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Abstract—Linear actuators are a key element of automatized
industrial systems, as linear motion is present in most manipulation tasks. For actuators performing x-z movements, actuator
windings are placed on the moving part and these must be
supplied. However, in high-purity environments such as in the
food processing or pharmaceutical industries, actuators should be
fully enclosed in stainless steel (SS) to facilitate thorough cleaning, and cables are undesirable. This paper therefore proposes
high-efﬁciency (97 % at 100 W) wireless power transfer (WPT)
through two 0.5 mm thick SS enclosures, which facilitates the
deployment of linear actuators in high-purity environments. The
proposed coaxial transformer arrangement with the magnetic
core mounted on the moving part results in a magnetic ﬁeld
that is in parallel to the SS enclosures, which minimizes eddycurrent losses. We discuss the detailed modeling and optimization
of the system, and ﬁnally present an industrial two-axis actuator
prototype that fully conﬁrms the theoretical analysis.
Index Terms—Wireless Power Transfer, WPT, Inductive Power
Transfer, IPT, Coaxial WPT, Metal Enclosure, Resonant Compensation, SRC operation.

I. I NTRODUCTION
Linear actuators are used in a wide range of different
application areas ranging from automotive, e.g., for active
suspension of vehicles [1], to industry automatization, e.g., for
various handling and manipulation tasks. Such pick-and-place
applications include, e.g., moving and placing small components for semiconductor packaging [2]. Similar solutions are
also employed in the pharmaceutical industry (e.g., for the
dosing of liquids) and in the food processing industry for
handling foodstuffs. In such environments, highest hygiene
is of paramount importance. Accordingly, all equipment, i.e.,
also the linear actuators, must ideally be fully enclosed in
stainless-steel (SS) housings to facilitate thorough cleaning
and/or disinfection.
However, linear pick-and-place actuators with long stroke
lengths are usually built as shown in Fig. 1, i.e., the slider
(with the electrically supplied windings) moves in x-direction
along a ﬁxed stator, i.e., an SS rod that contains stacked permanent magnets (PMs). The slider’s typical payload is another
actuator, e.g., for z-direction movements, and/or end effectors
(e.g., manipulation tools) which also need to be supplied with
power. Thus, a cable connection (power supply, sensing) to the
actuator’s moving part is required. These cables are typically
This work is partially ﬁnanced by Innosuisse, the Swiss innovation agency.
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Fig. 1: Stainless-steel-(SS)-enclosed linear actuator with a ﬁxed stator
and the slider performing the linear motion. Typically, the slider
carries an end effector, e.g. a linear actuator allowing positioning
in z-direction. Conventionally, the windings of the slider and the end
effector are supplied via cables guided in cable carriers, which cannot
be enclosed in SS and are difﬁcult to clean.

guided in ﬂexible cable carriers (cf. Fig. 1). Clearly, such cable
and cable carrier assemblies cannot be enclosed in SS, and are
in general difﬁcult to clean. In addition, such systems have
drawbacks like a limited lifetime, since cable carriers wear
out and the cables themselves break after a certain number
of bending cycles; this wear-and-tear generates small particles
that can contaminate the environment. Therefore, there is a
need to eliminate the moving cables and cable carriers from
linear actuator systems; especially for applications that require
complete SS enclosures.
Wireless power transfer (WPT) to the moving part of the
linear actuator (cf. Fig. 1) could be used to replace the cables
and cable carriers. Examples of such linear actuators (in a wide
sense, i.e., including wireless power supply of traction units)
with WPT have been reported in the literature [3]–[7], and by
now WPT is an established solution for various applications.
However, all systems reported so far lack the SS enclosures
that are needed for applications in high-purity environments
as discussed above.
If an SS enclosure between the moving and the stationary
parts of a WPT system is present, the magnetic coupling
 fundamentally required for (near ﬁeld) WPT interacts
ﬁeld B
with the electrically conductive SS enclosure and causes eddycurrent losses that deteriorate the WPT efﬁciency. Depending
on the WPT coil arrangement, the ﬁeld passes orthogonally
through the SS enclosures (cf. Fig. 2(a)). In this orthogonalﬁeld concept (OFC), the area Aofc where eddy currents are
induced can be large, causing high losses; [8], [9] have found
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II. M ODELING OF THE PARALLEL F IELD C ONCEPT WPT
To achieve WPT with a magnetic ﬁeld that is in parallel
to the SS enclosures, a coaxial arrangement [3], including a
magnetic core on the moving part, as shown in Fig. 3(a) can
be employed. The primary winding is placed inside an SS tube
long enough to cover the linear motion’s stroke. This winding
creates a tangential ﬂux density B(r) that is in parallel to the
wall of the SS tube, resulting in the PFC depicted in Fig. 2(b).
Note that the coaxial SS enclosure covering the magnetic core
is not shown for better visibility.
A. SS Loss Model
As the ﬁeld penetrates through the SS tube wall cross
section Apfc = δss Lss , the calculation of the eddy-current
losses is similar as for those in a lamination sheet of a
laminated magnetic core, i.e.,
(1)

