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ABSTRACT In order to improve the fault-tolerant control (FTC) ability of the current sensor of the primary
permanent magnet linear motor (PPMLM) drive system, the direct thrust force control (DTFC) strategy
with single DC-link current sensor is proposed. According to the principle of voltage vector equivalence, the
present basic voltage vector is equivalent to two adjacent sub-basic voltage vectors to achieve the equivalence
of the present candidate voltage vector. The principle of different phases based on the fact that the DC-link
current is equal to or opposite to one of the phase currents is introduced. The output sequence of the two
sub-basic voltage vectors is determined by the principle of different phase mode to ensure that the measured
currents in the two adjacent periods are any two-phase currents in the three phases, and then the third-phase
current is calculated. Finally, the effectiveness and correctness of the proposed DTFC (P-DTFC) is verified
by simulation and experiment.

INDEX TERMS Primary permanent magnet linear motor (PPMLM), fault-tolerant control (FTC), equivalent

voltage vector, direct thrust force control (DTFC), current sensor.

I. INTRODUCTION

In recent years, the urban rail transit drive system has been
favored by the governments on account of its fast and con-
venience. Compared with rotary motor drive systems, linear
motor drive systems have many advantages [1], [2], [3], [4].
As aresult of high power density, small size and light weight,
permanent magnet linear motors (PMLMs) are get more and
more concerns [5], [6], [7]. Meanwhile, PMLMs with unique
merits are widely used in various industries [8], [9]. However,
in urban rail transit long-distance transportation systems, the
high engineering cost and difficult maintenance in the later
period must be lead into, whether the permanent magnets
(PM) or armature windings is laid on the track. In view of
it, the primary PMLM (PPMLM) is proposed, in which the
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permanent magnets and armature windings are all mounted
on the mover, while the stator is only composed of silicon
steel sheets [10], [11], [12].

At present, because of fast dynamic response and high
robustness, direct thrust force control (DTFC) has been
widely used in linear motor traction systems [13], [14],
[15]. Furthermore, in voltage-integral DTFC strategy, only
the parameter resistance of motor which can be seen as the
constant because of minimal change in spite of the motor
is running compared with inductance is needed. In long-
distance transportation systems, the linear encoder which is
mounted on the track and exposed to harsh environments to
get the electrical angle are bound to fail when the PMLM is
adopted. So the voltage-integral DTFC strategy not only has
higher robustness while the parameter of motor is changing,
but also has better fault tolerance when the linear encoder
fails [16], [17], [18].

VOLUME 11, 2023


https://orcid.org/0000-0002-1331-3140
https://orcid.org/0000-0002-7548-5757
https://orcid.org/0000-0001-5132-4126

Q. Yu et al.: Direct Thrust Force FTC of PPMLM With Single DC-Link Current Sensor for Metro Application

IEEE Access

Generally, three current sensor, a DC-link current sensor
and two phase current sensor, are needed in a single PPMLM
drive system. Meanwhile, the urban rail transit traction sys-
tem is a multi-motor traction system, in which a large of
current sensor are applied and the failure rate of current sen-
sors must be increased inevitably [11], [19], [20]. Meanwhile,
the accurate value of phase currents are demanded in motor
drive, and the control performances will be seriously affected
by current sensor faults [21], [22], [23]. Therefore, Current
sensor FTC (CSFTC) is very important for urban rail transit
systems, which has been paid widespread attentions and gets
a rapid development in the academic community [24], [25],
[26]. So for, alot of PWM-based control methods using single
DC-link current sensor which cannot be used for the look-up-
table-based DTFC have been proposed [27], [28], [29]. In the
PWDM-based control methods, the reconstruction precision is
largely affected by the dead zones, and the additional efforts
is required to compensate the dead zones by modifying PWM
modulation strategy. Recently, there are three main types of
phase current reconstruction [30], [31].

