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ABSTRACT In this paper, a direct thrust force control (DTFC) strategy is proposed for the half-open
winding primary permanent magnet linear motor (PPMLM) drive system in order to improve the dynamic
response and performance of flux weakening control. The independent voltage active vector (IVAV) is
selected as the candidate voltage vector to suppresses the zero sequence current in the proposed DTFC
(P-DTFC). Meanwhile, a new switch table is designed to determine the control vector while the complexity
of control method is greatly simplified in P-DTFC. The simulation and experimental results verify that
P-DTFC maintains better steady-state and dynamic-state performance with lower complexity compared with

traditional DTFC (T-DTFC).

INDEX TERMS Open winding motor, direct thrust force control (DTFC), common mode voltage, zero
sequence current, primary permanent magnet linear motor (PPMLM), independent voltage active vector

(IVAV).

I. INTRODUCTION

Compared with the rotational motor traction system, the lin-
ear motor traction system has significant advantages [1]-[4].
Recently, permanent magnet linear motor (PMLM) has been
paid great attentions for its light weight, smaller volume and
higher power density [5]-[7]. However, the armature winding
and PM material of conventional PMLM are always mounted
on the mover or stator in which high cost and difficult main-
tenance must be needed in long distance application. There-
fore, have proposed the primary permanent magnet linear
motor (PPMLM) has been proposed, in which the PM mate-
rials and armature windings are all mounted on the mover
(primary). The stator (secondary) is only composed of silicon
steel sheets [8], [9]. As a result, the construction cost will be
greatly reduced especially, when the PPMLM is applied in
long-distance transportation system.

Considering the operation reliability of linear motor, its air
gap is usually designed between 8 mm and 12 mm, which is
longer than that of rotational motor [10], [11]. The increase
of air gap inevitably lead to larger inductance which weakens
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the ability to modulate the magnetic field. Therefore, the
magnetic field of PPMLM is usually adjusted by changing
the flux weakening current while the copper loss is increased
in this way.

Thinking of the demagnetization risk of PM and the work-
ing efficiency of traction system, open winding technology
provides a more feasible scheme for PPMLM traction system.
The neutral point of PPMLM is turned on in open winding
electrical machine (OWEM) system. Meanwhile, two invert-
ers are adopted for power supply which can double the output
voltage of the system. In addition, the OWEM system also
has strong fault tolerance [12]-[15] because of the topological
characteristics of double power supply.

However, a loop path for zero sequence current is pro-
vided in the traditional OWEM system. Hence, a small zero
sequence voltage component can contribute to large zero
sequence current since the zero sequence impedance of the
motor is very small [16], [17]. The zero sequence current
can lead to copper loss and thrust force ripple. Therefore,
the suppression of zero sequence current is significant for
OWEM system [18]-[20].

The zero sequence current is generated by the zero
sequence voltage of motor. Therefore, the zero sequence
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current can be suppressed by eliminating zero sequence volt-
age. The zero sequence voltage is usually divided into four
parts: common mode voltage, third harmonic back electro-
motive force (EMF), dead time effect zero sequence voltage
and dq0 coupled zero sequence voltage [21]. The proportion
of dead time effect zero sequence voltage and dg0 coupled
zero sequence voltage is always dismissed since they are
small. As a result, most suppression methods only consider
the common mode voltage and the third harmonic back EMF.

Based on the principle that the common mode voltage is
zero, a specific voltage vector method is proposed in [22],
and a periodic average zero sequence elimination method is
proposed in [23], where the sum of common mode voltage
during one duty cycle is zero.

It is obvious that the common mode voltage is determined
by the output of the inverter while the other three zero
sequence voltages are uncontrollable. Therefore, in order to
further suppress the zero sequence voltage, several special
modulation methods are adopted to generate particular com-
mon mode voltage to exactly counteract other zero sequence
voltages [24]-[26]. The third harmonic component accounts
for the largest proportion among the three components and
several methods aims to suppress it [27], [28]. Model pre-
dictive control (MPC) is a model-based strategy which has
rapid transient response [29]-[31]. MPC adopts cost function
to evaluate each candidate vector instead of suppressing par-
ticular voltage component. However, one of fatal weakness
of MPC is heavy computation cost since it needs to traverse
all motor vectors.

