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Abstract. The problems connected to developing inductive power transfer IPT systems in aspects of high efficiency and suppression of elec-
tromagnetic field (EMF) emission are discussed. It is shown how important it is to compensate for large leakage impedance of IPT coils (air
transformer) to improve efficiency of high power transfer. Such compensation circuits operating with resonant frequencies at soft switching
conditions additionally allow for reduction of switching losses in power semiconductor devices of converters. The consideration has been illus-
trated and verified by experimental results measured on two different test stands (50 kW with planar coils and with two 12 kW receiver coils)
built in a laboratory of the Lukasiewicz Research Network — Electrotechnical Institute.
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1. Introduction

Recently, a large number of technologies for contactless energy
transfer CET (also called wireless power transfer WPT) systems
have been established. Generally, the CET systems are based
on various power transfer media [1-3]: sound (ultrasound),
light (laser), capacitive and inductive coupling. In the case of
inductive CET systems, two types are currently distinguished:
inductive power transfer — IPT and strongly coupled magnetic
resonance — SCMR systems [2—4]. The IPT forms a group of
systems operating at high power (1-100 kW and more) with air
gap up to 30—40 cm and frequencies up to 100 kHz. In contrast,
the SCMR is a group operating at low power 1-1000 W and
much larger distance, even up to a few meters and high fre-
quencies in the order of MHz-GHz [5].

In this article, we refer to IPT systems following this nomen-
clature. IPT are increasingly used in everyday devices as an
alternative way of powering various devices. An example of
such solutions is the power supply of mobile phones, tablets,
medical etc [6—8]. However, it is also observing individual
applications that supply energy to devices requiring much
higher power level, such as: electric vehicles [9-21], wheeled
and rail, and ships [22].

Contrarily to conventional transformers, in IPT systems
the coupling between primary and secondary coils is low or
very low. Therefore, main factor limiting the energy transfer
are voltage drops on the leakage inductances of the winding,
which increase as the magnetic coupling factor k decreases.
The solution of this problem is the use of resonant compen-
sation circuits [1, 2, 21, 23]. Regardless of the complexity
of the systems for a given application, in order to analyze
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it, the components of IPT are brought to the basic structure
(Fig. 1). The basic system consists of a transmitting resonant
converter, which converts voltage or direct current into a rect-
angular waveform, a receiving converter that converts high
frequency alternating signals into current and DC voltage
as well as a resonant compensation circuit. The compensa-
tion circuit includes primary and secondary coils, resonant
capacitors and/or additional LC elements. The choice of the
compensation circuit and its parameters depends on such
expected IPT system properties as: type of supply converter
(diode or transistor active rectifier) transmitted power level
and distance, and what type of receiver should be powered.
Depending on the needs of the designed system, the role of the
transmitting and receiving converter can be interchangeable;
this takes place in systems with bi-directional energy flow
[18, 23, 25]. Additional converters are systems which, on the
power supply side, provide reductions of higher harmonics
of the grid current and unity power factor operation. While
on the receiver side it is a converter that adjusts the voltage
or current to the receiver requirements, e.g. adapted to the
connected battery bank.

The article presents an analysis and design aspects of
IPT systems achieving high efficiency in power range up to
50 kW. Also, what impact the designed system will have on
the external environment as: impact on living organisms and
electronic devices that may be found nearby. Therefore, appro-
priate method of suppression of electromagnetic field (EMF)
emission is necessary. The consideration has been illustrated
and verified by FEM (Finite Element Method) simulation and
experimental results measured on two different high efficiency
IPT test stands (12 kW and 50 kW) built in laboratory of The
Lukasiewicz Research Network — Electrotechnical Institute.
Presented results have shown that both variants of discussed
IPT systems fulfil the General Public Electromagnetic Radi-
ation Standard According to the International Commission
of Non-Ionized Radiation Protection — (ICNIRP) 2010 [39].
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Fig. 1. Functional block diagram of inductive IPT system

2. Resonant compensation circuits

2.1. Problem of low coupling factor. The basic problem in
inductive coupling systems are voltage drops caused by the

leakage inductances of primary and secondary coils, which

increases as the magnetic coupling factor £ decreases. This is
illustrated by the equivalent circuit in Fig. 2 and is described

by complex transfer functions (4), (5), (6), where:
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Fig. 3. Frequency characteristics of magnetic coupled coils without
compensation circuit

These equations can be illustrated by frequency characteris-
tics shown in Fig. 3. As it can be seen, for symmetrical windings
with constant self inductance L, = Ly, and load resistance R,
the voltage gain Gv depends on £, especially for small resistance
of windings R, R;.

