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ABSTRACT This paper presents a space vector modulation (SVM) technique for a two-phase winding
segmented permanent magnet linear synchronous motor (WS-PMLSM). First, the advantages of the
two-phase WS-PMLSM are discussed, the parameters related to the WS-PMLSM mathematical model are
analyzed, and the SVM is applied to the implementation of the WS-PMLSM two-phase sinusoidal voltage
inverter. Next, a feedforward implementation method is proposed considering the regularity characteristics
of the mover cross-zone operation. Finally, in order to improve the smoothness of operation, an optimal
calculation of the current values of each section according to the coverage is proposed, and an optimal
control method is implemented by establishing an optimal efficiency model. The experimental results prove
the effectiveness of the proposed method.

INDEX TERMS Space vector modulation (SVM), two-phase linear synchronous motor, winding segmented
permanent magnet linear synchronous motor (WS-PMLSM), mover operation across sections, optimal

control method.

In modern factory automation lines or semiconductor
production lines, many carriers carrying raw materials and
semi-finished products are precisely servo-controlled along a
track consisting of closed loops. Therefore, very long tracks,
multiple vehicles traveling at high speeds, high positioning
repeatability and the potential for fast acceleration make short
primary linear drives good candidates for material transfer
and processing lines, with which to precisely and individually
control multiple passive carriers carrying materials and semi-
finished products along a single closed track [1]. Fig. 1 shows
an example for material handling and processing, where sev-
eral movers (workpiece carriers) travel highly independently
on the same track, four processing stations (P1-P4) are dis-
tributed along the track, and vehicles (V1-V4) move outside
the processing stations [2].

In this construction, there is no need for power operating
cables moving along the mover and the problem of heat
dissipation is made easy by the fact that the coil through
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FIGURE 1. Simple example of the proposed linear drive system.

which the current flows is fixed to the track. In addition,
since the unenergized carrier has no heating elements, it can
be maintained at a constant temperature, which is helpful
for temperature-sensitive processes, such as semiconductor
or flat panel display manufacturing.

As a new type of linear motor, WS-PMLSM has the advan-
tages of high thrust density, low power loss, and fast dynamic
response. Many literatures have carried out in-depth research
on the key technologies of this motor, such as segmented
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winding structure [3], electromagnetic properties [4], current
control [5], segmented principle and method [6], Variant
electromagnetic parameter law [7], drive circuit design and
winding switching control method [8], internode thrust fluc-
tuation suppression and non-inductive control [9]. In addi-
tion, some results have been obtained, such as predictive
current control [10], capacitive position sensor [11], torque
control (DTC) [12], transition inductance [13], etc.

Therefore, this paper proposes a novel WS-PMSLM motor
structure using two-phase integer single-layer concentric dis-
tributed windings [14]. The motor consists of a segmented
stator and a passive mover. The length of the passive mover
is the same as that of the segmented stator or the same pole
pitch. Fig. 2 shows the physical and coil diagram of the
two-phase WS-PMLSM.

Segmented Stator

(b) Schematic of motor coil.

FIGURE 2. Motor model.

This type of motor has many advantages [15], including:

1) Two-phase motors are phase-balanced because the
magnetic circuit for each phase is the same. Therefore,
it eliminates the control problems associated with phase
asymmetry prevalent in three-phase linear motors [16].
Thus, the motor can generate a position-invariant elec-
tromagnetic thrust and is easier to control.

2) The two windings of a two-phase motor are spatially
perpendicular to each other, so there is no Clark and
inverse Clark transformation, vector control is easy to
implement, and the requirements for chip performance
are not very high.

3) In single-layer windings, only one winding is embed-
ded in each stator slot along the effective side of the
coil, which results in fewer winding coils, a simpler
process, and an increased slot fill rate. In addition,
in the case of single-layer failure, there are no inter-
layer junctions and no phase breakdown. In addition,
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sinusoidal windings allow for improved concentric pat-
terns and reduced harmonics.

