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Coordination position control of multi-motors systems is widely applied in agricultural and industrial fields that
require high precision and synchronization among motors. Current adjacent cross-coupled control is unable to
change the control gains as motor states are time-variant. The invariant gain compensation will inevitably
weaken the coordinated control performance, especially in the presence of load disturbances. To solve this issue,
this paper proposes a variable-gain adjacent cross-coupled controller. A sliding mode controller is adopted to
cope with the disturbances and uncertainties for each single permanent magnet linear synchronous motor
(PMLSM). The motor state of each PMLSM can be detected through system identification in real time. According
to the motor states of the PMLSMs based on the system identification technique, a fuzzy position control algo-
rithm is implemented for regulating the gain compensation. A consistent steady-state performance is subse-
quently maintained even with the existence of system uncertainties and load disturbances. It is proved from the
experimental results that, compared with fixed-gain adjacent cross-coupled control scheme, the proposed
controller has a better synchronization, a higher tracking accuracy and synergistic accuracy, under both no load
and time-varying load conditions. For the variable-gain adjacent cross-coupled control, a position tracking error

and a synergistic error within 7 pm and 8 pm can be achieved, respectively.

1. Introduction

As the fast demands increase for high-precision linear motion, the
permanent magnet linear synchronous motor (PMLSM) can be found the
applications in agricultural and industrial control fields. Apart from
rotary-type motors with auxiliary mechanical devices like gears or ball
screws, linear motors can drive the load directly without any extra
transmissions (Zhang et al., 2019). Therefore, fast speed and high pre-
cision can be obtained. Nowadays, with the rapid growth of agriculture
labor cost, autonomous agricultural machines are drawing more and
more attention. Coordinated control based on multiple motors to ach-
ieve agricultural tasks has been applied (Zhang and Noguchi, 2017; Qiu
et al., 2018; Kalmari et al., 2017). For example, in the multi-processing
line in Fig. 1 (a), for a multiple linear-motors based planting processing
line, there are three working procedures such as pesticide, water
spraying, and chopping. Each task is required to be accomplished by the
corresponding linear motor regarding the procedure and the linear
motors are expected to work cooperatively instead of sequentially. It
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demands that the linear motors track the command position precisely
and coordinate with each other to finish the entire work. Compared to
the traditional sequenced working manner, the coordinated manner has
the advantages of a faster operation time, higher efficiency, and the
annihilation of accumulated errors, etc. (Rajamanickam et al., 2020).
To enhance the control capability of motion coordination, two main
issues should be concerned. The first one is the tracking accuracy of the
single PMLSM for a specified position. The traditional proportional in-
tegral differential (PID) controller is widely applied in the area of linear
motor position tracking applications. The fixed gains from the PID
controllers are not capable of a uniform performance in the presence of
un-modeled uncertainties and load disturbances (Sharma and Palwalia,
2017). Fuzzy adaptive, fuzzy neural network and seeker optimization
algorithm (SOA) combined with traditional PID are introduced to
compensate the disadvantages from the PID control. In addition,
different intelligent algorithms are adopted to achieve high-precision
performance of the single PMLSM (Yong and Cong, 2019; Hu et al.,
2019). Even though the above methods can realize high position
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Fig. 1. Multi-motor coordinated control: illustration of multiple linear-motor based agriculture processing line (a) A multiple linear-motor based processing line (b)

The structure of adjacent cross-coupled control.

tracking accuracy, these methods also lead to the problems of a complex
arithmetic computation and the difficulty of real-time processing (Hu
et al., 2019). Variable structure control can reduce the complexity of the
controller and it has the characteristics of strong robustness and self-
adjustment against un-modeled uncertainties and load disturbances (Li
and Xie, 2010).

Another problem is the coordinated control precision of the multiple
linear motors system. Current coordinated control can be divided into
parallel control and master-slave control. In the parallel control struc-
ture, each motor follows the reference signal with no connection among
motors. When any one motor malfunctions, the performance of the
entire system will deteriorate. In the master—slave control structure, the
master motor follows the reference signal, while the slave motors follow
the master one, which will cause a large lagging among the slave motors.
It is clear that both methods are not effective to solve the coordination
task. Adjacent cross-coupled control which can achieve a better control
performance has gradually replaced the former two coordinated
methods, as shown in Fig. 1 (b). In the adjacent cross-coupled control
structure, position errors from each motor and its two adjacent motors
are subtracted mutually to form the synergistic errors, which are treated
as the input of the coordinated controller. The coordinated controller is
regulated by PID algorithm. The output of the coordinated controller is
the gain compensation for each motor. The goal of the PID algorithm is
to tune asymptotic convergence of the synergistic errors to zero through

