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Abstract:The field-oriented control (FOC) has been successfully applied to permanently excited linear motors 

in high-quality drive systems. With this control method, the system kinematics is enhanced, and the upper limits 

of thrust and acceleration are increased. Accordingly, the accuracy of the position response will be improved. 

For the FOC method, the stator current control loop of the system plays a major role in the quality of the system. 

This paper introduces a current vector dead-beat control for Polysolenoid linear motors with fast, accurate, and 

decoupling characteristics. Numerical simulations demonstrate the advantage of the proposed algorithm. 
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1. Introduction 

Linear motors produce direct linear motion without the need for intermediate mechanisms such as belts 

and screws. The basic principle of a linear motor is to generate linear motion directly from electrical energy, 

wherein the part that produces the rectilinear motion can be a primary part (stator side) or a secondary part (rotor 

side) [1-4]. Polysolenoid linear motor is a particular case of permanently excited linear motor, with tubular 

construction. The working principle of the Polysolenoid motor has been presented in [1-5].  

For control of permanently excited synchronous linear motors, different techniques have been 

presented. Model predictive control [6-8], flatness-based control [9], and exact linearization controller [10] were 

proposed to decouple the controller of the nonlinear model in the transition state space. In [11], a state observer 

was developed to observe the velocity and position to compensate the control signal with uncertainty affecting 

the system. In [12-15], sliding mode control was designed to control the position of linear motors. In [16], a 

fuzzy PID controller was implemented for the speed loop to improve system response performance. The study in 

[17] combined the advantages of adaptive control and fuzzy PID to reduce the speed overshoot. Integrated 

iterative learning and a PID controller to control the position with the imprecise model of the linear motor were 

introduced [18].  

These studies mentioned above, however, only focus on reducing the steady-state position error. 

Meanwhile, the issue of shortening the transient time has not been adequately addressed. To improve the 

transient time of the FOC control system, the current loop with the fast kinematics plays a decisive role [19, 20]. 

This paper introduces a current dead-bead control, ensuring fast and accurate response as well as eliminating the 

interaction between magnetization and force generation. 

 

2. Mathematical Model of the Polysolenoid Motor 

The Polysoleniod motor works on the principle of electromagnetic induction, with the primary part 

being two coils placed 90 degrees apart as shown in Figure 1. The mathematical model of the motor is given as 

[7]: 
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In a linear motor, the current loop has the same properties as a force loop. The responsiveness of the 

current loop, which is the innermost loop, is decisive to the control quality of the system. 
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Figure 1: Polysolenoid Typed Permanent Excitation Linear Motor [1,2]. 

 

3.Design of Current Controller 

From the continuous-time model of the motor (1), the descrete-time state model of the current on the 

𝑑𝑞 coordinate system is derived as below: 
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By using the first-order Euler approximation, equation (2) is rewritten as 

( ) ( ) ( )1dq dq dq pk k k + = + +i Φi Hu h  (3) 

in which 
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Where sT is the current sampling time. For electric motors, the kinetics of the current is much faster 

than the speed and Ts is very small, so the composition ( )e k  in the matrices ,Φ h  is assumed to be constant 

for the time period Ts. 

Transforming (3) into z domain yields: 

( ) ( ) ( )dq dq dq pz z z z = + +i Φi Hu h (4) 

To eliminate the influence of the flux component in equation (4), the control voltage is designed as 

( ) ( )1 1dq pk k −  = − − u H x h (5) 

Where ( )kx  is the output of the controller, ( )1k −x  represents a hardware-induced one-cycle delay. To 

calculate the voltage of the current cycle ( )dq ku , we use the output of the previous cycle ( )1k −x .  

Substituting (5) into (4), we get the compensated current model as 

( ) ( ) ( )1

dqz z z z−− =I Φ i x  (6) 

The adjustment equation in z-domain is as below: 

( ) ( ) ( ) ( )*

dq dqz z z z = − Ix R i i  (7) 
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Where ( )zIR  is the current controller to be designed. 