WS-PMLSM is equivalent to multiple PMLSM spliced
together, the electromagnetic parameters will change drasti-
cally when the mover operates across segments [17], if the
stator current of each segment cannot be accurately coor-
dinated and controlled will cause the output thrust of each
segment of the stator to be unbalanced. This will cause thrust
fluctuations [18] and even lead to the reverse thrust between
the two stator segments canceling each other and reducing the
output characteristics of the drive system. The coordination,
speed and stability control of the stator currents in each seg-
ment will determine the whole control system. On the other
hand, WS-PMLSM divides a linear synchronous motor stator
into smaller sections for performance, manufacturability and
maintenance purposes. A segmented stator system is funda-
mentally different from a single segmented stator system and
requires compensation for optimal operation [19].

Therefore, this paper first analyzes the mathematical model
of WS-PMLSM and its related parameter characteristics,
and then considers the use of SVM to control a two-phase
WS-PMLSM, proposes a full H-bridge inverter, and derives
the corresponding optimal switching voltage vector table,
two-phase space vector (SV) pulse width modulation (PWM)
strategy [20], and its application in a vector control (VC)
scheme. Finally, a method to optimize the efficiency of a
multi-stator arrangement by using different currents in each
active stator section is proposed, the consequences of the opti-
mal efficiency method are discussed, and an implementation
method with an optimal scheme is given.

I. MATHEMATICAL MODELS

Unlike conventional PMLSM, the structure of the magnetic
circuit between the primary and secondary of SW-PMLSM
varies with the relative position, so the electromagnetic (EM)
parameters of the motor are a function of the secondary
position. If the effect of magnetic saturation is taken into
account, some EM parameters are also a function of the
armature current, which has a strong nonlinear character.
We use the analytical method (for simplicity, the effect of
magnetic circuit saturation is ignored in this paper) instead
of the numerical one, mainly because the concept of the
analytical method is clear.

A. ELECTROMECHANICAL MODEL

The phase voltage equation of a two-phase motor is similar
to that of a rotating three-phase permanent magnet brushless
motor, i.e.

Ua = Raia +pra Y]
Aa = Laaia + Mapip + Ay sin6, 2)

where 6, is the position angle of mover, expressed as an elec-
trical angle; p is the differential operator d/dz; Uj is the A axis
voltage of the shaft winding; ia is the stator currents of the A
shaft; R is A axis stator resistance; A, Af are A Shaft stator
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and flux linkage, permanent magnet coupling flux linkage,
respectively. The meanings of the various inductances in the
formula are as follows: Laa and Lgg are the self-inductances
of the A axis and the B axis, respectively. The mutual induc-
tance between any two windings can be represented by two
subscripts M4p,the first of which represents the winding that
generates the reverse electromagnetic field. The same is true
for the B axis, which is omitted here.

A simplified magnetic network model is used and the
second and higher harmonic components of the air gap in the
periodic permeability are neglected. Based on the definition
of inductance and the double-response theory, the self and
mutual inductances of the stator A and B phase windings can
be derived.

LAA = L() — L2 COS 29e
Lgg = Lo + Ly cos 20, 3)

where Ly is the constant component of the self-inductance
coefficient and L, is the amplitude of the second harmonic
component of the self-inductance coefficient. When the
mover is in segmentation, the mutual inductance is as follows:

MaB = Mpa =~ L3 + L4 sin(26) “4)

Where L3 is the DC component of the mutual inductance and
L4 is the amplitude of the second harmonic of the mutual
inductance. The mutual inductance is different when the
mover crosses the segment, and the equation is as follows:

Mag = Mpa ~ —Lp sin 20, 5)

. Therefore, when considering cross-section operation, the
voltage equation is as follows:

. dip . dig

Ua = iaRA + (Lo — Ly cos 26,) 7 L, sin 2063
+2 Ly (ia sin 26, — ig cos 26,) — kew; sinf,  (6)
. dig . dip

UB = lBRB + (LO + L2 Cos 29@) E — L2 s 2963
—2 Ly (ig sin 20 + ip €08 26,) + kew;cosbB, (7)

where w, is the mechanical angular velocity of rotation,
ke is the back-EMF coefficient. At steady state, the armature
current can be expressed as follows:

. A T
14 = —I8In (—x + <p>
T

A T
icos <—x + (p) (8)

Tp

iB

where i is the current amplitude,x is the displacement of the
mover, which is converted into an angular signal here.

