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This paper presents a cascaded control structure for a coreless tubular linear motor. The system
includes position and speed loops employing PI controllers, and a current loop using Finite Control
Set Model Predictive Control (FCS-MPC). This structure addresses challenges associated with low
stator inductance, specifically its impact on current control. A simulation model was developed using
MATLAB/Simulink. The simulation results demonstrate the effectiveness of the proposed solution in
tracking the desired trajectory and minimizing the negative effects of low stator inductance on the
current loop.
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1. Introduction

The applications of linear motors are becoming
increasingly widespread in both industrial and
domestic settings. These applications include
industrial automation, transportation, renewable
energy, and more[1-3]. The advantage of linear
motors lies in their ability to provide direct thrust
without the need for complex mechanical structures
[4-6]. As a result, they are highly suitable for
applications requiring high reliability, high efficiency,
and compact dimensions. There are various types of
linear motor based on their configurations. These
configurations include flat single-sided, flat double-
sided, and tubular structures [7, 8]. However, they
share a common feature: the stator windings
surround the rotor, which is composed of permanent
magnets. In the tubular structure, the stator
consists of disk-shaped coils arranged coaxially,
while the rotor is formed by cylindrical magnets
sequentially placed within a circular tubular housing
(Figure 1).
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Figure 1: Structure of a Tubular Linear Motor [8]

Tubular linear motors can be constructed with or
without an iron core [9, 10].

However, tubular linear motors are predominantly
manufactured without an iron core. The absence of
an iron core in the stator results in low stator
inductance and causes thrust force ripple [11].
Although PID controllers are effectively applied to
rotary motors [12, 13], raditional methods still have
limitations, such as not considering control signal
constraints, state constraints, the impact of load
disturbances, and variations in system inertia[14].

For coreless tubular linear motors, the rotor shaft is
more sensitive to load disturbances due to the lack
of intermediate transmission mechanisms. PID
controllers also often produce large, undesirable
overshoots. The current loop is the primary cause of
this problem. To address these issues, modern
controllers have been applied, such as sliding mode
controllers [15, 16], fuzzy controllers [17, 18], and
adaptive controllers using neural networks [19-21].
However, these solutions often overlook the
limitations of the power converter. Meanwhile, the
power converter has only a limited ability to provide
energy responses.

A control structure is proposed, employing PI
controllers for the speed and position loops and
Finite Control Set Model Predictive Control (FCS-
MPC) for the current loop. The design of these
controllers, considering input constraints, is
presented in Section 2. A simulation in
MATLAB/Simulink is then used to evaluate the
performance of the proposed solution.

2. Control Design

a. Discretized model of the coreless tubular
linear motor

The mathematical model of the tubular linear motor
is described based on the principles of
electromagnetism. Based on this, an approach to
modeling the mathematical system in the dq
coordinate frame is established, as presented in
reference[22].

dig L4 Ry .

==—=i, 4+ w,.i
dt Ly Lg 9 r'd
di u R a
q q 5 - - T
BT ot PR i
dt Ly I 1 rhd stf

(1)

Where: id and ig are the currents on the d-axis and
g-axis,
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respectively; ud and ug are the output voltages of the converter on the d-axis and g-axis, respectively. If"'f is
the magnetic flux generated by the permanent magnets of the rotor; wr is the angular velocity converted from
the linear velocity of the motor and is determined by the following expression:

W, = —V . . .
7 where v is the linear velocity of the rotor.

And the thrust force is determined by the expression:

=2 np kF(lf)dl wqid) 2)

where p is the number of pole pairs of the motor, wd”pq are the magnetic fluxes generated by the permanent
magnets on the d-axis and g-axis, respectively.

To facilitate the design of the controller, we choose the d-axis to align with the magnetic flux axis of the rotor's
permanent magnets. Therefore, the thrust force expression can be rewritten as follows:

En'p

Fr = 5 Fllf’f 93y

Applying Newton's second law to the motor, we obtain the dynamic equation of the motor:

fdx _
dt
dav 1
=P — FL](4)

From(1) ,(3) and(4) , the motor model can be rewritten in matrix form as:

di dq
dt

= Tigq + Lugy + Wigqw, + Pt,bfm.,( 5)

s =lia e = [ 5T = [fin=[iw= [0 ip= i)

Equations and form the basis for designing the position, speed, and current controllers in the following section.
b. Outer-loop controller design

Based on the system of equations(4) , a cascaded two-loop control structure is designed. The equations
presented in can be expressed in the following transfer function form:

X(s) E
x( ) V(s) 5
V{sj 3 np 1

p()—

F‘Pf

Tm s (6)

The plant for each controller is considered to be an integrator; therefore, a PI controller can be chosen with the
following form:

filEy = (1 + )E(S)

Applying the pole placement method with the desired specifications, the controller parameters for the position
loop and speed loop are obtained.
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c. Inter-loop controller design

To design the current controller, the motor description equation(5) is discretized with a sampling time Ts as
follows:

lag = (k+1) = idq (k) + Tsidq (k) + Lsudq (k) + wsidq U{}mr (k) + Pslrbfw?‘(k) (8)

