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Abstract

As a new type of urban transit vehicle, Non-catenary trams using inductive power transmission technology get rid of the traditional 

overhead catenary. In engineering applications, coils assembled on the different tram bodies have inevitable differences due to the 

restrictions on the production process and other factors. Research shows tiny differences in self-inductance always lead to system 

detuning so as to causes an extreme descent of the system power factor. From the perspective of hardware design, the paper analyzes 

the system architecture and coil configuration for the dynamic charging trams with considering cost, system reliability, etc. Then, for the 

problem of power factor reduction caused by the differences in the self-inductance of the secondary windings, the article establishes 

a mathematical model with the maximum power factor as the goal and system parameters as constraints. And a complete system 

parameters design method is proposed. Finally, the global design and optimization of tram's electromagnetic coupling mechanism 

parameters are performed using the group method. The simulation result indicates that the method can meet the requirements of 

system operation and has a higher tolerance to the self-inductance differences of the secondary coils.
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1 Introduction
As a new type of urban transit vehicle, the non-cate-
nary trams use Inductive Power Transfer (IPT) technol-
ogy for wireless power transmission, enabling the power 
supply system and the vehicle to transmit energy with-
out physical contact. The IPT technology not only solves 
the disadvantages brought by the traditional contact 
power supply mode, such as easy loss, contact spark, car-
bon accumulation, difficult maintenance, high construc-
tion cost, but improves the safety, reliability and flexibil-
ity of vehicle operation (Li et al., 2015; Yang et al., 2010; 
Zhao et al., 2016). Applying IPT technology to urban 
transit vehicles must meet trams' power supply require-
ments include high-power and high-efficiency The coil 
in the IPT system serves as a carrier for energy transmis-
sion. And its laying mode and parameter design will have 
a direct impact on energy transfer power and efficiency. 
Therefore, research on coupled coils is particularly import-
ant (Budhia et al., 2011; Fan et al., 2018; Li et al., 2010).

At present, domestic and foreign scholars' research 
on coupled coils in IPT systems mainly includes: from 

the perspective of coil shape design, a DLDD type coil 
structure for electric vehicles is proposed in the research 
(Hu et al., 2013), which is analyzed and proved to have good 
offset tolerance. In the study of Xu et al. (2018), the mag-
netic circuit models of the coupling system of the pri-
mary and secondary coils are established respectively. 
Then, the magnetic core structure is optimized by deriv-
ing the approximate calculation formula of the primary 
inductances, secondary inductances and the coupling 
coefficient. In order to improve the power transmission 
capability of the coils, Sun et al. (2010) propose to opti-
mize the mutual inductance parameter between the pri-
mary and secondary coils with the energy efficiency prod-
uct index. Geng et al. (2017) and Su et al. (2016) increase 
the efficiency or output power of the system by increas-
ing the number of parallels of the primary and second-
ary coils. It can be seen that most of the existing papers 
focus on a certain index of power or efficiency, or adopt 
different optimization processes and evaluation methods, 
optimize the performance parameters of a certain aspect 
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of the coupled coils, and do not give the coils parameter 
design method of the system. Due to the important per-
formance indexes such as power and efficiency often 
have opposite requirements on the parameters of the coil 
turns, mutual inductance, etc. Therefore, the parameters 
of the coupled coils need to be globally designed.

Taking non-catenary trains using IPT technology as the 
application background, the article takes into account 
the actual installation space, axle load, system reliability, 
cost etc. And analyzes the coil configuration method suit-
able for dynamic charging trams. Then, the specific design 
method of the parameters such as mutual inductance and 
number of turns of the coil is given. When the coil is man-
ufactured, the accuracy of the self-inductance parameters 
of each coil is limited and there must be differences in each 
coil. The differences in self-inductance of the primary 
coils fixed on the ground can be adjusted by changing 
the switching frequency of the converter timely, while the 
differences in the secondary coils installed on the different 
carriage in high-speed motion are difficult to achieve real-
time compensation. Therefore, this paper proposes a math-
ematical model with system parameters as constraints 
and maximum power factor as the goal for the power fac-
tor reduction caused by the self-inductance differences of 
the secondary coil. Finally, the global design and optimi-
zation method of trains' electromagnetic coupling mecha-
nism parameters are performed using the group method. 
Simulation results demonstrate the effectiveness of 
the design optimization method. Moreover, the method 
can improve the tolerance of the system to the differences 
in the secondary coil self-inductance effectively.

