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Abstract: This paper investigates the performance analysis and mathematical modeling of a
staggered-tooth transverse-flux permanent magnet linear synchronous machine (STTF-PMLSM),
which is characterized by simple structure and low flux leakage. Firstly, the structure advantages
and operation principle of the STTF-PMLSM are introduced, and a simplified one phase model is
established to investigate the performance of the machine in order to save the computation time.
Then, the electromagnetic characteristics, including no-load flux linkage, electromotive force (EMF),
inductance, detent force and thrust force, are simulated and analyzed in detail. After that, the
theoretical analysis of the detent force, thrust force, and power factor are carried out. And the
theoretical analysis results are validated with 3-D finite-element method (FEM). Finally, an improved
mathematical model of the machine based on d-g rotating coordinate system is proposed, in which
inductance harmonics and coupling between d- and g-axis inductance is considered. The results from
the proposed mathematical model are in accordance with the results from 3-D FEM, which proves the
validity and effectiveness of the proposed mathematical model. This provides a powerful foundation
for the control of the machine.

Keywords: transverse-flux permanent magnet linear machine; detent force; thrust force; 3-D
finite-element method (FEM); mathematical model

1. Introduction

Linear drive systems integrated with linear electrical machines have many advantages, such
as high dynamic performance, high acceleration, and easy maintenance compared with their
rotary-to-linear counterparts [1]. Hence, linear machines are being used increasingly in applications
ranging from manufacturing automation [2,3], electromagnetic launcher [4], transportation [5,6] and
electrical power generation [7-9], to household appliances [10] and healthcare [11]. Within the various
types of linear machines, tubular permanent magnet (PM) linear machines are quite promising for
linear drive systems because of their distinctive features, including high power density, low force
ripple, no unbalanced magnetic force on the shaft, and excellent servo characteristics, efc.

In recent years, the requirements for larger force density and higher position accuracy of linear
machines are becoming increasingly urgent. For the traditional PM linear machine, the improvement of
force density and power density are constrained by the space competition between the electric loading
and magnetic loading. However, the transverse-flux PM linear machine is becoming particularly
attractive for its larger force density because its motion direction is perpendicular to the plane of
magnetic flux, which realizes the decoupling between electric loading and magnetic loading. The force
density of the transverse-flux PM linear machine can be largely enhanced by decreasing the pole
pitch or increasing the pole number of the machine for a given geometrical dimension [5]. Various
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transverse-flux machine (TFM) topologies have been put forward since the first prototype of TFM with
PM excitation was proposed by Weh in the 1980s [12-15]. A TFM with C-type stator core was proposed
by the Rolls-Royce Research Center, in which the stator core is complex and it can only be made of soft
magnetic composite (SMC), which will lead to low saturation magnetic flux density [13]. Chang has
proposed a TEM with PM excitation for a direct drive system [16], but it also has the drawbacks of
complex structure and large flux leakage. In 2014, Shin proposed two types of quadrate transverse-flux
linear machine and research practical design approach for compact size, small mover weight, high
efficiency, and low material cost [17,18]. Nevertheless, the problems of complex structure, large flux
leakage, and difficult manufacturability always exist.

In order to solve the aforementioned problems, a novel tubular staggered-tooth transverse-flux
permanent magnet linear synchronous machine (STTF-PMLSM) was proposed, which is characterized
by simple structure and low flux leakage [19,20]. The stator core of the STTF-PMLSM is unsegmented
and can be fabricated by silicon-iron steel lamination, which can largely simplify the manufacturing
process and increase the mechanical strength. The 3-D magnetic equivalent circuit modeling and
optimization of the machine was investigated, and an optimized scheme with higher force density and
lower force ripple was achieved in [19].

The mathematical model of the machine is the foundation for the direct force control and vector
control of the linear electrical machine. However, the conventional linear machine modeling methods
cannot accurately describe the dynamic performance of the STTF-PMLSM due to its special inductance
characteristics. Therefore, an improved mathematical model of the STTF-PMLSM based on a d-g
rotating coordinate system is proposed, in which the inductance harmonics and coupling between
d- and g-axis inductance are considered.

Hence, this paper focuses on the performance analysis and modeling of the STTF-PMLSM,
which can be used for the control of the STTF-PMLSM. The structure advantages and operation
principle of the STTF-PMLSM are introduced in Section 2. Then, the electromagnetic characteristics
of the STTF-PMLSM, including winding inductance, detent force, thrust force, and power factor, are
discussed in Section 3. In Section 4, an improved mathematical model of the STTF-PMLSM based
on d-q rotating coordinate system is proposed and verified with 3-D finite-element method (FEM),
which provides a powerful foundation for the control of the machine. Finally, some conclusions are
summarized in Section 5.