where σss = 1.3 × 106 S/m is the conductivity of the SS,
ωs = 2π fs is the angular frequency, B̂ss is the average ﬂux
density in the SS, δss is the SS tube wall thickness, Vss =
πdss δss Lss is the SS volume and F (χ) models the skin effect
in the SS tube (cf. [10]), where χ = δss /δss,skin is the ratio of
the SS tube wall thickness δss and the skin depth for the SS:

2
.
(2)
δss,skin =
σss μ0 ω

lss

(a)
1
0.9
F (χ)

maximum efﬁciencies of around 72 % for WPT through two
0.5 mm SS sheets. Alternatively, a parallel-ﬁeld concept (PFC,
cf. Fig. 2(b)) could be employed, where the ﬁeld is oriented
in parallel to the SS enclosures. Therefore, eddy currents are
induced only in a much smaller area Apfc (low induced voltage
and high resistance), that is deﬁned by the thickness of the SS
sheets.
In this paper, we propose a WPT system for SS-enclosed
linear actuators that employs the PFC and hence achieves high
efﬁciencies. Considering an exemplary 72 V DC (input and
output), ≥100 W system, we discuss the detailed magnetic
circuit and SS loss modeling in Section II, and voltageimpressed operation as a DC transformer in Section III.
Section IV ﬁnally presents an industrial actuator prototype
that fully conﬁrms the theoretical analysis.
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Fig. 2: Types of the WPT through SS: (a) Orthogonal-ﬁeld concept
(OFC), where the ﬁeld lines and the SS sheets are orthogonal and (b)
parallel-ﬁeld concept (PFC), where the ﬁeld lines and the SS sheets
are in parallel.
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Fig. 3: (a) Primary and secondary winding arrangement of the PFC.
The primary winding is enclosed in an SS tube with δss = 0.5 mm,
dss = 20 mm and a total length of lss = 1180 mm. As conceptually
shown in Fig. 2(b), the ﬂux density Bss induces eddy currents Jss
only in the relatively small area deﬁned by the SS tube wall thickness
and length. (b) Normalized skin effect impact F (χ) onto the SS
resistance Rss from (3), where χ = δss /δss,skin is the ratio of the SS
tube wall thickness δss and the SS skin depth δSS,skin , cf. (2). The
detailed analytic derivation of F is given in [10].

