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Operation of an Electrical Excited Synchronous
Machine by Contactless Energy Transfer to the Rotor

Marcel Maier

Abstract—This paper deals with the design, the setup, and the
operation of a rotating contactless energy transfer (CET) system.
The system is used to replace the slip rings of an electrical ex-
cited synchronous machine and to transfer energy onto the rotor
of the machine without mechanical contact. A compensation topol-
ogy with an autoresonant circuit to generate the high frequency
voltage is presented. Furthermore, the required parameters of the
CET system are calculated. Based on these calculations, the system
consisting of the power electronics, the compensation network, the
magnetic path, the control system, and the electrical excited syn-
chronous machine with controller, is set up. Finally, the calculated
parameters are verified by measurements.

Index Terms—DC-AC power converters, electric machines,
inductive power transmission, power electronics, resonant invert-
ers, synchronous machines.

1. INTRODUCTION

URING the electrification of the automotive technology,
permanent magnet synchronous machines are the most
contemplated type of traction drive. Beside a high torque and
power density, permanent magnet synchronous machines also
have several characteristics, which are not desired for the use
in electric cars. The main common safety issue of permanent
magnetic synchronous machines is the high induced voltage in
the case of a lack of control over the power electronics in high
speed operation [1]. A reasonable alternative to these machines
are electrical excited synchronous machines, which use electro-
magnets to generate the rotor flux and offer a constant power
operation over a wide speed range, by field weakening [2]-[5].
Mechanical slip rings offer a simple solution to conduct current
onto the rotor field winding but maintenance and debris issues
are unacceptable for many applications [6]-[8]. Compared to
slip rings, rotating contactless energy transfer (CET) systems
provide a reliable and maintenance-free solution [9]-[11].
In recent years, inductive power based CET systems have
been established in many technical applications, e.g., to avoid
plug connections or for rotating transformers [12], [13].
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Fig. 1.

Exploded view of a rotating contactless energy transfer system.

There are efforts to establish industrial standards like Qi from
Wireless Power Consortium [14] for low power applications or
WiPT for charging electrical vehicles [15]. Nevertheless, CET
is still an important field of research [16]-[18].

Using a CET system instead of slip rings to operate an elec-
trical excited synchronous machine GEESM) implies some dif-
ferences compared to well established applications, like battery
charging or voltage stable power supply [19], [20]. The task of
the CET-system, besides transferring energy to the rotor, is also
to enable an accurate control of the rotor side excitation current.
Due to high temperature and high rotational speed and associ-
ated high forces, it is advisable to avoid as many electronic parts
on the rotor as possible. Hence, the current on the rotor has to
be controlled using measured values and active components on
the stator side. The CET system proposed in this paper does not
contain ferrite parts for flux guidance or active electronics on the
secondary side and therewith on the rotating part. Considering
high temperature and high centrifugal forces this approach of-
fers decisive advantages. Fig. 1 shows an exploded view of such
a system. The first part of this paper shows the theoretical fun-
damentals of the proposed system. Then the transfer functions
of a primary side serial, secondary side parallel compensated
system (1s2p-system), and a primary side parallel, secondary
side parallel compensated system (1p2p-system) are presented.
Different possibilities of the arrangement of the compensation
network are shown and evaluated for this use case. Furthermore,
the parameters of the designed CET-system are calculated and
the experimental setup on a test bench is described. At last, the
experimental results are discussed and a conclusion is given.
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Fig. 3. Equivalent circuit of a 1s2p compensated system with H-parameters.

II. BASIcS OF CET SYSTEMS

To calculate transfer functions and dimensions of the system,
it is advantageous to simplify the equivalent circuit of a CET-
system. Fig. 2 shows a simplified equivalent circuit with the
coil-system, a compensation network on each side, an equiva-
lent voltage source, which represents the power converter, and
an equivalent load resistance [21]. The inverter and the recti-
fier are neglected. The input voltage of the CET-system Ujy
is modeled as an ideal sinusoidal voltage source [22]. Further-
more, the rectifier, the smoothing choke, and the load resis-
tance on the secondary side are modeled by an equivalent load
resistance Ry,.