2. Machine Structure and Operation Principle

2.1. Machine Structure

The overall schematic structure of the STTE-PMLSM is shown in Figure 1a, which is an axial
3-phase structure. The adjacent phases are arranged by (2k-2/3) pole pitch displacement in axial
direction, where k is a non-negative integer (k = 2).
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Figure 1. Schematic structure of STTE-PMLSM (a) Three phase; (b) One phase.
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Figure 1b shows the schematic structure of one phase of the STTF-PMLSM. Each phase has j
stator cores, where j is a non-negative integer (j = 2). Each stator core has 2n teeth, where 1 is a
non-negative integer (n = 3). For every pole pair, primary side is constructed with two types of
iron core and one non-magnetic ring, where the non-magnetic ring is used for fixation. The axial
distance of adjacent stator cores of each phase is equal to one pole pitch. The concentrated winding
of each phase is composed of 21 coils, which are wound around the roots of teeth and are connected
in series. The surface-mounted PMs have tile shape and adjacent PMs are magnetized in opposite
radial direction.

2.2. Operation Principle

The main magnetic flux paths in the two types of stator core are shown in Figure 2a,b which
are perpendicular to the direction of motion, while the axial flux path exists in air gap, as shown in
Figure 2c. Due to the staggered-tooth stator core, the PM fluxes in axially adjacent stator cores are
in the same direction. This configuration functions as a bridge rectifier, which can force different
magnetic flux path directions into the same direction. Moreover, the teeth of adjacent stator cores are
staggered and have no overlap, which will greatly decrease the inter-pole flux leakage. Because the
inter-pole flux leakage is the primary part of the total flux leakage, leakage reactance will reduce [19].

Stator core

|74
PMs Translator yoke
Center line

Figure 2. Magnetic flux path of STTF-PMLSM: (a) Main flux path in P-1 pole; (b) Main flux path in
P pole; (c) Side view of the STTF-PMLSM.

The magnetic field of the STTE-PMLSM is not a traveling field such as a conventional linear PM
machine but an alternating field to drive the motion of the translator. As shown in Figure 2c, when
the armature winding is fed with a constant current, the south pole is generated at the salient pole in
the stator core, then the translator will find a position where stator cores lie over the translator poles
and the flux produced by the PM and by the winding will have the same direction. An inversion of
excitation current will force the translator to move to the next pole. As a result, a longitudinal force
is generated that drives the translator along z-direction when the armature winding is fed with an
alternating current.

2.3. Structure Advantages

According to the aforementioned analysis, the structure advantages of the STTF-PMLSM can be
summarized as follows:

(1) Simple structure. The structure of stator core is unsegmented and can be manufactured by
silicon-iron steel lamination, which will result in a high mechanical stiffness and easy assembly.
(2) Easy manufacturability. The main magnetic flux paths of the STTE-PMLSM are in the plane of
stator core lamination (x-y plane), which is transverse to the direction of movement (z-direction).
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This configuration is preferable for the fabrication of stator core using silicon-iron steel laminations
that are arranged along the z-direction.

(3) No unbalanced magnetic force on the supporting mechanism. The unbalanced magnetic force is
eliminated by the balanced magnetic circuit of the symmetrical configuration of the stator core,
which will greatly decrease the stress on the supporting mechanism and consequently improve
the mechanical stiffness.

3. Analysis of Electromagnetic Characteristics

Compared with conventional linear electrical machine, the flux paths of the STTE-PMLSM are
entirely 3-D distribution, including circumferential, radial and axial flux path, as shown in Figure 2.
Moreover, the flux leakage of the STTF-PMLSM is more complicated. Therefore it’s necessary to use
3-D FEM to analyze the electromagnetic characteristics of the STTF-PMLSM. Here, the commercial
software package ANSYS Maxwell [21] is used since it can directly use the accurate finite element
method to solve electromagnetic field and accurately predict product performance from physical
design information with due account of saturation, leakage flux, etc. Due to the decoupling of the
magnetic circuit of three phases, only one phase model is built in order to save the computation time.
The main design specifications of the STTF-PMLSM are shown in Table 1 [19]. The flux distribution in
the stator of the STTF-PMLSM under no-load conditions is shown in Figure 3.

Table 1. Main Design Specifications of STTF-PMLSM.

