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Abstract: The high-thrust linear motor used for the electromagnetic launch is switched by switches
composed of anti-shunt thyristors. During the switching process, different current path states will
appear, which will lead to changes in motor parameters and current fluctuation. Focusing on the
air-core synchronous linear motor with parallel and series power supply, this paper analyzes the
change in current path caused by the change in the trigger signal of anti-parallel thyristors in the
process of sectionalized stator switching. The motor circuit model of the switching process is derived.
A new sectionalized stators switching method is proposed to realize the smooth switching of the
sectionalized stators linear motor. Finally, the correctness of the analysis and modeling is verified by
simulation, and the effectiveness of the sectionalized stators switching method is tested by using the
test prototype.

Keywords: high-thrust linear motor; sectionalized stator; section switch; anti-parallel thyristor;
current zero-crossing switching

1. Introduction

A linear motor is a device that can directly convert electrical energy into linear mechan-
ical energy. Compared with a rotary motor device with a transmission mechanism used to
achieve linear traction, a linear motor device used to achieve linear traction has no transmis-
sion mechanism, and its secondary does not need the auxiliary power supply, which has
the advantages of a simple structure, large traction force, and high reliability [1]. Therefore,
the long stator linear motor has been widely used in scenarios with long-distance traction
requirements, such as linear elevators, logistics transmission, magnetic train traction, and
car crash tests, and it can also be used in electromagnetic sleds, electromagnetic rail gun,
electromagnetic range extenders, electromagnetic catapults, and other special cases [2].

In order to reduce circuit loss during operation, reduce the output voltage level of
the inverter, and improve system efficiency, the long stator is often sectioned. When the
mover moves to the adjacent sectionalized stator, the stator is supplied with power, and
other sectionalized stators are not energized. The switching methods of the traction system
of the high-speed maglev train are the jump-step method, two-step method, three-step
method, and others. The disadvantages of the jump-step method include a loss of thrust
during switching [3]; the two-step method requires the inverter current to drop to zero and
then increase when switching [4], and the time it takes to switch is long; and the three-step
method requires three inverters, and one inverter will be idle in the non-step-changing
during switching, which increases the cost [5,6]. The length of sectionalized stators of
the traction system of the maglev train is dozens of times the length of the mover [7]. In
the field of high-thrust high-speed traction, in order to achieve a large traction current
while maintaining a small power supply voltage, the length of the sectionalized stators is
generally short, and the length of the sub-segment is 0.3 to 10 times according to application
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scenarios [8]. Therefore, the switching method of a high-speed maglev traction system is
not applicable.

The sectionalized switch is the key part of the sectionalized linear motor. The stator
segment is electrified according to the mover position by switching different sectionalized
switches to realize the continuous traction of the mover. In [9], Huang uses a solid-state
relay as a section switch and uses a single power supply of 380 V/50 Hz to achieve
continuous operation of the linear motor. In [10], the linear motor uses IGBT as a section
switch, with a maximum working current of 25.3 A and a rated voltage of 220 V. In the
application of high-power linear traction represented by electromagnetic ejection, the stator
current can reach 18 kA, and the voltage can reach 4 kV [11]. Moreover, the coupling time
between the rotor and each stator is very short, which requires the controllable, reliable, and
fast turning on and off of the section switch. Because the thyristor has the characteristics of
high switching frequency, strong pressure bearing, and circulation ability, an anti-parallel
thyristor is often used as the sectional switch of a long stator linear motor [12-14].

The number of sectionalized stators supplied by the linear motor at the same time
is determined by the relationship between sectionalized stator length and mover length.
When the mover length is shorter than the length of the sectionalized stators, two adjacent
sectionalized stators are supplied at the same time. When the actuator length is between
m — 1 times length of the sectionalized stator and m times length of the sectionalized stator,
the m + 1 adjacent stator is generally supplied at the same time (m = 1, 2...) [8]. For
example, the mover is shorter than the section switch. Figure 1 shows its structure diagram.
At this moment, the position sensor detects that the mover is located in the sectionalized
stator n, and the switch controller sends commands that only section switch # and section
switch n + 1 turn on. When the mover completely enters the sectionalized stator n + 1,
the switch controller sends commands that only section switch n + 1 and section switch
n + 2 turn on, and so on [2]. There are two traditional switching methods: (1) after the
mover enters the stator section n + 1, turn off section switch n and then turn on section
switch n + 2 [13]; (2) after the mover enters the stator section n + 1, turn on section switch
n + 2 first and then turn off section switch n [15]. Both methods have problems with the
current control degree of freedom change, current fluctuation, and current shock during
switching, so additional current control methods are needed to improve the current tracking
speed. Reference [16] reduces the current shock during switching by 50% by optimizing
the switching angle and switching sequence. In [17], active disturbance rejection control
and load power feedforward are used to improve the current response speed and reduce
the bus voltage fluctuation. When the motor is running at a high current, the switching
of the switch will lead to the vibration of the winding cable. To mitigate vibration issues
arising from segment switch operations, incorporating elastic vibration isolation elements
proves to be an effective strategy for attenuating these vibrational effects [18].

| power supply |
switch
controller | | | |
- | ] | ] | ]
section{ switch section switch | | section switch section switch
= Toien | 2 | 5 | - | &
e« stator n-1 | stator n | stator n+1 | stator nt2 | eee

I Mover

—*™motor direction

Figure 1. Schematic diagram of linear motor in which mover is shorter than stator sections.