A. Topology of the CET-System

To transfer energy from one coil on the primary side to another
coil on the secondary side, there are four different possibilities
to arrange the compensation capacitors, assuming one capac-
itor on the primary side and one capacitor on the secondary
side. Each capacitor can be connected in serial or in parallel
to the coil. Due to the inductive load in electrical excited syn-
chronous machines, a secondary side parallel compensation is
advantageous. Hereby, the rectifier can be connected directly
to the inductive load without a smoothing capacitor. In order to
choose the compensation topology on the primary side, it is nec-
essary to consider the transfer behavior. Both 1s2p-system and
1p2p-system allow us to control the current on the secondary
side by using a measurement of the primary side current. The
1s2p-system is already calculated, set up, and tested in [20].
The advantage of a 1p2p-system is the possibility to use an au-
toresonant converter on the primary side. For our approach, a
Royer converter with no need for any control was chosen. Fur-
thermore, the 1p2p-system is safe against open and short circuit
on the secondary side. This paper will compare the theory of
both systems and present the calculation and measurements of
the 1p2p-system.

B. 1s2p-System

Fig. 3 shows the equivalent circuit of a 1s2p-system. The use
of controlled sources in the equivalent circuit of the coil system

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 54, NO. 4, JULY/AUGUST 2018

simplifies the calculation. Furthermore, it is advantageous to
calculate the 1s2p-system with H-parameters [23]

L,
H, =ijwL (1 — Kk H, =k —
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H, = —k\/=— H, = ) 1
2221 L2 222 jWLZ ()

Based on the equivalent circuit shown in Fig. 3 and (1), the input
impedance Z;y is calculated

U 1 K
ZIN:?IN:’ & +JwL1 (1—k2)—|— : Ly
AN s — +jwCsy + 7
=jXi wls
=jB;

(@)

Setting the reactance X and the susceptance B, to zero leads
to the following compensation capacities C'is and Cy,, [23]:

B 1 o 1
T W2L (1 —k2) 2L,

In this design, there are up to three resonance frequencies, de-
pending on the value of the equivalent load resistance Ry,. Set-
ting the imaginary part of Z;y to zero leads to these resonance
frequencies and to the characteristic equivalent load resistance
Ry, .. Two resonance frequencies wyy1, and wy,,g exist only for
equivalent load resistances greater than the characteristic equiv-
alent load resistance Ry, > Ry, .

Cis 3)

Wpho = Wo wpnL, < wo WphH > Wo 4)
1 w0L2
RL,c = wOLz E — 1= k . (5)

Afterward the input impedance Zyy, the voltage transfer
function My = |U;|/|U;x| and the transadmittance My =
|1;]/|Usx| can be calculated for these resonant frequencies.
This yields to (6)—(8) for wyno
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Fig. 4 shows the transfer functions, when driving the circuit with
a stable resonance frequency, which is wpy0, wpnr, and wpnn
for Ry, > Ry, and wypy, otherwise.
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Fig. 5. Equivalent circuit of a 1p2p compensated system with Y-parameters.

C. Ip2p-System

Fig. 5 shows the equivalent circuit of a 1p2p-system.
It is advantageous to calculate the Ip2p-system with
Y-parameters

Y, - Yo -
=TS0 (1 —k2) 2T WM (1-k?)
k> 1

Yyy= - Y=
-2 oM (1 —k2) T2 jwLy (1 —k?)