A phase-shifted FTC is proposed for single phase current
control, in which the good control results has been achieved,
but there is a problem of difficulty in adjusting the parameters
of the PI regulator [32]. Aiming at the sensorless control of
single current sensor, the method of injecting high-frequency
voltage is used to reduce the error of the reconstructed cur-
rent, and the relevant experimental verification is carried
out [26]. As we all know, there is the blind spot of current
reconstruction which has been researched widely by scholars
at home and abroad when SVPWM control is applied [33],
[34], [35]. In [36], injecting square waves based on the d-axis
voltage of the rotor is adopted to reduce the harmonic compo-
nents of the reconstructed current, so the control performance
of the system is significantly improved. In [37], changing the
circuit topology is applied, and at the same time the cost and
volume of the hardware circuit must be increased.

In view of all mentioned above, the DTFC used for the
look-up-table-based DTFC is proposed based on the series-
phase effect and different phase principle of DC-link current
without adding hardware circuit and parameters in this paper.
In addition, the proposed DTFC of PPMLM is not only
limited to long-distance transportation systems, but can also
be applied to other application engineering fields for robot,
vehicle or flight control such as [38], [39].

This paper is organized as follows. The studied PPMLM
system is described in Section II. In Section III, the proposed
DTFC (P-DTFC) are introduced exhaustively and simulation
analysis is implemented in Section IV. Experiments are car-
ried outin Section V to verify the theoretical analysis. Finally,
conclusions are drawn in Section V.

Il. STUDIED PPMLM SYSTEM

A. THE TOPOLOGY OF PPMLM SYSTEM

The topology of PPMLM system is shown in Figure 1, where
VSI is a three-phase voltage inverter; iy, ip, and i, are the
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FIGURE 1. The topology of PPMLM system.

current of PPMLM; meanwhile u4. and ig. are the DC-link
voltage and current of PPMLM system, respectively.

B. PPMLM

In Figure 2, the structure of PPMLM is displayed. In the
mover, where two coils serially are consisted in phase wind-
ing and separated by a magnetic barrier, while a magnetic
barrier is also placed between the different phases, the PM
and armature winding are all installed in the primary (mover)
while the silicon steel sheets is only included in the secondary
(stator). The structure of E-module is shown in Figure 3, the
value of parameters are depicted in Section V in detail.

The dq axis of PPMLM is defined as shown in Figure 4.
The position where the phase-A PM flux linkage of PPMLM
is maximum is d axis, while the ¢ axis is 90° ahead of d
axis by an electrical angle (i.e. the front quarter stator pole
pitch 7).

So, the voltage-current balance equation of PPMLM is
described as:

dig 2mv

ug = Rsig + Ly— — Lyi,
i (1)
. dig 2mv .
Ug = Rslq +Li— + (Ym + Lsia)
dt Ty

where ug, u, are dg-axis voltage, iq, i are dg-axis current. Ry,
Ly, ¥, are stator resistance, inductance and PM flux linkage
respectively. v is speed of mover. 7 is the stator pole pitch.

1Ill. PROPOSED DTFC

In this section, the P-DTFC which is derived from the tradi-
tional DTFC (T-DTFC) and equivalent DTFC (E-DTFC) is
described in detail, so the T-DTFC is firstly introduced.

A. T-DTFC
The switching state s, of bridge x is defined as:

1 bridge i
sy= 1 CPPETATEEERON 12,3 @
0 upper bridge is off

Considering the different switch states, there are 8 voltage
vectors in the VSI inverter which consist of 2 zero voltage
vectors and 6 active voltage vectors (AVVs).
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FIGURE 2. The structure of PPMLM.
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FIGURE 3. The structure of E-type module.

In PPMLM system, the voltage-integral flux observer is
adopted in the T-DTFC.

¥ = /(u — Rgdt + ¢ 3)

way = [y o =)= 5] v =[]

where, iy, ig, Uy, Ug, Vo, Vg, Yoo, Yo are current, voltage,
flux linkage and initial PM flux linkage of PPMLM in a8 axis
system.