Current zero-crossing switching is an important method to reduce current fluctuation
during the switching of a segmented linear motor. Patent [19] proposes using a fixed
threshold to determine current zero-crossing and using it for switching stator sections.
In [1], according to the position of the mover and the current zero-crossing to switch section
switches, the maximum fluctuation of the motor torque current component is only 9%.
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In [20], the “mathematical-physical” model of the thyristor switch is established and used
to analyze the influence of the stator sections’ switching transient process. The model
is verified on a linear motor with a single power supply in a series that adopts current
zero-crossing switching. Reference [8] proposes that when switching, each phase switch
of stator section # is turned off at the current zero-crossing point and the corresponding
phase switches of stator section n + 2 are turned on at the same time, which can reduce
the current fluctuation without changing the degree of freedom of current control. All the
above studies mentioned current zero-crossing switching but did not analyze the necessity
of current zero-crossing.

This paper analyzes the circuit changes in the linear motor stator sections’ switching
process with a single power supply, deduces the motor circuit model during switching,
analyzes the causes of current fluctuation and shock, and obtains the necessity of switching
when current zero-crossing occurs. Focusing on solving the problem of imprecision and
misjudgment of the current zero-crossing point caused by the fixed threshold method
when the linear motor is running at a high speed and the traction current is irregular, a
zero-crossing point detection method based on control period and current frequency is
proposed and used for stator segment switching so that the timing of the switch action
is closest to the real current zero-crossing point, which can ensure the smooth transition
of the current during switching. The correctness of the analysis is verified by simulation.
The effectiveness of the method is verified by simulation and a large-thrust linear motor
testing machine.

2. Analysis of Sectionalized Stator Switching Process

The circuit topology of the single-supply sectionalized linear motor with the stator
longer than the mover is shown in Figure 2. The three-phase current of the motor is
controlled independently, and each phase current differs by 120 degrees.
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Figure 2. Sectionalized linear motor single power supply circuit topology: (a) sectional stator parallel
power supply topology; (b) sectional stator series power supply topology.

The configuration of the section switch is illustrated in Figure 3. Each section switch
consists of three pairs of anti-parallel thyristors; each pair of anti-parallel thyristors is
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responsible for a phase circuit of a single stator section, and the on-off of each pair of
anti-parallel thyristors is determined by the same gate trigger signal which is generated by
the segment controller. As a semi-controlled power electronic device, the thyristor is turned
on under the condition that the trigger signal is applied to the gate and the anode bears
the direct voltage. The thyristor can be turned off when the gate trigger signal is removed,
and the current is zero. When the linear motor is running, the continuous high-frequency
trigger signal is applied only to the anti-parallel thyristor of the section switches that needs
to be turned on.

PhaseA In PhaseB In PhaseC In

Power Supply Trigger
generator

Control Signal

,,,,,,, Lo—J

[e) O
PhaseA Out PhaseB Out PhaseC Out

Figure 3. Diagram of section switch.

Because the motor circuit is an inductive load, the phase voltage of the stator is ahead
of the phase current, and there are two situations when the switching of section switches
occurs: (1) the bus voltage and current are in the same direction; (2) the bus voltage and
current are reversed. Taking the phase A circuit as an example, this paper analyzes the
circuit change process and current flow during switching, and the same applies to phase B
and C switching.

2.1. Switching Process of Sectionalized Stator Paralleled Power Supply

When a linear motor is powered by a single power supply in parallel, taking the mover
running in the stator segment # — 1 as an example, at this time, continuous high-frequency
trigger signals are applied to section switches n — 1 and n to keep them conductive. The
equivalent circuit of the single phase of the motor is shown in Figure 4. The conducting
thyristor is represented by blackening, and the black arrow indicates the direction of the
current, which is the same in the following figures.

S __stator n__ — __stator n__
: —~ e e
_ Lo in (t) C R, " J
i Stator n-1
- = T2y
=S ln-l(t) Ry Ln 1
1(t
O— "
u(t)

Figure 4. Single-phase equivalent circuit of motor under normal operation of parallel power supply:
(a) current positive half wave circuit diagram; (b) current negative half wave circuit diagram.

2.1.1. Parallel Connection Switching When Voltage and Current Are in Same Direction

After the mover completely enters stator section n from stator section n — 1, the
switching process begins. The trigger signal of section switch n — 1 is immediately turned
off, and the trigger signal of section switch n 4 1 is applied at the same time. If the current
is at a positive half wave when the trigger signal changes and the bus voltage is in the same
direction as the current, the change process of the phase A circuit of the motor and the
change in the current flow direction are shown in Figure 5a, where “+” indicates that the
output voltage of the power supply is greater than 0, and “—" indicates that the output
voltage of the power supply is less than 0. Figure 5b shows the switching state of the
thyristor in n — 1, n, and n 4 1 stator section, where 0 means off and 1 means on. We
conducted an analogical analysis of the current in negative half-wave.
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Figure 5. Parallel power supply mode switching process when current and voltage are in the same
direction: (a) changes in circuit and current direction; (b) conduction of each thyristor.