As the ﬂux density in the SS tube walls decays with ∼ 1/r,
B̂ss is its average
value over the wall thickness calculated
 rss,out
B̂(r)dr, where rss,out = dss,out /2,
as B̂ss = 1/δss rss,in
rss,in = rss,out − δss , B̂(r) = μ0 N1 Iˆ1 /(2πr) and, Iˆ1 is the
primary current amplitude, i.e., i1 = Iˆ1 cos(ωt). Therefore,
the SS loss formula (1) can be expressed as a function of the
primary current amplitude as


μ20 N12 2 dss,out ˆ2
1 Vss
2
ln
·I1 .
(3)
σss ωs F (χ)
Pss = ·
2 12
4π 2
dss,in


=Rss

Thus, the SS losses can be modeled in the same way as
(primary-side) winding transformer winding losses, i.e., as a
resistor Rss that can be included in the transformer equivalent
circuit in series with the primary winding resistance. The skin
effect for the calculation of the SS tube resistance is modeled
with F (χ), which is depicted in Fig. 3(b). It clearly shows
that for the tube thicknesses lower then the SS skin depth,
i.e., for δss ≤ δss,skin , the high-frequency skin effect in the
SS tube can be neglected, i.e., F ≈ 1. For example, the
SS skin depth at 100 kHz is δss,skin (100 kHz) = 1.4 mm, if
σss = 1.3 × 106 S/m is assumed.
B. Primary Winding Design and Loss Model
The primary winding is enclosed inside an SS tube (see
Fig. 3). As the winding carries AC currents with high fre-
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Fig. 4(b) reduces the AC winding resistance as compared to a
round wire of equal cross section (cf. Fig. 4(c)). Finally, for the
desired operating frequency fs , a reasonable ﬂat wire thickness
δw that is smaller or equal to the skin depth for the copper
δcu,skin should be chosen, i.e., δw ≤ δcu,skin . Fig. 4(d) depicts
the dependence of the ﬂat wire resistance on its thickness δw
at fs = 50 kHz, which shows that increasing δw above the
skin depth does not lead to a further reduction of the winding
resistance anymore. Therefore, the effectively available copper
area Aw depends on the operating frequency f and the winding
diameter dw given by the SS tube as
Aw (f ) = (dw π − N1 bw ) · δcu,skin (f ),

f = 50 kHz

δcu,skin (50 kHz)

Fig. 5: Primary-side thermal model, where the equivalent thermal
resistance between the surface of the tube and the ambient is
measured as Rth = 1.5 W/K (for one meter of the SS tube length,
i.e., for Lss = 1 m, and Tss = 60 °C, Tamb = 40 °C, horizontal
orientation and natural convection).

1.5

Fig. 4: Primary winding with N1 = 12, built with circular arrangement of the conductors and maximum conductor distance (wires
close to the SS tube wall) for reduced AC winding resistance: (a)
round wire with dw = 1.85 mm and (b) ﬂat wire (of equal cross
section area) with δw = 0.9 mm, ww = 3 mm, bw = 1.2 mm
and dw = 17 mm; current distribution on the right hand side for
Iˆ1 = 1 A per wire. (c) Ratio of the primary winding’s AC and DC
resistances for the conﬁgurations from (a) and (b). (d) Normalized
winding resistance versus the winding thickness δw for f = 50 kHz,
showing that increasing wire thickness beyond the skin depth does
not reduce the winding’s AC resistance anymore.

quencies, high-frequency effects that increase the winding
resistance must be considered. Note that we consider only
solid wires in the design, as it allows simpler/cost-effective
manufacturing of the primary winding compared to using litz
wire. To ﬁnd the best possible arrangement of the wires, 2DFEM analysis is used. The lowest AC resistance results if the
wires are placed only at the circumference, close to the SS tube
wall, like in Fig. 4(a). The exemplary current distribution at
50 kHz clearly highlights the skin effect in the conductors, i.e.,
a part of a round wire’s cross section is barely carrying current.
Therefore, using a ﬂat wire for the primary winding like in