Direct torque control (DTC) is based on hysteresis com-
parator which has good robustness and easy implementation.
Therefore, the specific voltage vector method which will not
lead into common mode voltage are used to cooperate with
DTC to achieve good control performance [32]-[34].

Although the traditional OWEM system has many
advantages, the number of power electronics devices will be
doubled when the topology is adopted which increases the
hardware cost and high system failure rate [35], [36]. In order
to reduce the amount of power electronics devices for the
OWEW traction system, a half open winding electrical motor
(HOWEM) is proposed in this paper, which can reduce the
number of power electronics devices from 2m to m + 1 if
a single m phase motor is applied in the OWEW systems.
While the transformation cost and the additional weight can
be significantly reduced. However, all these above-mentioned
suppression methods of zero sequence current are proposed
only for the OWEM system, the research of the HOWEM
system is not be illustrated in any other papers or reports.

Thus, the HOWEM system is proposed in this paper,
as shown in Figure 1. Compared to the OWEM system, the
open winding operation of PPMLM traction system with
less power electronics devices can be realized [37], [38].
Meanwhile, the direct thrust force control (DTFC) strategy is
designed to suppress the zero sequence current. The proposed
DTFC (P-DTFC) maintains the satisfactory steady-state and
dynamic-state performance with less complexity.
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FIGURE 1. The topology of HOWEM system.

The paper is organized as follows. Firstly, the HOWEM
system is characterized in Section II. Then in Section III,
P-DTFC is introduced exhaustively and simulation analysis
is implemented in Section IV. Next, the T-DTFC with the
P-DTFC are compared by experimental results in Section V.
In the final, some conclusions are inferred in Section VI.

Il. STUDIED HOWEM SYSTEM

A. HOWEM SYSTEM TOPOLOGY

The studied HOWEM system is shown in Figure 1 in which
a four-leg voltage source inverter (VSI) is adopted. As is
illustrated in Figure 1, the bridge 2 and bridge 3 are connected
with two-phase windings at the same time, which is called
multiplex bridge. Meanwhile, the bridge 1 and bridge 4 are
connected with only one phase winding, which is named as
independent bridge. i,, i, and i are the motor phase current
of PPMLM respectively, while uq. is the DC-link voltage of
PPMLM.

B. PPMLM

The structure of PPMLM and E-type module is exhibited in
Figure 2 and Figure 3, respectively. The armature winding
and PM materials are all mounted in the primary (mover)
while the silicon steel sheets is only included in the secondary
(stator). In the mover, the phase windings and different phases
are all separated by magnetic barriers.

The dg axis of PPMLM is defined as demonstrated in
Figure 4. The maximum position of phase-A PM flux linkage
of PPMLM is d axis, and the g axis is 90° ahead of d axis
(i.e. the front quarter stator pole pitch ty).

The voltage equation of PPMLM is expressed as:

. dig 2mv_ .
ug = Rsig + Ly— — — L,
dt T, (1
. diy 2wy .
g = Roig + L2 + 2 (4, + Lyig)
dt Ty

where uy, u, are dg-axis voltage, iy, iy are dg-axis current.
R, Lg, V¥, are stator resistance, inductance and PM flux
linkage respectively. v is speed of mover. t; is the stator pole
pitch.

1Il. PROPOSED DTFC
In this section, the P-DTFC is described in detail.
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FIGURE 4. Definition of dg-axis for PPMLM.