(12)

Based on the equivalent circuit shown in Fig. 5 and (12), the
input admittance Yy is calculated

1
YiNn = jwCip + ————
v = WG =)
=B
i 1
+w2L1L2(1—/€2)2.' Cy, + : +5
SRy Y T D
;J'Bz
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Setting the susceptance B} and B, to zero, leads to the following
compensation capacities C'j;, and Cy:

1 1

Clp=—— Cyp=—r .
2L (1 - k) 2L, (1— k)

(14)

In this design, there are up to three resonant frequencies, de-
pending on the value of the equivalent load resistance Ry, .
Setting the imaginary part of Yy to zero leads to these res-
onance frequencies and to the characteristic equivalent load
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Fig. 6. Transfer function of a 1p2p compensated contactless energy transfer
system.

resistance I3, ¢
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Afterward the input impedance Z;y, the voltage transfer func-
tion My = |Uy |/|Urx| and the current transfer function My =

WphL < wo WphH > Wwo

(16)

Mu iv| are calculated for these resonant frequencies. This
yields to (17)—(19) for wyo
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Fig. 6 shows the curves, when driving the circuit with a stable
resonance frequency, which is wyg, wpnr,, and wpny for Ry, >
Ry, and wpn otherwise.

D. Selection of a Topology

To define an operation range of the CET-system, first the
topology of the primary side compensation network has to
be chosen. Therefore, all requirements for the transfer behav-
ior and the load have to be considered. It is advantageous to
choose an operation range where the current transfer function
My = %|[IN| or the transadmittance |My| = %|QIN| are
continuous over a variable equivalent load resistance Ry,. The
operation mode with a resonance frequency w = wphr, phu at
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Fig. 7. Equivalent circuit of the complete system with the hf-inverter, the
compensation network, the coil system, the rectifier, and the inductive load.

TABLE I
PARAMTERS OF THE IEESM AND BASIC PARAMETERS OF THE 1S2P PROTOTYPE

Parameter Description Value
Riotor,min Resistance of the rotor of the iIEESM at 20 °C 50
Riotor,max Resistance of the rotor of the iEESM at 150°C 80
Coupling factor between L and L, 0.47
Liotor.max Maximum current in the iEESM 10A
fo Design frequency 100kHz
Upc Maximum voltage of the primary side dc link 112V

the 1s2p-system and the operation mode with a frequency
w = wpno at the 1p2p-system are matching the desired be-
havior of the transfer functions. The setup, calculation, and
measurements of the 1s2p-system with a half-bridge inverter is
already presented in [20]. Therefore, an inverter setup to drive
the 1p2p-system is chosen [24] and will be investigated further.
For a 1p2p-system, the equivalent load resistance Ry, has to be
greater than the characteristic equivalent load resistance Ry, .,
but as close to Ry, . as possible. If it differs too much, the max-
imum transferable power and the efficiency will decrease. The
operation range is shown in Fig. 6.

Furthermore, it has to be considered that the equivalent load
resistance of the system [y, which is proportional to the resis-
tance of the excitation winding R,.t.:, depends on the tempera-
ture and can change during operation. But as the operation range
has a hard lower limit and a soft upper limit, only the minimal
temperature and thereby the minimal equivalent load resistance
R1, min has to be defined. This minimal temperature depends on
the application area and has to be considered in the calculation.

III. SYSTEM DESIGN

Fig. 7 shows the equivalent circuit of the complete system and
all necessary parameters, which are used to calculate the 1p2p-
system. The equivalent circuit for the 1s2p-system is shown
in [20].

A. Calculation of the 1s2p-System

To calculate the parameters of the CET-system, the parame-
ters of the iEESM and other basic parameters are required (see
Table I). The calculation of the 1s2p-system parameters is al-
ready shown in [20]. Table I shows an overview of all calculated
parameters.
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TABLE II
CALCULATED PARAMETERS OF THE CET-SYSTEM

Parameter Description Value
Ry, Resistance of the equivalent load at 20 °C 6.17Q
Ry, Resistance of the equivalent load at 150 °C 9.87Q2
|1, max]  Absolute value of the maximum equivalent current 9A
|Un| Absolute value of the maximum equivalent input voltage 100V
Ly Secondary side inductance 525 uH
Ly Primary side inductance 79.6 uH
TABLE III

PARAMTERS OF THE IEESM AND BASIC PARAMETERS OF THE 1P2P PROTOTYPE

Parameter Description Value
k Coupling factor between L and L, 0.33
Ipc Maximum current of the primary side dc link 10A

B. Calculation of the 1p2p-System

To calculate the parameters of the 1p2p-system, some addi-
tional parameters to the parameters in table I are required (see
Table III).

