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Abstract—Linear actuators in high-purity environments require
full stainless-steel (SS) encapsulation and, advantageously, con-
tactless, i.e., inductive power transfer (IPT) to several moving
sliders which carry the actuator motor drives and application-
specific tools. To avoid high eddy current losses in the SS
enclosures by avoiding perpendicular magnetic field components,
each IPT receiver features a closed toroidal magnetic core (with
the secondary-side winding) that is arranged coaxially around the
common primary-side winding which extends along the full stroke
of the linear actuator. The primary winding is supplied with a
full-bridge inverter through a compensation network that either
compensates the primary windings’ series inductance (voltage-
impressed operation, V-I) or ensures a constant, load-independent
amplitude of the primary current (current-impressed operation,
C-I). Both operating modes support operation with multiple
receivers but differ in terms of realization effort and efficiency
characteristics in dependence of the load situation and/or the
number of connected receivers. Therefore, after introducing the
operating principles, this paper proposes a procedure to identify
optimum V-I and C-I designs for given specifications, which then
facilitates a comparative evaluation. All in all, an optimized C-I
system achieves better efficiencies in the range of 98% at high
load and with the maximum supported number of receivers
actually used, but this comes at the price of a larger and more
expensive compensation network. The modeling procedure is
finally verified by equipping an industrial SS-enclosed linear
actuator demonstrator with IPT to two moving receivers, each
providing an output power of 100 W at an output voltage of 72 V.

Index Terms—Linear actuator, Stainless-Steel Enclosure, In-
ductive Power Transfer (IPT), Voltage-Impressed IPT, Current-
Impressed IPT, Multi-Receiver IPT.

I. INTRODUCTION

Linear actuators enclosed in stainless-steel (SS) housings are
widely used in industries that demand high-purity environments
[1]-[3], i.e., strict hygiene standards. Conventional approaches
employ cables and cable carriers to deliver power to the moving
sliders/tool carriages. However, such cabling assemblies cannot
be enclosed in SS and are thus difficult to clean. Further, wear
and tear generates tiny particles that pose a contamination
risk for high-purity applications. Therefore, implementing a
contactless, i.e., inductive power transfer (IPT) emerges as
a viable alternative which not only obviates cables but also
minimizes the contamination risk [4]-[6]. However, all IPT
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Fig. 1. (a) Stainless-steel-(SS)-enclosed multi-receiver IPT system with
coaxially arranged toroidal magnetic cores carrying the secondary windings
of the individual receivers (SS enclosures of receivers not shown). (b) Power
circuit of the IPT system, which, depending on the compensation network,
operates the primary winding either with impressed voltage (V-I) or impressed
current (C-I).

components must be encapsulated in SS to comply with the
requirements of high-purity environments.

IPT systems with stationary primary-side and secondary-side
windings, which transmit power through metal enclosures have
been reported in the literature and typically operate at low
frequencies below 1kHz [7]-[9]. For example, adopting the



typical geometric configuration of the IPT coil and magnetic
cores that results in a magnetic field perpendicular to the
SS enclosures, the authors have demonstrated IPT of 70 W
through two 0.5mm SS sheets at an operating frequency of
2.25kHz [5]; the perpendicular magnetic field, however, causes
substantial eddy-current losses in the SS sheets, which limits
the efficiency to about 71%.

Considering that in a linear actuator, the movement of the
receivers (mounted on the sliders/tool carriages) is confined to
a single dimension, a coaxial arrangement employing closed
magnetic cores as shown in Fig. 1a can advantageously be
employed, i.e., similar to concepts known from non-SS-enclosed
systems since the 1990s [10], [11]. This configuration largely
mitigates the formation of eddy currents in the (coaxial)
SS enclosures due to the absence of perpendicular field
components, facilitating high power transfer efficiency and
operating frequencies above the audible range. The high
magnetic coupling achieved by this coaxial arrangement and
the closed magnetic cores enable operating the IPT system
like a series-resonant dc-dc converter, using a series capacitor
to compensate the series inductance at the desired operating
frequency; i.e., the IPT system behaves like a dc transformer
(DCX) [12]-[14] that achieves a constant and (almost) load-
independent voltage transfer ratio and/or output voltage in open-
loop operation. Specifically, the authors have demonstrated
such an IPT system capable of transferring 100 W through
two 0.5 mm SS enclosures at a frequency of 20 kHz, achieving
a peak efficiency of 97% for a track length (i.e., length of
the primary winding corresponding to the stroke of the linear
actuator) of about 1 m [6]. Note that for DCX operation, the
current flowing in the primary winding automatically adapts
to the power consumed by the receiver whereas the voltage
across the primary winding is of constant amplitude, i.e., the
system operates in a voltage-impressed (V-I) mode.