The stator sections’ switching process is as follows:

(1) Before switching, stator sections n — 1 and n are connected in parallel with the
forward thyristor of section switch n — 1 and section switch #;

(2) At time ¢, the trigger signal of section switch n — 1is removed and the trigger signal
is applied to section switch 2 +- 1, stator section n 4 1 is electrified through forward thyristor,
and stator sections n — 1,1, and n + 1 are connected in parallel by forward thyristors;

(3) The bus voltage is opposite to the current at a certain time in the t; ~ t, period;

(4) At tp, the winding current in stator section n + 1 crosses zero, and the reverse
thyristor in section switch 7 + 1 is turned on; stator sections n — 1,1, and n + 1 are connected
in parallel;

(5) At a certain time in the t, ~ t3 period, the bus current crosses zero, and the current
direction remains unchanged in stator sections n — 1, n, and n + 1;

(6) At t3, the winding current of stator sections n — 1 and # returns to zero, section
n — 1is no longer energized, and stator sections # and n + 1 are connected in parallel; the
switching process is complete.

2.1.2. Parallel Connection Switching When Voltage and Current Are in Reversed Direction

If the bus voltage is opposite to the current direction before switching, the change
process of the phase A circuit of the motor and the change in the current flow direction are
shown in Figure 6a, whereas Figure 6b shows the switching state of the thyristor inn — 1,
n, and n + 1 stator sections.
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Figure 6. Parallel power supply mode switching process when current and voltage are in the reversed
direction: (a) changes in circuit and current direction; (b) conduction of each thyristor.

The stator sections’ switching process is as follows:

(1) Before switching, stator sections n — 1 and n are connected in parallel with the
forward thyristor of section switch n — 1 and section switch 1, but the bus current and
voltage are in the reversed direction;

(2) At ty, the trigger signal of section switch n — 1 is removed and the trigger signal is
applied to section switch n + 1, stator section 1 + 1 is electrified through reversed thyristor,
and stator sections n — 1,1, and n + 1 are connected in parallel;

(3) The bus current crosses the zero point at a certain time in the t; ~ t; period;

(4) At tp, the winding current of stator sections n — 1 and n returns to zero, section
n — 1 is no longer energized, and stator sections n and n + 1 are connected in parallel; the
switching process is complete.

2.2. Switching Process of Sectionalized Stator Connected in Series

When a linear motor is powered by a single power supply in series, also taking the
mover running in stator segment 7 — 1 as an example, continuous high-frequency trigger
signals are applied to section switches 7 — 1 and 7 to keep them conductive. The equivalent
circuit of the single phase of the motor is shown in Figure 7.
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Figure 7. Single-phase equivalent circuit of motor under normal operation of series power supply:

(a) current positive half wave circuit diagram; (b) current negative half wave circuit diagram.

2.2.1. Series Connection Switching When Voltage and Current Are in Same Direction

The switching method of the series power supply is the same as the parallel power

supply. Taking the positive half-wave current as an example, analogical analysis of current
in negative half-wave, when the trigger signal changes, the bus voltage and current are in
the same direction. The change process of the phase A circuit of the motor and the change
in the current flow direction are shown in Figure 8a, whereas Figure 8b shows the switching
state of the thyristor in n — 1, n, and n + 1 stator sections.

1 l l ' I |—Stak‘>r n forward GTO onl-off state
—Stator n reverse GTO on-off state
0.5+ 4
tt t Lt
0 0 I | 1 1 P 4 | |
0.y7 0.772 0.774 0.776 0.7 N 0.78 0.782
[s] I
1 T T T T —Stator‘n.l forward GTO onl-of-f state|_|
— Stator n-1 reverse GTO on-off state
0.5+ .
tl_t t t
0 0 1 | | 1 1 4 | |
0.y7 0.772 0.774 0.776 0.7 N ¢ 0.78 0.782
ts] ’
1= l l ! I [—Stator 1|1+1 forward GTO onl-off state|
— Stator n+1 reverse GTO on-off state
0.5+ .
tlt t t
0 [ 1 | | 1 21 4 | |
0.77 0.772 0.774 0.776 O.778\t 0.78 0.782
t[s] 3
(b)

Figure 8. Series power supply mode switching process when current and voltage are in the same

direction: (a) changes in circuit and current direction; (b) conduction of each thyristor.

The stator sections’ switching process is as follows:
(1) Before switching, stator sections # — 1 and n are connected in series with the
forward thyristor of section switch n — 1 and section switch #;
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(2) At time t9, the trigger signal of section switch n — 1 is removed and the trigger
signal is applied to section switch n + 1, stator section n + 1 is electrified through forward
thyristor, and stator sections n — 1 and n + 1 are connected in parallel first and then in
parallel with n;

(3) The bus voltage is opposite to the current at a certain time in the t; ~ t; period,
whereas the voltages of section n — 1 are opposite;

(4) At tp, the winding current in stator section n + 1 crosses zero, and the reverse
thyristor in section switch n + 1 is turned on;

(5) At t3, section switch 7 is turned on, and the current direction of stator section n
turns negative;

(6) At t4, the winding current of stator section n — 1 returns to zero, section n — 1 is
no longer energized, and stator sections n and #n + 1 are connected in series; the switching
process is complete.

