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ABSTRACT:This paper presents a new face to face through-hole type contactless slipring system for wireless power transfer in
rotary applications. Unlike the existing coaxial contactless slipring, the primary and secondary sides of the proposed system have
identical structures that greatly simplify the system design. Moreover, the air gap between the primary and secondary sides of the
system can vary, even with a barrier wall in between, without redesigning the dimensions of the system. A method of shielding the
stray magnetic field using flexible type of ferrite materials has been presented and compared against the aluminium shielding.
Besides the magnetic simulation study, a practical system is built and tested using a series tuned power pickup with a quality factor
(Qs) of 1.55 and output power of 367 Watts. The proposed system can be used for applications such as wind turbine pitch control
and excitation systems of power generators.
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I. INTRODUCTION

Inductive Power Transfer (IPT) technology offers a good solution of transferring powerto electrical loadswith
relative movement to the stationary power source[1, 2]. This new technology has been used in different applications;
each has particular specifications and restrictions. A range of applications such as in Electrical Vehicle (EV) [3],
biomedical implants [4], robotics[5], etc. have been presented and several approaches have been proposed based on the
individual requirements. Apart from linear movement, one particular scenario is to transfer power to rotatory loads.
Currently this is achievedusing mechanical slipring assemblies utilizing conductive carbon brushes sliding on
conductive rotating rings. Use of conventional slipring assemblies based on direct mechanical contacts is often
undesirable. Their inherent high friction characteristics due to the contact between the brushes and moving conductors
often cause high wear and tear, so frequent maintenance or even full replacement is required which can significantly
increase the operational costs in applications such as in wind turbine applications [6, 7]. To eliminate the direct
mechanical contacts, acontactless slipring with coaxial magnetic coupling shown in Fig. 1 has been developed by
PowerByProxi Ltd and currently installed as a trial for a wind turbine pitch control[8, 9]. However, in this design the
primary side encircles the secondary side fully, which results in a system with a fixed air gap and asymmetrical primary
and secondary. In such a design, in addition to individual design procedures for each side, any changes in the air gap
require a complete system redesign, which can be time consuming and costly. Moreover, if there is a barrier wall along
the system shaft, the coaxial structure would not work.
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Fig. 1 Existing coaxial contactless slipring system (General structure and 3D model of the magnetic structure)
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This paper proposes a new through-hole type contactless slipring with identical primary and secondary magnetic
structures. The face to face configuration of the proposed system allows for flexible air-gaps, and can work even when
a barrier wall is located between the primary and secondary sides.

Il. THE PROPOSED SYSTEM

Fig. 2 shows the proposed face to face contactless slipring system. It consists of two identical stationary and
rotatable parts which are electrically isolated by an air gap and magnetically coupled. Therefore, the secondary can be
movable (linearly or/and rotating) giving flexibility, mobility and safeness for the supplied loads. This is one of the
advantages of the proposed system that accomodates the possiblity of linear and rotary movement for the secondary as
compared to the existing coaxial contactless slipring. Moreover, its face to face feature provides the possibility of using
such a design with a primary located outside and a secondary in the other side of a barrier wall. However, this is
possible if the barrier wall is made of a non-magnetic and non-conductive material.
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Fig. 2 The proposed face to face contactless slipring system (General structure and 3D-FEMmodel of the magnetic structure)

The primary converter employed in the primary side produces a high frequency alternating current flows through an
external coil (primary), generating an alternating electromagnetic field. In fact, high frequency power converter
improves the power transfer characteristics by fast changing rate of magnetic field. For the proposed system, a current-
fed push-pull converter with Zero Voltage Zwitching (ZVS) operation is used to drive the primary coil at a constant
primary current. The presence of the time varying field within the secondary coil induces currents which can be
converted to power and supplied to the load. Due to the mutual magnetic coupling between the primary and the
secondary coils, an inductive electromotive force is induced in the secondary coil which forms a voltage source for the
secondary power supply. Since the magnetic coupling between the two coils is low as compared to the tightly coupled
transformer, the induced voltage in the secondary coil is usually inappropriate to be fed directly to the connected load.
The secondary converter then realizes rectifying and power converting according to the load requirements.

