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Abstract—Linear induction motors are superior to rotary 

induction motors in direct drive systems because they can 

generate direct forward thrust force independent of mechanical 

transmission. However, due to the large air gap and cut-open 

magnetic circuit, their efficiency and power factor are quite low, 

which limit their application in high power drive systems. To 

attempt this challenge, this work presents a system-level 

optimization method for a single-sided linear induction motor 

drive system. Not only the motor but also the control system is 

included in the analysis. A system-level optimization method is 

employed to gain optimal steady-state and dynamic 

performances. To validate the effectiveness of the proposed 

optimization method, experimental results on a linear induction 

motor drive are presented and discussed.  

 
Index Terms—Efficiency optimization control, linear inductor 

motor, system loss model, system-level optimization. 

 

I. INTRODUCTION 

INEAR induction motors have been applied as traction 

drives in transportation systems. They have some merits 

over rotary induction motors (RIMs), such as less mechanical 

loss and higher acceleration and deceleration. Up to now, there 

are more than 20 commercial linear metro lines in the world, 

such as the linear metro in Japan and the Beijing airport rapid 

transport line in China [1-3]. 

As a type of linear induction motor, single-sided linear 

induction motor (SLIM) has been attracted much attention 

recently. However, the efficiency and power factor of SLIM are 

generally lower than those of RIM due to the large air gap and 

cut-open magnetic circuit, which limit its application in high 

power drive systems. These are two major challenges for the 

wide application of SLIMs. A lot of research efforts have been 

directed towards the optimum design of high-efficiency SLIM 

and its drive for transportation systems [4-7]. 

There are two popular ways to optimize the performance of 

SLIM, particularly the efficiency. The first one is the optimum 

design of SLIM through the investigation of the motor 
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electromagnetic field and the equivalent circuit model (ECM) 

[1,5]. The second one is the development of optimal control 

algorithm for SLIM drive, for example, development of 

efficiency optimization control (EOC) algorithm to improve the 

efficiency in the operation of SLIM [5-9]. 

For the motor optimization design, ECM of SLIM is a key 

issue. The more accurate the ECM is, the better optimization 

results one can expect to obtain. However, ECM of SLIM is 

much more complicated than that of RIM due to the large air 

gap and cut-open magnetic circuit. For the control optimization 

design, loss model is always required and the control 

performance highly depends on the accuracy of the loss model. 

Most loss models include copper loss and core loss only, and do 

not take the loss of control system into account. Thus, the 

efficiency improvement is limited. 

Apart from the aforementioned problems for the motor and 

control sides separately, another challenge for the efficiency 

optimization is the investigation of the whole drive system 

rather than the motor itself. Motors and controllers are 

generally integrated into drive systems, such as in-wheel motor 

and SLIM drive systems. Compared to the optimization of each 

part, the optimization of the whole drive system is more critical 

because assembling individually optimized components into a 

system cannot necessarily ensure an optimal system 

performance. Thus, a system-level optimization method is 

required to obtain an optimal SLIM drive system. 

Regarding the system level design optimization of electrical 

drive systems, this is a new and challenging topic in both 

research and industry because multi-disciplinary analysis and 

high-dimensional optimization are always involved [10-15]. 

The effectiveness of the system level optimization method 

highly depends on the accuracy of the developed model and the 

efficiency of the employed optimization strategies.  

This paper is organized as follows. Section II introduces the 

ECMs for the SLIM. Section III presents system loss model and 

an improved EOC strategy for the SLIM. Section IV presents 

the system-level optimization method for the SLIM drive 

system. Experimental results for the improved EOC and the 

system-level optimal scheme are provided in Section V, 

followed by the conclusion. 

II. SLIM EQUIVALENT CIRCUIT MODEL 

Fig. 1 shows a typical SLIM drive structure and system 

diagram. As shown, the SLIM primary is hanged below the 

redirector, which is supplied by the inverter on the vehicle. The 

secondary is flattened on the railway track, which consists of a 
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copper/aluminium conductive plate and a back iron. Fig. 2 

illustrates the structure of an SLIM. As shown, large air gap 

length and cut-open magnetic circuit are typical characters in 

SLIM due to the machinery principle. For the analysis of SLIM 

dynamic model, ECMs are required and presented as follows. 