(4)

where N1 is the primary number of turns and bw is the distance
between the individual wires, cf. Fig. 4(d). Consequently, to
increase the copper area beyond what is given by Aw (f ) in
(4), the winding diameter dw , i.e., SS tube diameter, should be
increased. The difference between the inner SS tube diameter
dss,in and the winding diameter dw depends on the thickness of
the required electrical insulation δinsulation ; for the considered
voltages it is ideally in the sub-millimeter range, i.e., (dss,in −
dw )/2 = δinsulation < 1 mm.
C. SS Tube Thermal Model
In most applications, the SS surface temperature Tss should
be kept below 60 °C to prevent injuries in case of accidental touch by operating personnel. To determine the relation
between the primary-side losses and Tss , the thermal model
depicted in Fig. 5 is used, which accounts for the primary
winding copper losses Pcu1 and the SS losses Pss (cf. (1)).
The equivalent thermal resistance Rth is measured by imposing known Pss losses and keeping Pcu1 = 0, which
gives Rth = (Tss − Tamb )/Pss = 1.5 K/W, for a 1 m
long and 20 mm diameter SS tube; Tss is measured with a
thermal camera at Tamb = 40 °C. This results in a natural
convection heat transfer hss coefﬁcient for the SS tubes of
2
around hss = 1/(Rth Ass ) ≈ 10.6 W/(Km ), which is used
to predict the maximum possible losses in the primary. For
example, to keep Tss < 60 °C at Tamb = 40 °C, the losses in
the primary (1 m long, 20 mm diameter SS tube) should be
Pcu1 + Pss < 13.3 W.

h

iin

iout

SS Pipe
Cr1
xs1

Return
Conductor

C1

+

R1

Ls1
L m N1
im

u1
-

Lss
+
u1
-

Rw1

Ls1

Sliding
Part

+
C2
N 2 u2
-

SS Shielding

Ls1c
Lm

i2 Rw2
N1

N2

+
u2
-

SS Shielding
Fig. 6: PFC WPT system with a single receiver: conceptual physical
arrangement and electrical equivalent circuit. The resistance Rw1 ,
the stray inductance Ls1 and Ls1c model the primary winding. The
resistance Rss models the impact of the SS tube enclosure and it is
calculated according to (3).
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A. Voltage-Impressed DCX Operation
The use of a magnetic core results in a high magnetic
coupling (cf. Fig. 6), which allows to operate the WPT system
as a series resonant converter whereby the resonant capacitor
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III. M ODE OF O PERATION AND P OWER E LECTRONICS

im

Q = 0.5

(b)

The electric circuit model is shown in Fig. 6, together
with the conceptual physical arrangement of the system.
The resistance Rw1 depends on the operating frequency, i.e.,
Rs1 = Rac (f ), and the winding geometry (cf. Fig. 4(b), in
the following the ﬂat winding geometry is assumed). The
DC component of Rw1 is calculated analytically and the
frequency impact obtained as discussed in Section II-B above.
Assuming a return conductor that is straight and placed in
parallel to the SS tube at a distance of xs1 facilitates a
straightforward estimation of the external stray inductance
as Ls1 = μ0 log(xs1 /(dw /2))Lss N12 /π. The internal stray
inductance from the portion of the primary covered by the
secondary core is much smaller than Ls1 and it can be
approximated as Ls1c = Ls1 (h/Lss ), where h is the secondary
core height and Lss is the length of the primary SS tube. The
magnetization inductance is calculated from the AL value of
the core as Lm = AL N12 . Vitroperm 500F is used as core
material, since it performs better at lower frequencies than
ferrite [11]; i.e., the higher saturation ﬂux density enables
choosing smaller and lighter cores and ultimately lower losses.
As shown earlier in Section II-A, the SS losses are solely
caused by the primary current i1 and, they can be modeled
with a series resistance Rss , like (primary) winding losses.
Note that this is different than in OFC WPT (cf. [8]), where
the SS losses depend on the air gap ﬁeld, i.e., ﬁnally on
the primary and the secondary currents, and thus must be
modelled in the equivalent circuit as a resistor in parallel to
the magnetizing inductance (like core losses).
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Fig. 7: (a) Operation of the PFC WPT system as a “DC-transformer”
(DCX), which is enabled by the high magnetic coupling: resonant
compensation of Ls1 by Cr1 results in (b) load-independent voltage
gain for operation at (or slightly below) the resonant frequency,
and in (c) the typical voltage and current waveforms. (d) Dynamic
equivalent circuit modeling the terminal behavior [12], [13], i.e., the
DCX ensures a tight coupling of the input and output DC voltages
without the need for closed-loop control.