I11. EQUIVALENT CIRCUIT AND POWER TRANSFER CAPABILITY ANALYSIS

In this section an electrical model of a contactless slipring is presented to offer an improved analysis of the
magnetic structure performance, simulation, derivation of mathematical equations to put a figure on each aspect of a
magnetic component. In the case of IPT systems even though the power transfer occurs in a similar way as that of
conventional transformer, there are various reasons that make it difficult to model the system using the conventional
equivalent circuit[10]. Instead the interactions between the primary and the secondary coils are described using a
mutual inductance model as shown in Fig. 3. As it can be seen a secondary coil of inductance L, mutually coupled to a
primary coil carrying current I; through a mutual inductance M [11]. Note that winding losses are not considered in the
presented model. Moreover, the air gap in the path of the magnetic flux leads to low flux density which tends to make
the core loss very small, so the core loss component also may be neglected without significant loss of accuracy.
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Fig. 3 Mutual inductance model
The two fundamental parameters of a contactless slipring system as an IPT system are the open circuit voltage V.
(obtained when R = o) and short circuit current Isc (obtained when R, = 0) are given as,

Voo = joMI, ®

joM M
= =1L+ @

sc 1ja)L2_ 1L2

The mutual inductance M is a function of the geometry of the magnetic structure and it can be found by simulation,
measurements or modeling the physical structure [12]. In the model of Fig. 3, the reflected voltage Vr represents the
total effect of the secondary on the primary side and determined by the current flowing within the secondary coil and
the mutual inductance M as given by,

V, = —jwMI, 3)

To achieve this requirement, the effect of the secondary can be represented by the equivalent reflected impedance as
following,

V. —joMI,
=L __J ¢ 4
I 0)

Z j—
T [1
The short-circuit current on the other hand, is defined by the input impedance seen by the open circuit voltage V. to
be Z, as,

Ve joMIL
Z, I

L= )

Combining (4) and (5), the equivalent reflected impedance of the secondary back onto the primary is expressed as,

Z M 6
r - ZZ ( )

where Z, is the secondary impedance given by,
Z; =R, +jwl, @)

Since the secondary power pickup circuit depends on the selected compensation topology, the reflected resistance
and reactance at the resonant frequency onto the primary side is different for series and parallel-tuned secondary coil as
given in Table I[13].It can be seen from Table | that the reflected impedance for the series-tuned secondary coil is pure
resistive, while the parallel-tuned secondary coil reflects capacitive component too. This is one of the major differences
between the series and parallel compensated secondary coils. The reflected impedance can then be compared and
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combined with the impedance of the primary coil. The power transferred from the primary to the secondary is simply
the reflected resistance (real part of the reflected impedance) multiplied by the squared primary current as given by,

P, = If [Re(Z,)] ®)

Note that the power transferred to the secondary side can also be calculated based on the obtained un-compensated
power (as a product of V. and ) as following [3],

PZ = Qs Su = Qs V:)c[sc (9)

where Qs is the secondary power pickup circuit quality factor and is different depending on the secondary tuning
topology as given by,

Wo Ls

( Series tuning: R
0. =1 L (10)

Parallel tuning:
arallel tuning ool

Although the higher the Qs, the higher the power transfer; however for some reasons maximum practical achievable
Qs is about 10 [14].

TABLE |
REFLECTED IMPEDANCES FOR DIFFERENT TUNING
Tuning Topology Re [Zr] Im [Zr]
wiM?
Series R, 0
M?R, woM?
Parallel 12 L,

IV.3D-FEM SIMULATION AND ANALYSIS

A 3D finite element modelis developed to study the magnetic behavior of the proposed slipring system using JIMAG
package as shown in Fig. 2b. Table 1l demonstrates the assigned simulation data.Normally in contactless slipring
systems an aluminium shield is used to protect the shaft from the stray flux lines. The stray flux lines which are passing
through the shaft induce eddy currents and as a result generate heat in the shaft [15-17]. Aluminium shield however
creates power losses and usually a trade-off design. Thus a good compromise between power losses and shaft protection
has to be taken in consideration during design. In this paper a method of magnetic shield is proposed using a soft flexible
ferrite material FFSX. Note that the flexible ferrite material proposed for shielding is available in the market and
practically used for experimentations as presented later in section-V [15]. Therefore, to investigate the impact of the
existing magnetic shielding method and the proposed method, the simulation study is performed for different conditions
as shown in Table I11.