In industry, linear-motion applications typically operate more
than a single mover per linear actuator to handle different tasks.
Hence, the IPT system must be able to supply multiple receivers.
However, if more than one receiver is present, and because all
receivers are coupled to the same primary winding (see Fig. 1),
a magnetic series connection of the secondary windings results,
i.e., the primary voltage is shared among all secondary-side
windings. Thus, for DCX operation, the output voltages would
depend on the number of receivers. In order to retain the
advantageous V-I DCX operation while maintaining constant
output voltages for all receivers, only a single receiver must
be linked to the shared primary winding at any given time.
This can be achieved using time-division multiplexing (TDM)
to ensure mutually exclusive linking of the receivers to the
primary winding [6], [15], [16], which is further explained in
Section II-A below.

An alternative solution operates the primary winding with
a current of constant (load-independent) amplitude, i.e., in
a current-impressed (C-I) mode, typically using an LCL
compensation network to transform a square voltage generated
by the primary-side inverter stage into a constant-amplitude
ac current [17]-[21]. Whereas C-I IPT systems typically

TaBLE |
MAIN SPECIFICATIONS OF THE CONSIDERED SS-ENCLOSED V-I or C-I
IPT SYSTEMS WITH MULTIPLE RECEIVERS.

Symbol  Parameter Value
Uqc Rated voltage of dc supply 72V
P, Rated power per receiver 100W
Po max Maximum power per receiver 120W
Uo,r Rated output voltage 72V
Iss Track (stroke) length 82cm
do.ss Outer diameter of SS pipe 10 mm
dgs Distance between SS pipes 10cm
Nmax Maximum number of receivers 3

are characterized by a loose magnetic coupling and thus a
compensation network is commonly integrated on the secondary
side, i.e., at the ac input of the receivers, too, to enhance the
power transfer capacity and achieve constant output voltage
[22], the SS-enclosed application requires closed magnetic
cores (to prevent stray fields from causing eddy current losses),
which results in a high magnetic coupling. As shown in [4],
to prevent saturation of the magnetic cores, it is advantageous
to omit any secondary-side compensation network; a receiver
can then regulate its output voltage (independently) by using
its transistors to adjust the duty cycle of its input voltage ug
(see Fig. 1b); this will be further discussed in Section II-B.

Both, V-I and C-I IPT thus represent viable options for
supplying power to multiple SS-enclosed moving receivers.
However, a comprehensive comparison of the respective design
guidelines/constraints, the efficiency characteristics, and the
achievable performances in general is missing in the literature.
Thus, this paper provides a theoretical and experimental
comparative evaluation of both concepts considering an SS-
enclosed linear actuator system with V-1 or C-1 IPT to up to
three receivers; Table. I lists the main specifications. In the
following, first Section II explains the operating principles of
the V-1 and C-I IPT; Section III introduces an optimization
framework to identify the power conversion efficiency limits
of V-I and C-I designs; and finally, Section IV provides an
experimental verification using an industrial SS-enclosed linear
actuator hardware demonstrator system with two IPT receivers.
Section V concludes the paper.

II. OPERATING PRINCIPLES AND MODELING

Fig. 1a shows the physical arrangement of the IPT system and
Fig. 1b depicts the corresponding power circuit. The primary-
side full-bridge inverter is supplied with a constant dc input
voltage Uy, and operated with a fixed 50% duty cycle, thereby
generating a rectangular voltage ui, = Uy - sign(sin(27 fyw))
where f;, denotes the switching frequency.

The primary winding extends over the full length of the
linear actuator’s stroke and thus contributes a significant series
inductance Lg and a series resistance Rj; the corresponding
contributions of the secondary-side windings are (almost)
negligible and lumped into Ls and R,. A compensation network
(see Fig. 1b) specifically designed for V-I or C-I operation
integrates/compensates the (lumped) series inductance L, and
ensures either a constant amplitude of the voltage u, appearing
across the (lumped) series resistance R; and the coupled
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Fig. 2. Conceptual key waveforms for (a) V-I and (b) C-I operation with three receivers and unity turns ratio (i.e., N1 = N2). Sy, p),« indicate the gate signals
of the transistors Ty, by ; note the power sharing over several switching cycles in case of V-1 operation (i.e., power is always only delivered to one receiver in
any given switching cycle) in contrast to the simultaneous power sharing of the C-I system within each switching cycle.

receivers (for V-1 operation), or a constant amplitude of the
current i; flowing in the primary winding (for C-I operation).
Note that due to the resonant compensation, essentially only a
fundamental-frequency (at fiy) current flow is possible.