Parameters Data Parameters Data
Stator outer radius (R;) 90 mm Number of phases 3
Stator inner radius (R;) 48 mm Number of stator slots 6
Air-gap length (g) 1 mm Number of turns of the coil (N) 45
Pole pitch (1) 9 mm Rated current 8A
PM magnetization length (/1) 3 mm Rated frequency (f) 83.33 Hz
Axial length of stator core (I;) 7 mm Speed(v) 1m/s
Material Note Material Note
N35SH PM (Br:1.23T) DW315-50 Iron core

B[tes1al

1.7008e+380
1.5786e+000
1.4572e+000

1.3358e+000
1.214%4e+800
1.8931e+000
9.7167e-0801
8.5828e-001
7.2899e-001
6.8751e-001
4.8612e-801

3.6473e-001
2.4334e-001
1.2196e-881
5.6866e-004

Figure 3. Flux distribution in the stator of STTF-PMLSM under no-load condition.

3.1. No-Load Main Flux Linkage

Figure 4a shows the waveforms of three phase no-load main flux linkage. Harmonics components
of one phase flux linkage are show in Figure 4b. It can be seen that the waveform of flux linkage is
close to sinusoidal and the amplitude of harmonics is very small. The total harmonic distortion (THD)
is only 3.09%.
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Figure 4. Flux linkage and its harmonics (a) Waveforms; (b) Harmonics components.

3.2. No-Load EMF

Figure 5a shows the waveforms of three phase no-load EMF. Harmonics components of one phase
EMF are shown in Figure 5b. It should be noted that the shape of no-load EMF is somewhat close to
trapezoidal. The third and fifth order harmonics are relatively large and the THD of EMF is 9.54%.
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Figure 5. EMF and its harmonics (a) Waveforms; (b) Harmonics components.

3.3. Winding Inductance

In order to model the machine, it is necessary to calculate the winding inductance. Due to the
decoupling of the three phases magnetic circuit, the mutual-inductance between different phases
is equal to zero and can be neglected. Only the self-inductance is calculated. The self-inductance
calculation method based on FEM is shown as:

_ #’a - lPaO
Log = 7111 (1)

where Ly, is self-inductance of phase A, ¢, is flux linkage under load condition supply phase A with
current I,. 1,0 is flux linkage under no-load condition.

Figure 6 shows the waveforms of three-phase self-inductance and its harmonics components.
As we can see, the self-inductance is not constant. It contains some harmonics components and these
harmonics are mainly the first, second and third order harmonic. These harmonics will result in the
fluctuation of thrust force and this will be illustrated in Section 4.
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Figure 6. Self-inductances and its harmonic (a) Waveforms; (b) Harmonics components.

3.4. Detent Force

3.4.1. Theoretical Analysis of Detent Force

Detent force is a major problem in transverse flux linear machines, which will introduce thrust
ripples or positioning process disturbances. The conventional methods like skewing and pole shifting
used to reduce the detent force become impossible due to the special configuration of the STTF-PMLSM.

Detent force of the STTF-PMLSM is caused by two phenomena. The first one is called “end
effect”, which arises from the interaction between the translator and finite armature core length.
The second one is called “slot effect”, which arises from the interaction between PMs and armature
slots [22]. The fundamental frequency of the detent force is the least common multiple (LCM) of
the stator segment number and the pole number. For the STTE-PMLSM, the distance between two
stator segments in the direction of the translator is T, where T is the pole pitch. When viewing the
one-phase STTF-PMLSM from the direction of movement and the longitudinal end effect is neglected,
the machine can be considered as a rotary machine with an infinite radius, 2N; poles, and 2N stator
segments, where N is infinite. Therefore, the fundamental frequency of detent force for the one-phase
STTF-PMLSM is 2Ny, i.e., the detent force period is T [4].

The detent force of each phase can be decomposed into a Fourier series, which can be written as:

Fi, = Flsin(g x 2w +601) + FzsinZ(g X 27+ 67) + F3sin3(§ X2+ 03) + - 2)
. Z 2 . o Z 2 . i Z 2

Fyy = Fisin(= x 2+ 601 — =) + Fosin2(—= x 2w + 0y — =71) + F3sin3(—= x 2+ 603 — —m) + -+ - - (©)]
T 3 T 3 T 3
.z 2 . 2 2 . arZ 2

Fie = Flsln(? x 27 + 01 + gn) + Fzsm2(¥ X 27T + 0y + 57‘() + F351n3(; X 27T + 03 + 571) SRR 4)

where z is the displacement of translator, F; is the amplitude of i order harmonic component (i = 1,2,
... ). The total detent force (F;) of the three-phase STTF-PMLSM can be expressed as:

Fj= Egy + Fgp + Fge = 3P3sin3(§ X 277 + 03) + 3F6sin6(§ X 27T+ 0g) 4 ®)

As can be seen from Equation (5), the period of the total detent force is T/3. Since the part of
the harmonic components is counteracted, the amplitude of the total detent force is sharply reduced.
Hence, the force ripple of the three-phase STTF-PMLSM is reduced.