2 IPT system coil structure
The coil shapes commonly used in IPT system 
include circular, rectangular, and combined coil (DD) 
(Cai et al., 2014). The circular coil has consistent direction 
but poor offset tolerance. The combined coil (DD) is com-
plicated and costly. In contrast, the rectangular coil is easy 
to twine and ensure the uniformity of the air gap mag-
netic field. And the distortion at the corner of the coils can 
be reduced by setting a certain chamfer, which is suitable 
for the tram that has an offset only in a single direction. 
Therefore, this article uses the rectangular coil.

Fig. 1 is the actual structure of the non-catenary tram and 
the installation space of the coupled coils using IPT technol-
ogy. Different from the way of static charging which lays 
the coil only at the platforms, dynamic charging can lay 
a certain length of the primary coils in the middle of the rails 
according to distance between stations, the stopping time 

and the vehicle energy consumption (Zhang et al., 2017). 
And the secondary coils are installed on the bottom of 
the trains. It is known that the mutual inductance of the pri-
mary and secondary coils can be expressed as:

M
I

BS
I

= =
ϕ .  (1)

It can be known from Eq. (1) that the mutual inductance 
value M between the coils is determined by the value of 
the magnetic induction intensity B in the plane S included 
in the coil, where the magnitude of the magnetic induc-
tion intensity B and the current I is directly or indirectly 
affected by the system input voltage level, the converter 
control strategy, and the like. Therefore, in the same sit-
uation, increasing the coil area can increase the mutual 
inductance value while saving the winding. In addition, 
the literature of Hu et al. (2013) mentions that increas-
ing the coil area is beneficial to increase the coupling 
coefficient between the primary and secondary coils. 
Consequently, the secondary coil size is targeted to maxi-
mize the use of the assembly space provided by the vehi-
cle, and the primary coil width is consistent with the sec-
ondary coil to improve coupling coefficient. Based on the 
above analysis, the paper proposes to adopt a coil config-
uration method in which the primary coils are long and 
the secondary coils are short as shown in Fig. 2.

Import the structure of Fig. 2 into simulation software – 
Ansys Maxwell and we can get the magnetic induction 
intensity distribution of different distances above the pri-
mary coil as shown in Fig. 3 The analysis shows that the lon-
ger coil configuration of the primary side can keep the mag-
netic field in the middle of the coil stable, and the magnetic 
field fluctuation at the coil boundary becomes smaller as the 
distance increases. Therefore, the structure can reduce 
the magnetic field fluctuations at the boundary of the coils 
and is advantageous for the stable output of the system.

Fig. 1 Structure of the non-catenary tram and installation space of 
IPT system
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3 IPT system coil parameters design
In addition to the size and distance of the primary and 
secondary coils determined by the structure of the trams' 
body, the mutual inductance, self-inductance, resistance, 
and number of turns will have a direct impact on system 
performance. It will be analyzed below.

3.1 IPT System Topology
In the IPT system, the large air gap between the pri-
mary and secondary coils causes a large leakage induc-
tance in the coupled coil. If no compensation is applied, 
the power transmission capability of the system will be 
greatly affected and the voltage and current stress expe-
rienced by the power device will be increased. To solve 
this problem, capacitors can be connected in series or 
in parallel on the primary and secondary coils. Common 
compensation methods can be divided into Series-
Series (SS) compensation, Series-Parallel (SP) compensa-
tion, Parallel-Series (PS) compensation, and Parallel-to-
Parallel (PP) compensation (Tan et al., 2010; Zheng, 2017). 
Among them, the series-series compensation has 
the characteristics of simple structure and constant out-
put voltage. And its compensation capacitance value is 
independent of the mutual load and inductance between 

the original and secondary coils. The feature is suitable 
for the case where there is mutual inductance and load 
fluctuation during the movement of the tram. Therefore, 
the paper analyzes the IPT system based on the series-se-
ries compensation topology. The main circuit topology of 
the system is shown in Fig. 4.

Among them, Udc and Uo are the DC bus voltage and 
the DC voltage output from the secondary side. U1 is 
the effective value of the inverter output voltage, and U2 is 
the effective value of the voltage before the secondary recti-
fier. I1 and I2 are current effective value flowing through the 
primary and secondary coils. L1 , L2 , R1 and R2 are the induc-
tance and internal resistance of the primary and secondary 
coils, respectively. C1 and C2 are the primary and secondary 
compensation capacitors. Rl is the load resistance. And M 
is the mutual inductance between the primary and second-
ary coils. Fig. 4 is simplified to obtain the SS compensation 
topology simplification circuit shown in Fig. 5.