B. INDUCTION PARAMETERS

During the operation of SW-PMLSM, the degree of coupling
between the two-phase winding and the mover is related to the
position of the mover [21]. When the mover exists in a certain
stator, the permeability of the air gap gradually decreases,
and the average value of mutual inductance decreases as the
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position of the mover increases. Therefore, the expression
for the inductance between the parts of the motor can be
simplified as:

Li() = Lok + L - ©
n

where: Ly, is the amplitude of each component of the induc-
tance matrix, L, is the leakage inductance of the inductance
matrix, and when k is taken as 1, 2, 3, 4, Li(x), Lo(x), L3(x),
L4(x), Liol), L02), L(03), Lo4), L(1m), L(2m), L3m), L4m)
is obtained. x,, is the segmented length and x is the effective
coupling length. It can be seen that the inductance matrix
is a quadratic function of the position, and the effect of the
position cannot be eliminated by using rotation coordinate
transformation, and the decoupling of dg-axis coordinate
system cannot be realized, and the voltage calculation part
of the traditional vector control is not accurate.

C. PERMANENT MANGNET COUPLED FLUX

The permanent magnet coupled flux linkage is the func-
tion of the permanent magnet to the stator winding of
each phase [22]. For SW-PMLSM, when the coupling area
between primary and secondary is constant, the coupling
magnetic current amplitude of permanent magnets is con-
stant, and the magnitude of permanent magnet coupling
magnetic current changes with the change of coupling area
between primary and secondary, and when the moving train
gradually exits a stator section, the permanent magnet cou-
pling magnetic current linkage gradually decreases to zero,
and its change can be regarded as a linear change of approx-
imate analysis. The vector form can be expressed as follows:

Yi(x) = Yf max - jf— LT (10)

where ¢ max is the permanent magnet flux linkage change
amplitude, x, is the segment length, and x; is the effective
coupling length.

D. TRADITIONAL MATHEMATICAL MODEL

The voltage and torque equations of a PMSM d-q model is
described as

. dyyg
Ud = Rsld + 7 —a)wq
d
Uy = Ryig + Wa t oy
dt
3 . .
T, = M [Vrig + (Laa — Lgq) iaig] (11)

As can be seen from Eq.11, the traditional model treats the
motor parameters as constants, ignoring hysteresis losses,
core saturation, cross-coupling, eddy current losses, etc. As a
result, this simple model inevitably affects the analytical
accuracy of WS-PMLSM. In addition, inaccurate motor mod-
els can also degrade the dynamic and static performance of
the control system. Therefore, it is necessary to reconstruct
the WS-PMLSM model to approximate the characteristics
of the real motor.
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E. STATIONARY COORDINATE SYSTEM
MATHEMATICAL MODEL

The permanent magnet linear synchronous motor in ¢ coor-
dinates of the voltage equation can be expressed as:

. dig v .
Uy = Rsiy + L(X)E — v?lpf(x) sin O

= Ryi ( )—iﬁ —Yr(x)cos b
ug = Rsig + L(x + v—1r(x) cos
B stg It T f (12)

b4
ey = —v?iﬁf(x) sin 0

b1
ep = v? Yf(x)cosb

where: x = 67 /7 is mover’s position, w = wv/7 is electricity
angular velocity, e, and eg are the back EMF of a8 axes.

In the two-phase scheme, a current model-based feed-back
force estimator is employed. The active and reactive force
components are obtained as follows:

(Vaip — Vpia)

b
F,=—
Loy

T . .
Fr = ‘L'_ (Wala + Wﬁlﬂ) (13)
P

in which the armature flux components may be estimated
from the motor currents as:

wazL-ia+lI/m-cos(£x)

T
. . T
Yp =L-ig+ ¥, sin (—x) . (14)
i
Substituting ,and Yginto (18) gives the following force
expressions:

T . T . . (T
Fo=— ¥y |igcos| —x ) —igsin| —x
7 T T
b4 b4
+ Wy |igcos| —x ) —igsin| —x (15)
7 7

Compared to the well-known estimators based on the volt-
age model, the estimator based on the current model has a
great advantage because it does not involve the knowledge of
the integration operation or the winding resistance. In addi-
tion, the winding inductance is small and can be assumed to
be constant in position and current. From the direct thrust
equation, it can be seen that the thrust is independent of
inductance.