3.4.2. Numerical Calculation of Detent Force

Figure 7 shows the waveforms of detent force computed by 3-D FEM, including three single
phases and overall detent force of the STTF-PMLSM. As can be seen, the period of detent force of single
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phase and total three phases are 7, T/3, respectively, which is in accordance with the aforementioned
theoretical analysis. The error between total detent force directly calculated by FEM and the sum of
three single phases detent force is nearly zero, and it can be neglected. This verifies the theoretical
analysis of detent force.
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Figure 7. Detent force of STTF-PMLSM.

3.5. Thrust Force

3.5.1. Theoretical Analysis of Electromagnetic Force

When each phase is fed with a sinusoidal current, the electromagnetic force is produced by
interaction between the armature and PM magnetic field. It can be calculated either by Maxwell stress
tensor method or virtual work method. This paper choose latter one.

According to the magnetic co-energy theory, the electromagnetic force of the machine is equal to
partial derivative of the total magnetic co-energy with respect to displacement [15], namely:

OW'(i, x)

[ =
ox

(6)
where W(i,x) = Sl[]di, Y =Ypm + Pa, Ppm = 2Nnd, @ = @y,c08(0). Ppp, is the no-load total flux linkage
interacting with the armature winding. &, is the amplitude of no-load main flux. ¥, is the flux linkage
produced by armature current, and ¢, = Li. L is the self-inductance of armature winding and i is the
armature current. i = —/2Isin(wt + 6y), where I, 6 is the RMS and initial phase angle of armature
current, respectively.

Therefore, the total magnetic co-energy can be expressed by:

. N
W (i, x) = Ppmi + ELIZ )

Since L is a constant independent on displacement, the third part of Equation (7) has no relation
to the thrust force of translator. Considering v = 2 fr and w = 2 7if, the electromagnetic force can be

written as:
. a‘Fpm

F =
ox
where 6 = wt is electrical angle corresponding to the displacement of translator.
If iy = 0 control method is used, then 6y = 0°. Equation (8) can be simplified as:

24271
T

— —2V2NnjIdy, %sianin(Q +60) ®)

F=

Nnd@msinz(% x 1) = Fp[l— cos(z?x X 77)] )
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V27

where F, = TN njl®y, is the average value of electromagnetic force of one phase STTF-PMLSM.
It can be observed that electromagnetic force of a one phase STTF-PMLSM is sinusoidal and its
average value is greater than zero. The magnitude of the electromagnetic force of a one phase
STTF-PMLSM is proportional to the number of coils, turns of each coil and no-load main flux.
In addition, the period of electromagnetic force is T, which means that electromagnetic force fluctuates
twice in one period of alternating current. When each phase of the STTF-PMLSM is fed with the
corresponding sinusoidal current, the per-phase electromagnetic force can be presented as:

F,=F[1- cos(zg x 77)] (10)
F, =F[1- cos(27x X 7T — %n)] (11)
F.=F[1- cos(27x X 7T+ %n)] (12)

Hence, the total three-phase electromagnetic force of the STTF-PMLSM is as follows:
F=F,+F +F =3F, (13)

It can be seen that the total electromagnetic force of the STTF-PMLSM is constant and its
magnitude is triple that of one phase. Hence, the feasibility of the approach that one phase of
the STTF-PMLSM is chosen to investigate the performance of the machine is further confirmed.

Then, the force density of the three-phase STTF-PMLSM can be written as:

= V2N a9
iT
It can be observed that the force density of the machine is inversely proportional to the pole
pitch because ¢, in the numerator is proportional to the pole pitch T and there is a 72 item in the
denominator. This verifies the fact that a higher TFM force density can be obtained by increasing the
pole number or decreasing the pole pitch of the machine for a given geometrical dimension [5].

3.5.2. Numerical Calculation of Electromagnetic Force

The force waveforms of one phase STTF-PMLSM computed by 3-D FEM, including
electromagnetic force Fey,,, detent force F,, and thrust force F,;, are shown in Figure 8. It should be
noted that the thrust force is obtained by subtracting the detent force from the electromagnetic force.
The period of one phase thrust force is 7, and its shape is in accordance with the aforementioned
theoretical analysis.

