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Abstract: This article proposes a control strategy based on a Constrained Control Set Model Predictive Controller 

(CCS-MPC) to optimize the control signal while adhering to output limitations. A mathematical model of the 

tubular linear motor is introduced as the foundation for the controller design. The controller focuses on the 

internal control loop, which is directly affected by the converter's limitations. The performance of the proposed 

controller is validated through simulations in MATLAB/Simulink, demonstrating its effectiveness with a current 

response time of less than 200 µs. 
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1. Introduction 

In recent years, various types of linear motors have 

been extensively studied. The primary advantage of 

these motors is their ability to generate direct 

translational force without requiring mechanical 

transmission structures. This characteristic eliminates 

intermediate mechanisms, reduces the size of the drive 

system, enhances precision, minimizes energy loss, and 

lowers costs and maintenance expenses [1-3].  
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Similar to rotary motors, traditional control 

strategies such as Field Oriented Control (FOC), Direct 

Torque Control (DTC), and V/f control have been 

applied to linear motors [4 - 9]. However, nonlinear 

effects such as end effects and slot effects pose 

significant challenges for linear controllers like the PI 

controller [10 - 12]. As a result, advanced controllers 

have been developed and implemented. In particular, 

sliding mode controllers based on Lyapunov stability 

principles have been successfully applied, 

demonstrating fast response and stability under load 

variations while mitigating undesirable effects [13 - 16]. 

However, these controllers require precise model 

parameters to generate appropriate control signals. To 

address model uncertainties, observer-based 

controllers have been employed [14 - 17], and machine 

learning models have also been used to estimate model 

parameters [18 - 19]. Most existing control solutions 

assume that the power converter behaves as a 

proportional gain system with a constant amplification 

factor. However, power converters are limited by 

switching vectors and the DC-Link bus voltage, which 

constrain control signals. This directly impacts the 

performance of the inner-loop current controller. 

Therefore, an optimal selection of control signals is 

essential. 
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In this paper, a CCS-MPC control structure is 

developed to optimize control signals while 

considering output constraints. The next section 

presents a mathematical model of the tubular linear 

motor as the foundation for designing the proposed 

controller. Finally, a simulation model is built in 

MATLAB/Simulink to validate the controller’s 

effectiveness.  

The remaining paper organized into various 

sections. Section 2 about the suggested discrete 

controller, Section 3 simulation results and in Section 4 

the conclusions are presented. 

2. Proposed Discrete Controller 

2.1 Mathematical Model 

A tubular linear motor consists of a slider acting as 

the rotor and windings acting as the stator as in Fig. 1 

(a). The stator comprises windings wound around the 

main drive shaft, while the rotor consists of axially 

magnetized permanent magnet segments arranged in 

sequence. The motor moves flexibly along its axis. The 

internal structure and key parameters of the linear 

motor are depicted in Fig. 1 (b).Each pole pitch has a 

length of 𝜏 and consists of three-phase windings (a, b, 

c). The width of each winding is one-third of the pole 

pitch. In linear motors, the magnetized section of the 

rotor is designed to be longer than the stator to ensure 

uniform flux distribution across the stator windings. 

The effective interaction length between the stator and 

rotor is denoted as 𝑙eff, and the rotor diameter 𝐷 must be 

smaller than the stator diameter. 

 
(a) 

 
(b) 

Fig. 1: Tubular linear motor 

The mathematical model of the tubular linear 

motor is based on electromagnetic principles and is 

expressed in the dq reference frame as follows (1) [20]. 

d d s
d r q

s s

q q s r
q r d f

s s s

di u R
i i

dt L L
di u R

i i
dt L L L

      (1) 

Where: 𝑖𝑑, 𝑖𝑞 and 𝑢𝑑, 𝑢𝑞 are current and voltage on 

dq-coordinate, respectively; 𝜓𝑓 is the flux linkage 

generated by the rotor’s permanent magnets; 𝜔𝑟  is the 

rotor’s angular velocity, given below, 

r
v  

where v is the linear velocity of the rotor. 