2.2.2. Series Connection Switching When Voltage and Current Are in Reversed Direction

If the bus voltage is opposite to the current direction before switching, the change
process of the phase A circuit of the motor and the change in the current flow direction are
shown in Figure 9a, whereas Figure 9b shows the switching state of the thyristor inn — 1,
n, and n + 1 stator sections.
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ey . lR".l ]_ 7
Co =t ln-l(t) stat

i)

ntl

o I (t) stator n-1 ‘ = in(t) Stator n;l

it Ry Ly R L
i _ |
@ ]
u(t)

Ry

l

—— j11+l(t) statc

+1

]
% mmi(t) satorn |
. Ra Ln
i(t) _ )
u(t)
(a)
1 [—Stator n forward GTO on-off state
—Stator n reverse GTO on-off state
0.5
0 t T rl t fJ ! ‘
5.385 5.39 5.395 5.4 5.405
t/s
1 —Stator n-1 forward GTO on-off state|.
—Stator n-1 reverse GTO on-off state
0.5
0 t Lt t, |
5.385 5.39 §.395 5.4 5.405
t/s
1 [—Stator n+1 forward GTO on-off state
‘—Stator n+1 reverse GTO on-off state
0.5~ .
0 fU \ tl tz fj I I
5.385 5.39 5.395 5.4 5.405
t/s
(b)

Figure 9. Series power supply mode switching process when current and voltage are in the reversed
direction: (a) changes in circuit and current direction; (b) conduction of each thyristor.

The stator sections’ switching process is as follows:
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(1) Before switching, stator sections n — 1 and n are connected in series with the
forward thyristor of section switch n — 1 and section switch 1, but the bus current and
voltage are in the reversed direction;

(2) At t1, the trigger signal of section switch n — 1 is removed and the trigger sig-
nal is applied to section switch n + 1, and stator section n + 1 is electrified through the
reversed thyristor;

(3) At tp, the bus current crosses zero, and the reverse thyristor in section switch 7 is
turned on;

(4) At t3, the winding current of stator section n — 1 returns to zero, section n — 1 is
no longer energized, and stator sections n and n + 1 are connected in series; the switching
process is complete.

3. Model of Sectionalized Stator Switching Process

Based on the analysis of the phase A stator section winding switching process and the
changes in the phase A circuit of the motor in Section 2, a model of the complete stator
section switching process of the motor can be established.

When the stator of the air-core synchronous linear motor is not sectionalized, the
voltage equation can be expressed as follows:

la Ra 0 07[ia] [
wy | =10 Ry 0 |ip|+ % (1)
Ue 0 0 R¢| |ic L‘l;c
1/7a Laa Mab Mac ia Maf
Pp| = [Mpa Lob Mpc| |ip| Tir| Mps (2)
1/Jc Mca Mcb Lcc ic Mcf

Here, uaup . is the three-phase voltage and i,ipic is the three-phase current of the stator;
PaPp Y. is the three-phase flux linkage of the stator; LaaLppLcc is the self-inductance of
the three-phase windings; when the mover consists of superconducting coils, i; is the
current in the coils and MMM is the mutual inductance between the coil and the
three-phase windings; when the mover consists of a permanent magnet, i, is the equivalent
current in the permanent magnet and M,¢My¢M is the mutual inductance between the
three-phase windings and the equivalent coil of the permanent magnet; and M, is the
mutual inductance between phase A and B and M, is the mutual inductance between
phase C and A; other mutual inductance parameters are defined in the same way:.

Due to the absence of an iron core’s influence, the self-inductance and mutual induc-
tance of the stator winding are constant regardless of the mover’s position. When the
three-phase winding is symmetrical, it can be considered that

Ra=Rp=R.=R

Laa = Lpp = Lec = Ls 3)

Map = Mac = Mpa = Mpe = Mca = Ma, = Ms

fa = 1p = I¢

Equation (1) can be expressed as Equation (4), where L is the inductance of each phase
winding, L = Ls — M.

Ua = Rig + L3 + My %
up = Rip + LG + Mg §F (4)
Ue = Ric + Lk 4 M dir
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When the stator is segmented, Equation (4) can represent the voltage—current relation-
ship of the stator section winding coupled with the mover; the voltage—current relationship
of the stator sections winding not coupled with the mover is as follows

) .
ua' = Riy + L9
]
up’ = Rip/ + L—dclﬁ (5)
]
u' = Ri' + L%

where u,’,up’,uc is the three-phase voltage and, ia) iy’ ic is the three-phase current of the
uncoupled winding.

3.1. Switching Process Model of Sectionalized Stator Paralleled Power Supply

While modeling the process of switching, stator sections n — 1 and n powered switch
to stator sections n and n + 1 powered. The switch of the stator winding is in the order of
phase A, phase B, and phase C. Before switching, the voltage—current relationship can be
expressed as follows:

. Z
up = Ria, , = Rip, + Lo + Myl

U = Rianl = Rig + LdIBn + bedlr
dA
uc = Ric ZC =L = Ric, + L‘”C" + M3 (6)

n—1
IA=ia, , +ia,
iB = iBn—l + iBn
ic =1ic, , t+ic,

where 1, ug, uc are the inverter outputs of the three-phase voltage; ia, i, ic are the
inverter outputs of the three-phase current; in  , is the phase A current of stator section
n —1; and i, is the phase B current of stator section n; other currents are defined in the
same way.