A. FORMATION PRINCIPLE OF ZERO SEQUENCE CURRENT
In HOWEM system, the zero sequence voltage equation can
be formulated:

. dip
up = eg + iRy + LOE )

where ug, eg, ip, Lo are zero sequence voltage, zero
sequence induced voltage, zero sequence current and stator
zero sequence inductance respectively. The zero sequence
inductance L¢ is mainly leakage inductance which can be
neglected. As a result, the ip can be large if uy and e are
not equal. The zero sequence voltage of HOWEM system is
composed of four parts: common mode voltage, third har-
monic back EMF, dead time effect zero sequence voltage and
dq0 coupled zero sequence voltage. Since only the common
mode voltage is controllable in the zero sequence voltage, this
paper only analyzes the common mode voltage u¢om, Which
is expressed as

1
Ucom = g(ua + up + uc) 3)

where u,, up and u. are phase voltage.
The switching state s, of bridge x is defined as:

1 bridge i
o= [ mpertrdseion gy
0 upper bridge is off
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The phase voltages can be derived from equation (4) as:

Ug = Uge(s1 — 52)
up = uge(s2 — 3) 5)
Ue = Uge(53 — S4)

where ugc is the DC-link voltage.
Substitute equation (5) into equation (3), ucom is presented
as

1
Ucom = gudc(sl — 54) (6)

It can be seen from equation (6) that the common mode
voltage ucom is independent of the multiplexed bridge switch-
ing state (s7, s3) and only depends on the independent bridge
switching state (s, s4).

B. INDEPENDENT VOLTAGE ACTIVE VECTOR

Considering the different switch states, four-bridge has 16
voltage vectors which consist of 2 zero voltage vectors,
6 small voltage vectors, 6 medium voltage vectors and 2 large
voltage vectors as shown in Figure 5. Small voltage vector
and medium voltage vector can form a closed regular hexagon
where the amplitude of medium voltage vector is two times
that of small voltage vector. According to the previous analy-
sis, the common mode voltage ucom is zero when zero voltage
vector or medium voltage vector is implemented. Therefore,
the medium voltage vector is defined as independent voltage
active vector (IVAV) in this paper.

As mentioned above, the drive system can obtain high
voltage utilization and zero common mode voltage if IVAV
is adopted for VSI. Therefore, the IVAV is selected and num-
bered as the candidate voltage vector in this paper, as shown
in Figure 5.

C. PROPOSED DTFC
Combined with the T-DTFC and the spatial distribution of
IVAYV, the P-DTFC based on HOWEM system is proposed in
this section.

Voltage-integration-type flux observer is adopted as

'ﬁa = /(ud - Rsia)dt + "pm COS(HCO)

(N
1/I/3 = /(uﬂ — Riig)dt + ¥, sin(Beo)
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FIGURE 5. The space distribution of voltage vector.

where, iy, ig, Uy, ug, Yo, Yp are current, voltage and flux
linkage of PPMLM in synchronous coordinate system, while
Be0 is the initial electric angle of the mover.

The amplitude and angle of flux linkage are calculated by

Vs =/V5 + V3 ®
0; = arctan(Vg /¥g)
Thrust force F, is expressed as
Fo= i_f(l/foziﬂ — Vpla) ©))

Different from the T-DTFC, the sector is redefined in this
paper as is illustrated in Figure 6 and Table 1 since the spatial
distribution of IVAV has changed.

FIGURE 6. The space distribution of IVAV and sector.

According to flux linkage angle 6 and Table 1, the sector
N can be determined where the flux linkage is located. The
hysteresis comparator is adopted to obtain the thrust force
command of and flux linkage commands oy, by

1 (ep > HF)

=F"—F
0 (e < —Hp) (er e e)

oF = (10)
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TABLE 1. The determination of flux sector N.

Sector 05 Sector 0s
Sector 1 [0,7/3) Sector 4 [-m, -27/3)
Sector 2 [n/3,27/3) Sector 5 [-27/3,-1/3)
Sector 3 [27/3,m) Sector 6 [-7/3,0)
L i
labe E i
1 Switching i S1234
E Table !
= :
! ]
: FI |
1 ux i
E Observer 0, x y i
) Ugp i
Ueh Voltage i
! Calculator| 4
A I
! J
FIGURE 7. The control block diagram of P-DTFC.
TABLE 2. The selection principle of IVAV.
=1 a,=0
ar=1 =0 ar=1 ar=0
Sector 1 Va(1101) Ve(1011) V3(0100) V5(0010)
Sector 2 V3(0100) V(1001) Va(0110) Ve(1011)
Sector 3 V4(0110) Va(1101) V5(0010) V(1001)
Sector 4 V5(0010) V3(0100) Ve(1011) Va(1101)
Sector 5 Ve(1011) V4(0110) Vi(1001) V3(0100)
Sector 6 V(1001) V5(0010) Va(1101) V4(0110)
compare F F,, %5 ¥,
Switching table
S123a
FIGURE 8. The flowchart diagram of P-DTFC.
1 (ey > Hy)
_ _ k
oy = (ey =¥" =9y (A1)
0 (ew < —Hw)

where Hy and Hy, are the thrust force and flux linkage band
width, respectively.