The amplitude and angle of flux linkage are expressed by

formula (4) as
_ 2
{ws_,/wgwﬂ @

Oy = arctan(Yg/ Vo)
While the thrust force Fe is calculated by
3 . )
F, = T_(walﬂ - wﬂla) (5)
s

The bang-bang control is used to get the thrust force
instruction o and flux linkage instruction oy, by

=F*—F,
0 (e < —Hp) er =F, ) (6)

1
oy = 0

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

{1 (er > HF)
OfF = (

(eI/, > H,p)

o=ty @@=V =900
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Sector 4

FIGURE 5. The space distribution of AVVs and sector.

Flux sector N is defined as

T(2N—3)/6 <=N < 71(2N—1)/6, N=1,2,3,4,5,6

®)

The space distribution of AVVs and flux linkage sector are
shown in Figure 5.

The sector N can be determined where the flux linkage is
located by flux linkage angle 65 and formula (6).

According to of, oy and sector N, the AVV is selected
from Table 1 and implemented to the driving of PPMLM
system.

B. E-DTFC

It can be known from the space voltage vector distribution and
geometric knowledge that any AVV (such as V) is equal to
the sum of its adjacent two AVVs (such as V5, V), which is
called the principle of equivalent voltage vector in this paper.
Then, the any AVV (such as V) before equivalent is defined
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TABLE 1. The selection principle of AVVs.

oy=1 o,=0
=1 =0 =1 ar=0
Sector 1 Va(110) Ve(101) V3(010) Vs(001)
Sector 2 V3(010) Vi(100) Va(011) Ve(101)
Sector 3 V4(011) Va(110) Vs(001) Vi(100)
Sector 4 Vs(001) V3(010) Ve(101) Va(110)
Sector 5 Ve(101) Va(011) Vi(100) V3(010)
Sector 6 V1(100) Vs(001) Va(110) Va4(011)

o . s
Switching| | Series iy

Table Table

FIGURE 6. The control block diagram of E-DTFC.

as the basic voltage vector (BVV), meanwhile the adjacent
two AVVs (such as V;, Vi) after equivalent are defined as
the sub-basic voltage vector (SBVV).

For the convenience of expression, the SBVV are added an
underline V, (n =1, 2, -- - , 6) in this paper, when the BVV
is not with an underline. So the principle of equivalent voltage
vector is shown in Equation (9).

Vi=V,+¥g
Vis=V;+¥;

V.=V, +V;
Vs =V, + ¥

V3=XQ+X4

©))
Vo=V, +¥;

According to the principle of volt-second balance, equa-
tion (9) can be expressed as

Vi X Tse = V5 X Tse + Vg x Tse
Vo xTse =V X Tse + V3 X Ty
Vi3 X Tse =V x Tse + VYV X Te
V4 X Tse = V3 x Tse + V5 x Te
Vs X Tse = Vy X Tse + Vg X Te
Vo X Tse =V X Tse + Vg x T

(10)

where, T is the sampling period.

Therefore, according to the principle of equivalent voltage
vector, that is, equation (10), the equivalent DTFC (E-DTFC)
in which two consecutive sampling periods are seen as a
control period is proposed in this paper. While the BVV
obtained by T-DTFC is equivalent to the two SBVYV, which
are continuously outputted in the two consecutive sampling
periods.

The control block diagram of E-DTFC is shown as
Figure 6. What needs to be pointed out here is that the output
SBVYV sequence has almost no effect on the control result
of PPMLM, which is different from the proposed DTFC
(P-DTFC) later in the next part.

VOLUME 11, 2023

TABLE 2. The series phenomenon of the DC-link current.