For different self inductances L, # L;, the voltage gain is
proportional to turns ratio Gv = N k [23]. The efficiency of such
a system for low and medium frequencies is low, but as the cur-
rent gain Gi increases, the efficiency also increases and is direct-
ly dependent on the circuit resistance (R, + Ry). Changing of the
load resistance R, causes changes of frequency bandwidth [27].

2.2. Influence of the compensation circuit. To enable high-ef-
ficiency energy transfer regardless of the magnetic coupling

Bull. Pol. Ac.: Tech. 67(4) 2019

connected in series or parallel are used to cancel large leakage
inductance of coupled coils [1, 21, 23]. All compensation cir-
cuits described in the literature have their advantages and disad-
vantages, depending on the place of application and the type of
receiver being fed (see Table 1) [18, 26, 27, 29, 30]. Among the
main requirements are: high efficiency, maximize transferred
power at minimum reactive power taken from power supply,
tolerance to coils misalignments. Often the basic criterion for
the compensation circuit selection is operation in the widest
range of changes of the magnetic coupling factor & (if this takes
place in the designed system) and changes in the system load
R,. Two topologies that meet these criteria can be distinguished:
S-S series-series (Fig. 4) and modified LCL [23]. However, the

SERIES-SERIES ,,SS”

G ip() Loy 11 i@ L CSP
u(t)

i
T uy(1) M uy(t)

Fig. 4. Topology of S-S compensation circuit
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Fig. 5. Frequency characteristics of magnetic coupled coils with S-S compensation circuit for magnetic coupling factor k = 0.1 and k£ = 0.4 and
load resistance R, as parameter

most popular compensation circuit used in IPT systems is the
series-series (S-S), because it is simpler in design and control
compared to LCL circuits.

The frequency characteristics of the magnetic coupled
coils with S-S compensation circuit, are shown in Fig. 5. (The
detailed derivation of transfer functions can be found in [23]).
Based on these characteristics, three zones of voltage ampli-
fication A, B, C can be distinguished. In zone A, the system
is characterized by the capacitive character of the circuit and
in the zone B and C by the inductive character. The voltage
gain decreases as frequency changes and depends on the load
resistance value R, and the magnetic coupling factor £. In the
zone B the system has the ability to significantly lowering or
raise voltage; the lower is resistance R, the lower the voltage
gain of the system. Thus, among the main advantages of S-S
circuit are: operation in a wide range of the coupling factor k&
changes without having to change parameters of the compen-
sation capacitors, because their selection is independent of &
and R,:

and C, = L

2 b
(@M} Ls

C, =

(7

2
(oM Ls

symmetrical structure and possibility of bi-directional energy
flow, flexibility in parameter selection for both constant and
variable operation frequency to obtain the required output
power at minimum windings current, low sensitivity to coils
misalignment [21, 23, 27].
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3. Suppression of EMF emission

Contactless energy transfer in IPT devices are based on mag-
netically coupled coils generating electromagnetic field (EMF)
radiation. Therefore, the basic problem when designing and
apply IPT is question: is it safe for human health? Although
researchers argue that IPT devices are much safer than mas-
sively used smart phones [9], methods for attenuating and com-
pensating EMF emissions are still being developed to ensure
compliance with international emission standards particularly
for higher power IPT. There are a number of standards regard-
ing limits of EMF emission. In addition to general like IEEE:
“C95.1-2005-IEEE Standard for Safety Levels with Respect to
Human Frequency, Radio Frequency Electromagnetic Fields,
3 kHz to 300 GHz” [38] and ICNIRP: “Guidelines for limiting
exposure to time-varying electric and magnetic fields (1 Hz to
100 kHz)” [39], there are also standards addressed to specific
IPT devices, e.g. established for EV — battery chargers by SAE
[40] as well as by IEC [41]. Generally, the leakage EMF of
IPT must comply with ICNIRP 2010 standards (as also recom-
mended in SAE J2954/1) while the IEEE offers more insights
into physiological effects such as nerve excitation (<100 kHz)
and tissue heating (>100 kHz).
According to the ICNIRP 2010 guideline, the magnetic field

limit for 3 kHz to 100 kHz is:

e 27 uT,,s for general-public exposure,

e 100 uT,y, for occupational exposure,

e 15 uT,, for areas where there may be people with an im-

planted pacemaker.