TABLE Il

SIMULATION DATA
Parameter Value
Air gap (mm) 5
f (kHz) 115
N]_ = N2 4
1, (A) = constant 10
Mn-Zn Ferrite with Bs (T) 0.5
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TABLE Il
SIMULATION RESULTS

Parameter Without shaft With shaft | With aluminium | With ferrite

and shielding only shielding shielding
k (coupling coefficient) 0.572 0.543 0.53 0.733
Bm (T) 0.046 0.045 0.044 0.1
Max. current density(A/m?) | 1.26 x 10° 3.141x10° | 1.12 X10° 3.12X10°
Voc (V) 16.32 1451 13.8 335
Isc (A) 5.72 5.43 5.3 7.33
Su (VA) 93.36 78.8 73.12 245.4
Total Losses | ------- 18.47% 2768% | ------

At first the system is simulated without any shaft as well as any magnetic shielding used. The un-compensated power
as a product of V. and Iy is reached about 93.36 VA. When a steel shaft is added to the system, the power decreased to
78.8 VA. This is because about 18.47 % power lost within the shaft due to the induced eddy currents. Fig. 4 shows the
simulated current density due to the induced eddy current in the shaft. Maximum current density is reached about
2.4X10° within the shaft which is a considerable value as compared to the maximum system current density about
3.141x10° and most likely creates substantial heat in the shaft.Next, an aluminium sleeve added to the system over the
steel shaft. From Fig. 5a the current density of the induced eddy currents in the shaft is greatly reduced to 6.5X10".
However the maximum current density simulated for the system is about 1.12X107and it is within the aluminium shield
(see Fig. 5b). The power decreased even more about 9.21 % (27.68 - 18.47) by adding aluminium shield.

When ferrite material used for magnetic shielding, the power increased about 3.11 times from 78.8 VA (with shaft
only) to 245.4 VA. Using ferrite in fact provides a magnetic path with low reluctance for the flux lines and almost
shorting one of the air gaps between the two sides. This would enhance the magnetic coupling structure and results in an
increased mutual inductance and consequently greater transfer impedance (see Eqn.6). A system with high transfer
impedance is able to transfer more power to the secondary side as stated in (8).As it can be seen from Fig. 6, using a
ferrite shield totally covers the shaft from the fringing magnetic fields due to the air gap adjacent to the shaft. However
there are some eddy currents with 1.5X10° current density induced at the ends of the shaft which can be mitigated by
extending the ferrite shield. In order to estimate the power losses within the shaft for this case, the shaft is removed and
the simulation is repeated with only a ferrite shield. The power is reached about 248 VA (33.76 V * 7.35A) which means
that only about 1.06 % power is lost in the shaft with ferrite shielding. This amount of power is negligible and less likely
of causing damage to the system. Maximum flux density is simulated for the case with ferrite shielding about 0.1T which
is still much lower than the saturation limit of the used ferrite with 0.5T. This indicates that the system can still be driven
for higher power levels without saturation problem.
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Fig. 4 Induced eddy currents in the shaft without shielding
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Fig. 6 Simulated current density when the shaft covered by flexible ferrite shield

V. PRACTICAL RESULTS

Besides the theoretical and FEM analysis, a practical model of the proposed system is constructed for further system
evaluation as shown in Fig. 7. The practical dimensions and operating conditions are similar to the developed FEM
model to have a reasonable comparison between both results. As it can be seen, a set of U-shape of ferrite cores are used
to create a complete ring of ferrite around the shaft. The primary and the secondary are identical and they are through-
hole type which they can be designed for any shaft’s diameter. At first, the system is tested when the shaft is standstill,
and then the shaft together with the electrical load mounted on it is driven by an electrical motor to a speed up to 1400
rpm in order to investigate the effect of the rotation on the system’s performance. It was observed that the system
parameters at the primary side remain unchanged, meaning the rotation does not affect the performance of the system.
This was also verified during the inductance measurements. It was found that the mutual inductance between the two
sides is constant regardless of the positioning and rotation of the secondary side.

Table 1V shows the practical results of the open circuit voltage and short-circuit current for various cases similar to
the simulation. The open-circuit voltage and short-circuit current waveforms taken from the experiment for the case with
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ferrite shielding are good sinusoidal as shown in Fig. 8 at 115 kHz. The open-circuit voltage measured for the case with
ferrite shielding about 36.85 V and the 6.48 A short-circuit current. These values give about (36.85 * 6.48 = 236.83) VA
un-compensated power. It has been shown in [14] that maximum power that can be transferred to the load is about half
of the un-compensated power (= 0.5 Su). If the required power is greater than this value, then it is essential to tune the
secondary inductance. In case of the practical model of the proposed system, the used Litz wire (AWG12) can handle
maximum current about 10.8 A @40°C; thus for a fully series-tuning case, the short-circuit current of the system can be
increased from 6.48A to 10A by Qs (= 1.55). Since the secondary inductance (Lp,= L= 4.5 pH) and the frequency are
known parameters for the system, the quality factor then is determined by the connected load as stated in (10). Thus,
about 2.01Q resistive load is connected to the series-tuned secondary side. According to (9), about (1.55*236.83 = 367