AVVs series phenomenon
Vi(100) a=ide
Va(110) ic=-ide
V3(010) i=idec
V4(011) iq=-ide
Vs5(001) i=ldc
Ve(101) iy=-idc

C. P-DTFC

1) THE SERIES PHENOMENON OF DC-LINK CURRENT

The positive direction of the current sensor measurement is
defined as shown by the arrow direction in Figure 1. The
DC-link current will be connected in series with one of the
three phases, when any AVV is outputted by the VSI inverter,
so the DC-link current is equal to or opposite to the current
of the series-connected phase in value, which is referred to in
this paper as the series phenomenon of the DC-link current.
The series phenomenon of the DC-link current is shown in
Table 2. In order to ensure the accuracy of the reconstructed
current, only the AVV is used in the DTFC control in this
paper. Therefore, the problem of measurement dead zone of
the current reconstruction at this time is not existed because
the measurement time is long enough.

2) THE PRINCIPLE OF DIFFERENT PHASE MODE

Obviously, the current measured in one control cycle which
consists of two sampling periods may be in the same phase,
when the E-DTFC is applied in the PPMLM drive system.
Which will lead to the larger current error between the mea-
sured and reconstructed currents. So the principle of different
phase mode in which the information of current is updated
different from the previous sampling period is proposed,
meanwhile the two phases can be measured in one control
cycle and the third current can be calculated by the sum of
three phases is zero, which can ensure that the error between
the measured and reconstructed currents is strictly limited in
one sampling period delay.

According to the current BVV and the current information
of the previous sampling period, it can be known that there
are 18 cases, as shown in Table 3. Clearly, in the 1st, 6th, 8th,
10th, 15th, and 17th cases, no matter the output sequence of
the SBVY, the accuracy of the reconstructed current will not
be affected.

Therefore, combined with the E-DTFC and different phase
mode, the P-DTFC control under the condition of a single
DC-link current sensor is realized, while the effective control
of the PPMLM system can be completed.

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

IV. PERFORMANCE ANALYSIS

In this part, several simulations are carried on based on
MATLAB in order to verify the correctness of P-DTFC, and
E-DTFC is also simulated as a comparison. The simulation
parameter is listed in Table 4.
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TABLE 3. The principle of different phase mode.

Case BVV Current information Output sequence
1 V1(100) phase A V(110)/V4(101) Ve(101)/V(110)
2 V1i(100) phase B Va(110) Ve(101)
3 V1i(100) phase C Ve(101) Va(110)
4 Va(110) phase A V3(010) Vi(100)
5 Va(110) phase B Vi(100) V3(010)
6 Va(110) phase C V3(010)/V1(100) Vi(100)/¥V3(010)
7 V3(010) phase A Va(110) Va(011)
8 V3(010) phase B Va(011)/¥V2(110) Va(110)/V4(011)
9 V3(010) phase C V4(011) Va(110)
10 V4(011) phase A V3(010)/¥5(001) V5(001)/¥3(010)
11 V4(011) phase B V5(001) V5(010)
12 V4(011) phase C V5(010) Vs(001)
13 V5(001) phase A V(101) Va(011)
14 V5(001) phase B Va(011) V(101)
15 V5(001) phase C Ve(101)/¥V4(011) Va(011)/¥(101)
16 Vi(101) phase A V5(001) Vi(100)
17 Vi(101) phase B Vs(001)/¥1(100) Vi(100)/¥V5(001)
18 V(101) phase B V,i(100) Vs(001)
T I 0.6 200
1 ! i i
i ' i '
i i [ : 150} === === bmm e emeees
: swictng|_[Pr] o 7 os ‘ > ;
i h . Table Mode i =1 | Z 100 ;
: Labe ‘ 4 : 8 : _E :
: * : 02 : . :
. | Current ' | 7
Ld(‘ 1 Reconstruct Observer 6, ;{ N i 3 3
i Ugp ' 0’8.0 0.1 0.2 0.3 8.0 0.1 0.2 0.3
; i tls tls
Calculator i (a) speed (b) thrust
! 020 ‘ 4
! 0.15 ——————— 2
FIGURE 7. The control block diagram of P-DTFC. §0 i = o
® i ~
£ : =
0.05 : -2
TABLE 4. The parameters of simulation. | |
0'08.0 0.1 0.2 0.3 %.0 0.1 0.2 0.3
Parameter Value 1ls 1ls
DC-link voltage, uac (V) 50 (c) flux (d) current of phase A
Simulation step, 7i(s) 1E-6
Sampling period, Ti«(s) SE-5 FIGURE 8. Steady-state simulation performance of E-DTFC.
Stator inductance, L{(mH) 325
Stator resistance, Ry(€2) 33
PM flux linkage, ys(Wb) 0.165
Rated thrust, Fo(N) 150 0.6 200
Friction coefficient, D(kg/s) 0.004 . i i
Mover mass, M(kg) 32.6 3 i50 3
g 04 I 2 :
5 02 i (= 3
A. STEADY-STATE PERFORMANCE OF SIMULATION “ [ so0fr
To analyze the steady-state performance of P-DTFC and E- 0g 1 g 1
. . 0.0 0.1 0.2 0.3 .0 0.1 0.2 0.3
DTFC, the reference speed is 0.4 m/s and the load is set s s
as 50 N. The simulation results are shown in Figure 8 and () speed (b) thrust
. 0.20 4
Flgure 9. ! + Measured |
As the Figure 8 and Figure 9 shown that both DTFC 015 ¥ o] el S S
can accomplish good steady-state performance in which the =S b6 3 2 0 |
% N i ~ g
speed, thrust and flux of PPMLM can track the reference Z : = :
value well with less fluctuation. The current waveform of 003 3 2 3
phase A is close to sinusoidal without harmonic content. 0.09's o 0‘2 e 4l o 0‘2 e
Meanwhile, in P-DTFC the current error of phase A between s s
(c) flux (d) current of phase A