Il. TWO-PHASE SVPWM ALGORITHM

The basic idea of SVPWM control is to use a cer-
tain number of non-zero stationary fundamental vectors in
two-dimensional vector space to track and synthesize the
spatial rotation vector of the modulating wave, so that the
synthesized rotation vector contains as much information
of the modulating wave as possible. As an optimized pulse
width modulation technique, it has the advantages of cutting
harmonics, improving waveform quality to a large extent,
increasing the utilization of the DC bus voltage, and being
easy to implement digitally using embedded chips such as
DSP/ARM.
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A. TWO-PHASE INVERTER TOPOLOGY

The control system studied in this paper adopts a two-phase
motor. Since it is two-phase, it is not suitable for direct control
by a traditional three-phase inverter, so a double H-bridge
inverter is used. Its circuit topology is shown in the following
Fig.3. It consists of two single-phase H-bridges and a total of
eight switches.

Uy phase_A phase_B
—_— a A ) W b c S 2 A ) W d

FIGURE 3. Full H-bridge inverter.

A complete H-bridge involves 16 operating states,
as twelve active voltage vectors and four zero-voltage vectors
are generated, as shown in Figure.4(a).

U,

(b)4 basic voltage space vectors

(a)16 basic voltage space vectors

FIGURE 4. Voltage space vector diagram.

For simplicity of control, this paper uses diagonal simulta-
neous conduction, upper and lower complementary conduc-
tion, the four non-zero vectors Vg(1000), V>(0010), V4(0100),
V1(0001) and one zero vector Vp(0000) are chosen as the
basic space voltage vectors, for the convenience of the repre-
sentation below, they are renumbered as U (1000), U»(0010),
U3(0100), U4(0001) and Up(1000). From Fig.4(a), the four
selected non-zero fundamental space voltage vectors divide
the vector space into four sectors as shown in Fig.4(b), each
sector occupies 1/4 of the vector space, and from Table 1,
the amplitude of all four non-zero fundamental space voltage
vectors is Uy and the phase difference is w /2.

B. TWO-PHASE SV MODULATION

After coordinate transformation, the components U, and Ug
of the vector Uy, in the stationary two-phase orthogonal
coordinate system can be obtained as shown in Fig.5
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TABLE 1. Double H-bridge inverter basic space voltage vector.

a|b|c|d uUA up Us
Vo [0]0[0]0
Vs, 00T [T] o 0 0
Vs (1000
Vo [T[o[T[1] Uy 0 Uy
Vo l|lL]o|1]o] Uy Us | VoUze't
Vo (00170
V14 1 1 1 0 0 Ud Udej %
Ve (0|11 ]o] vy | vy | vouye™ s
Vi [0[T[0]0
Ve (o[ T 1[1] -U;| 0 Ugei™
vs (o1 lo] 1] —u, | —Us | VUit
Vi (0001
Vs |t ]1t]ol1]| o | —ug| ved¥
ve [1]olol 1] v, | —u, | vou,e ™
Vie [T [1]0]0
Vie ([TTT[T[1T] o 0 0

FIGURE 5. Sector distribution in «j stationary coordinate.

The sector of the reference vector U, can be determined
from the basic vector distribution: if the voltage reference
vector Uy falls in sector I, Uy, > 0 and Ug > O0; if the
voltage reference vector U, falls in sector II, U, < 0 and
Ug > 0; if the voltage reference vector U,y falls in sector 111,
Uy < 0and Ug < 0;if the voltage reference vector U, falls
in sector IV, U, > 0 and Ug < 0. It follows that the sector of
Uyer can be determined by the sign of U, and Ug. In order to
determine the position of Uy in the space sector in a simple
way, the following assumptions are made with reference to
the method of determining the position of Uy, in the space
sector of the three-phase vector.