The IPT system features N, receivers, each with rated output
power P,; and nominal output voltage U, ., as detailed in
Table 1. To handle short-term overloads, each receiver must
be capable of providing up to Py max > Por to its load, which
has implications in particular on the design of the C-I IPT
system. Each receiver features a semi-active rectifier (SAR).
As long as the two transistors i.e., T, and Ty, are turned off,
the receiver is magnetically linked to the primary-side winding
and delivers power to the load. If the two transistors are turned
on, short-circuiting the secondary-side winding, the receiver is
not linked to the primary-side, no power transfer to its output
takes place, and it is magnetically “invisible” to the other parts
of the system.

A. Voltage-Impressed (V-I) Operation with Multiple Receivers

For V-1 operation, the compensation network reduces to a
capacitor C; in series with the primary winding, as shown
in Fig. 1b. The capacitance value is selected such that
the capacitive impedance compensates the impedance of the
series inductance Ly at the operating frequency fy, i.e.,

C; = (4n>f2,Ls)™", such that the DCX operating mode results.

If a single receiver is supplied, its output voltage U, roughly
equals the dc input voltage Uy (for unity turns ratio, which is

assumed in the following for simplicity) without the need for
closed-loop control [12]-[14].

However, if N; > 1 receivers are coupled to the same primary
winding, their output voltages would reduce to (roughly) Uq./ Ny
and thus depend on the number of receivers [6], [23]. This
means that only one of the N; receivers should be linked to
the primary winding (and thus receive power) at any given
time, such that DCX operation ensures U, ~ Uq.. As discussed
above, a receiver can disconnect from the primary winding by
turning on its transistors, which short-circuits its secondary-
side winding and renders the receiver invisible/transparent for
the other parts of the system. In order to provide power to all
receivers, the connected state must thus be handed over from
one receiver to the next in a cyclic and mutually exclusive way,
resulting in TDM operation, which we briefly summarize in
the following based on [23], where a more detailed explanation
is provided.

Handovers of the connected state from one receiver to the
next are permissible only after complete switching periods.
Thus, the TDM period Ty, lasts for several switching periods:
Tiam = NumTs with Ny > Ny, i.e., during a TDM period, each
receiver is connected for at least one switching period. To min-
imize conduction losses, the amplitude of the primary-winding
current should not change at the handovers [23], i.e., the local
average value of the (rectified) primary-winding current, I ay,,
should be constant. Then, I 4sU, is the instantaneous power
available to a connected receiver. Since a receiver is not always
connected but only during a certain share of Tigm, the average



output power P, ; of a receiver becomes

tconn,k
Po,k = T—It,ango = Dklt,ango’

tdm
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where #conn, k 15 the time the receiver stays in the connected state
and Dy is the TDM duty cycle for receiver k, which corresponds
to the receiver’s fraction of the total power consumed by all
receivers:

P 0,k
22];1 P 0,k

Fig. 2a shows conceptual waveforms for V-I operation with
three receivers and ideal TDM with a fixed Tigy = 20 - Ts.
Throughout a TDM period, each receiver is in the connected
state only during a fraction that corresponds to its share of the
total load supplied by all receivers, which ensures equal average
output voltages, i.e., Uy,1 = Up2 = Up3 = Uge. Cleatly, as a
receiver’s dc output capacitor is charged during the connected
state and discharged (by the load) in the disconnected state,
the output voltage exhibits a fluctuation with a period of Tigp,.
Both, the TDM period and the output capacitance C, determine
the magnitude of that fluctuation as

Dy = with ZDk -1, )

P 0,k

CoUs’
Selecting a longer Ty, enhances the resolution of Dy, yet it
requires a larger C, to limit the peak-to-peak output voltage
ripple to a certain fraction du, pp of the dc value. Thus, for
a given Tym, the worst case (all N, receivers operate with
maximum load) defines the minimum required capacitance as

A”o,pp =(1=Dy)  Tim - (3)

Po,max
2
Outo,ppU;

whereby a minimum offset value required for buffering the
high-frequency ripple also in case of N, = 1 is neglected.

Note that ideal TDM operation in conventional form in-
herently requires centralized coordination, as implied by (2).
Therefore, a communication channel to the receivers is required,
which can be seen as a drawback compared to the C-I operation
discussed below. However, the automatic TDM (A-TDM)
method proposed in [23], which achieves communication
via power quantities that each receiver can independently
measure, facilitates TDM-based V-I operation of an IPT system
with multiple receivers but without dedicated communication
channels.