the measured current and the reconstructed current is nearly
zero, which can prove the correctness of previous analysis in
Section III.

B. THRUST RESPONSE OF SIMULATION
For verifying the thrust response simulation performance of
P-DTFC and E-DTFC, this simulation is carried out, which
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FIGURE 9. Steady-state simulation performance of P-DTFC.

the given thrust increases from —120 N to 120 N, while the
speed regulator can be ignored. The simulation results are
exhibited in Figure 10.
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FIGURE 10. The response of thrust of simulation.
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2 02| = [
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(c) flux (d) current of phase A

FIGURE 11. Speed response simulation performance of E-DTFC.

0.6 200

Z 04f- i = L
g \ | S o
: |/ \! E
a0 N '—-100
945 0.2 0.4 o6 2%
tls
(a) speed (b) thrust

§ |
% 0.10 ! i 0
= I =~
= |

0.05 : 2 ;

i ——— Measured
o i — Reconstructed
’ 8.0 0.2 0.4 0.6 %.0 0.2 0.4 0.6
tls tls
(c) flux (d) current of phase A

FIGURE 12. Speed response simulation performance of P-DTFC.

As is depicted in Figure 10 that both DTFC have the same
thrust response, while both the thrust response of simulation
is 7.8 ms.

C. SPEED RESPONSE OF SIMULATION

To test the speed response simulation performance of the
P-DTFC and E-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 11 and Figure 12.
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TABLE 5. 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, wys,(mm) /4
Mover slot width, wys (mm) Tnl4
Slot width (Under PM), wps (mm) Tul4
Mover height, /4, (mm) 35
Mover yoke height, A, (mm) 10
Magnet height, /iy, (mm) 0.9%h
Magnet width, wp, (mm) 5

Air gap length, g (mm) 2

Stator tooth width, wy (mm) 1.6*z,/4
Stator teeth yoke width, wy, (mm) 2%T/4
Stator tooth height, 4y (mm) 10
Stator yoke height, A, (mm) 13
Stator height, 4; (mm) 23

Coil spacing, A; (mm) (2+1/2)*1y
Phase spacing, 4> (mm) (5+1/3)*zy
Number of turns per coil, Neoir 114
Phase resistance (Q), Ry 3

Stack factor 0.95
Rate current Jyms (A) 3

Rated speed (m/s) 12
Maximum load (N) 150

It is shown that the given speed is tracked well, while
the flux linkage can maintain 0.165 Wb despite the change
of speed. Similarly, the current error of phase A can be
neglected.