Figure 9 shows the waveforms of thrust force, including three single phases and overall thrust
force of the STTF-PMLSM. As can be seen, the total thrust force is almost constant. The error between
total thrust force directly calculated by 3-D FEM, and the sum of three single phases thrust force is
nearly zero. It can further confirm that one phase of the STTF-PMLSM can be chose to investigate
the performance of the machine. The average values of thrust force using different methods are
summarized in Table 2. It can be observed that the results obtained from 3D-FEM are in accordance
with theoretical analysis. In addition, the force density of the STTF-PMLSM is 2.822 x 10° N/m?,
which proves that the machine exhibits a higher force density compared with that of other types of
linear machine, as illustrated in Section 3.7.
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Table 2. Thrust Force of STTF-PMLSM.

Thrust Force from 3-D FEM  from Analysis Error
F, (one phase) 31.28 31.77 1.57%
F (three phase) 96.79 95.31 1.55%

3.6. Power Factor

The power factor of transverse-flux machine is relatively low, which is usually because the
armature reactance and flux leakage of the machine are large. Furthermore, the power factor of the
machine has a significant influence on the converter rating, which will increase the converter cost and
converter loss. Therefore, it is necessary to analyze the power factor of the STTF-PMLSM. The inner
power factor angle 1 is the angle between the armature current and no-load EMF. When i; = 0 control
strategy is adopted (g = 0), namely, the angle between current and no-load EMF is equal to zero.
The phasor diagram of the machine is shown in Figure 10, where ¢ and 0 are the power factor angle
and torque angle, respectively. Eg and E; are the no-load EMF and air-gap resultant EMF, respectively.
Ly and L, are the stator leakage inductance and g-axis synchronous inductance, respectively. U, I; and
R are the terminal voltage, armature current and stator resistance of each phase, respectively.



Energies 2016, 9, 163 10 of 18

Jjol, ['1 A g-axis

\ o

Figure 10. Phasor diagram of the machine under i; = 0 control strategy.

Neglecting the stator leakage inductance and stator resistance, the expression of power factor [23]
can be written as:

E E 1
cos¢ = ﬁo = 0 > = > (15)
2
VE + (@Lgly) \/1+(qu1,,)
Eo
and this equation can also be expressed as:

wLgl D
cos¢ = cos(arctan 179) = cos(arctan—-) (16)

Ey Dy

where w is angular velocity, ®; is the amplitude of magnetic flux produced by the armature
current alone:

It can be observed that a power factor improvement can be obtained by increasing the no-load
EMF or decreasing the g-axis inductance from Equation (15). If the no-load EMF is constant, the power
factor can also be enhanced when the armature current decreases from Equation (16), but this will lead
to a reduction of force density or power density. The effective method to improve the power factor of
the machine is to merely enhance the no-load main flux. However, this will increase the amount and
cost of rare-earth PM material, which is not attractive for moving-magnet machines. Therefore, for all
those methods, a compromise between high electromagnetic performance and cost should be made.

On the other hand, the power factor angle ¢ is equal to the phase angle difference between Ey and
Es from Figure 10 when the stator leakage inductance and stator resistance are negligible. The phase
angle of the fundamental components of Ey and E; can be directly calculated through the Fourier
analysis, and the Ey and E; can be calculated by 3-D FEM. Hence, the power factor can be directly
calculated based on 3-D FEM results.

The power factor values based on theoretical analysis (mathematical expression) and 3-D FEM
results are shown in Table 3. The error between the theoretical analysis and 3-D FEM is very tiny and
this verifies the validity of the theoretical analysis. In addition, the power factor of the machine is
relatively low, which is mainly caused by the large synchronous reactance. It should be noted that the
value of L; and L; are 2.93 mH and 3.00 mH, respectively, which are obtained from Section 4.2.

Table 3. Power factor based on different methods.

Power Factor from FEM from Analysis Error

value 0.440 0.433 1.62%
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3.7. Performance Comparison

The performance comparison of various types of linear machines is shown in Table 4. It can be
seen that force density (the thrust force per volume) of the STTF-PMLSM is lower than that of S type
and TL-SPM, and higher than that of other types. On the other hand, the thrust force per air-gap area
of the STTF-PMLSM is 37.06% higher than that of S type and it also the largest among these types.
Furthermore, compared with other types, the thrust constant of the STTF-PMLSM is relatively low.
Therefore, it is difficult to evaluate the superiority or inferiority of the STTF-PMLSM because of the
different design conditions. However, it is confirmed that the STTF-PMLSM is close to the latest state
of the art in linear machine technology [19].