Fig. 3 shows a per-phase ECM of SLIM. In the model, Rs and 

Lls are the primary resistance and leakage inductance, Rcon and 

Rback the secondary conductive plate and the back-iron 

resistances, Llr and Lm the secondary leakage inductance and the 

magnetizing inductance, respectively. This ECM is developed 

based on the magnetic equations of the air gap. Among these 

parameters, the mutual inductance and the secondary resistance 

are influenced by the edge and end effects greatly, which can be 

revised by four relative coefficients, Kr, Kx, Cr and Cx to 

improve the accuracy of the ECM.  These four coefficients are 

obtained based on the using of the equal complex power 

relationship between the electrical circuit and the magnetic 

field. The comprehensive derivations of the four coefficients 

can be found in our previous work [1, 5-7]. 

 

 
Fig. 1. A diagram of the SLIM drive system. 
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Fig. 2. The structure of SLIM. 
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Fig. 3. The per-phase ECM of SLIM. 

 

III. SYSTEM LOSS MODEL AND IMPROVED EOC 

A. System Loss Model 

There are two major losses in the SLIM drive system, motor 

and inverter losses. They will be investigated separately and 

combined into a system loss model. 

Firstly, based on secondary field oriented control (FOC) 

strategy, the secondary flux linkage is oriented to d-axis, thus 

ψqr=0. Then, the motor losses can be obtained as 

2 2 4 6

1 2 3 4 5_loss SLIM dr dr dr dr
P a a a a a   − − −= + + + +            (1) 

 

where a1, a2, a3, a4 and a5 are the SLIM loss coefficients [6]. 

Secondly, inverter loss includes conduction loss and 

switching loss. The inverter losses are obtained as 

 
2

1 1 2 1_loss inv
P n f n f= +                           (2) 

 

where n1 and n2 are the inverter loss coefficients, and f1 the 

function of secondary flux linkage, as given by 

 

2 2

1 1 2 3dr dr
f     −= + +                       (3) 

 

where μ1, μ2 and μ3 are three coefficients [16]. 

Thirdly, by combing the losses generated by the motor and 

inverter, the system losses can be calculated by the following 

equation. 

 
2 2 4 6

1 1 1 2 3 4 5_loss sys dr dr dr dr
P n f b b b a a   − − −= + + + + +        (4) 

where b1, b2 and b3 are three coefficients [6,16]. 

B. Improved EOC for SLIM Drive 

Based on the system loss model, an improved EOC can be 

developed as shown in Fig. 5. As shown, the total structure is 

similar to FOC strategy, where thrust force and flux linkage are 

decoupled. The optimal flux can be obtained by minimizing the 

system losses of (4). However, it is hard to obtain the analytical 

solution due to the high-order of the flux linkage. Therefore, the 

numerical algorithm, Newton- Raphson method, is employed in 

this work [6]. 
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Fig. 4. Diagram of the proposed EOC control strategy. 

IV. SYSTEM-LEVEL OPTIMIZATION METHOD 

To improve the performances the investigated SLIM and 

other motor drive systems, optimization is necessary. Many 

optimization methods have been developed and applied 

successfully for electrical machines, such as intelligent 

optimization algorithms, multilevel/sequential optimization 

methods, and multidisciplinary optimization methods [17-22]. 

This section will introduce an efficient optimization method for 
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the investigated SLIM drive system.  

A. Optimization Method 

A SLIM drive system integrating SLIM and improved EOC 

control system is studied in this part to illustrate the proposed 

design optimization method. For the optimization 

objectives/constraints of this drive system, efficiency, power 

factor, thrust, output power and dynamic responses of speed 

and thrust are the main considerations. In this work, fourteen 

parameters including eight motor parameters as shown in Fig. 5 

and six control algorithm parameters as shown in Fig. 4 (PI 

controller parameters) are included in the optimization. 

These parameters are significant to the performance of the 

system from previous experience. For example, the slip 

frequency affects the secondary equivalent circuit directly, 

resulting in big differences in efficiency, power factor, and 

thrust. For another example, the primary width has significant 

effects on primary resistance, leakage reactance, and 

magnetizing reactance. It can change the transversal 

edge-effect coefficients, too. Fig. 6 illustrates the responses of 

efficiency, power factor, thrust, and output power in terms of 

these two design parameters. As shown, all are nonlinear. 

There are two popular strategies to solve this kind of 

high-dimensional system-level optimization problem. The first 

one is the single-level method, which optimizes all motor and 

control parameters at the same time. However, this strategy is 

not efficient for this SLIM drive system. Though the motor 

optimization is based on the ECM, the dynamic response, such 

as speed and efficiency are estimated based on the Simulink 

model in MATLAB, which is time-consuming. For example, if 

genetic algorithm (GA) or differential evolution algorithm 

(DEA) is applied, around 14,000 (14*5*200) simulation calls 

are required for this single-level optimization strategy. 