gain compensation scheme (Cao and Zhang, 2020; Huo and Poo, 2012).
However, the gain compensation of the adjacent cross-coupled control
cannot be changed based on the states of motor operation, which will
inevitably weaken the coordinated control performance. To overcome
the demerits from the fixed-gain adjacent cross-coupled control, a
variable-gain adjacent cross-coupled control strategy is proposed in this
paper. A fuzzy algorithm combined with system identification is intro-
duced to the adjacent cross-coupled control strategy to correct fixed gain
problems. The mover mass and viscous friction coefficient of each
PMLSM which reflect the system variations can be detected by the sys-
tem identification scheme. The reference position signal, the mover
mass and viscous friction coefficient of each PMLSM are treated as the
input of the fuzzy control algorithm (Kuang et al., 2019). Simulta-
neously, the output of the fuzzy control is the gain compensation, which
can be regulated in real time accordingly. The variable gain has replaced
the fixed gain from the PID algorithm of the adjacent cross-coupled
control to compensate each motor adaptively.

Current research mainly focuses on the performance improvement
for dual-PMLSM-based control applications. The research about three or
above motors coordination motion control strategy is less involved.
Article (El-Sousy, 2016) incorporates a mixed H2 /Hoo controller, a self-
organizing recurrent fuzzy-wavelet-neural-network  controller
(SORFWNNC) and a robust controller to achieve a high precision per-
formance of a two-axis motion control system under uncertain plant
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Table 1

System identification results of three PMLSMs.
System identification a; as bg by
PMLSM1 —1.001 0.001312 0.0003293 3.280e-4
PMLSM2 —1.002 0.002891 0.0005730 5.738e-4
PMLSM3 —1.002 0.002853 0.0005702 5.711e-4

parameters and external disturbances. Article (Chou et al., 2012) pro-
poses a complementary sliding mode control (CSMC) with Sugeno type
fuzzy neural network (SFNN) compensator for the synchronous control
of a dual linear motors servo system. Recently the consensus algorithm
has been applied for second-order dynamics. The coordinated control
based on the consensus algorithm has been proposed in the area of
multiple flight vehicles for cooperative motion (Ren et al., 2016). Un-
fortunately, most of the research work is only focused on theoretical
analysis and mathematical simulation, without considering the uncer-
tain parameters and external disturbances. In addition, the coordinated
motion control of multiple linear motors for cooperative agricultural
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applications can be rarely found in literature.

The contribution of this paper can be summarized as below. First, a
variable structure control is implemented to reduce the complexity of
the position controller for the single PMLSM and enhance the tracking
accuracy with the characteristics of robustness and self-adjustment
against un-modeled uncertainties and load disturbances. Second, the
coordinated control strategy is introduced for the coordination motion
position control system based on three PMLSMs in this paper. Third, the
innovative variable-gain adjacent cross-coupled control strategy is
implemented to obtain the run-time states of the motors by system
identification and regulate gain compensation adaptively through fuzzy
algorithm in real time. The variable gain derived from the proposed
controller has replaced the fixed gain from the adjacent cross-coupled
controller to compensate each motor adaptively. It can not only
improve the synergistic accuracy, but also guarantee a high coordinated
performance of the multiple linear motors coordination motion system,
especially in the presence of un-modeled uncertainties and load distur-
bances. The effectiveness of the proposed controller is verified through
theoretical simulation and times of experiments considering the uncer-
tain parameters and external disturbances. The proposed controller is
expected to be applied in the field of high-precision position coordina-
tion areas, especially in the cooperative agriculture applications, such as
in trimming, sowing and watering, etc.

2. Mathematical model and controller design of the PMLSM
2.1. Mathematical model of the PMLSM

The system voltage balancing equation for each phase of the PMLSM
can be described as

did T

ug = Ryiqg + Ly i

. €y

ug = Riy + L %-FEWP

q stq q dt p d
where ug, ug, ig, iy, Lg, Lg, @4, and @4 are d-q axis voltage, current,
inductance and magnet flux linkage of the PMLSM, respectively. R; is the
phase winding resistance. p is the permanent magnet pole pitch. v is
moving velocity of the mover.