According to of, oy and sector N, the IVAV is selected
from Table 2 and implemented to the driving of PPMLM.

The P-DTFC block diagram is shown in Figure 7.

The flowchart diagram of P-DTFC is shown in Figure 8.

IV. PERFORMANCE ANALYSIS

To verify the feasibility of P-DTFC, several simulation exper-
iments are carried on based on MATLAB in Section IV. The
simulation parameter is listed in Table 3.
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TABLE 3. The parameters of simulation.

Parameter Value
DC-link voltage, uac (V) 50
Simulation step, 7i(s) 1E-6
Sampling period, Ts.(s) 5E-5
Stator inductance, L{(mH) 325
Stator resistance, Ry(Q2) 33
PM flux linkage, ys(Wb) 0.125
Rated thrust, Fe(N) 150
Friction coefficient, D(kg/s) 0.004
Mover mass, M(kg) 32.6
0.6 200
i i ( i i i
o ( ) ‘ 150 -----f-----j-----q-----
L I === s e 2 : | |
= ! ! ; B 100k----- AP H— L
g | | | g : ; :
& 02 : ‘ : e A
i | i i i i
0’80 0.1 0.2 0.3 0.4 80 0.1 0.2 0.3 0.4
t/s t/s
(a) (b)
0.20 4

Flux(Wb)
Current(A)
‘4
KR
P

g o) IR NS, R | SO

FIGURE 9. Steady-state simulation performance of P-DTFC: (a) speed,
(b) thrust, (c) flux (d) phase current, (e) zero sequence current.

A. STEADY-STATE PERFORMANCE OF SIMULATION

To analyze the steady-state performance of the P-DTFC, the
speed is set as 0.2 m/s and the load is set as 50 N. The
simulation results are shown in Figure 9.

It can be found that the P-DTFC demonstrates good steady-
state performance in which the speed and thrust force of
PPMLM can track the reference value well. The sinusoidal
degree of three-phase current is high with less harmonic
content. Meanwhile, the zero sequence current is nearly zero,
which is consistent with the previous analysis.

B. SPEED RESPONSE OF SIMULATION
To test the speed response simulation performance of the
P-DTFC, the reference speed increases from 0.2 m/s to
0.4 m/s, then recovers to 0.2 m/s, while the load is set as 50 N.
The simulation results are illustrated in Figure 10.

It is found that the speed tracks the reference value well,
while the flux linkage can maintain a constant value despite
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FIGURE 10. Speed response simulation performance of P-DTFC:
(a) speed, (b) thrust, (c) flux (d) phase current, (e) zero sequence current.

S1103  Control circuit ~ DC power supply

Traction PPMLM

(2)
“ B2

Linear encoder

C© @

FIGURE 11. Experiment platform: (a) entire view, (b) bottom view of
mover, (c) mover teeth (d) stator (rail) teeth.

the disturbance of speed, in line with the previous theoretical.
Similarly, the zero sequence current can also be neglected in
dynamic operation since only the medium voltage vector is
adopted.
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TABLE 4. The parameters of PPMLM.