Therefore, multi-level optimization strategy is employed in this 

work to improve the optimization efficiency [17,19-20]. 

Fig. 7 illustrates the flowchart of the proposed multi-level 

optimization method for this SLIM drive system. As shown, a 

three-level optimization structure is proposed, namely motor 

level, control level, and system level. 

Level 1 – Motor level. The aim of this level is to optimize the 

steady-state performance of the SLIM. Besides, there are also 

specific physical limitation for the motor design considering 

the real SLIM in linear metro and the constraints of the 

laboratory. 
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Fig. 5. Optimization parameters illustration of the SLIM. 
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Fig. 6. The primary width and slip frequency and their effects on efficiency (a), 

power factor (b), thrust (c) and output power (d). 

 

For example, the mechanical air gap is fixed at 10 mm which 

is the same as real SLIM in linear metro; the primary width and 

secondary width are bounded up to 150 and 180 mm. 

respectively; the pole pitch is limited to be smaller than twice of 

the primary width. In terms of the design specifications, the 

optimization model is defined as follows. 
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where xm stands for the motor design parameters, ηm is the 

motor efficiency, cosφ the power factor, P2 the output power, 

and Jc the primary current density. The equations for estimation 

these performance parameters are based on the impedances of 

the elements in the per-phase ECM and the complex power [1]. 

As shown, the main target of this level optimization is to obtain 

the maximal efficiency and power factor of the SLIM with the 

limitations/specifications mentioned above. For the 

implementation of optimization, the DEA is applied as the 

optimization algorithm to optimize eight structural parameters 

of SLIM as shown in Fig. 5, based on the per-phase ECM. 

     Level 2 – Control level. This level aims to optimize both the 

steady-state and dynamic performances of the control system. 

A control period including SLIM starting process (FOC) and 

switching process of the control strategy (from FOC to 

improved EOC) is investigated and optimized in this level. 

 



 
Fig. 7. Multilevel optimization flowchart for the SLIM drive system. 
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Fig. 8. System dynamic response after optimization, (a) efficiency, (b) speed. 

 

The objective is to optimize the average efficiency of the 

drive system with the improved EOC in the steady-state while 

keeping the dynamic performance of the drive system. The 

dynamic performance includes the speed overshoot in the 

starting process and changing processes of the control strategy. 

The optimization model is defined as 
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where σ means the standard deviation, ωos is speed overshoot. 

For the optimization, the DEA is applied to optimize six control 

algorithm parameters based on the Simulink model of the 

improved EOC as illustrated in Fig. 4. 

Level 3 – System level. This level aims to evaluate the 

system performance and output the optimization results. If the 

optimal scheme meets the requirements/specifications, end the 

optimization and output the results, otherwise, return to level 1 

and implement the optimization process again. 

B. Optimization Results 

Fig. 8 shows the dynamic performance including efficiency 

and speed of the SLIM drive system after optimization. As 

shown, the system efficiency is increased greatly when the 

improved EOC is applied. The speed overshoot is quite low for 

both starting and control switching processes. Meanwhile, as a 

SLIM will be manufactured as a prototype. Table I lists the 

optimization results for the motor.  
 

TABLE I 

OPTIMIZATION RESULTS OF SLIM 

Par. Description Unit Initial Optimal 

ht Slot depth mm 30.5 26.0 

bs Slot width mm 10.5 11.2 

bt Tooth width mm 5.3 4.4 

ha Yoke height mm 35.0 45.0 

a1 Primary width mm 130.0 130.0 

sf Slip frequency Hz 10.0 9.8 

c1 SCPW mm 180.0 180.0 

d SCPT mm 6.0 5.2 

F Thrust N 284 277 

η Efficiency % 48.53 48.74 

cosφ Power factor --- 0.48 0.52 

Obj. Objective --- 0.23 0.25 

V. EXPERIMENTAL VALIDATION 

Fig. 9 shows an experimental platform. Experimental results 

are presented to validate the performances of the proposed 

improved EOC and the optimized whole drive system. The 

results are presented as follows. 
 

 
Fig. 9. The experimental platform of the SLIM. 

 

A. Improved EOC 

To show the advantages of the improved EOC, two groups of 

experiments are conducted.  