The electromagnetic thrust equations can be described as

3 , ..
Fo= Eg [‘/’.flq + (Ld - Lq)ldlq]
3rn 3r @
=3 ;q)fiq +3 . (La — Ly)idi,

The control strategy of iy = 0 is adopted for the current loop. Then
Eq. (2) can be rewritten as

3z . .
F, = 3 ;gofzq = ki, 3)

where k; is the electromagnetic force coefficient. Since k; is a constant, it
means that the electromagnetic thrust output is totally decided by i;. We
can realize direct control of the PMLSM through adjusting i,.
The mechanical movement equation of the PMLSM is expressed as
dv
M=—=F,—F,—B 4
dr L v (C))
where M, F;, B is mover mass, load disturbances and viscous friction
coefficient, respectively (Xi et al., 2017).

2.2. Sliding mode controller of the PMLSM

Commonly, it is difficult for a traditional PID controller to achieve
ideal control results when confronted to nonlinear control plant and
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where y is displacement of the mover.
We choose x=(xj, x2)T as the state vector, where x; and x, represent
Knowledge base the position and velocity of the PMLSM, respectively. iy is adopted as the
control input. The system can be described in the state-space equation
form as
_\l I/- x 0 1 . 0 0
[.1}— B {1}+ K |i,+| 1|F Q)]
X2 0 — X2 — J—
M M M
o| Fuzzification o| Inference Defuzzification -
"1 interface "1 mechanism interface > where Fj, contains disturbances and un-modeled dynamics.
To design the sliding mode controller, a switching function is
selected as
ot
Fig. 4. The fuzzy logic algorithm block diagram. S(t) = Clx(r) — / (A+ BK)X(r)dtr] =0 )
0
where C is a constant matrix and K is a gain matrix.

NB Z0 PB Considering the uncertainties in the PMLSM system, the proposed
sliding mode controller based on the variable exponential approach law
can be represented as
S = —¢|X|sgn(S) — nS

limlX|=0,n>¢€e>0 ®
-
The symbol function often causes system chattering, and the
switching surface surrounded by a boundary layer is introduced. The
< > switching control vector u; is thus defined as
-1 0 1

Fig. 5. The triangle membership function of input and output.

time-variant disturbances in a control system. As a type of variable
structure control schemes, sliding mode control (SMC) is adopted in this
paper to regulate the tracking response for each motor. SMC can cope
with system parameter variations and external disturbances, which
makes it suitable for the PMLSM motion system control. The mechanical
movement equation of the PMLSM can be rewritten in the second-order
form as
dy d*y

F,=B—+M— F
=Byt M T )

N

Uy = ksat(a) 9)

where k is a constant. ¢ is thickness of the boundary layer. The satura-
tion function sat(?) has the following form as (Jiang et al., 2011)
5SS
sat(ty=¢ % ° (10)
o 5t
sgn() if >
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3. Coordinated control strategy of Multi-PMLSM
3.1. System identification base on recursive least square algorithm

Considering load disturbances v(t), the PMLSM-based control system
can be expressed with the motor required force F(t) as the system input
and the mover displacement y(t) as the system output, respectively. The
system output satisfies (11).

A )y(r) = BEF() + v(1) an
where
1y _1 -2
(s
ay, as, bo, and b; are the system parameters to be identified.
Eq. (11) can be denoted in a least square matrix form as
Y(t) =" (t—1)0(t — 1) +e(t) 13)

where 0 = [aj, az, b, b1], and ¢”(t — 1) stands for measurable values
which consist of information of the force and displacement. e(t) is white
noise (Pan et al., 2013).

A
Let 6 (t) denotes the estimate of O(t). The least square algorithm with
the forgetting factor can be described as

A

0(1) = 0t — 1) + K() (1) — o (101 — 1)
K(1) = P(t— Dg(0)g" (P(t — D(t) + 2]

1 as
P() =71 = Ko™ ()P~ 1)

0 < <1

where P(t) is the covariance matrix. K(t) is the adjusting gain. A is
referred as forgetting factor, which falls into the range of 0 to 1 and it
reflects the convergence rate. The smaller 2 is, the more quickly system
parameters converge.

