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Abstract. A contactless energy transmission system is essential to supply onboard systems of 

magnetically levitated vehicles without physical contact to the guide rail. This paper introduces a 

contactless power supply (CPS) where the primary is integrated into the guide rail of an 

electromagnetic guiding system (MGS). The secondary is mounted onboard the elevator car. The 

advantages of this system when compared to existing energy transmission systems are the low 

requirement of construction space and reduced costs. 

Introduction 

Electromagnetically levitated vehicles require a contactless power transmission to overcome the air 

gap between a fixed guide way and the moving part without sliding contacts or travelling cables to 

power onboard components. Hereby their benefits e.g. wearless operation, are augmented. Fast 

moving vehicles, e.g. maglev trains are able to consume power via harmonics induced by the 

propulsion device mounted to the guide way [1]. A slow moving elevator requires a separate 

transmission system which yields further cost and requires additional construction space. 

In contrast to apply a continuous energy transmission, which means an increase amount of copper 

alongside the track, a discrete charging of an onboard energy storage system is possible. In automotive 

sector one can find such applications [2, 3]. Previous studies to minimize both, cost and space are 

based on an integrated solution of guiding and power transmission, where the same flux path is used 

for both operations [4, 5]. This paper presents a topology, in which a soft-ferrite actuator with coils 

around its lateral arms is integrated into in the guide rail of a MGS. An identical secondary actuator is 

mounted onboard the elevator car. When the position of primary and secondary actuators match, a 

power transmission is established and a battery on the elevator can be charged. The integrated primary 

actuator disturbs the guiding forces of the omega shaped actuators [6] when passing over them. So a 

careful design process regarding power transfer capability and force reduction is essential.  

Design process 

The design process of the transmission path is divided into the following chapters. First a 

characterization of the utilized soft ferrite material is presented. The electromagnetic design, 

including analytical and numeric approaches follows. An electrical design finalizes the process. 

Material characterization. A soft ferrite ceramic is chosen for the transmission actuators. To 

identify the electromagnetic parameters of this material, two identical u-shaped probes are wound 

with coils and measured at the core tester of a material test bench at the institute. 

First the magnetic material characteristics at a frequency of 50 Hz are identified. Figure 1 shows 

the BH-diagram. It can be seen that saturation occurs at a flux density of B = 0.45 T. The saturation of 

the guide rail, which is made of solid steel, is B = 1.8 T. The significantly lower saturation of the soft 

ferrite will result in a force drop, when the guiding actuator passes the primary actuator integrated into 

the guide rail, since the guiding force is quadratically proportional to the flux density. This fact is a 

design limitation. 

Applied Mechanics and Materials Vols. 416-417 (2013) pp 333-338
© (2013) Trans Tech Publications, Switzerland
doi:10.4028/www.scientific.net/AMM.416-417.333

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 134.130.107.46-30/08/13,13:07:44)

http://www.ttp.net


 

Inductive transmission systems normally operate in a high frequency region from 10 kHz up to 

several hundred kHz [7]. On the one hand the deliverable power is proportional to the frequency, on 

the other hand material losses increase with the frequency, as well. To determine the operation 

frequency of the power supply, the specific losses of the material are measured. Since the audible 

region of the human ear is approximately from 20 Hz to 20 kHz, the measurement is performed from 

20 kHz to 30 kHz. Hereby the amplitude of the flux density is varied as well. Figure 2 depicts the 

specific material losses with respect to the frequency at different flux densities. It can be seen that the 

dependency of the flux density is higher than the dependency of the frequency. 

A maximal flux density of 0.1 T is defined to minimize core losses and an operation frequency of 

25 kHz is chosen regarding to switching losses of power electronic components. Table I shows the 

magnetic material parameter at this working point. 

        
Fig. 1 B-H-graph of the soft ferrite ceramic Fig. 2 Specific losses of the soft ferrite ceramic 

TABLE I Parameters of the soft ferrite at 25 kHz and 0.1 T. 

Specific losses 1.73 W/kg 

Relative permeability 3398 

Electromagnetic design After material characterization the electromagnetic design of the 

transmission path is done. By analytical magnetic circuit calculations different actuator types are 

considered. The final design is configured using numerical finite element methods. The maximum 

current of primary and secondary coils is set to 10 A, standard electrical devices can be used this way.   