Bull. Pol. Ac.: Tech. 67(4) 2019
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Fig. 6. FEM simulation of magnetic field distribution for coil with-

out core; current 60 Arms, air gap (distance between coils) 30 cm

and frequency 30 kHz. Scale of magnetic field induction in mTrms.
a) view in xy-axis, b) view in zy-axis

To comply with these requirements, passive and active
shielding methods are used . In passive methods typically alu-
minum or copper plate is placed on the backside of the ferrite
and coils. The presence of shielding affects the performance of
the system by reducing coil inductance and increasing losses
which requires increasing of the compensation capacitance to
keep resonance condition. The active shielding uses different
placed additional coils to compensate for EMF emission. Both
type of shielding can reduce the efficiency of a system by 1-3%
[21, 37].

Three parameters: power level, coil geometry, and operat-
ing frequency play equally important roles in determining the
leakage EMF. Therefore, as the first step of IPT coils design, is
the FEM simulation. The example of such simulation for planar
coils of Fig. 9 are shown in Fig. 6 and Fig. 7. It can be seen
how the magnetic field induction B in z-y axis is reduced when
ferrite core are used to suppress leakage flux (from ca 100 cm
to 60 cm).

0
[m]

Fig. 7. FEM simulation of magnetic field distribution for coils with

ferrite core; current 60 Arms, air gap (distance between coils) 30 cm

and frequency 30 kHz. Scale of magnetic field induction in mTrms.
a)view in xy-axis, b) view in zy-axis

4. Experimental results

4.1. Description of laboratory test stands. The block diagram
of the experimental test stands of the investigated IPT systems
is shown in Fig. 8. The system is powered from a laboratory
autotransformer connected to a three-phase active rectifier
(AC-DC). Then, a single phase inverter (DC-AC) is used to
supply the primary winding of the air transformer together
with the leakage inductance compensation circuit (S-S). On
the other side, the rectifier (AC-DC) and load are connected
to the secondary side of the windings. In the developed system
of IPT supply path, we can deal with the case of powering two
systems at the same time as it is shown in the stand of Fig. 10.

Figure 9 and Fig. 10 show view of laboratory test stands
with different coils configuration. In the first case (Fig. 9) is
typical planar coils (air transformer) used e.g. in stationary
charging stations. This stand has high self inductance (560 pH),
nominal power 50 kW and works with frequency in the range

Fig. 8. Block diagram of the laboratory test stands of Fig. 9 and Fig. 10

Bull. Pol. Ac.: Tech. 67(4) 2019
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Measuring point magentic field >1m
Probe MF42 Gauge C.A.42

)

Fig. 9. View of 50 kW laboratory test stand (high primary self induc-
tance) with measuring point of magnetic field distribution

ICNIRP General
Public
Electromagnetic
Radiation Standard
1999 6,25uT
2010 25uT

Measuring point
magentic field
Probe MF42 Gauge
C.A.42

Fig. 10. View of 12 kW universal laboratory test stand (low primary
self inductance) with measuring point of magnetic field distribution

Table 2
System parameters

Parameters System in Fig. 9 | System in Fig. 10
Power 25 kW 12 kW
IN/OUT voltage 600 600
Inductances Lp/Ls 560 uH/560 uH 40 uH /44 uH
Size of primary coil 1000x500 mm 3000x400 mm
Size of secondary coil 1000x 500 mm 400x 500 mm
Air-gap 50-300 mm 20 mm
Coupling factor k& 0.54-0.13 0.259

794

of 40 to 60 kHz. The second test stand has coils configuration
(Fig. 10) called sliding transformer [1] and can operate with
two receivers. Self inductance of such configuration is small
(40 puH) and inverter works with 85 kHz resonant frequency. In
both Figures the point of measuring of magnetic field distribu-
tion and values of ICNIRP general public standards are shown.