(An ISO 3297: 2007 Certified Organization)
Vol. 2, Issue 9, September 2013

Watts) output power is measured at the load side.
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Fig. 7 Practical set-up of the proposed face to face sytem
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TABLE IV
EXPERIMENTAL RESULTS

Parameter | Without shaft and | With shaft | With With

shielding only aluminium | ferrite
Voc (V) 18 16.51 16 36.85
Isc (A) 4.74 4.6 4.3 6.427
Su (VA) 85.32 75.94 68.8 236.83

500v/ B 100A/ B 500v/ @ ¢ 00s 50008/ Auto # H -900¢ m 1004/ B 1004/ § ] £ 0.0s 50008 Auto # -90.07
Primary current Primary current

Primary voltage

Open-circuit voltage Short-circuit current
| RMS(1 J: 57.20v ] MS{Z J: 10.04A | Freq(1): 114.8kHz RMS(3 ): 36.85V | RMIS(1 ); 10.06A TRMS(Z: 6.427A ]

Fig. 8 Practical outputs waveforms with ferrite shielding at 10A constant primary current and 114.9 kHz

Referring to Table Il and Table IV; it can be seen that there is a very good agreement between the FEM and the
experimental results for the air gap (= 5 mm). This signifies the accuracy and feasibility of the proposed system. The
power density of such a system with the dimensions mentioned in Fig. 2b is fairly superior in practice and it can be used
in important power applications as detailed in the next section.

VI.SUITABLE APPLICATIONS

A. Wind turbine pitch control system

An important application of the proposed system is in wind turbine pitch control applications. This control system is
mounted on the rotating shaft of the turbine and is used to control the blade angle in accordance to the speed of wind. A
wind turbine pitch control system is shown in Fig. 9. Generally, power is transferred to this system via conventional
slipring systems. As discussed earlier, the operational cost would be very high in case of need for cleaning or brush
replacement. Therefore, replacing the conventional slipring system with a contactless method would be very
advantageous for wind turbine applications.

Turbine AC
Rotor Grid
Stator AC
— vl
Wind ] _I_
Rotor T11h
‘,‘r T \ ”

[e——]

Induction Control Three-.phase
PN generator . grid

;Pitch angle :
Fig. 9 Wind turbine pitch control system of a Doubly-Fed Induction Generator (DFIG)
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B. Power generation excitation systems

An IPT-basedcontactless slipring can be used in other applications, such as synchronous machines excitation
systems transferring power to the rotor winding (see Fig. 10). Using such a system for excitation systems has great
advantages as compare to the currently used solutions. To begin with, it eliminates the direct contact and frequent
maintenance of the brush-system. On the other hand, it is capable of transferring power to the standstill shaft with a
faster response as compare to the rotating-diodes system[9].

Mechanical slipring

asse\mflies
=)
Main DC Rotor
exciter field

=—)

Fig. 10 Simplified synchronous machines excitation system

C. Robotic joint applications

Transferring power across a robot joint by the means of mechanical sliprings and flexible cables is undesirable.
Contactless slipringsoffer a very good solution to eliminatedirect mechanical contacts or cable twisting to achieve 360
degrees freedom of rotation [18, 19]. The proposed system is particularly good for robotic joints with fixture
walls/barriers along the shaft for mechanical supports.

D. Radar applications

One of the other important applications of the proposed contactless slipring system is to transfer electrical power
from the static frame to an airborne frame of radar. The same as other presented applications, usually power transfer is
achieved by the use of slipring assemblies [20, 21]. If this can be achieved wirelessly using a contactless slipring
system, it would have great benefits of removing physical contacts between the stationary and revolving parts and
minimizing the maintenance.

VII. CONCLUSIONS

This paper has presented a new face to face design of contactless slipring system for wireless power transfer in
rotary applications. It has shown that as compared to the existing coaxial contactless slipring, the face to face type is
much simpler to cope with air gap variations. Moreover, it can be potentially used in situations with barrier walls
between the stationary and the rotating sides. A practical system has been build and tested with a series tuned power
pickup with a quality factor (Qs) of 1.55 and output power of 367 Watts to verify the proposed method. It has been
found that using flexible ferrite material for shielding in addition to protecting the shaft from stray magnetic field
increases the power transfer capability of the system to about 3 times.
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