Where T, =T; [f_:]: L, =T; [L_ls] ; W =T [_Ol é]; P, =T, —1fLs]

With Ts being the sampling time of the current, typically equal to the carrier frequency of the converter, from
the discretized model(8) , we can rewrite it as follows:

q = U‘ F 1) = idq (k} o Tsidq Gf) - wsidq (k)':‘}:(k} = ¢ Lsudq U() + Pswfwr U‘E) =

= @iy, (k) + Liug, (k) + Py rw, (k) (9)

Where P = T[I+ T + Wiw,(k)]
Based on the discretized model (9), a current prediction model is constructed as follows:

igg = (k+i+1lk) = @igy (k +ilk) + LsUaq (k) + Psyrw, (k)

(10)

esr n 1

=i k+i
Where dq dq( )IS the current at the k-th sampling time; dq( ) is the control signal for the

next i-th step, with the prediction horizon N. The goal of the controller is to find an optimal control value. We
select the value function in the following quadratic form:

J = Z [( ref est(k f l}) ( sz -est G{ l})] .

Where — [0 1l is a positive definite diagonal matrix, the coefficient * @

-ref

is the weighting factor of the

deviation in the value function J. dq
is the output of the outer-loop controller.

The control signal is udg generated by a three-phase inverter. This converter uses the SVM modulation method
based on 6 basic vectors. With this method, the modulation values are normalized to form the vector

u, = [u, u, u.” . . .
S a b ¢! . Therefore, a finite number of voltage vectors can be applied to the motor. In this paper,

six fundamental vectors and six vectors created by pulse-V\_lidth modulating the fundamental vectors to half

= {ug, Tuy, Tuy, ..., Tuyy, Tug,}

their magnitude are used to form the vector set u , as shown in Fig. 3.

The minimization of (11) can be achieved by sequentially replacing each voltage vector in Table 1 to find the
optimal control signal. This approach helps reduce the computation time of the system, enabling a quick
response to changes in load disturbances.

To reduce the computation time, the prediction horizon is limited to N=2. Substituting equation(10) into
equation (11), the condition for the control signal is obtained as follows:

g (K Ge41) nq (KHTQHU,, (k) + ug, (k + DHTQHU . (k + 1) + uf, (K)HTQHu,, (k + 1) +

+2( @iy, (k) + hyp, — iy ) QHily, (k) + 2(®2igq (k) + ®hy — i) ) QHU,(k + 1)

With Ugqe U= {ug, Tuy, Tuy, ..., Tuyy, Tuy,} (12)
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cos(@) —sin (8)
cos (8 —5) —sin (6 —2)

2 X 2m
Where T = LE°S 8+ ?) —sin (6 + ?)

Expression (12) represents the condition for
determining the control signal udq for the current
loop. By applying minimization algorithms to solve

the system of equations (12) , we obtain the
desired optimal control signal.
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Figure 2:The voltage vectors U

3. Simulation Results

To validate the controllers obtained by minimizing
the objective functions in(12) , a simulation model
was developed using Matlab/Simulink software, with
the motor parameters provided in Table 1.

Table 1. Motor parameters

-axis stator inductance Lsd 1.4 mH
g-axis stator inductance Lsq 1.4 mH
Stator resistance Rs 10.3 Q
Rotor flux wp 0.035 Wb
Number of pole pairs zp 2
Pole step u 0.02 m

A simulation scenario was designed to test the
response capability of the entire system. A straight-
line trajectory was used for this purpose. To ensure
the differentiability of the trajectory, the set speed
was kept constant during the motor's movement.
Specifically, the motor moves from the position
Omm to 80mm in 0.5s with a speed of 160mm/s
and maintains the position for 1s. After that,

the motor moves back to the Omm position in 0.5s
with a speed of 160mm/s. At t=1s, a load force
FL=5N is applied.

100

Position [mm]

Time[s]

Figure 3:The position response of the motor
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Figure 4:The error position of the motor.

The trajectory and response of the motor are shown
in Figure 3, demonstrating the ability to track the
reference trajectory. The position error of the motor
relative to the trajectory, with exmax=0.8mm, meets
the specified quality criteria.
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Figure 5:The speed response of the motor.

Meanwhile, the motor speed tracks the set speed
during the motor's movement.
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However, speed fluctuations during movement are
caused by limited number of current vectors used in
inner-loop controller, as shown in Figures 5.
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Figure 6:Response of current id
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Figure 7:Response of current iq

In order to reduce computational load, prediction
horizon and number of voltage vectors used are
limited. In simulation results with a prediction
horizon of N = 2 and number of voltage vectors
used n = 13, results in Figures 6 and 7 demonstrate
rapid response capability of current controller to
changes in reference value.

4. Conclusion

This paper presents a proposed control structure
with two control loops: speed and position loop, and
current loop. In this structure, outer loop is
designed using a PI controller to stability position
and velocity. Meanwhile, inner loop (current loop) is
designed using FCS-MPC controller to respond
quickly to changes in current under low stator
inductance conditions. Simulation results
demonstrate that combination of two loops
significantly improves overall system response.

In particular, it overcomes the fundamental
drawback of traditional PID controllers.
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