For the requirements of recursive calculation, the forgetting factor A
is set as 0.999, and the initial values are

A
{ 0(0) =0
P(O) = I4><4'r
If the relative error between the present and last step is less than &,
which is a relatively small positive constant, the present estimated value

can be regarded as correct. Then system identification can be terminated
and the termination criterion is set as

(15)

0(r) — 0(1 - 1)

6(r-1)

<¢ (16)

The system identification flow chart is illustrated in Fig. 2.

System parameters aj, as, by, and by of three PMLSMs can be derived
from online system identification as shown in Table 1.

We can also depict Eq. (5) with the mover mass M and viscous fric-
tion coefficient B as

1 (1 —e %)z

G(z) =—
(2) Bz2—(1+ e*%"\')z e

a7

where Ty is the sampling time. By comparing Eq. (12) with Eq. (17), we
can deduce M and B as
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3.2. Design of the variable-gain adjacent cross-coupled controller

In the adjacent cross-coupled control structure, the SMC is imple-
mented to track the reference position signal for each PMLSM. Each
motor follows the reference position command to produce the actual
position response signal. The reference position subtracts the actual
position to obtain the position tracking errors e;(t), ex(t), and es(t) of
three PMLSMs, which are treated as the input of the SMC. Position errors
from each motor subtract the errors from its two adjacent motors to form
the synergistic errors E1, Ez3 and E3q, which are defined as

En=e(t) —e?)
E»; = éz(t) — 23(1’) (19)
E31 = 63(f) - El(f)

where e;(t), ex(t), and es(t) are the position tracking errors of three
PMLSMs, respectively.

The synergistic errors Ejg, Egs,and Es; are regarded as the input
signals of the coordinated controller. The coordinated controller is
regulated by PID algorithm. The output of the coordinated controller is
the gain compensation for each motor. The goal of PID algorithm is to
tune asymptotic convergence of synergistic errors to zero through gain
compensation scheme. However, the gain compensation of the adjacent
cross-coupled control cannot be changed based on the states of motor
operation, which will inevitably weaken the coordinated control
performance.

To overcome the disadvantage from the fixed-gain adjacent cross-
coupled control, a variable-gain adjacent cross-coupled control strat-
egy is proposed in this paper. Based on the adjacent cross-coupled
control above, a fuzzy algorithm combined with system identification
is introduced to correct the problems from the fixed gain control. The
structure of the variable-gain adjacent cross-coupled controller is shown
in Fig. 3. The mover mass M and viscous friction coefficient B of each
PMLSM which reflect the system variations, can be detected by system
identification. The mover mass M and viscous friction coefficient B of
each PMLSM with the reference position signal are treated as the input
of fuzzy control algorithm. Variables A, B, and C are changeable gain
compensations, which are original from the output of fuzzy control and
used to compensate the synergistic errors E;s, Ea3, and E3;. In this way,
the fixe-gain adjacent cross-coupled control has turned into the variable-
gain adjacent cross-coupled control to compensate each motor in the
presence of the system uncertainties and load disturbances (Yang et al.,
2018).

The fuzzy logic algorithm block diagram can be found in Fig. 4,
which has four principal modules. The knowledge base represents the
knowledge in the form of a set of linguistic rules. The fuzzification
interface manipulates the transformation of the inputs into fuzzy sets.
The inference mechanism evaluates the relevant rules and proper inputs
to the plant. The defuzzification interface transforms the fuzzy sets into
corresponding outputs to the plant (Marquez-Vera et al., 2016).

The linguistic input variables are reference position Uy, mover mass
M;,M5, M3, and viscous friction coefficient B1,Bo,B3 of three PMLSMs.
The linguistic output variables are gain compensation output; outputy,
and outputs,which are able to change adaptively according to the motor
running states.

The domain of input and output variables are {—1, 0, 1}, and the
fuzzy subset is set as {NB, Z0, PB}. The input and output triangle
membership functions are depicted in Fig. 5.

Next, we specify a set of linguistic rules which represent human’s
knowledge. Through times of data processing and multiple theoretical
analysis, combined with users’ experience, the relationships between
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Fig. 10. Experimental setup.

input variables Uy,M;,M2,M3,B1,B2,B3 and output variables output;,
outputy, outputs can be described as follows:

1) When the PMLSM is near to the reference position, in order not to
deviate from the reference position, the gain compensation should be
smaller.

2) When the mover mass of the PMLSM is smaller, to make the sys-
tem have a good tracking capability, the gain compensation should be
bigger.