C, > ~(1 - i) Tiam, @)

N

B. Current-Impressed (C-I) Operation with Multiple Receivers

For C-I operation, a T-compensation network (see Fig. 1b)
is typically employed on the primary side, consisting of Lg,
Ct, and L; or C; (depending on the sign of L¢ — Lg), which
essentially converts the constant-amplitude square-wave voltage
generated by the inverter to a constant-amplitude ac current in
the primary winding. Following [4], the inductor L¢ is defined
by the desired (impressed/constant-amplitude) current in the
primary winding as Ly = Uin,1/ (27 fowli), where Uiy, and I
are the RMS values of the fundamental components of the
square-wave voltage generated by the primary-side inverter and

the impressed current (note that the resonant compensation
essentially suppresses any higher-order current harmonics). The
design value for the impressed primary winding current follows
from the maximum power demand P, max of a single receiver
as

(&)

which is accurate for the case of high magnetic coupling (high
values of the magnetizing inductance Ly,) considered here,
and assumes operation as a full-wave (diode) rectifier. Then,
the other elements of the compensation networks follow as
Cr = (4n*f2Le)™', and Ly = Lg — Ly (if Ly > L) or C; =
(4> fo (Ls = Lg)) ™" (if Ly < Ly) [4].

As mentioned in the introduction, in typical C-I IPT systems,
there is also a compensation network on the secondary side
that ensures constant output voltage of the receivers. However,
as shown in [4], in case of high magnetic coupling (which is
typically not present in IPT systems with relatively large air
gaps in the magnetic circuit, but is needed here to prevent stray
fields from causing eddy current losses in the SS enclosures),
not employing a secondary-side compensation network reduces
the flux density in the magnetic core and prevents saturation
issues, e.g., during short-term overload situations. Without a
secondary-side compensation network, however, the impressed
constant-amplitude current would result in a load-dependence
of the receiver’s output voltage if a diode rectifier (full-wave
rectification) would be used, i.e.,

Ug,k ! 2V2

Pk = == = I[Ruc k = Uok = —LRix,
RL,k Ve

where Iy = N|/N,I; denotes the RMS value of the impressed

current on the secondary side and Ry x = 8/n2RL,k is the

equivalent ac resistance of the full-wave rectifier with a dc-side

load resistance of Ry .

Therefore, to maintain a constant output voltage U,  for
arbitrary load power P, , the equivalent ac resistance the
receiver represents must be adjusted. This can be achieved by
using the receiver’s transistors to bypass the constant-amplitude
ac current from the output during a fraction of the switching
period and thereby reducing the average value of the bridge
output current i,, i.e., by introducing a duty cycle D; x (see
Fig. 2b):

(6)

_ 8 .2 T _ 8 -2 T Ug
Rac,k(Dr,k) = p sim (EDr,k) RL,k = p s (EDr,k) m
@)

Solving for the duty cycle and expressing in terms of the maxi-
mum output power P, max obtainable for full-wave rectification
(i.e., Dy = 1), the duty cycle ensuring constant output voltage
for arbitrary load P, x < Po max becomes

Po,k )
Po,max .

Fig. 2b shows conceptual waveforms for C-I operation with
three receivers. The transistors on the secondary side operate

®)

2 . _1(
D; = —sin
bd
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Fig. 3. Conceptual representation of V-I and C-I IPT systems from Fig. 1b,
where the receivers are represented by their equivalent ac resistances and
the primary-side inverter and the compensation network (including the series
inductance Lg) are modeled with a voltage source (V-I) or a current source
(C-I). (a) V-I IPT with one receiver; (b) C-I IPT with one receiver; (¢) V-1
IPT with N; receivers (note the effective parallel connection of the equivalent
ac resistances resulting from TDM operation); (d) C-I IPT with N; receivers
(note the series connection of the equivalent ac resistances).

at 2 fsw; note how the (rectified) winding current only flows to
the load if the corresponding transistors are off. In this way,
the receivers independently regulate their output voltage by
employing different duty cycles D, ; to adjust the equivalent
ac resistance Ry x they represent according to their load.

C. Comparison of Maximum Theoretical Efficiencies

Given that in the considered linear actuator applications
the primary winding is typically long and hence dominates
the series resistance R, which contributes significantly to the
overall losses!, it is interesting to briefly consider how the
V-I and the C-I concept scale regarding this often dominant
loss component, which limits the attainable efficiencies. Thus,
Fig. 3 shows simplified representations of V-1 and C-I IPT
systems, where the receivers are represented by their equivalent
ac resistances, and where the primary-side inverter and the
compensation network are either modeled as a constant-
amplitude ac voltage source, u¢, or a constant-amplitude ac
current source, i.

First, considering V-I operation with multiple receivers
(see Fig. 3c), TDM ensures a cyclic and mutually exclusive
connection of the individual loads (e.g., in Fig. 3c, only receiver
k = N; is linked). Neglecting the voltage drop across Rs and
using (1) and (2), we find [} = Zi\]:rl P, 1 /Ui, which clearly
indicates that the primary current follows from a (virtual)
parallel connection of the individual receivers’ equivalent ac
resistances, and, in particular, adapts to the (total) load. The
losses in the primary winding are thus RsIt2 and impose an
upper bound on the attainable efficiency as

1
R Y

vl = 9

INote that also the on-state resistances of the transistors and other series
resistances in the current path essentially contribute to R;.