After the trigger signal of the phase A switches act and the phase A winding of
the stator section #n + 1 access circuit, the voltage—current relationship can be expressed
as follows:

Up = Rl'Anq = RlAn + L L+ Maf dt RiAnH + Laa n+1
. diB _ dan diy
ug = Ran—l d = RZB,, + L + be
uc = Ric, | = Ric, +L lcn + Mt ‘j‘;; 7)

L v +_1An + ZAM
B = ZBn—l + ZBn
ic =1c,_, t1ic,

When phase A switching is completed, the trigger signal of the phase B switches acts,
and the phase B winding of stator section n + 1 is powered, the voltage—current relationship
can be expressed as follows:

Up = RiAn L dﬂ- Maf ar dRiA + Laa n+1 + Mab dnt+1
up = Rip,_, + Lpb—gr+ + Mpe = Rip + LTB{‘ + My

) d d

- RZB;H—] + Lbb n+1 + M ”+l

. dlc di.
TflC = ‘RIC =+ Lcc dt - + Mcb dt = Ric, +L i M dltr
in=ia, tia,,
Ip =1, , +1B, +1B
Iic =1c,_, t1c,

(®)

n+1
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When phase B switching is completed, the trigger signal of the phase C switches acts,
and the phase C winding of stator section n + 1 is powered, the voltage—current relationship
can be expressed as follows:

dig CIZCn+1

n+1 +Mab d+1 +Mac

i dzc
n+1 + MbC dnt+1

up = Rip, + L ’An + M3 = Rip, | + Laa
i dig
ug = RZB + L dE:‘n + bedlr RZBn+1 + Lbb n+1 + M
dic
uc = Ric, | + Lee—a=t = Ric, + L% Mcfi;;

ic) dia dip ©)
— RlCn+1 + LCC n+1 + Mca n+1 + Mcb dnt+1
lA = lAn + lAn+1
g = 1B, T 1B, 4

ic =ic, , tic, +ic,,
After phase C switching and the switching process are completed, the voltage equation

can be expressed as Equation (10) until the next switching process.

Up = RiAn +L An = RZA —|—L n+l +Maf dt

ug = Ran + L B" = RiB .+ L ”H + bedlr

uc = Ric, + L C” = Ric, , + L "“ + Mk (10)
IA - ZAn + ZAnJrl

ip = ip, + 1B,

Ic = 1c, +1c, 4

n+1

From Equations (7)-(9), the segmented linear motor powered by the parallel con-
nection has a sudden change in the motor circuit parameters during switching, which is
related to both winding self-inductance and mutual inductance. If that influence of mutual
inductance is ignored, Z represents the winding impedance of each phase winding of
each stator section before switching. In normal operation, the circuit impedance is Z , but
after the trigger signal of the phase switches act, next winding access circuit the c1rcu1t
impedance turns to % and the impedance suddenly decreases by 33.3%, which causes the
current to fluctuate greatly.

If the winding current of the n — 1 section is about to zero when the switch acts,
after the switch acts, is, i, ,ic, , is equal to 0, stator section n — 1 winding is no longer
powered, and stator section #n + 1 winding can be turned on immediately; the sudden
change in the circuit parameters is only related to the mutual inductance of the windings,
and the current fluctuation will be small while the stator section is switching.

3.2. Switching Process Model of Sectionalized Stator Series Power Supply

When the stator sections adopt series power supply mode, the switching method is
consistent with the parallel power supply mode; the motor circuit model of the switching
process is as follows. Before switching, the voltage—current relationship can be expressed

as follows:
U = 2Rip + 2L + M
up = 2Rig + 2L 9B d’B + My
uc = 2Ric + 2L%¢ d’C + My 0.}(; 1)
IA = lA,, 1 lAn
B = lB 1Bn
ic= 1(: =ic,

After the trigger signal of the phase A switches acts, the phase A winding of the
stator section n + 1 access circuit and the partial voltage of the phase A stator section
n — 1 winding and n winding suddenly change, meaning that the current relation is not
satisfied ip , +1ip, , +ic, , = 0,ia, +1ig, +ic, = 0; the voltage-current relationship can
be expressed as follows:
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upn = R(ia, | +ia,) + Laa sy (ia, ; +ia,) + Ms dt(iB +ic, , + lB,l +ic,) + My S
= R(iAn + iAn+1> + Laa%(iAn + ZAn+1) + MS dt (an + lCn) + Maf dt .
uB:R(' +iBn)+Lbbdt(iB +an)+MSdt(1An 1+1Cn 1+ZA11+iC7l)+bedl
uc = R(ic, , +ic,) + Leeds (ic, , +ic,) + Ms§ (ia,, +ib,, +ia, +15,) + Mer g (12)
iA = iAn ZAn—l + lAn+1
Ip =i, , = i,
ic =ic, , =lc,

While phase A switching is completed, the trigger signal of the phase B switches acts,
and the phase B winding of stator section n + 1 is powered, the voltage—current relationship
can be expressed as follows:

up = R(ia, +ia,,,) + Laa g (ia, +in,,,) + Ms$ (is, +ic, +i8,,,) + Mo S

ug = R( + ZBn) + Lbbgt (an 1 + an) + Msdt (ZAn + lCn + lCn 1) + bedlr
= R(an + iB,,,) + Lob 5 (iB, + iB,,,) + Ms § a (ia, +ic, +ia,, )+ MprGr i
Uuc = R(iC’Fl +ic,) + Lec ddt (l(jnf1 +ic,) + Ms I (13"71 +ia, +ip,) + M ?iltr (13)
ian=ip, = Z'AnJrl
ip = an s an+1 = ig,
IC = ZC ZCn

While phase B switching is completed, the trigger signal of the phase C switches acts,
and the phase C winding of stator section 4 1 is powered, the voltage—current relationship
can be expressed as follows:

A= R(iAn + iAn+1) + Laa% (iAn + iAn+1) + Ms%(iBn + iCn + iBn+1 + Z’Cn+1) + Maf Ccllltr

up = R(ip, +ip,.,) + Lob 5 (8, +ip,.,) + Ms dt(iAn +ic, +in,, + 1) + Mo
uc = R(ic, , +ic,) + Lee & (ic, | +ic,) + Mo S (ia, +ip,) + M3

=

- R(lcn + icn+1) + LCC%(iCn + lCn+1) + Ms c?t <1An + an + lAn+1 + an+1) + MCf C(liltr (14)
iA = ZAn ZAn+1
ip = iBn 1B, 1
ic =ic,_, tic,,, =Iic,

After phase C switching and the switching process are completed, the voltage equation
can be expressed as Equation (15) until the next switching process.

up = 2Rip +2L%5 4 M, i

ug = 2Rig +2LE dlB + Mgt dip

uc = 2Ric +2L9¢ d’C + My ‘j{; (15)
ian= lAn+1 = ia,

ip = ip,,., = iB,

ic = ic,,, = ic,

From Equations (12)—(14), the segmented linear motor powered by the series connec-
tion also has a sudden change in the motor circuit parameters during switching. If that
influence of mutual inductance is ignored, Z represents the winding impedance of each
phase winding of each stator section before switching. In normal operation, the circuit
impedance is 2Z; after the trigger signal of the phase switches acts to the next winding
access circuit, the circuit impedance turns to 3 and the impedance suddenly decreases by
25%, which causes the current to fluctuate greatly.

This is the same as with the parallel power supply: if the stator sections’ switching is
at the current zero-crossing point, the current fluctuation will be small.



Electronics 2024, 13, 4272

13 of 23

4. Current Zero-Crossing Switching Method

From the analysis in Section 2 and the modeling in Section 3, whether the segmented
linear motor adopts a series power supply or parallel power supply, stator sections’ switch-
ing at the current zero-crossing point minimizes the current fluctuation. But when control-
ling the motor, the sampling of the current is discrete. The actual current zero-crossing
point may not be collected, and the judged zero-crossing point can only be as close as
possible to the actual current zero-crossing.

4.1. Current Zero-Crossing Switching Method by Fixed Threshold

At present, the mainstream method is using the fixed threshold method to deter-
mine the current zero-crossing point and changing the switch trigger signal at the point.
This method sets a fixed threshold y and takes the first current sampling point enter-
ing the threshold as the current zero-crossing point. When Equation (16) is satisfied,
{t(k),is(k)} canbe judged as the current zero-crossing point, where (k) is the k-th sampling
time,is (k)t(k) is the k-th sampling current, and is(k — 1) is the (k — 1)-th sampling current.

{lis(k=1) < =y A [is(k) > —ylror{lis(k = 1) = y]} A {lis(k) <yl} (16)

Let f; be the current sampling frequency.f is the current frequency of the windings and
X is the current amplitude of the windings. In order to ensure that at least one sampling
point can be within the threshold range every half current period, the threshold should meet
the conditions that y > Xsin(27f/ fs). When the linear motor is running, the threshold
is determined by the maximum current frequency. For linear motors with large thrust
and acceleration, the current frequency changes rapidly and the frequency changes widely.
When the current frequency is low, the current zero-crossing point determined by the fixed
threshold method is not at the optimal point. As shown in Figure 10, the frequency of the
phase A current increases from 0 Hz to 325 Hz in 2.7 s; the threshold is set to 710. At2.5s,
the current frequency is about 300 Hz, and the current zero-crossing point can be judged
accurately, but at 0.5 s, the current frequency is about 50 Hz, and the judged zero-crossing
point is not the closest point to the actual zero-crossing point.

T T T Phase A sampling current

« Zero Crossing Point by fixed threshold
— Fixed threshold

3000

8000

6000+

4000+

Current value [A]

2000+

-2000

05 1 15 2 25
tls]

Figure 10. Effect of using fixed threshold method to determine zero-crossing point when current

frequency changes rapidly.

When the mover needs suspension traction, the motor needs both traction current
and steering current so that the bus current may be irregular, which is shown in Figure 11.
When the current repeatedly crosses the threshold, it may lead to the misjudgment of
the zero-crossing point. Switching at the misjudged point will lead to the half-cycle
time of the winding parallel connection, which leads to large current fluctuations in the
inverter output.
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Figure 11. Effect of using fixed threshold method to determine zero-crossing point when current
waveform is irregular.

4.2. Improved Current Zero-Crossing Switching Method

Aiming at improving two shortcomings of the fixed threshold switching method,
this paper proposes a new zero-crossing switching method. First, set {f(k),is(k)} as the
reference zero-crossing point, which satisfies Equations (17) and (18) when the current is in
the negative half-cycle and the positive half-cycle, respectively. The reference zero-crossing
point is reset every time the current crosses the zero point, which is used to judge the
current zero-crossing point next time.