Uy >0

1
A= . B= Up >0 (16)
0 Uy, <0

1
_{0 Uy, <0

Since the different values obtained by the operation of
different combinations of the two parameters A and B cor-
respond to the four sectors one by one, define a parameter N,
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TABLE 2. N values and sectors.

sector A B N
sector [ 1 1 4
sector 11 0 1 3
sector 11T 0 0 1
sector [V 1 0 2
and let
N=1+A+2B (17)

WhenU,,s is in sector I, we can get U, > 0 and Ug > 0.
According to Eq.17, we can get N = 4. Similarly, we can get
the one-to-one correspondence between the sector in which
Urer is located and the value of N as shown in Table 2. Take
the example of sector I where Uy is at this time. As shown in
Fig.5, Uy can be synthesized from the non-zero neighboring
vectors Uy and U, and the zero vector Uy at their respective
times of action. let Ts be a PWM cycle, and U, acts equiv-
alently on the non-zero vectors U; and U, at times ¢1 and f7,
respectively, and on the zero vector Uy at time fo.From the
volt-seconds balance characteristic of spatial voltage vector
synthesis, the following equation can be obtained:

1 1+ T T
/ U]dl-l-/ Uzdl-l—/ U()dIZ/ Uerdt  (18)
0 1 0

t1+1t

Since the carrier frequency is high, make the following
simplifications:.

Uiti +Uztr + Upty = U e T (19)
where:

to=Ts— 11 — 1o,
Up =0,

Ui =Uy, Upy= Udej%
Uyef = |Uner| (cos 6 + sin6) (20)
Substituting Eq.20 into Eq.19 and simplifying it, we obtain:

Uity = T }Urgf| cos 6
Uaty = T |U of | sin 0

h=Ts—1H—h (21)
Namely:
U,.r|cosf U,er|sinf
H = ¢Ts, ty = %TS (22)
Uy Uy
Also:
Uy = |U,ef|cose
Ug = |Uyey|sind (23)
Substituting Eq.23 into Eq.22 yields
H= Ly, n=D 24)
1= Ud o 2 = Ud B

Similarly, the equivalent action time when U,,r is on the
adjacent fundamental nonzero vector on the corresponding
sector can be found as follows

VOLUME 10, 2022
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At sector II:

3] :EU , [2=—£Ua (25)
Ud Ud
At sector III:
1 =—£U , tz:—EUa (26)
Ud Ud
At sector IV:
1 :—EUﬁ, t2=£Ua 27
Ud Ud

Because the torque current i, at the output of the speed loop
changes greatly in a short time when the motor starts and the
load changes suddenly, the amplitude V of the spatial voltage
vector at the output of the current loop is likely to exceed the
DC bus voltage of the dual H-bridge and over modulation will
occur. The spatial voltage vector of the current loop output
is constrained within the solid circle shown in Fig.5 and is
bounded by the following equation.

2
m:%+%s§w (28)

When the qualifying condition is exceeded, the new given
voltage vector is:

U, 2
Ve =y x5 b
Ug «/z
Uj = — x —U, 29
B % X ) d (29)

If we have 1] +1, > T, without satisfying the constraint, then
t1 and 1, should become.

I3 15

n = 55 1=
Hh+n Hh+n

T (30)

Now let T, = 5—;UO{, T, = LT,—;UB, we can obtain the time
t1 and #, relations of Uys acting equivalently on the adjacent
base voltage vectors at different sectors as shown in Table 3.

TABLE 3. Time and sector number.