1) Equivalent Load Resistance: The transmission ratio be-
tween the equivalent load resistance Ry, and the actual resistance
of the rotor of the iEESM R, . depends on the topology of the
rectifier and the compensation topology. For the described CET-
system with a secondary side parallel compensation, a full-wave
rectifier with the following transmission ratio is established [18]:

2
s 1

Ry, = Rr o N o

b et 0,81
2) Equivalent Output Current: The transmission ratio be-
tween the equivalent current I1, and the current of the rotor of
the iIEESM I,,,, depends both on the topology of the rectifier
and the compensation. It is calculated using the transmission

ratio of the resistances

Rrotor- (23)

V8

[L = Irotori ~ 0.9 - Irotor- (24’)
T

3) Equivalent Input Voltage: The transmission ratio between
the equivalent voltage Uy and the dc-link voltage Upc de-
pends on the topology of the inverter and the compensation.
For this CET-system with a primary side parallel compensa-
tion, a Royer converter with the following transmission ratio is
established [23]:

V2

I = Ipc—. (25
T

4) Secondary Side Inductance: According to (16), the con-
stant coupling factor k& and the constant design frequency wy,
the inductance of the secondary side coil L, directly affects the
characteristic equivalent load resistance Ry,. To meet the op-
timal operation range as shown in Fig. 6, the secondary side
inductance L, is calculated by transforming (16)

_ RpV2-2V1—k? - RrV2—2v1—k?

wo (1 _k2) wo (1 —k’z)

Ly (26)
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TABLE IV
CALCULATED PARAMETERS OF THE CET-SYSTEM

Parameter Description Value
Ry, Resistance of the equivalent load at 20 °C 6.17Q
Ry, Resistance of the equivalent load at 150 °C 9.87Q
[T, max| Absolute value of the maximum equivalent current 9A
|UN| Absolute value of the maximum equivalent input voltage 222V
Ly Secondary side inductance 3.98 uH
L Primary side inductance 15.92 pH
LIL2L3 control signals
active DC inverter IEW MicroAuto
frontend » Mainboard Box
Ul viw sensor signals
y
[ U~
IM iEESM ] royer CO::‘/:I:K:I‘
torque sensor CET Stator (primary side)
CET Rotor (secondary side)
Fig. 8. Components of the test bench with the electrical excited synchronous

machine and the contactless energy transfer system.

5) Primary Side Inductance: The inductance of the primary
coil is found using (22)

T 2
- Ll @7

L = .
Ly [?

6) Overview of the Calculated Parameters: Table IV shows
the calculated parameters.

IV. EXPERIMENTAL SETUP

To verify the operation of an iEESM, the CET-system was
constructed and adapted to an electrical excited synchronous
machine and put in operation on a test bench for electrical ma-
chines. Fig. 8 shows an overview of all components of this
test bench. The iEESM is coupled with an induction machine.
The three stator phases of the iEESM are fed by a six pulse
inverter. The insulated gate bipolar transistors are controlled
by a pulse-width modulated voltage signal with up to 18 kHz
switching frequency. The 600 V dc power supply is provided
by an active front end, connected to the three phase grid. The
control algorithm for the field oriented control of the iEESM is
done in MATLAB/Simulink and built in a digital signal proces-
sor of the rapid prototyping environment MicroAutoBox II by
dSPACE. Malfunction monitoring and analog signal detection
is done with complex programmable logic device-based signal
and safety electronics, developed at the Institute of Electrical
Energy Conversion, University of Stuttgart (IEW Mainboard).
As explained in Section III, the CET-system has a Royer con-
verter on the primary side and a full bridge rectifier on the
secondary side. The input current Ipc and therewith the rotor
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Fig. 9. Electrical excited synchronous machine with adapted CET-system.
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Totor stator
winding winding

Fig. 10. Magnetic flux density path simulated in an FEM tool.
current /;,¢0; 1S controlled by a buck converter connected to the
input pins of the Royer converter.