Zl: sgnlis(k—1)] < —I

]

Z sgnlis(k+14+1)] =1+1 (17)
0

] is(k) <0

sgnlis(k—1)] > 1

-

sgnlis(k+1+1)] =—-1—-1 (18)

L9~ Tt~

~

is(k) >0
ls(k+1)<0

Starting from the reference zero-crossing point, when the motor is accelerated, set

{ Ya+ (ki) = fs(k1) + fs(ka) + ... + fs(ki—3) + fs(ki—2) +3fs(k;)
may (ki) = sgnlis(kq)] + sgn[is(k2)] + ... + sgn[is(k;_1)] + sgnl[is (k;)]

—

(19)

When point {t(k+k;),is(k+k;)} satisfies conditional Formula (20), if m, (k;) <
0,{t(k+k;),is(k+k;)} is the zero-crossing point of the negative half-cycle; if m, (k;) >
0,{t(k+k;),is(k+k;)} is the zero-crossing point of the positive half-cycle. The i-th sam-
pling after the reference zero-crossing expressed as k;, f;(k;) represents the sampling
frequency of this point, and i;(k;) represents the current value at this point. The current
frequency of the air-core synchronous linear motor can be obtained from formula f = v/27,
where v represents the velocity of the mover and T represents the stator polar distance.

Ya+ (ki) <7
{ ya:[(ki)1> 78 20)
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When the motor decelerates or runs at a uniform speed, it is set

{ Ya— (ki) = fs(kl) +fs(k2) +.. +fs(ki71) +fs(ki)
mq— (ki) = sgnlis(k1)] + sgnlis(kz)] + ... + sgn[is (ki—1)] + sgnlis (k;)]

(21)

When point {t(k + k;),is(k + k;) } satisfies conditional Formula (22), if m,_(k;) < 0,
{t(k+k;),is(k +k;)} is the zero-crossing point of the negative half-cycle; if m,_ (k;) > 0,
{t(k+k;),is(k +k;)} is the zero-crossing point of the positive half-cycle.

{ Ya—(k;) < 7
Ya— (ki) + fs(ki) > 7

(22)

When the current waveform is regular, the effect of the improved zero-crossing switch-

ing method is shown in Figure 12.

o
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Figure 12. Effect of new method to judge the zero-crossing point of rapidly changing current:
(a) judgment effect of zero-crossing point when current frequency increases rapidly; (b) judgment

effect of zero-crossing when current frequency decreases rapidly.
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When the current waveform is seriously irregular, this method can also determine the
current zero-crossing point without misjudgment, which is shown in Figure 12.

As can be seen from Figures 12 and 13, the method proposed in this paper can
effectively judge the zero-crossing point of the current, and its application scope is larger
than the fixed threshold method.

4000 - T T T T
_ —Phase A current
N ; ~ p
= '/\ / \\ 4 \ // R / \
o 2000~ J / \ ’ ,\ N \ _
/ / \ / \
% / \ / \ / / \
> 0 / } i h !
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t[s]
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= ) ; T o
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Figure 13. Effect of new method to judge the zero-crossing point of serious irregular current.

5. Simulation and Experimental Verification
5.1. Simulation Verification

To validate the analyses of the stator sections’ switching process in this paper, numeri-
cal simulations are carried out as follows: the propulsion system is an air-core synchronous
linear motor. First, a constant frequency voltage is applied to the motor circuit to verify
whether the circuit changes in the stator sections” switching are the same as the analysis in
the first chapter. Then, a control is added to simulate the switching of the motor during the
acceleration from 0 to 170 m/s to verify the effectiveness of the motor modeling and the
proposed zero-crossing switching method. The nominal parameters are shown in Table 1.

Table 1. Nominal parameters of the stator segmented linear motor.

Symbol Parameters Values
u DC bus voltage 1000 V
1 Stator segment length 15.408 m
Ro Segmented stator resistance 93.1 mQ)
Lo Segmented stator inductance 22.2mH
My Segmented stator mutual inductance 5.6 mH
Yro Nominal mover flux linkage 1.065 Wb
Prs Superconducting mover flux linkage 8.52 Wb
m Mover mass 215kg
T Polar distance 0.54 m

5.1.1. Verification of Stator Section Switching Process

Parallel connection and series connection are adopted, and the current of the stator
sections’ switching at a certain switching time is obtained by simulation. When the stator
section windings are connected in parallel, the amplitude of the sine voltage output by the
inverter is 1000 V and the frequency is 60 Hz. Because the three-phase switching process
is the same, only the situation of phase A positive half-wave switching is presented. The
voltage—current relationship during switching is shown in Figure 14.
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Figure 14. Current and voltage waveform during stator sections’ switching parallel power supply:
(a) switching current waveforms when the voltage and current directions are the same; (b) switching
current waveform when voltage and current directions are reversed.

When the windings are connected in series, the amplitude of the sinusoidal voltage
output by the inverter is 2000 V and the frequency is 60 Hz. Only the situation of phase
A positive half-wave switching is presented. The voltage—current relationship during

switching is shown in Figure 15.

As can be seen from Figures 14 and 15, the change in the winding circuit in the process
of the stator sections is consistent with the analysis outlined in Section 1. When the series
power supply is adopted, after the switch trigger signal is activated, the winding of stator
sections n — 1 and n + 1 is connected in parallel and then connected in series with stator
section n. At this time, the winding voltage of stator section n — 1 suddenly decreases by
about one-third. After the n — 1 section winding is disconnected, the winding voltage of
the n 4 1 section suddenly increases by about a half, which is consistent with the analysis.
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Figure 15. Current and voltage waveform during stator sections” switching series power supply:
(a) switching current waveforms when the voltage and current directions are the same; (b) switching
current waveform when voltage and current directions are reversed.