Cr1 compensates the stray inductances. If the switching frequency is selected equal to (or slightly below, to facilitate
load-independent soft-switching for the primary-side MOSFETs using the transformer magnetizing current) the resonant
frequency, so-called “DC transformer” (DCX) behavior results
[14], [15] as explained in Fig. 7. Advantageously, the DCX
couples the output voltage tightly to the input voltage without
the need for closed-loop control. Therefore, there is no need
for a communication link between the primary and the secondary side, and black-start capability is easily achieved. Thus,
the DCX concept has been used since the 1990s for similar
sliding transformer applications [4]. The series resistances
(i.e., here mainly the primary-side winding resistance) lead
to a load-dependent voltage reduction at the output, which,
for high-efﬁciency systems, remains limited to a few volts,
i.e., is uncritical for the considered application. Note that if a
tightly regulated output voltage was required, a downstream
DC-DC converter could be employed or quantum operation of
the DCX [16] could be employed.
B. Operation with Multiple Receivers
Many linear drive systems require more than one mover per
axis, i.e., multiple independent drives and power supplies. For
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Fig. 8: PFC WPT with two receivers, conceptual physical arrangement and electrical equivalent circuit with power electronics
necessary for its operation according to Fig. 9.

example, Fig. 8 shows a PFC WPT system with two receivers
(’a‘ and ’b‘) and its equivalent circuit.
Various options for realizing WPT systems with multiple
receivers have been discussed in literature. The most common and straightforward approach impresses a ﬁxed primary
current i1 (see, e.g., [17], [18]), which allows each receiver
to independently control its power intake (and ultimately the
output voltage) by temporarily short-circuiting its secondaryside transformer winding (see, e.g., [19]–[21]). Since the
magnetization inductances of the secondaries (e.g., Lma and
Lmb in Fig. 8) are connected in series, the primary-side
current source must handle a high voltage if the receivers
simultaneously take power and a low voltage when none of
the receivers takes power. This and the impressed circulating
current ultimately leads to low efﬁciency, especially in linear
motion systems with relatively long primary windings.
Therefore, we employ an alternative approach that retains
the voltage-impressed DCX operation and achieves output
voltage control for multiple secondaries by supplying them
with power on a cyclic basis in a mutually exclusive fashion,
i.e., only one receiver is connected to the link at any given
time. For example, when the receiver ’a‘ is powered, the
switches T{1,2}a are open and the switches T{1,2}b are closed
such that the receiver ’b‘ does not take any power.
To control the output voltages, each receiver can consume
power during multiple switching periods before handing over
to the next receiver. The relative on-times depend on the
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Fig. 9: Operation of a voltage-impressed DCX-based WPT system
with two receivers using a time-sharing approach and mutually
exclusive power transfer. Over a time-sharing period of 50Tsw (i.e.,
50 switching cycles with Tsw = 50 μs), each receiver consumes
power during a relative on-time according to its load, see (5). This
ensures equal average output voltages (uouta = uoutb ≈ 67 V)
for the considered unequal (resistive) loads pouta = 226.5 W and
poutb = 150 W.