Sectors I 1I 111 v
N 4 3 1 2

t1 . T, -1, -1,

to T, -1, -T, 1T,

For this reason, a five-segment SVPWM is used to imple-
ment vector modulation, and its waveforms in each sector are
shown in Fig.6

llIl. OPTIMIZING OPERATION OF WS-PMLSM

Due to the structure of the WS-PMLSM, the thrust applied
to the mover as it moves through the boundary between the
two segments of the WS-PMLSM is the sum of the thrusts
provided by the two segments of the motor stator. Therefore,
the thrust on the movers as they pass through the junction will

VOLUME 10, 2022

| Ts |
PWM1 ' '
| : : |
| | I
PWM2 | L L |
PWM3' | !
' [
PwM4, ! | I
b, Ty to |Ty:Tm'
9 2 9 2
(a) Sector I
T
[ [ | |
PWM1, I | I l |
| |
PWM2 I I
| ]
PWM3 | ! | [
[ : = [
| [ [ I | [
PWM4 | | I I I |
[ | | | | |
L Ty oty Ty I
2 2 2 2
(b) Sector 1T
T
[ [ [ [ [
PWM1, I I I I |
— [ [ —
PWM2! | | |
[ | | [
PWM3I I | I I I
[ I_l I_\ [
PWM4I |
I Ty Tyt ¢ Ty 1 Ty
- ?| !7 5

T
PwM1L | |
| | | | |
PWM21 1 | oy
| | | I | |
PwMm3! ! ! !
1 1 1 I 1 1
PWM4 : : l |
LT, 1T T
) 2 I ?. I 7| 2 1

(d) Sector IV

FIGURE 6. Five-segment SVPWM waveform.
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Thrust ]
/N Inl

In2

[ mover | —» mover
o o o O A

statorl

stator2

FIGURE 7. Thrust in consideration mover’s position [23].

be the same as when they move in the single-segment stator
only if the amplitude and phase of the stator currents in the
two segments of the motor must satisfy certain mathematical
relationships with position, as shown Fig.7.

A. TRADITIONAL METHOD

Conventional strategies can be used to improve the overall
performance of segment-based WS-PMLSM systems. These
strategies include coordinating the drive of the separator [23],
compensating for different field array coverage [24], and
optimizing the efficiency by running different currents in
each stator (three-phase winding) [25]. The following is a
brief description of this approach, which strictly guarantees
the synchronization of the phase currents of the two stator
sections of the motor in dg coordinates

Fe=Fe +Fe
3

= 2P (Vr_out (¥) + Yr_in(x)) iy

3 .
= Z—TPI/ff(X)lq (31)

where: iy = ig1 = iy is the g-axis current of the two seg-
ments. However, due to the structure of each stator segment
and the different degree of coupling between the motor and
the master and slave stator segments, the dynamic response of
each controller is also different, resulting in certain errors and
delays between the actual currents of the two stator segments
and the currents given by the system, which leads to large
differences and delays in the relative current values of the
two stator segments, resulting in inconsistent electromagnetic
thrust and excitation generated by the two stator segments of
the motor.

B. OPTIMAL METHOD

In contrast to the above, further optimal control can be
achieved by driving different currents in each stator depend-
ing on the coverage of the stator by the magnetic field array,
e.g., the magnetic field array completely covers one stator
but overlaps only slightly with the second stator. If the cur-
rents in both stators are equal, then the forces on the second
stator are small, but the resulting resistance losses are also
equal. By driving the first stator but not the second, the
same force can be obtained while consuming less total power.
References [25], [26]. Several cases are discussed below
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1) EMF-BASED FEEDFORWARD

It is often desirable to add feedforward terms to the current
control loop to improve transient performance [27]. Since
the resistance, inductance and counter-electromotive force
constants of the motor are usually known, their effects can be
compensated for in the current control loop. The back-EMF
constants of the WS-PMLSM stator vary with position, since
the permanent magnetic field array may not be completely
covered by the stator. The electromagnetic field of the motor
is proportional to the speed and is approximately proportional
to the extent to which the stator is covered by the magnetic
field array. The stator coverage factor Cy can be calculated
as the percentage of the stator that is covered by the magnet
array:

Xk

Gk = (32)

Xn
where x,, is the segment length, and x is the effective cou-
pling length of segment k. Thus, the back-EMF for a partic-
ular stator may be computed from the motor constant K;, the
frequency w, and the stator coverage Cy