Table 4. Performance comparison.

STTF-PMLSM TL-IPM[2]  TL-SPM[4] Stypel2]  Dtypel2]

Rated thrust (N) 96.79 79.4 125 800 2000
Rated current (A) 8 4 3 114 29.7
Thrust constant (N/A) 121 19.9 41.7 70.2 67.3

Vi (m3) 343 x 1074 3.8 x 1074 46 x 104 26x107% 87x1073
S; (m?) 3.99 x 1073 10.1 x 1073 - 45 x 1073 117 x 1073
Footume (KN/m?) 282.2 208.9 297 306.5 227.8
Fiimension (KN/m?2) 24.26 7.86 - 17.7 17.1
Power factor 0.44 - - - -

Abbreviations: TL-IPM: Tubular interior PM linear machine; TL-SPM: Tubular surface-mounted PM linear
machine; S type: Single-sided type linear machine; D type: Double-sided type linear machine; Fy,j,.: Thrust
force per active external volume (V) [4]; Fimension: Thrust force per active air-gap area(S;) [4].

4. Mathematical Model of the STTF-PMLSM

4.1. Mathematical Model in Three-Phase Static Coordinate System

From Figure 4, the analytical expression of the three phase no-load flux linkage in the three-phase
static coordinate system can be written as:

Yo = —Pmcos(6)
Pp = —Pmcos(0 — 120°) (17)
e = —Pmcos(6 + 1200)

where 1y, is the fundamental amplitude of no-load flux linkage.

From the Fourier analysis results in Figure 6b, it can be seen that the main harmonic
components of self-inductance are first-order, second-order and third-order harmonic. Besides, the
mutual-inductances are zero. Hence, the analytical expression of the three phase self-inductances and
mutual-inductances can be written as:

Las = Lpc + Ly1cos(0 + ¢1) + Lypcos2(60 + ¢o) + Lyy3c083(0 + ¢3)
Lyy = Lpc + Lipcos(6 + ¢ — 120°) + L,pcos2(0 + ¢ — 120°) + Ly3c083(6 + ¢p3 — 120°)
Lee = Lpc + Lincos(8 + ¢1 + 120°) + Lycos2(0 + ¢ + 120°) + L,3c083(6 + ¢3 + 120°)
Lap = Lac = Lpe = 0

(18)

where Lpc is the DC component of self-inductance, L,,; is the amplitude of i order harmonic component
of self-inductance, where i is 1, 2, 3.

The values of those parameters are calculated from the FFT analysis of the self-inductance,
as shown in Table 5.
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Table 5. Amplitude and phase angle of main harmonic components.

Terms Lpc (mH) L, (mH) @1 (°) L,,» (mH) @ (°) L5 (mH) @3 (°)
Value 2.962 0.102 —2.63 0.063 —75.35 0.030 —2.85

4.2. Mathematical Model in d-q Rotating Coordinate System

In the three-phase static coordinate system, the inductance matrix is time-varying, which would
bring about complexity in the process of analysis and control of the machine. The abc-dq transformation
can transform three AC components into two DC components and one zero-sequence component. It is
preferable for vector control strategy.

The conventional abc-dq transformation matrix is:

cos(f)  cos(8—120°)  cos(6 + 1200)

p_2| —sin(6) —sin(f—120°) —sin(6 +120°) (19)
3 1 1 1
2 2 2
and:
cos(6) —sin(6) 1
Pl = | cos(f—120°) —sin(6—120°) 1 (20)
cos(f +120°) —sin(f +120°) 1

The no-load flux linkage in the d-q rotating coordinate system can be expressed as:

lpmd l/«’ma *lpm
wmq =P Yup = 0 (21)
lme lpmc 0

From Equation (21) it can be observed that ¢,,,; (the value of the d-axis component of no-load
flux linkage) is equal to the negative value of ¢, (¢, is the fundamental amplitude of the no-load
flux linkage). Both 9,4 (value of g-axis component of no-load flux linkage) and ¢, (the value of
0-axis component of no-load flux linkage) are equal to zero. To verify the aforementioned analysis,
the waveforms of ¢,,4, ¥mq and 9,0 based on the abc-dg transformation of FEM results are shown
in Figure 11. The average value of ¢4, ¥mq and ;0 based on the abc-dq transformation of 3-D
FEM results and the mathematical formula are listed in Table 6. It can be seen that the results from
the mathematical formula agree well with the 3-D FEM results, and this verifies the validity of the
aforementioned mathematical formula.