A. Electrical Excited Synchronous Machine

Fig. 9 shows the electrical excited synchronous machine with
the adapted CET-system. The electrical machine has a power
output of about 60 kW and a maximum rotational speed of about
10000 rpm.

B. Magnetic Path

Fig. 10 shows the draft of the magnetic path with the housing,
the soft magnetic ferrite, nonmagnetic materials for mechanical
reasons and the rotor and stator windings. Using finite element
method (FEM) simulations in two-dimensional (2-D) and 3-D,
the geometry and the dimension were optimized for the 1p2p
CET-system. Compared to the 1s2p prototype, presented in [20],
the dimensions of the active part of the energy transfer system
could be reduced by about half. Although, this reduction leads
to higher eddy current losses in the aluminum, the advantages of
the smaller dimensions dominate in this purpose. Fig. 11 shows
the cross-sectional view of the optimized geometry.

Due to the high rotational speed, a construction without ferrite
material on the rotor is developed. To protect the rotor coil
against the centrifugal force, a glass fiber bandage is wrapped
around the coil and both, the coil and the glass fiber bandage, are
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Fig. 11.  Section view of the optimized geometry, including the coils, the
ferrite, the aluminum shielding, and the nonconducting carrier material.
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Fig. 12. Royer converter with MOSFETS.

potted in epoxy resin. Therewith, the rotor consists only of an
aluminum pulley and a potted construction of copper and glass
fiber.

C. Power Electronics of the CET-System

On the primary side, a Royer converter converts direct volt-
age in alternating voltage. The circuit works autoresonant with
a resonance frequency, defined by the capacitor C,, the induc-
tance L, and the coupled secondary side magnetic path. For
the first time, the circuit was developed and patented in 1954
by George Howard Royer and Richard Louis Bright [25]. An
improved highly efficient variant is shown in Fig. 12 [24].

Due to the zero current switching and the high efficient gate
triggering using MOSFETs, this converter can reach very high
overall efficiencies. The coil with center tap L, is serving as
the primary side of the transmission path for the CET-system.
The capacitor C,, is connected in parallel. The resonance fre-
quency of the parallel resonant circuit is also the frequency for
energy transfer and can be designed by varying the capacity.
Basically, the Royer converter with high efficient gate trigger-
ing consists of four MOSFETs (@1, @2, @3, Q4). The MOSFETS
@ and @), drive the active power of the system and the MOS-
FETs (3 and Q4 provide the high efficient gate triggering of 9,
and (). The source pins of (); and (), are always connected to
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Fig. 13. Buck converter combined with Royer converter.

Buck converter Royer converter

Fig. 14.

Buck converter and Royer converter.

ground. The inductor Lpyr forms, in combination with a buck
converter, the constant current source. Therefore, Lpr should
be at least ten times bigger than L;. The buck converter can be
used to control either the input voltage or the input current of
the Royer converter. Fig. 13 shows the connection of the buck
converter and the Royer converter. To optimize the system and
reduce the amount of electronic components, the inductance
Lpr is used both as current source for the Royer converter and
as an inductor for the buck converter. Fig. 14 shows the circuit
board of the buck converter, connected to the IEW Mainboard
with a fiber optic cable and the Royer converter.