Then the system meets:
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Fig. 2 Configuration of primary and secondary coils

Fig. 3 Distribution of single-turn coil's magnetic induction

Fig. 4 Topology of series-series compensated IPT system

Fig. 5 Simplified series-series compensated IPT system
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When the primary and secondary coils resonate at the 
angular frequency ω0 , namely:

ω ω
0

2

1 1 0

2

2 2
1LC L C= = .  (3)

At this point, the output power and efficiency of the 
system are:
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It can be known from Eqs. (4) and (5) that the system 
output power and efficiency are directly affected by the 
coils' resistance and the mutual inductance between the 
primary and secondary coils. The mutual inductance and 
resistance are related to the self-inductance and the num-
ber of turns of the coils. Therefore, it is necessary to prop-
erly design the coils parameters to meet the system's 
requirements for output power and efficiency.

3.2 Design algorithm of coil parameters
3.2.1 Mutual inductance parameter algorithm
Mutual inductance is one of the important parameters 
in the design process of the coupled coil. Sun et al. (2010) 
and Li et al. (2010) aim at the maximum energy efficiency 
product and maximum output power respectively, and 
give the optimal mutual inductance calculation method. 
However, it can be seen from the calculation formula that 
to calculate the mutual inductance value must be under the 
condition that the number of turns of the primary and sec-
ondary coils and the resistance have been completely deter-
mined. In engineering applications, if you want to achieve 
the calculated optimal mutual inductance value, you can 
only change the air gap between the primary and second-
ary coils continuously. Therefore, the prior method is not 
suitable for the occasion where the primary and secondary 
coils’ distance of the electromagnetic coupling mechanism 
cannot be adjusted at will. Considering that the power sup-
ply mode of urban vehicles is converted from DC distribu-
tion network power supply to induction power transmis-
sion and in order to achieve the minimum modification of 
the existing trams, the paper is compatible with the current 
power supply voltage level of the vehicle converter assem-
bly. Thus the output voltage of the electromagnetic cou-
pling mechanism is Uo = Udc = 750 V. Introducing the sys-
tem voltage gain GU , i.e.:

G U
UU

o

dc

= .  (6)

The mutual inductance value M between the original 
and secondary coils can be obtained as:

M R
G
e

U

=
ω
0

.  (7)

3.2.2 Coil turn matching algorithm
According to the Niemann formula, the self-inductance 
and the mutual inductance calculation formula of the rect-
angular coils are:
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 (9)

where a, b, and r are the length, width of the rectangu-
lar coil and the cross-section radius of the wire, respec-
tively. μ0 is the magnetic permeability in the vacuum. 
Therefore, when the coil structure parameters are deter-
mined, the self-inductance values of the single-turn pri-
mary, secondary coils and the mutual inductance values 
between the single-turn primary and secondary coils can 
be calculated as L10 , L20 , M0 , respectively. If the number of 
turns and the self-inductance of the primary and second-
ary coils are N1 , N2 , L1 , and L2 , respectively, then:

M N N M=
1 2 0

 (10)

L N L
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L N L
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By combining Eqs. (8)–(10), the number of turns of 
the primary and secondary coils that meet the mutual 
inductance requirements can be calculated. Since the 
result of the number of turns is not unique, it is necessary 
to optimize the parameters of each group.

4 Optimization of coil parameters based on differences 
of secondary self-inductance
4.1 Target of parameters optimization
In practical applications, due to factors such as coil manufac-
turing process and structural deformation, the accuracy of 
each coil can only be maintained at 5 %–10 %. And multiple 
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original and secondary coils are difficult to achieve param-
eter consistency. However, the self-inductance deviation 
of the primary and secondary coils will directly affect the 
system resonance, which in turn affects the system ability 
to transmit power. For the primary coil fixed on the ground, 
the difference between the theoretical calculated value and 
the actual parameter can be adjusted by changing the switch-
ing frequency of the converter device, so that the primary 
coil L1 and the primary compensation capacitor C1 com-
pletely resonate at the frequency ω0 . However, for each sec-
ondary coil installed on different carriages, when the train 
passes the charging section at an average speed of 70 km/h, 
the response speed of the detection control device is lim-
ited, and it is difficult to adjust the resonance frequency of 
the system timely. And ensure that it has the same resonant 
frequency as the primary coil. In the case where the primary 
coil is completely resonated and the secondary side coil has 
a self-inductance deviation, the primary and secondary coils' 
impedances Z1 and Z2 are expressed by Eqs. (13) and (14), 
respectively. Since the internal resistance of the high-fre-
quency Litz wire used for winding the coil is small, the inter-
nal resistance of the coil is neglected.