The thrust force is given by (2)  

3

2T F d q q d

p
F k i i                (2) 

Where p is the number of pole pairs, and kF  is the 

thrust coefficient, 
d q

 are the d-axis and q-axis 

magnetic flux components of the permanent magnets. 

For controller design, the system equations (1) are 

rewritten in matrix form as below, 
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Equation (3) describes the electrical part of the 

tubular linear motor in the dq coordinate system, 

rotating synchronously with the motor's rotor. For the 

convenience of the controller design process, we choose 

the d-axis to coincide with the magnetic flux axis of the 

rotor's magnet. Therefore, the motor model (2) and  (3) 

can be rewritten as follows (4) and (5), 
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dq

dq dq qd r f r

d

dt

i
Ti Lu Wi P            (4) 

and 

3

2T F f q

p
F k i                                                     (5) 

In equation (5), the thrust is determined solely by 

the current iq. Therefore, a control structure based on 

the principle of rotor magnetic flux will be introduced 

in the next section. 

2.2 Controller Design 

By aligning the dq reference frame with the rotor 

flux, a cascade control structure is developed: an outer 

speed control loop and an inner current control loop. 

The proposed control strategy is illustrated in Fig. 2. 

The speed control loop is designed using conventional 

algorithms, while the current control loop accounts for 

the discrete nature of the current and converter 

limitations. As with traditional control strategies, PI 

controllers are used for the speed and position loops. 

However, the current loop requires improvement for 

enhanced performance, using an advanced algorithm. 

An FCS-MPC controller is implemented to address 

these challenges. The controller design steps are 

presented. Using a Taylor series expansion, the discrete 

model is obtained as (6) 

1

             
dq dq s dq s dq

s qd r s f r

k k k k

k k k

i i T i L u

W i P
      (6) 

Where: 
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Ts is the sampling time of the current, typically 

equal to the carrier frequency of the converter. From the 

discrete model (6), we can rewrite it as follows (7) 

Φ

1
dq dq s dq s qd r

s dq s f r

dq s dq s f r

k k k k k

k k

k k k

i i T i W i

L u P

i L u P

    (7) 

Where  

  Φ
s s s r
T kI T W  

Based on the discrete model (7), a current 

estimation model is created as follows (8) 

Φ

1 |

|

est
dq
est
dq s dq s f r

k i k

k i k k k

i

i L u P
          (8) 

Where est
dq dq
k ki i  s the current at the kth 

sampling time; 
dq
k iu  is the next control signal at 

the 𝑖th, with a prediction range N.  

 
Fig. 2: The proposed control strategy. 



International Transactions on Electrical Engineering and Computer Science 

N. T. Thanh et.al., Vol: 4, No: 1, pp: 25-31, March 2025 

28 

 

The purpose of the controller is to find an optimal 

control value. To achieve this, we select a quadratic cost 

function, expressed as follows (9) 

1

N
ref est ref est

dq dq dq dq
i

J k i k ii i Q i i      (9) 

where 
0

0 1
Q is a positive definite diagonal 

weight matrix, the coefficient 
d

 is the weight of the 

error in the objective function 𝐽. And ref
dq
i are the output 

of the speed controller. The control voltage 𝑢𝑑𝑞  is 

constrained by the inverter modulation strategy using 

Space Vector Modulation (SVM), with six fundamental 

voltage vectors forming a hexagonal boundary as 

shown in Fig. 3. With this method, the modulation 

values will be normalized to form a vector: 
T

s a b c
u u uu where , , 1

a b c
u u u . 

 
Fig. 3: Vectors control 

Therefore, the control signal us is constrained by the 

inscribed circle within the hexagon (Fig. 3) and satisfies 

the following condition: 

con s con
A u B     (10) 

where 

1 1/ 2 1/ 2 1 1/ 2 1/ 2

1/ 2 1/ 2 1 1/ 2 1/ 2 1

1/ 2 1 1/ 2 1/ 2 1 1/ 2

T

con
A  

and 

1 1 1 1 1 1
T

con
B  

where 
con
A  and 

con
B  define the inverter limits. 