V. MEASUREMENT AND RESULTS

To demonstrate that the inductance Lpy can be used as an
inductor for the buck converter and as a current source for the
Royer converter, Fig. 15 shows a measurement of the output
voltage of the buck converter Up ¢ and the voltage of the paral-
lel resonance circuit Ug,, . One can see that the voltage of the
parallel resonance circuit Ug, , is hardly affected by the switch-
ing state of the buck converter.

Fig. 16 shows the transmission ratio of the output voltage Uy,
and the input voltage Ury. The measured voltage transfer func-
tion is matching the ideal voltage transfer function, deduced
in Section II-C, very well. The deviation is caused by losses
in the system. Simplified, the losses can be divided into serial
loss resistances and parallel loss resistances. The deviation in
the voltage transfer function is only affected by serial loss resis-
tances, e.g., voltage drop of diodes. To explain the measurement
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of the efficiency of the system, an FEM-Simulation of the sys-
tem was done [26] and the current density of the simulation is
shown in Fig. 17. As Fig. 17 shows, there is a current density
unequal to zero in the coils and in the aluminum. Due to the
ferrite free rotor and the reduction of the dimension of the mag-
netic path, not negligible current densities and therewith losses
occur in the aluminum parts.

Fig. 18 shows the overall efficiency of the CET-system for
different rotor resistances R, Which is, as expected, lower
than it would be possible with smaller eddy current losses in the
aluminum.

Regarding the rated power of 40 kW of the electrical excited
synchronous machine (EESM) the losses of about 100 W have
a very small influence on the efficiency of the EESM, but the
losses influence the transmission behavior of the CET-system.
The eddy current losses and the copper losses of the parallel
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Fig. 17.  Result of 2-D magnetic field simulation—Surface: Current density,
phi component [A/mm?], Arrow Line: Magnetic flux density.
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Fig. 18.  Overall efficiency of the CET-system.
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Simplified equivalent circuit with the parallel loss resistance Ry.

Fig. 19.

resonant circuit are modeled as a parallel loss resistance Ry on
the primary side (see Fig. 19).

Due to a constant current transfer function M; = \/éjz for
W = WpnT,,phH, the equivalent load resistance Ry is converted
to a primary side resistance R; = M? Ry. The loss resis-
tance Ry was measured with a LCR-meter and is Ry = 180 2.
Considering this simplified loss model and the measured par-
allel loss resistance Ry, the current transfer function M is
adapted to

Migr, = (28)

Fig. 20 shows the transmission ratio of the output current
I, to the input current Ity depending on the equivalent load
resistance Ry,.
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Fig. 21.  Overall efficiency of the iEESM.

One can see, that the measured transfer function is matching
the ideal transfer function with losses very well. To prove the
low influence of the efficiency of the CET-system, the overall
efficiency of the iEESM was measured and is shown in Fig. 21.

VI. CONCLUSION

In order to evaluate the performance of an electrical excited
synchronous machine with CET to the rotor, the design, the
setup, and measurements of such an iEESM are shown. First
of all, the transfer behaviors of a 1s2p-system and a 1p2p-
system are discussed and the optimal operation ranges of those
systems are defined. Furthermore, the parameters for the 1p2p
CET-system depending on the parameters of an iEESM are cal-
culated and a magnetic path and power electronics are built.
In the final step, the complete system is set up on a test bench
and measurements for the switching behavior, the transmission
ratio, the efficiency of the CET-system, and the overall effi-
ciency of the iEESM are made. One can see that a system using
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only one inductor for a buck converter and a Royer converter
is working very well. Furthermore, the measured transmission
ratios of the CET-system are matching very well to the the-
oretically calculated ratios. Therewith, a rotating CET-system
with many advantages over conventional solutions was built and
tested. As the rotor is without ferrite parts, it can be built very
stable and easy to balance. Due to the segmented construction
of the flux leading material, the dimension and the rated power
can be varied easily. Overall, it is shown that this novel rotating
CET-system offers the possibility of using inductive electrical
excited synchronous machines for electrical vehicles.
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