0.003 T T T T T
0.000 W&WW%
= -0.003 - E
% L
gﬂ -0.006 - — A Vo 1
= -0.009 F v, i
g
= -0.012 E
-0.015 - B
POG0 0000000000 000060000000006004

_0.018 1 1 1 1 1
0 60 120 180 240 300 360

Electrical degree ()

Figure 11. Waveforms of no-load flux linkage in d-g rotating coordinate system.
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Table 6. No-load flux linkage in d-g rotating coordinate system.

Terms from FEM from Mathematical Model
PYma (WD) —0.0162 —0.0162
¥mg (WD) 0.0006 0
PYmo (Wb) 0.0002 0

The flux linkage equation after abc-dq transformation is written as:
¢ = Py = PLi = (PLP )i = L'{' (22)

Then, the inductance matrix can be written as:

Ly qu Lo Lag Lgp  Lac
Ly Ly Ly | =L =PLP™'=P| Ly, Ly Ly |P7' (23)
Log LOq Lo Lea Lep  Lec

where 1, L and i is flux linkage matrix, inductance matrix and current matrix in the three-phase static
coordinate system, respectively. ¢, L” and i are flux linkage matrix, inductance matrix and current
matrix in the d-q rotating coordinate system, respectively.

By substituting the Equations (18)—(20) into (23), the expressions of each components of inductance
matrix in the d-g rotating coordinate system are written as follows:

1 1
L; = Lpc + =Lypcos(2¢7) + ELm1COS3(9 + ﬂ) + Lyy3c083(6 + ¢3)

2 3
1 1
Ly =Lpc— ELmzcos(Zcpg) - ELm1COS3(9 + %) + Lyy3c083(0 + ¢3)
1 . 1 . ¢
qu = qu = ELWIZSIH(Z(Pz) — ELmlsm3(9 + 3) (24)

2
Ly = 2Lgy = Lycos(¢q) + Lyypcos3(0 + %)
2
Lyo = 2Log = Lysin(¢) — Lyosin3(6 + %)
Lo = Lpc + Ly3cos3(8 + ¢3)

From Equation (24) it can be observed that both L; and L, are not constant, and they contain
three-order harmonic components. L4, is not equal to zero and also contains a three-order harmonic
component. This means that the d- and g- axis are not fully decoupled. The three-order harmonic
component contained in the inductance matrix will result in the fluctuation of the thrust force and this
will be illustrated in Section 4.3.

The waveforms of three-phase self-inductance are shown in Figure 6a. In Figure 12, the waveforms
of Ly", Ly", Lo” and Ly, are obtained by abc-dq transformation of the three-phase self-inductance, and
the waveforms of Ly, Ly, Lo and Ly, are obtained by Equation (24), in which the value of variables
are listed in Table 5. The average values of the d-, g- and 0- axis inductance components based on
different methods are listed in Table 7. As we can see, the errors between L;", L;", Lay and Ly, Ly, Lyg
are very small and their curves are almost the same, which verifies the validity of the aforementioned
mathematical formula.

Table 7. Average values of d- and g- inductance based on different methods.

Terms Ld Ld, Lq Lq, Lo Lo’
Average value (mH) 2.93 2.93 3.00 2.99 2.96 2.96
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Figure 12. Waveforms of inductances. (a) L;", Ly, Lo” and Ly, Lq, Lo; (b) qu ’, qu.

4.3. Thrust Force in d-q Rotating Coordinate System

The flux linkage equation are written as follows:

Ya = Yma + Lata + Lagig

. . (25)
1’[,7,7 = quq + quld
The voltage equation are written as follows:
d
Uug = lpd CLJqu + Rld
af{; (26)
Uy = q + wipy + Rig
On the basis of power conservation, the thrust force of the machine can be derived as:
3ugig+ ugi
=2 dtd q‘q (27)

2 v

By substituting Equations (24)—(26) into (27), and neglecting the stator resistance, the expression
of thrust force can be written as:

F- %g {lpmdiq + (Lg — Lg)igig — 3Lycos3(6 + %)idiq

Lynsin3(6 + 1) 4 21, osin(2 3L35in3(0 (28)
+[Ly18in3(60 + )+2 m2Sin(2¢)](i5 — i3) — BLy3sin3(0 + ¢3) (ig + i3)
= PPM + Fr + Far

.. 3 L
where Fpy = §Elpmd1q is the PM thrust force, F, = 5 g (Lg — Lg)igig is the reluctance thrust force, and

3n 1
Fy = 77 {3Lm1cos3(9 + (‘L)zdlq + [szzsm(Zqzz) + Lysin3(6 + =~ il )](zq - zd) 3L,38in3(60 + (])3)(1 + zd)}

is the additional force ripple component.