Applying the Park transformation for equation (10), the 

control constraints are formulated as (11) 

con dq con
A Tu B                                    (11) 

Where: 

cos sin

cos 2 / 3 sin 2 / 3

cos 2 / 3 sin 2 / 3

T  

Substituting (8) into (9), we obtain the condition for 

the control signal udq with the constraint (11), 

Φ

min

2

T T

dq dq
T
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dq f dq dq
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J k k

k k C
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i h i QHu
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       (12) 

Expression is the condition for determining the 

control signal udq for the current control loop. By 

applying optimization algorithms to solve the system 

of equations as (12), the desired optimal control signal 

is obtained. 

3. Simulation Results 

To validate the proposed controller, a simulation 

model was built in MATLAB/Simulink using the motor 

parameters presented in Table. 1. The simulation 

results will be performed with two test scenarios: a test 

with the independent current controller and a test with 

a position, speed, and current controller. 

Table. 1: Motor parameters 

Motor parameters Symbol Value Unit 

d-axis stator 

inductance 
Lsd 1.4 mH 

q-axis stator 

inductance 
Lsq 1.4 mH 

Stator resistance Rs 10.3 Ω 

Rotor flux ψp 0.035 Wb 

Number of pole pairs zp 2  

Pole step τp 0.02 m 
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Case 1: simulation with the independent current 

controller. 

The simulation scenario was conducted with 

variations in both currents 𝑖𝑑 and 𝑖𝑞 . Variation of 𝑖d at t 

= 0.025s the reference current id was changed 1ref

d
i A , 

at t = 0.075s the reference current id was changed 

1ref

d
i A . Variation of iq: at t = 0s the reference current 

iq was changed 1ref

q
i A , at t = 0.005s the reference 

current iq was changed 1ref

d
i A . 

 
Fig. 4: Response of current iq 

 
Fig. 5: Response of current id 

The current response results for id and iq in Fig. 4 

and Fig. 5 shows the cross-coupling effects. However, 

these effects only occur during the transient phase. The 

current response was measured under two conditions: 

when id changes while iq remains constant and when iq 

changes while id remains constant. A response time of 

under 200µs was observed in both cases. These results 

validate the tracking performance of the proposed 

controller. 

Case 2: Simulation with the all controller 

A simulation scenario was designed to evaluate 

the system's response.  This involved a straight-line 

trajectory with a constant speed of 200 mm/s to ensure 

trajectory differentiability.  The motor first moved from 

0 mm to 100 mm in 0.5 seconds, then held that position 

for 1 second.  Finally, the motor returned to 0 mm in 0.5 

seconds, again at 200 mm/s.  A load force of 10 N was 

applied at t = 1s. 

 
Fig. 6: The position response of the motor 

 
Fig. 7: The error position of the motor. 

Fig. 6 shows the motor's trajectory and response, 

demonstrating its ability to track the reference 

trajectory.  The maximum position error exmax = 0.3 mm 

meets the specified performance criteria (Fig. 7). 

 
Fig. 8: The speed response of the motor. 

 
Fig. 9: Response of current id 
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Fig. 10: Response of current iq 

The fast current convergence enables the outer loop 

controller to achieve the desired quality response 

rapidly (Fig 8). Fig. 9 and Fig. 10 show the current's 

response time to outer loop controller changes. The 

current loop's reaction is virtually instantaneous 

concerning changes directed by the speed loop. 

4. Conclusion 

In this paper, a control strategy for a tubular linear 

motor has been proposed and developed. The 

constraints imposed by the limitations of the power 

converter have been analyzed and mathematically 

formulated. Additionally, the discrete model of the 

motor has been presented. Based on this foundation, a 

Constrained Control Set Model Predictive Controller 

(CCS-MPC) has been applied. The proposed controller 

has demonstrated its effectiveness through simulation 

results, achieving a current response time of less than 

200µs. These results are promising for future 

applications in experimental models.  
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