3) When the PMLSM has a smaller viscous friction coefficient, to
ensure a faster speed response, the gain compensation should be
increased to an appropriate small value.

The Mamdani inference mechanism is introduced to deduce the

Computers and Electronics in Agriculture 192 (2022) 106561

linguistic rules. The final step is the defuzzification operation. Defuzzi-
fication is defined as the decoding of the fuzzy set information produced
by inference mechanism into numeric fuzzy outputs. Here the center of
gravity method is adopted to deal with the defuzzification. The center of
gravity method is defined as

_ Jyou,(v)dv

—JVv et/ 20
% = @) 20)

where [,u,(v)dv denotes the area under the membership function y, (v).
v represents the center of the membership function. vy is referred as
inference mechanism output.

3.3. The current and position loop control

The current and position double-loop control strategy is adopted. iy
= 0 is proposed to achieve the vector control for the current loop. It
consists of the current controller based on proportion-integral (PI) al-
gorithm, a space vector pulse width modulation (SVPWM), a power
drive module, and a conversion module. The entire control block dia-
gram is shown in Fig. 6. For the current loop, the core is vector control,
which is treated as the inner loop. The actual position is obtained
through linear encoder. The g-axis current i;* is given. By sampling the
phase current of the PMLSM, the three phase current can be turned into
ig and ig through CLARK and PARK transformation. The current com-
mand i;* minuses the actual current ij and iy minuses 0, which can
produce voltage command u; and ug After PARK reverse trans-
formation, u, and uy are obtained. The SVPWM drives the three-phase
inverter to realize the vector control of PMLSM (Pan et al., 2020). The
position loop is treated as the outer loop. The deviation between refer-
ence position and the actual position of each motor is treated as input of
the SMC. SMC is adopted to adjust the tracking error to improve the
tracking accuracy of the PMLSM. The synergistic errors are introduced
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Fig. 12. Adjacent cross-coupled control strategy of multi-PMLSM under no-load condition (a) Position tracking curves (b) Tracking error curves (c) Synergistic

error curves.

as the input signal of the coordinated controller to improve the syner-
gistic accuracy.

4. Simulation and experimental results
4.1. Simulation results of the SMC for the PMLSM

In order to verify the effectiveness of the SMC proposed in this paper
for the PMLSM, Matlab software is employed for the simulation analysis
with the results shown in Fig. 7. It can be seen from Fig. 7 that the SMC
exhibits a good position tracking performance, and the absolute steady-
state position tracking error value is within 3 pm with no overshoot.

4.2. Simulation results of the variable-gain adjacent cross-coupled control
strategy for multi-PMLSM

The simulation results of the proposed variable-gain adjacent cross-
coupled control strategy for the multi-PMLSM can be found in Fig. 8. The
simulation results demonstrate the performance of the proposed control
strategy under no-load and random noise situations, respectively.

Under no-load condition, it can be concluded that three PMLSMs can
track the reference position signal with a good synchronization behavior
with a high response speed and no overshoot. Moreover, the absolute
steady-state position tracking error values of three motors are the same
and they are all controlled within 5 pm (Fig. 8 (b). The absolute steady-
state synergistic error values of three motors are 0 pm (Fig. 8 (c)).

Fig. 9 demonstrates the dynamic response of the three PMLSMs
under random load disturbance (Mean = 0, Variance = 2, Seed = 1), as
shown in Fig. 9 (a). From Fig. 9 (b), though fluctuations occur from the
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Fig. 13. Variable-gain adjacent cross-coupled control strategy of multi-PMLSM under no-load condition (a) Position tracking curves (b) Tracking error curves (c)

Synergistic error curves.

Table 2
The performance comparison between two control strategies under no- load

condition.

Variable-gain adjacent cross-

No-load condition  Adjacent cross-coupled

control coupled control

M1 M2 M3 M1 M2 M3
tracking error 3 pm 4 pm 9 pm 2 pm 4 pm 6 pm
synergistic error lpm 8pym  9pum <0.lym 7pm 7 pm

dynamic response, the entire system is able to maintain a good syn-
chronization performance with a high response speed. The absolute
steady-state position tracking error values of three motors are the same
within 7 pm, as shown in Fig. 9 (c). The absolute steady-state synergistic
error values of three motors are 0 pm (Fig. 9 (d)). We can also find the
results for the profiles of developed force vs. time from the motors in
Fig. 9 (e).