4.2. Experimental results of IPT system (Fig. 9). The con-
trol possibilities depend strictly on the topology of applied
resonance compensation circuit for voltage drops on leakage
inductances of the IPT system. In the discussed S-S compen-
sation circuit the most popular for adjustable output voltages or
currents are methods [9, 15, 23, 25, 28, 32-34]:

e changing the operating frequency of the system (the phase
angle between the input voltage and current) as follows: for
high load power the operation at the resonant frequency f,,
and soft switching of converter; for low load power, the
operation with a hard-switched converter [16, 18, 27].

e the use of the phenomenon of current suppression ampli-
tude in a shorted resonant circuit — called integration method
[32].

e operation at constant resonant frequency f,; and adjustment
of input voltage duty cycle (ang. Phase Shift Modulation
—PSM) [8, 10, 12, 15, 25, 33, 34].

Generally, the constant-frequency PSM control method is
recommended in the range of k = 0.2 — 0.5 where the voltage
gain Gv as function of the load resistance R, is the smallest.
This offers better control possibilities. The frequency-variable
method is recommended when IPT operates in a wide range
changes of the coupling factor .

Experimental oscillograms which illustrate operation of
the S-S compensated IPT system under integration method
(Fig. 11) and PSM control (Fig. 12). These oscillograms are
measured on test stand of Fig. 9 in steady-state operation for
resistive load and S-S circuit parameters: L, = Ly = 560 pH,
C, = C; = 30 nF, while Fig. 13 shows PSM operation for S-S

M Pos: 4320ms  Pur., Analysis Pwr. Analysis

@ Stop

Tek JL
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& “ True Power  True Power
2.2k 103k
Reactive  Reactive
Power Power
14.4kVAR S0.8kVAR
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H CH2 50.04 M 10.0us CH2 /7 1204
CH3 2004 CH4 S00v MATH 50.0kVA 102.342kHz

Fig. 11. Currents (i, — CH1 scale: x1, i;— CH3 scale: /5) and voltages

(u, — CH2 scale: x1, u; — CH3 scale: x1) experimental waveforms

in integration method controlled IPT system; magnetic coupling

factor k = 0.12, air gap / = 30 cm, and a resistive load at the power

P, = 22 kW, operating frequency f,, = 41.9 kHz, system efficiency
h=92.5%
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Fig. 12. Currents (i, — CHI scale: x1, i; — CH3 scale /5) and voltages

(u, — CH2 scale: x1, u; — CH3 scale: x1) experimental waveforms

in PSM controlled IPT system; magnetic coupling factor £ = 0.12,

air gap / = 30 cm, and a resistive load at the power P;, = 6.27 kW,

operating frequency f,; = 39.6 kHz, system efficiency & = 90%,
Ugein =400V

Tek JE Trig’d M Pos: 3,020 us MEASURE
+

.4/

CH3
Cyc RMS
1.354
- CH4
\ Mean
27 1ma
CH2
Freq
83.02kHz
CH2 ./ 200V
82.9863kHz

M 25018
14-May-18 03:27

CH2 500V
CH3+2,004 CH4 2004

Fig. 13. Experimental results for S-S compensation circuit with

constant frequency control (PSM method): /=19 cm, k= 0.12,

P =45.6kW f,; = 83 kHz (i, and i scale x50), (u, — CH2 scale x1,
ug x1, 4 scale x1)

circuits parameters: L, = Ly = 80 uH, C, = C; = 40 nF. These
parameters are selected for resonant frequency ca 40 kHz and
85 kHz, respectively. The picture from the screen of Yokogawa
(Fig. 14) presents an example of stationary parameters mea-
sured on the test stand of Fig. 9 operated under 45,6 kW input
power with 92.6% efficiency.

4.3. Experimental results of IPT system (Fig. 10). The IPT
system in Fig. 10 has two secondary coils allowing operation
in various connection configurations between the power supply
and the receiver (Table 3).

In the Table 3 “Two loads” means IPT systems have one
primary coil and two independent secondary coils operated on

Bull. Pol. Ac.: Tech. 67(4) 2019
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Fig. 14. Stationary parameters measured by Yokogawa on the test stand
for transferred power P = 45,6 kW and efficiency 92.6%

resistive loads. The “Single load” means DC link converters of
secondary coils are parallel connected and operate on common
single resistive load.