For C-I operation (see Fig. 3d) with multiple receivers, the
impressed primary-winding current /; flows through the series
connection of the receivers’ equivalent ac resistances. Again
neglecting the voltage drop across R, the input voltage U; thus
increases with the number of receivers, i.e., U; ~ Zf{v:rl IRy k
(note that this implies increasing voltage stress for the primary
winding isolation for a higher receiver count, which must be
designed accordingly). Thus, the losses in the primary winding
are load-independent like /i, and the expression for the upper
bound of the efficiency becomes

1
1+R/ (22 Rac,k)'

For a given load P, and output voltage U,, the equivalent
ac resistances for V-I and C-I operation are
8 U ( P,

72 P,

el = (10)

8 U2
Rac,V-I = ﬁp_o

2
and Rac,C—I: ), (11D

P 0,max
as discussed above. Assuming then that all receivers are loaded
equally, i.e., Py r = Po, equating (9) and (10) results in

|—77V_ﬂ 2 [UC-I] & Py < Po,max/Nr~ (12)

There is, thus, a crossover of the upper bounds of the
efficiencies, which should be expected given that [57y_{] is
defined by losses with a quadratic dependence on the load and
thus shows a decrease at higher loads, whereas [nc_j] follows
from load-independent (constant) losses, i.e., increases for
higher load. Specifically, (12) indicates that the V-I concept’s
efficiency has a higher upper bound compared to the C-I
system if the fotal load of the V-I system, i.e., ZkN;I P, x which
simplifies to NP, if all receivers are loaded equally, is lower
than the maximum allowed load P, max of a single receiver
in the C-I system. Of course, there are other loss components
like switching losses or magnetic core losses, which influence
the system design trade-offs. This motivates the comprehensive
optimization procedure described in Section III.

III. OpTiMIZATION AND COMPARATIVE EVALUATION OF
V-I aND C-I MutLti-Recerver IPT Systems

Considering the specifications of an industrial demonstrator
system for multi-receiver IPT in SS-enclosed linear actuator
applications provided in Tab. I, the optimization procedure
from Fig. 4 is used to design V-I and C-I IPT systems and to
estimate and compare the achievable efficiencies (including not
only the series resistance as previously done, but also further
loss components detailed below).

A. Optimization Procedure

Due to geometrical constraints and the need to limit the
weight carried on the movers, only a single closed toroidal
core (VAC Vitroperm S00F, W516) is considered as indicated
in Fig. 4; the high permeability (y; ~ 70000) is particularly
applicable for SS-enclosed applications as it reduces stray fields,
ensuring low eddy current losses in the SS enclosures. The
(minimum) dimensions are defined by the diameter of the SS



System Specifications:

DC Voltage: 4. =72V Number of Receivers: V, =3

Output Voltage: , =72V Core Type: Vitroperm 500F (W516)

Nominal Power Per Rec.: P, 100 W Semiconductor: 150 V, 7.3 mQ Si MOSFET

Max. Power Per Rec.: P, ;.. = 120 W — IPB073N15N5

Track (Length & Diameter): /i, = 82 cm, d, = 10 mm 150 V, 20 A Schottky Diode
— RB218NS150

Distance btw. Pipes: d,, = 10 cm

System-Level Opt. Variables

Sw. Freq.: f, € [10:50] kHz Primary Turns: V, € [5:50] Secondary Turns: V, e [5:50]
Sweep Step: | kHz Sweep Step: 1 turn Sweep Step: 1 turn

Comp. Network Optimization

Transformer Parameters

Series Inductance: L, Magnetizing Inductance: L,, Series Resistance: R‘]

Compensation Network *
Current-Impressed: }

Voltage-Impressed:
Comp. Capacitance: C; Resonant Inductance & Capacitance: L; & C;

Comp. Inductance/Capacitance: L,/ C;

Inductor Optimization (C-I Only) *
( Core Material: E Core

Winding Type: Litz Wire ]

Loss Calculation

Transformer and Stainless Steel Loss

( Piran. + s = Ny * (Core Py, + Cond. Peyg)+ Series Prot SS Py

Inductor Loss (C-I Compensation Network) *

( Pia.= Core Py, + Cond. P, (for Ly and L)

Semiconductor Loss (Inverter, Receivers) *

Poemi. = Sw. Py, + Cond. Py
Performance Evaluation l
( Total System Losses: Py = Poemi. + Prean+ss + Pina J
Iteration of System Variables Filter Not Feasible Designs
(Over Temp., Core Sat., Over Volt. ...)
(Get Optimal Designs}

Fig. 4. Flowchart of the implemented optimization procedure for V-I and C-I
IPT systems with multiple receivers.