10

4.3. Experiment setup

The experiment is conducted on the RT-LAB platform, which consists
of upper machine (PC) and lower machine (RT-LAB OP5600). The
control program is developed under the Matlab/Simulink environment
which can be downloaded directly to the RT-LAB controller board.

The current and position double-loop control strategy is adopted to
achieve the current and position control for the PMLSM. The inner
current regulation can be performed by the commercial current driver,
which is based on the PI algorithm with 20 kHz switching frequency and
1 kHz position loop sampling frequency (Pan et al., 2020). Three com-
mercial current drivers are employed to output the required current for
each motor. For the outer loop, three incremental linear encoders with a
resolution of 1 pm are adopted to detect actual position signal of each
PMLSM. Since the linear encoders are incremented ones, before motor
operation, the zero point is set manually. A square wave signal with the
frequency of 0.2 Hz and amplitude of 30 mm is set as the reference
position signal. Fig. 10 shows the overall experimental setup.
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Fig. 14. Adjacent cross-coupled control strategy of multi-PMLSM under time-varying load condition (a) Position tracking curves (b) Tracking error curves (c)

Synergistic error curves.

4.4. Experiment verification for the PMLSM

For the single PMLSM, to verify the superiority of the SMC over the
traditional PID controller, the experiment of the single PMLSM system is
carried out, and the experimental results are shown in Fig. 11.

Experimental results comparison between PID and SMC for position
tracking response can be found in Fig. 11 (a). Although both controllers
are capable of tracking the reference position signal, SMC exhibits a
faster response speed and no overshoot. It can be seen from Fig. 11 (b)
that an absolute steady-state position tracking accuracy of 3 pm can be
achieved by the SMC while the accuracy from the PID controller is 6 pm.
The experimental results are coincided with the simulation results. It is
proved that SMC possesses a rapid response capability and a high
tracking accuracy.

4.5. Experiment verification for multi-PMLSM

In the adjacent cross-coupled control structure, the SMC is

11

implemented to enhance tracking accuracy of each motor. The coordi-
nated controller which is regulated by PID algorithm outputs the fixed
gain to compensate each motor. In the variable-gain adjacent cross-
coupled control structure, based on the adjacent cross-coupled control
above, a fuzzy algorithm combined with system identification is intro-
duced to output variable gains to compensate each motor adaptively
according to the motor running states. The experiment is implemented
in the RT-LAB platform and the proposed control strategy is actuated at
the interval of 1 ms. It can be guaranteed that the gain compensation
scheme can be accomplished within 1 ms. Therefore, we can consider
the control strategy is implemented to regulate gain compensation in
real time.

For three PMLSMs, to verify the effectiveness of the variable-gain
adjacent cross-coupled control strategy, the comparison experiment
with the fixed-gain adjacent cross-coupled control strategy is carried out
under no-load and time-varying load conditions, respectively.

CASE1: load is 0.

CASE2: load is a spring with the elastic coefficient of 10 N/mm.
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Fig. 15. Variable-gain adjacent cross-coupled control strategy of multi-PMLSM under time-varying load condition (a) Position tracking curves (b) Tracking error

curves (c) Synergistic error curves.

Table 3
The performance comparison between two control strategies under time-varying
load condition.

Time-varying load Adjacent cross-coupled Variable-gain adjacent

condition control cross-coupled control
M1 M2 M3 M1 M2 M3

Tracking error 2pm 7 pm 12pm 4pym 6pm 7pm

Synergistic error 8pym 10pm 18pym 1lpym 7pm 8pum

For case 1, under no-load condition based on the adjacent cross-
coupled control strategy, from Fig. 12 (a), we can see that three
PMLSMs can track the position signal and have a good synchronization
performance. It can be found from Fig. 12 (b) and (c) that the absolute
steady-state position tracking error values of three motors are 3 pm, 4
pm, and 9 pm, respectively. The absolute steady-state synergistic error
values of three motors arelpm, 8 pm, and 9 pm, respectively.