VeEmr = K; - o - G (33)

In the steady-state vector-controlled case, the current [ is
equal to the real-valued desired current ;. the feedforward
voltage can be written as:

Vrr = (joL + R)I; + Vemr (34)

The block diagram of the above formula implementation is
as Fig.8

2) EFFICIENCY OPTIMIZATION

The WS-PMLSM stator is usually divided into smaller mod-
ules. This approach improves the efficiency of the drive sys-
tem because the resistance losses in the unenergized part are
eliminated and it also reduces the heat generated by the stator.
The power dissipation to be minimized can be expressed as
follows:

m
P= Z[,ka (35)
k=1

Iy, Ry are the equivalent currents and resistances of each
stator section. In order to establish the force constraint in
the function to be minimized, the process can be controlled
using the principle of minimizing the stator current vector
amplitude according to the model reconstruction Lagrangian
operator, i.e., the minimum current to achieve the desired
thrust.

M =P+p(F*—F)

m
F =Y CiKil (36)
k=1
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FIGURE 8. Experimental prototype of the proposed system.

The following conditions need to be met.

am
a =
k
(37)
am
-~ —0
dp
we obtain current commands, such that
K,C,
I, = R 38
n p( 3R, ) (38)
F
o= 39)

m  CIK}
D k=1 IR

It is now possible to solve directly for the optimal currents

CnKy
m CIK}
the current /,is equal to the real-valued desired current /.
For example, if only two segments are considered, with equal
resistance and motor coefficients, the following segment cur-
rents are obtained:

I,=F (40)

Ci
h=F ——5—
Cl K + C2K1
C
L= 2 (41)

F—
CiK1 + C3K,

IV. EXPERIMENTAL SETUP

Fig. 9 shows the structure of a two-phase segmented-winding
linear propulsion motor. The motor consists of a segmented
stator and a passive mover, the stator comprising an iron
core, a coil winding and a stator tooth slot. The two-phase
coil A and B windings are wound at equal intervals on the
stator tooth slot with an electrical angle of 90°, and the mover
consists of a permanent magnet and an iron core.

The parameters of PMLSM are given in Table 4 for the
fabrication of a passive carrier with a width of 150mm and
a stator with a length of 1000mm. The stator is composed of
10 sets of two-phase winding modules. The passive carrier
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FIGURE 9. Structure and control of the WS-PMLSM.

TABLE 4. Parameter of WS-PMLSM.

Description Symbol Value Unit
Length of segmented stator 2T 100 mm
Pitch of permanent magnet T 50 mm
Pitch of coil Te 50 mm
Turn of coil n 10 turns/slot
Resistance of coil R 2.553 ohm /phase
Inductance of coil L 17 mH /phase
Number of poles number 2,3 any combination
Connection pattern node star/tri | any combination
Stator marerials 50JN470
Magnet marerials NEOMAX-35SH
Magnet residual magnetic B,./T 1.16 T
Magnet coercive force H; 1671 KA/m™1!
Mover yoke marerials 50IN470

is supported by a linear bearing consisting of LM tracks.
The passive carrier at the origin of the permanent magnet is
measured by a non-contact linear encoder.

Fig. 10 shows the current amplifier, the excitation circuit
and the thrust controller module used in the experiment. The
current amplifier is implemented by a PWM controller that
uses a MOSFET power switching device with a drive voltage
of 24V. Since driving a non-effective coil can cause false
thrust currents and interfere with thrust, a power MOSFET
with zero-current shutdown was used to switch the coil.
The carrier propulsion controller uses an STM32G474 as
the CPU. in order to operate a module, a total of two
STM32G474s are required. each CPU controls six coils, and
the remaining one is used to wait for the next module to
switch. 10 stator coils are connected to the CPU through
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FIGURE 10. Experimental prototype of the proposed system.
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FIGURE 11. Waveform of five-segment SVPWM.

a reward circuit. The reward circuit determines the number
of coils to be connected based on the carrier’s motion and
vector characteristics.