respective output powers as
Di =

Pi
Pa
Pb
, i.e., Da =
and Db =
, (5)
Pa + Pb
Pa + Pb
k Pk

under the simplifying assumption of equal (controlled) output
voltages, i.e., uouta ≈ uoutb . It is expected that in this way the
minimum possible primary rms current stress can be achieved
for arbitrary power consumption of the receivers. Fig. 9 shows
exemplary simulation results for a ﬁxed time-sharing period of
50Tsw . Alternatively, a variable duration of the time-sharing
period could be achieved with a link arbitration mechanism
similar to Carrier Sense Multiple Access (CSMA) known from
telecommunication systems, which would not need a dedicated
communication channel between the receivers and the primary.
This control concept will be described in a future publication.
IV. D ESIGN S PACE AND M EASUREMENT R ESULTS
Based on the speciﬁcations (i.e., dimensions from Fig. 3,
input/output voltages of 72 V DC, a power transfer of ideally more than 100 W), and using the modeling approach
and operating mode described in the preceding sections, we
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Fig. 10: Efﬁciency versus output power in dependence of (a) the
operating frequency fs and (b) the number of turns in the primary
N1 (note that N1 = N2 is used because of equal input and output DC
voltages). The blue line indicates the best design with one stacked
core (Nstacked = 1, N1 = 16 turn, fs = 20 kHz). (c) Higher
efﬁciency and/or power transfer can be achieved with two cores
(Nstacked = 2), which allows to halve the number of turns N1 for
the same magnetic ﬂux density amplitude (i.e., pairs of conductors of
the initial winding conﬁguration are connected in parallel), resulting
in lower winding resistance R1 .

then optimize the remaining degrees of freedom (number of
turns, operating frequency, core cross section) for a singlesecondary demonstrator. Fig. 10 gives an overview on the
results. These consider three different toroidal Vitroperm 500F
core geometries (R50/40/20, R52/40/25 and R55/40/25) that
provide sufﬁcient inner diameter to match the given SS tube
(dss = 20 mm). Furthermore, a single ﬂat wire thickness
(δw = 0.9 mm) has been considered (the width depends on
the number of turns N1 as ww = dw π/N1 − bw ).
Fig. 10(c) indicates how the initial design (blue line) can
be modiﬁed to suit applications with higher power demand:
by stacking two cores (i.e., doubling the core cross-sectional
area), the number of primary turns can be halved (advantageously, from a variant point of view, by externally paralleling
pairs of the original turns and hence with the identical primary

i1
u1

(b)
Fig. 11: (a) First industrial prototype of a linear x-z actuator with
a PFC WPT system. Note that the relevant parts (i.e., the primary
winding as well as the secondary-side core/winding assembly) are
already fully enclosed in 0.5 mm SS. The inverters supplying the
linear motors are attached to move together with the linear actuator’s
slider (in the x-direction). (b) Measured key waveforms during a
mechanical load step applied to the z-direction linear motor. The
output current iout increases according to the power demand of the
linear motor drive, and, with certain dynamics as expected from
Fig. 7(d), the transformer current amplitude i1 increases and adjusts
to the new operating point. The observed (minor) reduction of the
output voltage is a consequence of the total series resistance.

winding / SS tube assembly), reducing the winding resistance
R1 accordingly.
A ﬁrst industrial prototype is realized and the highefﬁciency (up to 97 %) WPT through SS is veriﬁed with
measurements. The prototype is shown in Fig. 11(a). The
measurement results verifying power transfer to the linear
motor during a mechanical load step are depicted in Fig. 11(b)
and conﬁrm the expected behavior of the DCX system, i.e.,
good load regulation without the need for a closed-loop control
system.

V. C ONCLUSIONS
In this paper, a concept for high-efﬁciency (97 % at 100 W)
wireless power transfer (WPT) through stainless-steel (SS) enclosures is proposed to supply linear actuators for high-purity
environments such as in pharmaceutical and food-processing
industries. The magnetic ﬁeld needed for WPT is oriented in
parallel with the SS enclosure sheets to minimize the eddycurrent losses, which is achieved with a coaxial arrangement
of the WPT system. We provide a detailed analysis and
modeling of the resulting residual losses in the SS enclosures
and in the primary windings, which yields insights into the
design trade-offs and optimum arrangements. We operate the
WPT system as a series-resonant “DC transformer” (DCX),
which facilitates good load regulation without the need for
closed-loop control in case of a single receiver. Furthermore,
a concept extending the system to multiple receivers is brieﬂy
discussed. Finally, the experimental results of a full industrial
hardware demonstrator, i.e., a two-axis linear actuator supplied
with WPT through SS, conﬁrm the presented analysis.
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