For case 1, under no-load condition based on the variable-gain
adjacent cross-coupled control strategy, from Fig. 13 (a), we can see
that three PMLSMs can track the reference position signal and have a
better synchronization with no overshoot. We can also find from Fig. 13
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(b) and (c) that based on the variable-gain adjacent cross-coupled con-
trol strategy, the absolute steady-state position tracking error values of
each motor are 2 pm, 4 pm, and 6 pm, respectively. The absolute steady-
state synergistic error values are less than 0.1 pm, 7 pm, and 7 pm,
respectively. The response of three PMLSMs is consistent with the
simulation results from Fig. 8 (a). The tracking and synergistic accuracy
is a little lower than that from the simulation results, since the simula-
tion is proposed in the idealized environment, neglecting electrical and
mechanical imperfections from the machines and drives.

The performance comparison between two control strategies under
no-load condition is shown in Table 2.

By comparing the above two control strategies under the no-load
condition, it can be concluded that the variable-gain adjacent cross-
coupled controller has a better synchronization performance with a
higher response speed, no overshoot, and a better stability. Both the
steady-state position tracking errors and the synergistic errors are
smaller. The proposed control strategy can achieve a better steady-state
position tracking accuracy and a higher synergistic accuracy than that
from the fixed-gain adjacent cross-coupled controller.

For case 2, under time-varying load condition based on the adjacent
cross-coupled control strategy, from Fig. 14 (a), we can see that PMLSM1
and PMLSM2 can track the reference position signal, but PMLSM3 has an
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obvious out-of-step. PMLSM3 cannot track the reference position any
more. It can be found from Fig. 14 (b) and (c) that the absolute steady-
state position tracking error values of three motors are 2 pm, 7 pm, and
12 pm, respectively. The absolute steady-state synergistic error values of
three motors are 8 pm, 10 pm, and 18 pm, respectively.

For case 2, under time-varying load condition based on the variable-
gain adjacent cross-coupled control strategy, from Fig. 15 (a) we can see
that three PMLSMs can track the reference position signal and keep a
good better synchronization performance. We can also find from Fig. 15
(b) and (c) that based on the variable-gain adjacent cross-coupled con-
trol strategy, the absolute steady-state position tracking error values of
each motor are 4 pm, 6 pm, and 7 pm, respectively. The absolute steady-
state synergistic error values are 1 pm, 7 pm, and 8 pm, respectively. The
experimental results coincide with the simulation results from Fig. 9 (a).
Both the simulation and experiment results exhibit a faster response
speed and a little overshoot. The tracking accuracy and synergistic ac-
curacy is a little lower than that from the simulation.

The performance comparison between two control strategies under
time-varying load condition is shown in Table 3.

By comparing the above two control strategies, we can deduce that
the proposed variable-gain adjacent cross-coupled controller has a
consistent good synchronization even under time-varying load condi-
tion, while the adjacent cross-coupled controller has an obvious out-of-
step response and PMLSM3 cannot track the reference position anymore.
Both the steady-state position tracking errors and the synergistic errors
of the variable-gain adjacent cross-coupled control are within 8 pm,
while the steady-state position tracking errors and the synergistic errors
of the adjacent cross-coupled control are almost 20 pm. Compared with
the results from the adjacent cross-coupled control, the proposed control
algorithm not only can keep a consistent good synchronization, but also
has a much higher steady-state tracking accuracy and synergistic accu-
racy while the adjacent cross-coupled control has malfunctioned under
the time-varying load condition.

Under time-varying load condition, the adjacent cross-coupled
controller is not capable of system change detection and gain compen-
sation correction in real time and it leads to large disparity from the
reference position. However, the proposed variable-gain adjacent cross-
coupled controller is able to compensate external disturbances and dy-
namics with a uniform position tracking and coordination performance.
The position tracking error and synergistic error values are within 7 pm
and 8 pum, respectively. Experimental results prove that the proposed
variable-gain adjacent cross-coupled controller has great superiority in
the coordination motion control for multiple PMLSMs over the adjacent
cross-coupled controller.

5. Conclusions

In this paper, a variable-gain adjacent cross-coupled controller for
the multi-PMLSM system is proposed. The variations of motor un-
certainties and external distances often result in a poor performance
based on the fixed-gain adjacent cross-coupled control strategy. To
maintain a good synchronization and ensure a consistent position
tracking and coordination accuracy of the multi-PMLSM system, the
variable-gain adjacent cross-coupled control strategy combines system
identification with a fuzzy logic algorithm to detect system change and
correct the gain compensation in real time. The effectiveness of the
proposed controller under external load disturbances is verified by
simulation and experimental results simultaneously. The proposed
control strategy is expected to be applied in the field of high-precision
position coordination areas, especially in the cooperative agriculture
applications.
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