Z j L
j C1 0 1

0 1

1
0= + =ω

ω
 (13)

Z j L
j C

Re2 0 2

0 2

1
= + +ω

ω
 (14)

At this point, the active power of the system can be 
expressed as:
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In the Eq. (15), λ is the power factor of the secondary 
coil. It can be seen from Eq. (15) that the output power of 
the system is related to the power factor of the secondary 
coil. And the power factor of the secondary coil is affected 
by the self-inductance. When the system operating voltage 
is Udc = 750 V and the working frequency is f = 30 kHz, 
the three sets of coil self-inductance and compensation 
capacitance parameter values satisfying the system require-
ments are selected as shown in Table 1 according to the coil 
parameters design algorithm described in Subsection 3.2. 
And Fig. 6 shows the relationship between the power fac-
tor and the self-inductance deviation of the secondary coil.

As shown in Fig. 6, when the theoretical calculation 
requires a secondary coil's self-inductance of 998 uH, but 
an inductance deviation of 10 %, that is, the actual inductance 

value is 1097 uH, the system's power factor is only 0.099. 
It will greatly affect system performance. Analysis of the 
set of data shows that the greater the self-inductance value 
of the secondary coil, the worse the tolerance of the system 
with the self-inductance deviation, which will lead to a sharp 
decrease in the system power factor. Based on the above 
analysis, the optimization goal of the paper is the maximum 
power factor in case of deviation.

4.2 System constraints on coil parameters
In addition to the coil's own parameters, other indicators 
in the system also have certain constraints on the coil 
parameters.

4.2.1 Constraint of compensation capacitance
According to the circuit theory, in the series resonant  
circuit, the quality factor Q of the resonant circuit is 
defined as:

Q L
R CR R

L
C

= = =
ω

ω
0

0

1 1
.  (16)

When the coil is connected in series with the compen-
sation capacitor, the voltage value on the compensation 
capacitor is Uc = QUs . Obviously, when Q > 1, the voltage 
Uc across the capacitor will have an overvoltage that is Q 
times higher than the power supply voltage. Considering 
the withstand voltage of the compensation capacitor, 
we need to limit the self-inductance of the coil. Designed 
with 1.5 times voltage margin, the constraints of the com-
pensation capacitor on the coil self-inductance are:

Fig. 6 Relationship between power factor and deviation of 
secondary inductance

Table 1 The self-inductance value of the coil and the value of 
the compensation capacitor

Parameters L1 / uH C1 / nF L2 / uH C2 / nF

Curve 1 15.3 1840 998.0 28.2

Curve 2 123.7 227.5 123.7 227.5

Curve 3 998.0 28.2 15.3 1840
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4.2.2 Constraints of output power and efficiency
In order to ensure the normal operation of the tram, 
the system must meet the output power and efficiency 
requirements under the rated condition. It can be seen from 
Eqs. (4) and (5) that when calculating the output power 
and efficiency, the internal resistance of the primary and 
secondary coils must also be considered. The inductively 
coupled coil uses Litz wire whose equivalent AC imped-
ance ESR can be expressed as:

ESR =

× +
× +
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In the formula, Kc is the length correction coefficient, 
ρ is the resistivity of the copper wire, l is the wire length 
of the coil, Na is the number of strands of each coil, Da is 
the diameter of the single-strand coil of the Litz wire, and 
f is the frequency. Thereby, the internal resistances R1 and 
R2 of the primary and secondary coils can be calculated. 
If the rated power of the system is expressed by PN , the out-
put power Pout and the efficiency η satisfy:

P Pout N>  (20)

η η> =
min

%.85  (21)