When i; = 0 control strategy is used, the current matrix in the three-phase static coordinate system
can be written as:

~

i V2Isin(6)
» | = | +2Isin(8 —120°) (29)
c V/2Isin(# + 120°)

~. ™
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Then the current matrix in the d-g rotating coordinate system can be written as:

iy in 0
ig |=P| iy | =| —v2I (30)

By substituting Equations (30) into (28), the expression of force can be simplified as:

_3r

F
27T

{\/§¢de + [2L;18in3(6 + %) + Lypsin(2¢) — 6L,,3sin3(0 + 4)3)]12} (31)

In order to verify the aforementioned analysis, the waveforms of thrust force based on the
proposed mathematical model and 3-D FEM are shown in Figure 13. It can be observed that these
two curves also show the same trend and the error between average values is very tiny. Besides,
the waveform of thrust force fluctuates three times in one period of alternating current, which is in

accordance with Equation (31). The main characteristics of thrust force using the mathematical model
and 3-D FEM are listed in Table 8.

120 T T T

105 + E
= oof 3
'»E r —=— F-Math model | |
2 4 F-3D-FEM
= 60 i
F

45t ;

30 L 1 1 1 1

0 60 120 180 240 300 360

Electrical angle ()
Figure 13. Waveforms of thrust force based on different methods.

Table 8. Characteristic of thrust force based on different methods.

Items from 3-D FEM from Mathematical Model
Maximum (N) 98.85 97.80
Minimum (N) 94.72 92.44
Average (N) 96.79 95.12
Fyipple 2.14% 2.82%

The comparison of the thrust force results at different load points is shown in Figure 14, with
the mathematical model and 3-D FEM. It can be seen from Figure 14a that the error of average value
of thrust force calculated through the mathematical model and through 3-D FEM at different load
points is very tiny. In Figure 14b, the two curves follow the same trend, which reveals that the peak
to-peak value of thrust force increases along with the increase of load. However, the result with
the mathematical model is slightly different from that with 3-D FEM. This is mainly because some
higher order harmonics components of inductance are neglected in the mathematical model. If all
the harmonics components of inductance are considered, the results would be closer. Nevertheless,
the comparison results prove the validity and effectiveness of the proposed mathematical model.
This provides a powerful foundation for the vector control or direct force control of the STTF-PMLSM.
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Figure 14. The comparison of results of different methods: (a) Average value of thrust force; (b) Peak
to-peak value of thrust force.

5. Conclusions

M

@)
®)

4)

The following conclusions can be drawn from the analysis and modeling of the STTF-PMLSM:

The stator core of the STTF-PMLSM is unsegmented and can be fabricated by silicon-iron
steel lamination, which can greatly simplify the manufacture process and increase the
mechanical strength.

Simplified one phase model can be used to investigate the performance of the machine in order
to save the computation time.

The analytical expression of detent force, thrust force, and power factor, has been derived and
verified with 3-D FEM,, it proves the validity of theoretical analysis.

An improved mathematical model of the STTF-PMLSM based on the d-g rotating coordinate
system is developed and verified with 3-D FEM, it provide a powerful foundation for the vector
control or direct force control of the STTF-PMLSM.
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Nomenclature
Pa, Va0, Ppm Flux linkage, Wb.
Pm Fundamental amplitude of flux linkage, Wb.
Fundamental amplitude of no-load main
O .
magnetic flux, Wb.
Fundamental amplitude of magnetic flux
N
produced by armature current, Wb.
E Electromotive Force, V.
f Rated frequency, Hz.
F Thrust force, N.
Fq Detent force, N.
Fem Electromagnetic force, N.
I Current, A.
i Phase current, A.
ik n Non-negative integer.
L Winding inductance, mH.
N Number of turns of the coil.
R Phase reluctance
R Outer radius of the stator, mm.
T Pole pitch, mm.
u Phase voltage, V.
A Speed of the linear machine, m/s.
w Angular velocity, rad/s.
W’ Magnetic co-energy.
X Position of the translator, mm.
z Displacement of the translator, mm.
0; Initial phase angle of the ith harmonic, rad.
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