IV. Fig. 14(a)
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Fig. 12.  Output thrust force waveforms.

TABLE III
CHARACTERISTICS OF THRUST FORCE AND COGGING FORCE

Items F, FEA F, Math model
Maximum (N) 444.7 446.7
Minimum (N) 424.72 421.3

Average (N) 434.71 434
Kiippie (%) 4.6 5.85

Dol

(b} {c)

Fig. 13. Prototype of MLFSPM. (a) Mover structure and armature winding.
(b) Mover “U”-shaped laminated segments. (c) Prototype motor.

illustrates the calculated self-inductances at different currents
(applied 6 and 1 A) by means of FEA, from which it can be seen
that the self-inductance under 6-A applied current is smaller than
the one under 1-A applied current in the range from 60° to 300°
electrical degree due to the higher saturation under 6-A applied
current. Fig. 14(b) compares the measured self-inductance with
the calculated self-inductance under 1-A applied current. Ob-
viously, the measured inductance waveform matches well with
the simulated inductance. Also, the simulation and measured
open circuit back-EMF at speed of 1.392 m/s are compared in
Fig. 15. It can be seen that the simulation results exhibit a good
agreement with the experimental result. The discrepancies be-

TABLE IV
DESIGN SPECIFICATIONS OF THE PROPOSED MOTOR

Rated speed, v (m/s) 1.5
Mover width, /,,(mm) 120
Mover tooth width, w,, (mm) 10.5
Mover slot width, w,, (mm) 10.5
Mover high, /,, (mm) 50
Mover yoke high, 4,,, (mm) 14
Mover slot mouth width, w,,, (mm) 10.5
Mover pole pitch, z,, (mm) 42
Stator pole pitch, 7, (mm) 36
Permanent magnet high, #,,, (mm) 30
Permanent magnet width, w,,, (mm) 7
Magnet remanence, B, (T) 1.2
Magnet relative recoil permeability, 4, 1.05
Air gap length, g (mm) 2
Armature windings per coil, N 116 turns
Rated Armature current, Jzys (A) 6
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Fig. 14.  Self-inductance. (a) Simulated self-inductance at different currents.
(b) Comparison of measured and simulated inductance.

tween the experimental and simulation results are about 6.5%,
which we believe are mainly caused by the end-effects as in
the stator-PM machines [23], manufacturing imperfection and
measurement error.

Due to time limit, the control system of the motor is un-
der construction and the system operation performance will be
reported in the near future.
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Fig.15. Back-EMF waveforms at 1.392 m/s. (a) FEA results. (b) Experimental
results.

VI. CONCLUSION

In this paper, the structure, operation principle, and the steady-
state characteristics of a new modular linear flux-switching PM
motor have been analyzed. Based on the steady-state characteris-
tics, the mathematical model of flux-linkage and self-inductance
in the stator frame has been built. By using Park’s transforma-
tion, the components of flux-linkage, self-inductance, voltage,
and output thrust force in d- and g-axis frame have been derived.
The thrust force performance based on the mathematic models
is verified by FEA results. To verify the simulation results of the
MLFSPM motor, a prototype motor has been built and tested.
The experimental results agree well with the predicted results
from the mathematic model and FEA. It, therefore, can be con-
cluded that the mathematical model of the new MLFSPM motor
has laid a foundation for future study in vector-control or thrust
force-direct control for the proposed motor.
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