Fig. 10 shows the measured loss and efficiency for FOC and 

improved EOC under various loads. Due to the limit of the 

platform (mainly the limit of dc-link voltage), the SLIM is not 
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able to run at high speed (i.e., 10 m/s) with heavy loads (i.e., 

more than 50% rated load). Therefore, the test speed is fixed at 

5 m/s to obtain the results under various loads. As shown, the 

losses generated by improved EOC are smaller than those by 

FOC for all motor, inverter and drive system. Thus, the 

efficiencies of motor, inverter and drive system have been 

increased by using improved EOC. Another conclusion can be 

drawn from this comparison is that the ratio of the decreased 

system loss is reduced with the increase of the thrust. For 

example, the system loss can be decreased by 41.04% 

(275/670) if the thrust is 67 N, while only 2.83% (43/1521) if 

the thrust is 267 N. 

 
Fig. 10. Measured loss and efficiency for FOC and IEOC under various loads, 

(a) motor loss, (b) motor efficiency, (c) inverter loss, (d) inverter efficiency, (e) 

system loss, (f) system efficiency. 

 

Fig. 11 shows the measured loss and efficiency for FOC and 

improved EOC under various speeds (1-10m/s). In the 

experiment, a load of 80 N (~30% of full load) is applied to the 

system. As shown, the loss can be decreased effectively, and 

the efficiency can be increased greatly (averagely 9.96%) by 

using the improved EOC. 

Based on these comparisons, it can be seen that the improved 

EOC can effectively increase the efficiency of SLIM drive 

system. This aligns with the theoretical analysis in section III as 

well. For the loss model developed based on the equivalent 

model of SLIM drive, there exists a unique optimal solution to 

the loss model. Thus, the optimal solution iteratively obtained 

by the improved EOC method corresponds to the minimal loss, 

operating point. Consequently, the improved EOC method can 

increase the SLIM drive efficiency theoretically. 
 

 
Fig. 11. Measured loss and efficiency for FOC and IEOC under various speeds, 

(a) motor loss, (b) motor efficiency, (c) inverter loss, (d) inverter efficiency, (e) 

system loss, (f) system efficiency. 

 

B. Optimal SLIM Drive System 

For this experiment, an operation period consisting of two 

processes is investigated as mentioned in the optimization 

model. FOC starts at time 5 s under 25% of full load, and then 

improved EOC applies at 20 s under the same load. Fig. 12 

shows the responses of speed and thrust. As shown, the speed 

overshoot is quite low, meaning good dynamic performance. 

Fig. 13 illustrates the losses of motor and inverter. As shown, 

the losses of motor and inverter have been decreased greatly by 

using improved EOC control method. 

Quantitatively, the average losses of motor and inverter in a 

steady-state period are listed in Table II. As shown, the motor 

loss has been decreased by 42.62% (from 657 to 377 W), the 

inverter loss has been decreased by 38.04% (from 92 to 57 W). 

Based on them, the calculated motor efficiency is increased to 

47.05% and inverter efficiency is increased to 92.59% when the 

improved EOC is applied. The system efficiency is increased to 

43.56%, which is a big improvement compared with that of 

FOC (30.90%). Meanwhile, the inverter efficiency is observed 

to be optimized slightly compared to the original one. The main 

reason is that the inverter efficiency is comparatively high, and 

it is generally difficult to be optimized. Thus, a slight 

promotion of inverter efficiency is expected to be of great 

significance for high power SLIM drives. 

 



 
Fig. 12. Dynamic response of speed and thrust for the optimized drive system 

(with improved EOC applied at time of 20s). 

 

 
Fig. 13. Losses of SLIM and inverter for the optimized drive system (with 

improved EOC applied at time of 20s). 

 

TABLE II 

COMPARISON OF AVERAGE LOSS AND EFFICIENCY FOR  

THE OPTIMIZED SLIM DRIVE 

Method 
Loss (W) Efficiency (%) 

Motor Inv. Motor Inv. 

FOC 657 92 33.77 91.51 

IEOC 377 57 47.05 92.59 

VI. CONCLUSION 

This work presented a system-level optimization method for 

a SLIM drive system in metro application. To obtain reliable 

optimization results, an improved EOC was introduced as the 

control algorithm based on the system loss model. A multilevel 

optimization strategy was applied to the drive system 

optimization to improve the optimization efficiency. 

Simulation and experimental results were presented to show the 

efficiency of the proposed method. As shown, the optimal 

SLIM drive with improved EOC has better steady-state and 

dynamic performances than driven by the conventional FOC. In 

addition, the proposed method can be extended to other 

applications of linear motors. 
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