TasLE II
KEY PARAMETERS OF OPTIMUM V-I AND C-I DESIGNS.

Parameter V-1 C-I
Number of turns Nj : N» 9:9, 8:8
Switching frequency fiw 27kHz  33kHz
Series inductance Lg 92 uH 73 pH
Series resistance R 0.30Q 0.27Q
Compensation inductance L¢ - 164pH
Compensation capacitance Cg - 141 nF
Compensation capacitance Cy 38 nF -
Compensation inductance L; - 91 pH

pipe enclosing the primary winding, and to limit the moving
mass, larger cores and/or stacking of more than one core is
not considered. Similarly, the power semiconductors used in
the primary-side inverter and the secondary-side receivers are
selected based on compatibility considerations with an existing
product portfolio.

Under these constraints, the optimization identifies the
optimal switching frequency fs and the number of turns N
of the primary winding and N, of the secondary winding, such
that the maximum efficiency at nominal load (3 receivers with

100 W each) results; to do so, these degrees of freedom are
varied as indicated in Fig. 4. For each combination of these
degrees of freedom, the lumped parameters of the magnetic
circuit (Ls, Ly, and Rg) are calculated as described in [6].
Then, the compensation network elements for V-I or C-I
operation are designed as described above in Section II. The
inductive components of the C-I compensation network are
designed using the method from [24], whereby the most efficient
design whose volume does not exceed the approximate boxed
volume of the primary-side inverter (80 cm?) is selected among
all possible realizations. The losses of the magnetic circuit
(primary-side and secondary-side windings, magnetic cores)
and also in the SS enclosures are obtained using the analytical
approach detailed in [6], where the available copper cross-
section area Ay, which influences the winding resistance R,
depends on both, f;, (because of the skin depth) and N;. The
power semiconductors’ conduction and switching losses are
estimated based on datasheet values. Finally, designs that are
not feasible are discarded, e.g., in case of overtemperature
of the SS pipe (Tgs > 60°C) modeled as in [6], excessive
flux density > 0.8T in the magnetic core at the nominal
operating point (and/or > 1.2 T at the short-term maximum
power operating point in case of C-I designs), and, also in
case of C-I designs, if the compensation capacitor voltage U,
exceeds 650 V. Among all valid designs, the V-I design and
the C-I design with the respective maximum efficiency under
nominal load conditions are finally selected, and Table II
summarizes their key parameters.

B. Optimization Results

The efficiency curves of these optimized V-I and the C-I
designs, which feature the highest efficiency at nominal output
power with 3 - 100 W loads, are shown in Fig. 5a. As expected
from the discussion of the upper efficiency bounds from
Section II-C, the C-I design achieves higher efficiency under
nominal load conditions, and the shapes of the efficiency
curves are clearly dominated by quadratic loss components
in the V-I system but by constant (load-independent) loss
components in the C-I system. Thus, there is a crossover of
the efficiency curves at around 30 W (per module), i.e., slightly
below Py max/3 = 40 W, which would be expected if only
resistive conduction losses were present.

The efficiency of the V-I and the C-I designs are also
evaluated considering applications with only 2 or only 1
(instead of 3) receivers. Note the opposite trends: the efficiency
for a lower number of receivers increases for V-I operation
(because the primary-winding current automatically adapts to
the load) and decreases for C-1 operation (because the primary-
winding current remains constant even though the total output
power reduces). Therefore, the crossover point shifts to higher
per-receiver load levels if less than the maximum number
of supported receivers is used. This is also visible in the
loss breakdowns shown in Fig. 5b: whereas under nominal
conditions (3-100 W load) the winding losses of the V-I system
are much higher than those of the C-I system, they reduce
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Fig. 5. (a) Efficiency characteristics of the optimum (with maximum efficiency
under nominal conditions (3 - 100 W)) V-I and C-I designs for operation with
3, 2, or 1 equally loaded receivers. (b) Loss breakdown for the nominal
operating point and a part-load case; note how the winding losses of the V-I
system depend on the load whereas those of the C-I system remain constant.
(c) Comparison of the two designs regarding relative losses with different
numbers or receivers (operating at rated load each), overall volume of the
primary-side inverter and compensation network, and minimum required output
capacitance.

significantly if the load is reduced to 2 - 50 W only, whereas
the winding losses of the C-I system remain unchanged.
Finally, the radar plot in Fig. 5S¢ compares optimum V-I
and C-I designs regarding relative losses with Ny = 1,2,3
receivers (each loaded with 100 W), the overall volume of
the primary-side power electronics (the inverter contributes
77cm? to both systems, but the C-I compensation network
requires an additional 178 cm® for its two inductors), and the
minimum output capacitance of the receivers for equal voltage
ripples of uo pp = 10 % (for the V-I system, TDM operation
with Tiygn = 10 - Ty is assumed, resulting in C, = 115nF,
whereas C, = 6 uF suffices given the continuous high-frequency
supply of the C-I system). In general, the application might