If two independent different receivers are powered, a high
efficiency between 92-97% can be achieved. In the case of the
operation of two receivers on one common load, almost uniform
power distribution between two secondary windings is possible
[20]. In this case power of 12.75 kW under efficiency between
93-95% can be transferred. The third case examined (not shown
in Table 3) is a complicated issue because one of the secondary
coils acts as a power supply, and the second coil is a receiver.

Table 3
Results for the IPT system from Fig. 10
Operating Part of Udc Idc Pdc n
mode IPT [V] [A] [kW] [%]
Primary 301 43 12.943
Load 1 264 28 7.392 97
Two loads Load 2 313 16.4 5.133
Fig. 10 Primary | 301 16.7 | 5.026
Loadl 160 17 2.720 92
Load2 191 10 1.910
Primary 300 42.5 12.75
Loadl 24.0 5.616 95
234
Single load Load2 28.0 6.552
Fig. 10| primary | 300 17 5.1
Loadl 15.5 2.263 93
234
Load?2 17.0 2.482

where: Udc — source or load dc voltage, Idc — source or load dc current,
Pdc — active power, 71 — efficiency
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In such case, the power delivered to the second coil depends
on the power delivered to the load.

4.4. Measurement of magnetic field distribution generated
during IPT operation. The measurement of magnetic fields
distribution has been performed using a magnetic field meter
CAUVIN ARNOUX C.A. 42 and probes MF400 which measure
the field strength of three axes. The magnetic field is expressed
in rms value. In Fig. 9 measuring point in y axis was set 100cm
from the edged coil and on the height of the primary winding
z axis equal zero, x = 10 cm. This point shows limits of the
ICNIRP 2010 General Public Electromagnetic Radiation Stan-
dard. In closer distains the emission intensity and induction
field increase, and the highest values are achieved at edge of
the coils and spaces between coils. The results of measurements
for both test stands of Fig. 9 and Fig. 10 are shown in Table 4
and Table 5, respectively. The magnetic field increase with
coil current (power) and decrease with distance of measuring
point. In the test stand of Fig. 9, the magnetic field distribution
in a distance of 100 cm for input power 22 kW, grows with
distance between coils. For the worst case when the distance
between coils is 40 cm, the magnetic field is 12 pT what is
48% of the ICNIRP general standards value 27 uT. Self induc-
tance of coils configuration showed in Fig. 10 is low because of
higher operating frequency 83 kHz. The emission of magnetic
field in the distance 50 cm is 2.1 uT (Table 5) which is ca 8%
of magnetic distribution value defined by the ICNIRP general
standard. These results confirm a low level of magnetic field
emission in the vicinity of the system.

Table 4
Results of magnectic field distribution for IPT stand in Fig. 9
Distance between coils Piy
[em] 2kW | 6kW
40 12,0 uT | 6,5uT
30 10,9 uT | 5,5uT
17 6,5uT | 42uT
7 3,5uT | 2,0puT
Table 5
Results of magnectic field distribution for IPT stand in Fig. 10
Distance of the measurement point Py,
[em] 12kW | 3kW
50 2,10 uT | 0,90 uT
100 0,45uT | 0,29 uT
150 0,30 uT | 0,13 uT

5. Conclusions
In this paper, problems linked to developing inductive power

transfer IPT systems in aspects of high efficiency and suppress-
ing of electromagnetic field EMF emission have been discussed.
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It was shown how the important losses caused by large leakage
inductance of IPT coils (air transformer) can be compensated by
use of resonant compensation circuits, particularly series — series
(S-S) topology. Such resonant compensation circuits addition-
ally allow for reducing switching losses in power semiconductor
devices of converters. The consideration has been illustrated by
FEM simulations and verified by experimental results measured
on two different test stands (12 kW and 50 kW) built in a lab-
oratory of the Lukasiewicz Research Network — Electrotechni-
cal Institute. The performed measurements of magnetic field
emission in the vicinity of 12 kW and 25 kW experimental IPT
systems have confirmed a low level compliant with the ICNIRP
2010 General Public Electromagnetic Radiation Standard.
However, in some special IPT applications, e.g. occupational,
medical and electric vehicles, particularly higher power, more
complicated active and passive shielding methods are necessary.
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