Analytical design Starting from the first Maxwell equation: 
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The flux distribution in different actuator geometries can be calculated by means of magnetic 

circuit analysis. Here three topologies are considered: U-shaped, E-shaped and C-shaped actuators.  

An analytical design is done for all three actuators. Table II lists the parameters of the actuators. As 

a result all actuators are able to transmit the required power of 250 W with a flux density not higher 

than 0.1 T. Due to the least weight and the simple geometry; two identical U-shaped cores are chosen 

as primary and secondary actuators. 

TABLE II Comparison of the actuator shapes 

 U-core E-core C-core 

Weight m [kg] 0.65 0.96 1.1 

Flux density Bmax [T] 0.083 0.069 0.08 

Power P [W] 271.5 272.7 254.5 

Numerical design. Using finite element methods a numerical design follows the analytical 

considerations. The FEM software pyMOOSE [8] which is developed at the IEM is uses for the 

calculations. The sensitivity of the mutual inductance M due to positioning errors is regarded. In 

contrast to the analytical calculations leakage flux is not neglected anymore. 

From finite element computation the inductance matrix of the topology is extracted. The following 

equation describes the transmission path: 
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Where u1 and u2 are the sums of the voltages over the inductances Lp and Ls and the reflected 

voltage up and the induced voltages us, respectively.  

Ideally M12 = M21 = M. From analytical calculations the mutual inductance M = 34.12 µH, where 

the FEM extractions gives M = 39.52 µH. In contrast to the analytical calculation the flux density is 

not constant at 0.58 T. It varies up to 0.1 T in the numerical calculation. That is the reason for the 

discrepancy in the mutual inductance. The coupling coefficient k = 0.83 which is a quite high value 

for a loosely coupled transmission system [9]. 

The tolerance of the inductive power supply due to positioning errors is considered in the 

following paragraph. The secondary actuator is displaced 1 mm in each of the three spatial directions. 

The deviation of the mutual inductance with respect to y- and z-direction is shown in figure 3. This 

deviation is very small. Whereas a displacement in x-direction about 1 mm, which resembles an 

increase of the air gap, results in a decrease of the mutual inductance of 30 % (compare figure 4). 

 
Fig. 3  Deviation of M in y- and z-direction.    Fig. 4 Deviation of M in x-direction. 

Electrical design. After the geometry of the actuator is devised, reactive power compensation has 

to be designed. Four compensation topologies can be utilized: serial-serial, serial-parallel, 

parallel-serial and parallel-parallel. In this chapter the most appropriate one for the elevator 

application is deduced. 

Using the electric circuit simulator PLECS [10], the transmission path can be described by its 

lumped parameters, i.e. the inductance matrix L and the winding resistances Rp and Rs. A transformer 

π-equivalent circuit can be used. The four compensation topologies are simulated. Since the 

transmission system is designed for loading an onboard battery, a load resistance Rload = 5 Ω is 

modeled. This reflects the inner resistance of 50 lithium-polymer battery-cells connected in series 

(including a dc-converter) which can provide 185 V to power the guiding actuators and onboard 

electronics. 

Without reactive power compensation the maximum transmittable power equals: 
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To increase the deliverable power, the secondary inductance Ls has to be compensated. Herewith 

the induced voltage us is directly applied on the load resistance Rload. The choice of the secondary 

compensation depends on the purpose of the energy transmission. Using a serial compensation, the 

impedance of the secondary is neutralized and the secondary voltage us becomes load independent. 

Herewith the compensated secondary resembles a voltage source and us = us,oc. This compensation 

topology is often used when feeding a DC-link [11]. 

Using a parallel compensation, the admittance of the secondary is neutralized and the secondary 

current is becomes load independent. The secondary resembles a current source with is = is,sc which 

can be used for battery charging [12].  
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The primary compensation compensates the primary inductance Lp and the imaginary part of the 

reflected resistance Im{Zr}. This reduces the apparent power which has to be delivered by the source. 

The choice of the compensation topology depends on the form of the primary coil. Considering a long 

primary placed alongside a track, the voltage drop is very high. For this application a serial 

compensation is applicable, reducing the input voltage which has to be delivered by the source [7]. 

For a concentrated coil a high current is often required, where a parallel compensation gives 

advantages since the input current can be reduced [13]. The ratio between reactive power on primary 

and secondary, respectively and the transmittable active power is called quality factor Q.  