Parameter Value
Mover width, w, (mm) 160
Mover pole pitch, 7, (mm) 26
Stator pole pitch, z; (mm) 24
Mover tooth width, wy; (mm) Tnl4
Mover slot mouth width, wgm(mm) T4
Mover slot width, wys (mm) T4
Slot width (Under PM), wis (mm) Tl
Mover height, 4, (mm) 35
Mover yoke height, /i, (mm) 10
Magnet height, /1y, (mm) 0.9%hm
Magnet width, wp, (mm) 5

Air gap length, g (mm) 2

Stator tooth width, wy (mm) 1.6*1,/4
Stator teeth yoke width, wy, (mm) 2%0,/4
Stator tooth height, As (mm) 10
Stator yoke height, /1, (mm) 13
Stator height, 4, (mm) 23

Coil spacing, A; (mm) (2+1/2)*z
Phase spacing, 4> (mm) (5+1/3)*zg
Number of turns per coil, Neoir 114
Phase resistance (£2), Rs 3

Stack factor 0.95
Rate current Jyms (A) 3

Rated speed (m/s) 1.2
Maximum load (N) 150

8]
=1
S

wn
S

Speed(m/s)
Thrust(N)
g

s o

w
S

Flux(Wb)
Current(A)

FIGURE 12. Steady-state experiment performance of T-DTFC: (a) speed,
(b) thrust, (c) flux (d) phase current.

V. EXPERIMENTAL VALIDATION

In order to verify the practicability and accuracy of P-DTFC,
the HOWEM system is operated based on dSPACE DS1103
controller, as shown in Figure 11. The DC-link voltage is 50 V
and the sampling period is 50 ms. The PPMLM parame-
ters are shown in Table 4. The steady-state and dynamic-
state experiments of P-DTFC are carried out. In addition,
several experiments for T-DTFC are also implemented as a
comparison.

A. STEADY-STATE PERFORMANCE OF EXPERIMENT
This experiment is to verify the steady-state performance of
the P-DTFC and the T-DTFC. The reference speed is set as
0.2 m/s and the load is 50 N. The experimental results are
shown in Figure 12 and Figure 13.

As can be seen from Figure 12 and Figure 13 that the
speed is fluctuated around at 0.2 m/s and the thrust force is
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FIGURE 13. Steady-state experiment performance of P-DTFC: (a) speed,
(b) thrust, (c) flux (d) phase current, (e) zero sequence current.
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FIGURE 14. The response of thrust force of experiment: (a) T-DTFC,
(b) P-DTFC.

equal to 50 N approximately in both DTFC since the friction
coefficient between mover and stator is variable in different
location. The flux linkage is always maintain the constant for
each DTFC. Furthermore, a small zero sequence current is
existed in P-DTFC, which is caused by the temperature drift
effect of the sampling circuit and the zero sequence voltage
other than the common mode voltage.

B. THRUST RESPONSE OF EXPERIMENT
In order to compare the thrust response performance of the
P-DTFC and the T-DTFC, the reference thrust force increases
from —120 N to 120 N, in which the effect of speed regulator
is removed. The experimental results are demonstrated in
Figure 14.

It can be found that the thrust force response of T-DTFC
and P-DTFC is 10.1 ms and 5.6 ms respectively. Since
utilization of DC-link voltage is greatly increased, P-DTFC
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FIGURE 15. Speed response experiment performance of T-DTFC:
(a) speed, (b) thrust, (c) flux (d) phase current.
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FIGURE 16. Speed response experiment performance of P-DTFC:
(a) speed, (b) thrust, (c) flux (d) phase current, (e) zero sequence current.

demonstrates better dynamic performance than that of
T_DTFC.

C. SPEED RESPONSE OF EXPERIMENT

This experiment is to verify the speed response of the
P-DTFC and the T-DTFC. The reference speed increases
from 0.2 m/s to 0.4 m/s, then decreases to 0.2 m/s. The exper-
imental results are illustrated in Figure 15 and Figure 16.
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Both P-DTFC and T-DTFC demonstrate good speed
response performance. The flux linkage maintains constant
value at 0.125 Wb despite of the variable speed. In Figure 15,
the zero sequence current is greatly suppressed because of the
adoption of IVAV.

VI. CONCLUSION

In this paper, the P-DTFC of HOWEM system is proposed.
In order to suppress the zero sequence current, the IVAV is
selected as the candidate voltage vector, in which the com-
plexity of control strategies is greatly simplified. Meanwhile,
the control voltage vector is selected by a new switch table in
P-DTFC. That the P-DTFC maintains better steady-state and
dynamic-state performance with lower complexity compared
with T-DTFC is verified through the simulation and experi-
mental results.
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