5.1.2. High-Thrust Motor Stator Section Switching Simulation

The simulation parameters of the segmented linear motor are the same as those in
Table 1. The inverter employs a cascaded H-bridge topology, with the chopping frequency
established at 1 kHz and both the control and sampling frequencies set to 10 kHz. The
current loop is regulated using PID control. The mover object uses superconducting
parameters, and the acceleration of the mover is 8 g. The motor moves 15.408 m for
each pulse signal generated, and a stator section switch is performed after receiving each
pulse signal. The highest running speed of the motor is 170 m/s, and the highest current
frequency is 158 Hz.

When the fixed threshold method is used for stator section switching, the current
waveform is shown in Figure 16.

The current waveform using the current zero-crossing switching method proposed in
this paper is shown in Figure 17.

From Figure 16, it can be seen that when the fixed threshold method is used to
switch, the current fluctuations during switching become obvious as the current frequency
increases. For example, when the section switch switches at 1.9 s, the output frequency is
measured at 143 Hz, and the initial peak value of the three-phase current is approximately
1290 A. Following the actuation of the section switches, the peak current in phase A
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increases by 16.2%, reaching 1486 A; in phase B, it rises by 14.5% to 1476 A; and in phase C,
it experiences a growth of 10.1%, resulting in a peak value of 1421 A.

[ — Inverter bus phase A current

—Inverter bus phase B current
Inverter bus phase C current
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Figure 16. Current waveform when stator section switching uses a fixed threshold method.
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Figure 17. Current waveform when stator section switching uses the current zero-crossing switching
method proposed in this paper.

When switching is performed using the method proposed in this paper, the current
fluctuations during switching are smaller, which are shown in Figure 17. Similarly, when
the section switch is actuated at 1.99 s, the peak current of phase A is 1320 A, with an
increase of 2.3%. The peak current of phase B is 1326 A, with an increase of 2.7%. The
peak current of phase C is 1312 A, with an increase of 1.7%. By using the section switching
method proposed in this paper, the fluctuations of the three-phase current after the switch
operation are significantly reduced. The amplitude of the line current diminishes as the
frequency of the current is increased due to the constraints imposed by the inverter’s
output capacity.

5.2. Experimental Verification

The proposed stator section switching algorithm is verified by using a 32 m long
thrust linear motor built in the laboratory. The main components of the motor are shown in
Figure 18; the motor parameters are the same as those listed in Table 1. The motor stator is
divided into three sections and is connected with that output bus of the inverter in a series
mode. The motor is connected to the first and second stator sections in series before 16 m,
and the second and third stator sections are connected in series after 16 m.
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Figure 18. The main components of the large-thrust segmented linear motor testing machine.

Using the superconductor mover, the motor runs in constant thrust mode with currents
of 2000 A and 3300 A. The fixed threshold switching method and the switching method
proposed in this paper are used for stator section switching under two working conditions,
respectively. The test current is shown in Figures 19 and 20.
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Figure 19. Current waveform of motor during 2000 A constant thrust operation: (a) fixed threshold
zero-crossing switching effect; (b) switching effect of the method proposed in this paper.
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Figure 20. Current waveform of motor during 3300 A constant thrust operation: (a) fixed threshold
zero-crossing switching effect; (b) switching effect of the method proposed in this paper.

As shown in Figure 19, section switching was performed when the motor was running
for 0.296 s; at this moment, the rotor speed was 23.68 m/s and the current frequency was
21.93 Hz. After the fixed threshold method was used for switching, the peak value of the
phase C current was 2113 A. After the switching method proposed in this paper was used,
the peak value of the phase C current was 2009 A.

As shown in Figure 20, the section switching was performed when the motor was
running for 0.242 s; at this moment, the rotor speed was 31.46 m/s and the current frequency
was 29.13 Hz. After the fixed threshold method was used for switching, the peak value
of the phase C current was 3552 A. After the switching method proposed in this paper
was used, the peak value of the phase C current was 3314 A. From the results of the two
experiments, it can be seen that by using the switching method proposed in this paper,
the current fluctuations of the linear motor during high-speed operation are significantly
reduced when it is switched in stages. The proposed method is effective.

6. Conclusions

This paper addresses the issue of current fluctuations during the stator sections’
switching process of a segmented linear motor powered by a single power supply. It
analyzes the changes in the circuit of the energized winding during the stator sections’
switching process for both parallel and series power supply modes. Then, it establishes
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switching models for the two power supply modes and finally proposes a current zero-
crossing switching method suitable for fast-changing current frequencies. The simulation
and experimental results verify the correctness and effectiveness of the content proposed in
this paper. The conclusions are as follows:

(1) The stator section switching process simulation validates the motor circuit change
process analyzed in Section 2 during the stator section switching process.

(2) With the simulation of the stator section linear motor with high acceleration
operation using a fixed threshold method and the proposed method for switching, the
proposed method reduces the peak current change during switching by 86%.

(3) By using different switching methods for stator section switching in a 32-m-long
test linear motor during high-speed operation, the peak current change during switching
proposed in this paper is reduced by about 92%, which is close to the simulation results.

(4) The analysis and modeling of the stator sections” switching process for linear
motors powered by a single supply are relevant to the major linear motor applications.
The proposed current zero-crossing method for stator sections’ switching is also broadly
applicable to segmented linear motors, particularly in scenarios characterized by signifi-
cant and rapid fluctuations in current frequency, as well as irregular current waveforms
during operation.

In the future, a more extensive high-thrust segmented motor test platform will be
established that can be used to validate the findings presented in this paper.
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