 For system stability it is essential that Qp >> Qs [14]. For the inductive power supply regarded in 

this paper a serial secondary compensation will result in an instable system. Therefore the secondary 

will be compensated in parallel. To choose the primary compensation topology, various simulations 

are done.  In addition to the nominal operation, deviations are considered as well. On the one hand a 

variation of the load resistance is computed. This occurs if the state of charge of the battery changes. 

On the other hand position displacements resulting from the MGS are regarded.  The parallel-parallel 

topology has a higher efficiency over a larger region. Finally the sensitivity of tolerances in the 

confected capacitors is regarded. The parallel-parallel topology is less sensitive to deviations from 

resonance. Considering all this aspects the most appropriate compensation topology is the 

parallel-parallel. 

 

Experimental verification 

To evaluate the design chain, a prototype of the transmission path is built up. Figure 5 depicts the 

primary actuator integrated into the guide rail. The compensated inductive power supply is measured 

in the working point and deviations are regarded as well. 

      
Fig. 5 Primary actuator integrated into the guide rail Fig. 6 Equivalent circuit for the integrated CPS. 

Measurement of the inductance matrix. From no-load measurements the inductance matrix can 

be determined. Table IV compares the simulated and measured values. The mutual inductance and the 

secondary self inductance show a good accordance. The primary self inductance is higher compared 

to the simulated value. Since the primary actuator is buried into the iron guide rail, the leakage flux 

Φσ,1 and with it the primary inductances increases. Regarding the phase shift between voltage and 

current at no load, an angle of 86° is measured. This means hysteresis and eddy current losses in the 

soft ferrite are very small and can be neglected in the modeling process. 

TABLE IV Measured and simulated inductances 

 simulated measured Deviation 

Primary self inductance Lp 47.75µH 56.11µH 14.9% 

Secondary self inductance Ls 47.73µH 52.18µH 8.5% 

Mutual inductance M 39.53µH 38.7µH 2.1% 

 

Additional losses of the guide rail. From short circuit measurements a phase shift of 77° is 

observed. In this operation point additional losses occur in the iron guide rail. To analyze this 

phenomenon additional FEM calculations are done with primary and secondary windings powered by 

10 A in opposite direction. There is a high leakage component which penetrates the iron in between 

the yokes of the primary actuator. Herewith additional losses occur and have to be regarded in the 

modeling of the transmission path.  

336 Linear Drives for Industry Applications IX



 

Since these losses depend on the leakage flux and do not occur in no-load operation, two additional 

electrical elements are placed in the circuit model (compare figure 6). The first element is the leakage 

inductance of the iron LσFe which models an increase of the leakage flux. The second element is the 

iron resistance RσFe, which models the active power losses in the rail. Both parameters are highly 

nonlinear and determined by measurements in various operation points. At no load the value of the 

additional elements is zero and they have no influence to the system. 

Nominal operation. Various operation points are measured at the prototype test bench. The output 

power is proportional to the load resistance, since the parallel compensated secondary resembles a 

current source. The output current does not depend on the input current, but on the current of the 

primary coil. The output power is reciprocally proportional to the air gap. The mutual inductance 

decreases with a larger air gap and the leakage flux increases. Figure 7 depicts the efficiency of the 

CPS with respect to air gap displacements and load variations. The maximum efficiency is 55 % at 

nominal load and an air gap of 2 mm. Comparing simulated and measured efficiency the modeling 

characterizes the CPS quite well with a maximal deviation is 11.5 %. Figure 8 shows the deviation 

with respect to air gap displacements and load variations. 

 
Fig. 7 Efficiency of the integrated CPS.  Fig. 8 Deviation of the efficiency. 

Conclusions 

In this paper an inductive power transmission for a vertical transportation vehicle is introduced. The 

primary transmission actuator is integrated into the guide rail of a magnetic guiding system. Hereby 

construction space and costs can be reduced.  Starting from analytical magnetic circuit calculations 

the design process is described. The power transfer capability of the system is discussed in detail. 

Parameter extraction is done using finite element methods and analytical models. The dynamic 

system behavior is observed in a circuit simulator. A prototype is built up and measurement results 

verify the modeling, using non linear circuit elements. In contrast to an air surrounded transmission 

path, the efficiency is lower due to additional losses in the guide rail. 
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