Based on the above analysis, the coil parameters opti-
mization mathematical model with maximum power fac-
tor under the deviation as optimization target and the sys-
tem parameters as constraints can be described by the 
following formula:
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4.3 Coil parameters design optimization process based 
on the group method
Since the coil parameters array satisfying the system is 
limited, the coil parameters can be optimized by the group 
method. The specific process is as follows: firstly, the size 
and mutual inductance of the primary and secondary 
coils are determined according to the structural param-
eters of the vehicle body and the input, output require-
ments of the system. Then determine the number of turns 
of the primary and secondary coils to verify that the con-
straints are met. The array that does not satisfy the con-
straints is culled. The array satisfying the constraints is 
compared with the previous group. And the array with the 
smaller self-inductance value is compared with the next 
group. Finally a set of optimal coil parameters is obtained. 
Its optimization flow chart is shown in Fig. 7.

5 Simulation verification
According to the installation space of the existing non-cat-
enary tram, it is determined that the primary coil adopts 
a rectangular coil of 20 m*1 m, the secondary coil is 
a square coil of 1 m*1 m. And the distance between the 
primary and secondary coils is 10 cm. The single-turn 
coil model was imported into Ansys Maxwell simulation 
software. The self-inductance and mutual inductance of 
the single-turn winding of the structure were obtained 
as shown in Table 2.

Fig. 7 Flow chart for optimizing coil parameters
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On this basis, the coil parameters are designed and opti-
mized using the algorithm described in Subsection 4.3. 
The final results are shown in Table 3. The system simula-
tion model is built in the software Matlab by using this set 
of parameters. The simulation results are shown in Fig. 8.

Analysis of the simulation results shows that under 
this set of parameters, the output power of the system can 
reach 305 kW. The system efficiency is 95.3 %. And the 
power factor of the system can reach 0.97, which meets 
the system requirements.

In order to simulate the differences of coils on the 
actual trams and verify the reliability of the system output 
results under different coil precisions, multiple sets of sec-
ondary coil parameters are set for simulation. When there 
are different deviations in the secondary coil self-induc-
tance, the power factor of the system is shown in Table 4. 
As shown in the table, when the inductance deviation is 
within ±7 %, the system power factor can be maintained 
above 0.85, that is, the electromagnetic coupling mecha-
nism has a strong ability to transmit active power, which 
ensures the normal operation of the system.

6 Conclusion
Dynamic charging system for the non-catenary tram puts 
more stringent requirements on output power and effi-
ciency. Due to factors such as the manufacturing pro-
cess of coils, unreasonable parameter design will lead 
to a sharp decrease in the power factor of the system, 
affecting the normal operation of the vehicle. Based on 

the engineering practice, this paper proposes a set of 
parameters design algorithm for inductively coupled coils 
of the tram. And based on the power factor reduction 
caused by the differences in self-inductance of the sec-
ondary coils, the parameters are optimized from the 
perspective of hardware design. The simulation results 
show that the proposed method can effectively select 
the optimal coil parameter array that meets the system 
requirements. And under the condition that the sys-
tem constraints are satisfied, even if the deviation of 
the secondary coil caused by the coil differences is large, 
the power factor of the system can be maintained at a high 
level. The result proves the feasibility and effectiveness of 
the parameters design method which has high engineer-
ing application value.

Table 2 Inductance and mutual inductance of single-turn primary and 
secondary coil

Parameters L10 / uH L20 / uH M / uH

Value 40.20 3.64 0.85

(a)

(b)

Fig. 8 Simulation result of Matlab 
(a) Primary and secondary voltage and current waveforms of AC side 

(b) Waveform of output current and voltage

Table 3 Theoretical and calculated values of system parameters

Parameters Value

DC voltage Udc = 750 V

Frequency f = 30 kHz

Mutual inductance M = 8.45 uH

Turns of primary coil N1 = 2 turns

Turns of secondary coil N2 = 5 turns

Inductance of primary coil L1 = 160.8 uH

Inductance of secondary coil L2 = 91.0 uH

Resistance of primary coil R1 = 13.10 mΩ

Resistance of secondary coil R2 = 3.12 mΩ

Compensation capacitor of primary coil C1 = 176.06 nF

Compensation capacitor of secondary coil C2 = 309.55 nF

Load Re = 1.51 Ω

Table 4 The relationship between secondary coil self-inductance and 
power factor

L2 / uH 84 86 88 91 93 95 97

λ 0.85 0.88 0.94 0.97 0.94 0.89 0.85
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