Actuator ; Moving <
Motor Drive | Direction
X
Actuator

Il Motor (z-axis)

Actuator
Receiver 1 (X-axis)

(100 W)

Receiver 2\
(100 W)

(a) Full-Bridge Inverter

Fig. 6. (a) Industrial SS-enclosed linear actuator prototype with two receivers
(movers) and equipped with the discussed IPT system. The full-bridge inverter
and the compensation capacitor for V-I operation are mounted. (b) Close-up of
the 100 W semi-active-rectifier-(SAR)-based receiver module. (¢) Full-bridge
inverter and compensation network for C-I operation on the primary side.

TasLE 11T
KEY PARAMETERS OF THE
EXPERIMENTAL SETUP USED TO VERIFY V-] AND C-1 OPERATION.

Parameter V-1 C-1

Number of turns Nj : Ny 16:16 (existing demonstr.)

Switching frequency fow 20kHz
Series inductance L 300 pH
Series resistance Ry 1.6Q
Compensation inductance Ly - 270 pH
Compensation capacitance Cy - 230 nF
Compensation capacitance C; 200 nF 2.2pF

Compensation inductance L - -

require higher capacitance values, e.g., to handle load transients,
however.

All in all, an optimized C-I system achieves better efficiencies
at high load and with the maximum supported numbers of
receivers actually used by the application, but this comes at the
price of a larger and more expensive compensation network.

IV. EXPERIMENTAL VERIFICATION

In order to experimentally verify the presented analysis,
the industrial SS-enclosed linear actuator demonstrator system
shown in Fig. 6 is equipped with V-I or C-I IPT for supplying
power to two moving receivers. As the system has originally
been designed as a test platform for through-SS IPT using
the V-I approach but only a single 100 W receiver [6], the
number of primary and secondary turns (N; = Ny = 16) of
the industrial demonstrator are fixed and thus a relatively high
overall series resistance of about 1.6 Q results.2 Consequently,
the optimization procedure introduced in Section III has been

2Doubling the number of turns from 8 (see Table II) to 16 implies, first, a
doubling of the length, but, second, also a halving of the cross section area
per turn (details see [6]), i.e., a fourfold increase of the winding resistance. In
addition, there is also a significant contribution from the PCB-based realization
of the end windings.
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Fig. 7. Measured key waveforms for V-I operation with two receivers loaded
with P, = 100W each (resistive load). When TDM operation connects
receiver 1 (S; is low; the transistors are turned off) to the link, power transfer
from the primary to the receiver recharges the corresponding output capacitor,
while at the same time, receiver 2 is disconnected and its output capacitor
discharges supplying the load.

re-run with fixed Ny and N, and considering N; =2 (i.e., two
receivers), identifying fi = 20kHz as the optimum switching

frequency for V-I operation and f;,, = 16 kHz for C-I operation.

However, as the frequency-dependent loss contributions are
very low, and to facilitate a direct comparison, fs, = 20kHz
has been selected for both, V-I and C-I operation. Tab. III
summarizes the resulting compensation network parameters,
and Figs. 6bc show detailed views of the realized receiver
and inverter PCB assemblies. The receivers are equipped
with an output capacitor C, = 260 pF, providing a stable
72V output voltage to two actuator motor drive inverters
that control the linear movement along the x-axis and z-axis,
respectively. Furthermore, a 24V output for supplying the
control electronics of these industrial actuator motor drives
is provided. Each receiver features an STM32G431 ARM
microcontroller (MCU), whose built-in ADCs are used to
measure the ac input current ig, the ac input voltage ug, and the
output dc voltage u,: For C-I operation, the ac input current
is is used to synchronize the switching signal by means of
a rapid zero-crossing detection circuit. However, because for
V-I operation the ac current can reach very low values (at
low load), potentially causing synchronization issues, the zero
crossings of the ac input voltage ug are detected, too, and serve
as an alternative for synchronizing a local carrier signal to the
primary-side voltage/current. The MCU, sensing and gate drive
circuitry account for a power consumption of about 1.5W per
receiver.