V. EXPERIMENTAL VALIDATION

To verify the feasibility and accuracy of P-DTFC, the
PPMLM system is established based on dSPACE DS1103
controller, as shown in Figure 13. In which the DC-link
voltage is set as 50 V, while the sampling period is set as
50 ms. The PPMLM parameters are shown in Table 5. The
steady-state and dynamic-state experiments of P-DTFC are
carried out. In addition, several experiments for E-DTFC are
also implemented as a comparison.

A. STEADY-STATE PERFORMANCE OF EXPERIMENT

This experiment is to verify the steady-state performance of
P-DTFC and E-DTFC. The given speed is set as 0.4 m/s
and the load is 50 N. The experimental results are shown in
Figure 14 and Figure 15.

As can be seen from Figure 14 and Figure 15 that the
speed is fluctuated around at 0.4 m/s and the thrust force is
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, the waveforms of the reconstructed
current and the measured current are almost coincident in
P-DTFC, which is caused by the temperature drift effect of
the sampling circuit.

B. THRUST RESPONSE OF EXPERIMENT
To compare the thrust response performance of P-DTFC and
E-DTFC, the reference thrust force increases from —120 N
to 120 N, in which the effect of PI regulator can be neglected.
The experimental results are demonstrated in Figure 16.

It can be found that the thrust response of E-DTFC and
P-DTFC is 12.3 ms and 11.6 ms respectively. Which can be
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dSPACE DS1103 Control circuit ~ DC power supply

Linear encoder

Traction PPMLM
(a)

(d)

FIGURE 13. Experiment platform: (a) entire view, (b) bottom view of
mover, (c) mover teeth (d) stator (rail) teeth.

0.6 200
. ! ! 150
Ew 0,4WW g
k=1 ! 2 100
Z . : g
gt Qo2 mmrmmimmimbim i i A =
i 50
0’8.0 0.1 0.2 0.3 8.0
tls tfs
(a) speed (b) thrust
0.20
0.15f == -m e b
g |
U L dommmoe- <
= | 7
= I
005}~ b
I I
0'08.0 0.1 0.2 0.3
tls
(c) flux (d) current of phase A

FIGURE 14. Steady-state experiment performance of E-DTFC.

seen as both DTFC have the same thrust response, although

only a single DC-link current sensor is used in P-DTFC.

C. SPEED RESPONSE OF EXPERIMENT

This experiment is to verify the speed response of P-DTFC
and E-DTFC. The reference speed increases from 0.2 m/s to
0.4 m/s, then decreases to 0.2 m/s. The experimental results
are illustrated in Figure 17 and Figure 18.
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FIGURE 15. Steady-state experiment performance of P-DTFC.
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(a) E-DTFC (b) P-DTFC
FIGURE 16. The response of thrust of experiment.
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1 2

Flux(Wb)

FIGURE 17. Speed response experiment performance of E-DTFC:
(a) speed, (b) thrust, (c) flux (d) phase current.

Both P-DTFC and T-DTFC can demonstrate good speed
response performance. The flux linkage maintains constant
value at about 0.165 Wb despite of the variable speed.
In Figure 18, similarly with simulation analysis, the current
error of phase A can also be ignored.
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FIGURE 18. Speed response experiment performance of P-DTFC:
(a) speed, (b) thrust, (c) flux (d) phase current.

VL.

CONCLUSION

In this paper, the P-DTFC of PPMLM system is proposed
to enhance the FTC ability of the current sensor of PPMLM
drive system. In P-DTFC, only one current sensor and one
voltage sensor is applied, the parameter resistance is needed
which can be seen as constant. Furthermore, the linear
encoder can be removed from the P-DTFC strategy because
of the electrical angle is not used. Meanwhile, compare with

E-D

TFC, the P-DTFC can keep the same steady-state and

dynamic-state performance with a single DC-link current

sens
and
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