V. EXPERIMENT AND ANALYSIS

A. TWO-PHASE INVERTER

In this section, the proposed SVPWM control strategy as well
as the control algorithm are experimentally tested. The exper-
imental results are presented one by one in the following.

1) SVPWM MODULE WAVEFORM VERIFICATION

The software implementation of SVPWM on ARM using
the enhanced pulse width modulation module shows that the
waveform of SVPWM implemented in software basically
matches that of the vector modulation method designed in this
paper (Fig.6) as shown in Fig.11, Only the waveform marker
of sector 1 is marked in the figure, the other three sectors are
the same as the sector, and the time frame of the oscilloscope
is Sus,the voltage frame is Sv.

2) SVPWM TWO-PHASE CURRENT WAVEFORM

Given motor speeds of 0.lm/s and 0.4m/s, the motor
two-phase winding current waveforms obtained in the exper-
iment are shown in Fig.12.The observation shows that the
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FIGURE 13. Inter-segment transition current.
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FIGURE 14. Change thrust of the movers.

current waveform is not ideal when the motor is at light load
and low speed, but at a certain load or speed, the current
waveform is close to ideal.

Fig.13 shows the current variation process in the two parts
of the stator, where the mover runs between the two parts.
As the mover gradually moves out of the first stator, the
amplitude of the current decreases, related to the degree of
decay of the coupling area, until it decreases to zero after
moving out completely. As the mover moves into the second
stator, the amplitude of the current gradually increases, pro-
portional to the change in the coupling area.

B. FORCE CONTROL OF TWO-PHASE MOTOR
Fig.14 shows the variation of the thrust force during the
operation of the mover. When the mover gradually enters the
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FIGURE 16. Transition current going to the next section.

excitation magnetic field generated by the stator winding, the
magnitude of the thrust on the mover gradually increases,
and the thrust on the mover fluctuates greatly under the
action of the end; when the mover are fully coupled with
the stator winding, the magnitude of the thrust is basically
stable at about 50N ; when the mover leave the stator winding,
the thrust on the mover decreases rapidly and finally drops
to zero.

The transition curve in Fig.14 is approximately composed
of a quadratic curve and segmented linearity, which basically
matches the optimal thrust curve analyzed above. two local
enlargements in Fig.14 show the fluctuation of the thrust
force, which is caused by the tooth groove effect and is not
discussed here, and can be seen to have a relatively small
amplitude.

Fig.15 shows the relationship between inductance, position
and current. It can be seen from the figure that the inductance
has a relatively small effect on the current, while revealing the
change in the current command as the mover gradually leaves
the current section, i.e., the current gradually decreases as the
coupling area decreases.

Fig.16 shows the opposite motion to Fig.reffigl4, i.e. the
thrust current response of the now stator as the mover pro-
gressively moves into the next section of the stator. The two
are very complementary to each other and the effect of the
transition inductance is relatively small.
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VI. CONCLUSION

In this paper, we present a preliminary study of the now
more promising WS-PMLSM. Since the mathematical model
of WS-PMLSM has surpassed various motor assumptions
nowadays, there are relatively few related research literatures.
Therefore, we first analyzed the relevant parameters of the
WS-PMLSM mathematical model. These analytical proce-
dures can provide an effective reference for future advanced
control, and we finally choose a two-phase motor model
to design WS-PMLSM in which the intermediate complex
mathematical calculations are simplified. Second, we pro-
pose an adaptation of the two-phase SVM technique in order
to apply it to the control scheme of the two-phase WS-
PMLSM prototype. Although direct thrust control (DTC)
is a popular research topic, we do not use this technique
considering the smoothness of operation.

Another important difficulty of WS-PMLSM is the cross-
sectional operation of the mover. When two stators drive a
mover together, there is very little literature on how these
two stator currents are distributed. The traditional approach
is to use two stator currents of the same amplitude and phase,
but this will affect the efficiency and covering less stator
heating is unavoidable. To solve this problem, this paper uses
Lagrange operators and proposes an optimization algorithm
to achieve better results in a two-phase motor.

The next plan is to design a high-performance virtual SVM
or DTC to virtualize the two stator sections of the transition
process into one stator section.
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