A. Continuous Operation and Load Steps

Fig. 7 shows measured waveforms for V-I operation with
both receivers providing nominal power P, = 100 W to (for
simplicity) resistive loads. As expected from (2), TDM results
in a TDM duty cycle of D = 0.5. Note further that each
handover triggers a transient response of the primary-winding
current, which is a consequence of the difference between
the output voltages of the disconnecting and the connecting
receiver (see [14], [23]). Similarly, Fig. 8 shows the measured
waveforms for C-I operation, again with both receivers equally
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Fig. 8. Measured key waveforms for C-I operation with two receivers loaded
with P, = 100 W each (resistive load). Note that the receivers operate with a
duty cycle below unity according to (8), because Py < Po max-

loaded with the nominal P,; = 100 W (resistive load). The
closed-loop control of the output voltage adjusts the duty cycle
accordingly, and in particular to a value below 1 as expected
from (8) because Py < Po max-

Fig. 9 show the transient behavior of the V-I and the C-I
system during a load step of receiver 1 (from essentially 0 W
to 100 W) while receiver 2 keeps operating with nominal load
of 100 W. For the V-I system, TDM operation adapts the TDM
duty cycles (of both) receivers after the load step. For the C-I
system the duty cycle of receiver 1 increases according to the
increasing power consumption after the load step. Importantly,
in both cases the output voltages of both receivers remain
essentially stable during the load steps. Finally, note how the
primary current adapts to the increased load in case of the
V-I system, but remains unaffected for the C-I system, which
corresponds to the discussion of Section II-C.

B. Efficiency Measurements

Fig. 10 shows the measured and calculated (using the
approach from Section III) efficiency characteristics for V-I
and C-I operation. The measured efficiencies are in good
agreement with the calculated values. In particular, the two
efficiency curves intersect at approximately Po max/2 = 60W,
which is in good agreement with the theoretical discussion
from Section II-C because here, due to the relatively high
series resistance R, the ohmic conduction losses dominate the
overall losses. C-I operation shows a higher efficiency than
V-I operation at nominal load but lower efficiency at part load
operating points. However, if averaged over the entire power
range (assuming that each power level is used equally over
time), the average efficiencies of the two operating modes are
comparable, i.e., 88.6% for the C-I system and 87.0% for the
V-I system. In general, the measured efficiency values are lower
than those obtained for optimized systems (see Section III),
which can be attributed to the higher number of turns of the
available industrial demonstrator system’s primary winding,
and hence higher winding losses.

V. CONCLUSION

This paper conducts a comparative evaluation of voltage-
impressed (V-I) and current-impressed (C-I) inductive power
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Fig. 10. Measured (Yokogawa WT1804E) and calculated efficiencies for
V-I and C-I operation of the demonstrator system with two equally loaded
receivers. Note the crossover point at approximately Py max/2 = 60 W; the
theoretical discussion from Section II-C matches well, because here, the
primary-winding’s series resistance dominates the system losses due to the
relatively high number of turns.

transfer (IPT) to several stainless-steel-enclosed movers of
a linear actuator. For V-I operation, the voltage drop across
the stray inductance is compensated with a series capacitor,
whereas for C-I operation, the compensation network ensures
a constant-amplitude (load-independent) current in the primary
winding. The C-I system’s primary-side compensation network
thus requires one or two inductive components, which implies
larger size and higher costs.

If only a single receiver should be supplied, V-I operation
is clearly preferable because the primary-winding current
automatically adapts to the load, and the output voltage is
essentially load-independent without closed-loop control. In
contrast, the (load-independent) primary-winding current of a
C-I system is defined by the maximum power a single receiver
can draw. This is an advantage if multiple receivers are supplied,
because the primary-winding losses (which can be dominant
given that the winding length is defined by the linear actuator’s
stroke) remain constant whereas the output power increases
with the number of receivers. Thus, if the maximum number
of supported receivers is present, and these receivers operate
near their rated power, C-I operation is more favorable. On
the other hand, if the loads are characterized by short power
peaks and longer phases of relatively low power consumption
(a typical situation for linear actuator applications, where the
power demand peaks during acceleration of the mover only),

V-1 operation with adaptive primary-winding current may be
advantageous. Note further that the C-I system must be designed
for a given maximum load per receiver, which cannot be
exceeded even if the number of receivers is so low that the
primary-side inverter’s power capability is not fully utilized.
For a V-I system, such a limitation does not exist, i.e., the
load distribution among the receivers can be arbitrary as long
as the total power does not exceed the primary-side inverter’s
capability.

Whereas C-I operation does not require any communication
channels, i.e., each receiver can regulate its output voltage
independently, the time-division multiplexing (TDM) link
access method used for V-1 operation typically requires a
communication channel to the receivers (communication-free
A-TDM has been proposed [23], but comes with a certain
implementation complexity). However, in linear actuator ap-
plications a communication channel to the movers is typically
available, e.g., to control the actuator motor drives and the
tools that are carried on the movers.

Finally, the feasibility of both, V-I and C-I operation has been
demonstrated using an SS-enclosed linear actuator demonstrator
with two receivers providing 100 W at 72 V each. The described
trade-offs ultimately facilitate an application-specific selection
of the most suitable method.
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