Choose a polynomial matrix as 
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We select a matrix 
I

R  as follow and prove that the controller according to (7) produces a finite 

response of the closed system: 

( ) ( ) ( ) ( )
1
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To prove, replacing (9), (7) in (6) we get: 
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Since the matrix ( )z −I Φ  is invertible: 
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From (10) we have: 
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G P I P  is the transfer function matrix, we see that ( )1

h z−G  is in 

the diagonal form: 
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Moving ( )dq zi in (11) from right to left in equation, we get: 

( ) ( ) ( )1 1 *

dq dqz z z z− −=i P i (13) 

In (13), due to the matrix P  is chosen diagonally, the proposed controller (6) has ensured the 

decoupling between sdi  and sqi . Furthermore, since 1 2,P P  have the corresponding degree 1 2,n n , the response of 

the closed system according to (13) will be finite after 1 21, 1n n+ +  periods, respectively. 

To eliminate control error, the closed-system transfer function must be equal to the unit matrix I  at the 

steady state. From (13) we have: 

( ) ( )1 21 1 1P P= = (14) 

That is, the sum of the coefficients 
1 2,P P  must equal one. 

 

 
Figure 2: Block Diagram of Stator Current Dead-Beat Control on Coordinates Coupled 

with Rotor Magnetic Flux. 

 

Substituting (8) into (9), we obtain the differential equation of the controller as below: 
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From the component ( ) ( )1

11 1z P z−−  in (15), we see that the free component in ( )1

1P z− must be zero 

to ensure the feasibility of equation (3). 

To create the same kinematics for both the 𝑑 and 𝑞 axes, we choose: 
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Accordingly, the output of the controller (7) has the following form: 
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Where 
* *,d d d q q qe i i e i i= − = − . To implement the algorithm, (17) is written in the form of the 

differential equation as  
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The stator voltage is computed according to (5) as 
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Kinematics for both the 𝑑 and 𝑞 axes, we choose: 

 

4.Simulation Results 

This section presents simulation result of the designed control algorithm. The motor parameters are 

given in Table. 1. To evaluate the performance of the dead-beat current regulator, an incremental reference with 

outer loop sampling time Tws = 5Ts, N = 2. Responses of the dead-beat controller designed in (19) are shown in 

Figures 3 and 4. These figures depicts that the 𝑖𝑞 and 𝑖𝑑 current values are controlled completely independently, 

demonstrating the decoupling capability of the controller. The responseability of the controller within N = 2 

sampling cycles validates the correctness of the design method. 

 

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 Pair zp 2  

Pole Step τp 0.02 m 
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Figure 3: The d-Axis Current Response of the Deadbeat Controller. 

 

 
Figure 4: The q-Axis Current Response of the Deadbeat Controller. 

 

With the advantage of fast current response, a cascade control structure is designed as shown in Figure 

5 to validate the ability of the controller to work with a real system. Parameters of the speed and position 

regulators are given in Table 2. For the designed control structure, the velocity and position responses, as 

depicted in Figures 6, 7, 10, and 11, show the excellent workability of the current controller with different outer 

loop controllers. The speed and position regulator parameters can be varied over a wide range in response to 

different loads and trajectories. In the simulation case, the objective is to reduce the tracking error, as 

demonstrated in Figures 8 and 9. This mainly depends on the response of the current controller. Therefore, the 

dead-beat controller can work well with different outer loop controllers. 

 

 
Figure 5: Structure of the Control System. 
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Table 2: Control Parameters 

Control Parameters Symbol Controller 1 Controller 2 

Proportional Gain of the Position Controller kpp 40 100 

Proportional Gain of the Speed Controller kpω 0.1 0.1 

Integral Gain of the Speed Controller kiω 10 20 

 

  
Figure 6: Position Response of the Outer Loop 

Controller 1. 

Figure 7: Position Response of the Outer Loop 

Controller 2. 

  
Figure 8: Position Error of the Outer Loop 

Controller 1. 

Figure 9: Position Error of the Outer Loop 

Controller 2. 

  
Figure 10: Speed Response of the Outer Loop 

Controller 1. 

Figure 11: Speed Response of the Outer Loop 

Controller 2. 

 

5. Conclusions 

The dead-beat control method designed for the Polysolenoid motor current loop has ensured accurately 

impose of the stator current after a finite number of sampling cycles. Besides, this method provides the ability to 

separate two current components on the 𝑑𝑞-coordinate system. The 𝑑-axis component generates flux, and the 𝑞-

axis part generates thrust in a linear motor. This is validated by successfully controlling a current loop with a 

finite response time and no overshoot, which increases the dynamics and reduces the response time of the 

system. In the ongoing study, experimental validation will be conducted to validate the control algorithm in 

practice. 
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