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Abstract—Linear actuators employed in the food-processing
or pharmaceutical industry must be enclosed in stainless steel
(SS) for hygienic reasons. Therefore, cables and cable carriers
should be avoided and wireless, i.e., inductive power transfer (IPT)
should be employed. To achieve high efficiencies, the magnetic field
components of the IPT system should be oriented parallel to the
SS enclosures, which can be achieved with a coaxial arrangement
of closed magnetic cores mounted on the moving part / slider
and a stationary primary winding. As an alternative to the
typically employed current-impressed operating modes of IPT
systems with a constant primary-winding current that limits part-
load efficiency, the high magnetic coupling of this arrangement
facilitates operation as an isolated constant-voltage-transfer-ratio
series-resonant dc-dc converter, i.e., a dc transformer (DCX).
However, then, only a single receiver can receive power at any given
time, and a time-division multiplexing (TDM) method is needed to
supply multiple receivers with power in a cyclic manner. This paper
proposes a novel automatic TDM (A-TDM) method that, unlike
previous TDM methods, does not require any communication
link nor a central controller. The new method is verified during
startup, steady-state operation, and under load transients using
an exemplary SS-enclosed IPT system with two 100 W receivers.

Index Terms—Inductive power transfer, linear actuator,
stainless-steel enclosure, multiple receivers, time-division mul-
tiplexing.

I. INTRODUCTION

INEAR motion is ubiquitous in a wide range of industrial
L applications. These include material handling tasks (e.g.,
pick-and-place) in high-purity environments such as food
processing or pharmaceutical production facilities, which have
to comply with high standards regarding hygiene and cleaning
procedures and thus typically require all equipment, including
linear actors, to be enclosed in stainless steel (SS) housings
[1,2]. Fig. 1 shows a state-of-the-art SS-enclosed linear actuator
system. The relatively long stroke is handled best with the
shown arrangement of a fixed stator containing permanent
magnets and a coaxially arranged slider with the electrically
supplied motor windings. Thus, an electrical connection to
the moving slider is needed, also because it typically carries
another task-specific actor or, in general, a powered tool. The
corresponding supplying cables and cable carriers cannot be
enclosed in SS, are therefore difficult to clean, and particles
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Fig. 1. State-of-the-art SS-enclosed linear actuator for high-purity environments.
Note the fixed permanent-magnet-filled stator rod and the coaxially arranged
moving slider carrying the motor windings, and the thus needed moving cables
and cable carrier assembly, which cannot be enclosed in SS.

produced by wear and tear may contaminate the application
processes. Therefore, cable-free alternatives, and, in particular,
inductive power transfer (IPT) to the moving carriage would
be advantageous [3].

Since the 1990s, IPT for linear-motion applications has been
suggested for mining applications [4], generic power delivery
systems for mobile loads [5], and linear actuators [6]. IPT is
also employed in industrial (monorail) transport systems [7] and
for material-handling applications in general [8]. Similar IPT
systems are further considered for roadway-powered electric
vehicle concepts [9,10]. However, none of these applications
requires SS enclosures.

As SS has a conductivity of about 1.3 MS/m, the alternating
magnetic fields required for IPT induce eddy currents in SS
enclosures, in particular if the magnetic field has significant
components that penetrate the SS sheets orthogonally. These
eddy currents, first, create a shielding effect according to Lenz’s
law and, for a given operating frequency, there is an upper
limit to the feasible SS thickness (penetration/skin depth).
Second, the eddy currents cause Joule heating (losses) in the
SS enclosures, which degrades the IPT efficiency. Note that I[PT
for underwater (seawater) applications faces similar challenges
[11,12]. Thus, systems for IPT through SS enclosures typically
operate at low frequencies of only up to a few 100Hz [13]-[17].
If thick SS layers (e.g., 10 mm in [14]) or metal boundaries with
higher conductivity (e.g., aluminum in [18]) are involved, power
levels of only a few watts and efficiencies of less than 50% are
reported. On the other hand, [17] describes super-low-frequency
(400Hz) IPT through a 1 mm SS plate, achieving about 320 W
of power transfer and an efficiency of 80%. Similarly, and as
all examples so far, still using a geometric arrangement that
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results in a major part of the magnetic field being perpendicular
to the SS sheets, the authors have demonstrated IPT of 70 W
through two 0.5 mm SS sheets (i.e., targeting the SS-enclosed
linear-motion application discussed above) with an operating
frequency of 2.25kHz and an efficiency of about 71% [19].

Since the movement of the receivers considered here is
constrained to a single dimension, and since no receivers need
to be added or removed during operation, the IPT system can
advantageously employ a coaxial arrangement of the transmitter
and the receivers as shown in Fig. 2a. This approach is
well known in applications without SS enclosures [4,11,20].
Since a closed magnetic core, carrying the secondary-side
winding of a receiver, is coaxially sliding along a primary
winding that extends over the full stroke of the linear actor, the
resulting magnetic field is fangential (and not orthogonal) to
the advantageously also coaxially arranged enclosures (i.e., SS
pipes) [21]. Thus, the area available for the formation of eddy
currents is limited by the thickness of the enclosures (typ. in
the range of 0.1 mm to 0.5 mm) and hence very small; in the
same way, eddy currents and/or losses in electric motors are
limited by laminating the magnetic circuits exposed to ac flux.
Note that a detailed discussion of the modeling of the eddy-
current losses in and the temperature rise of the SS enclosures
is beyond the scope of this paper, but is documented in [21].

The high magnetic coupling provided by the closed magnetic
core allows to operate the IPT system like an isolated dc-
dc converter with a well coupled high-frequency transformer.
In particular, the dc transformer (DCX) concept [22]-[24]
can be employed, i.e., the total series inductance Lg of the
coaxial transformer arrangement (Lg is dominated by the loop
inductance of the primary winding) can be compensated at
the desired operating frequency f; with a series capacitor
C: = (4n*f2Ls)~" (see Fig. 2b); the DCX then achieves
a constant and (almost) load-independent voltage transfer
ratio and/or output voltage in open-loop operation and thus
without the need for a communication channel. Moreover, the
magnetizing current facilitates zero-voltage switching (ZVS)
of the primary-side inverter’s transistors. Note further that
the DCX operates in a voltage-impressed manner, i.e., the
primary-side inverter generates a fixed rectangular ac voltage
up and the primary-winding current i, adapts to the load. In
[21], we have thus demonstrated that such an IPT-through-SS
system can achieve significantly better performance than earlier
concepts: specifically, transferring 100 W through two 0.5 mm-
thick SS enclosures at an operating frequency of 20kHz and
an efficiency of 97% is feasible.

In typical linear-motion applications there is often a need
to provide more than just a single carriage (mover, slider) per
linear actor. Consequently, the IPT system should allow to
operate multiple receivers, as illustrated in Fig. 2a. However,
each secondary-side winding magnetically couples to the same
shared primary winding. Thus, the equivalent load impedances
of the secondaries are reflected to the primary side and appear
as a series connection (see also Fig. 2b), i.e., the total primary-
side voltage is shared among all connected receivers. To still
maintain constant output voltages regardless of the number
of connected receivers or the power they draw (i.e., their
effective load impedances), the input voltage must increase
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Fig. 2. IPT system with multiple receiver modules. (a) Conceptual physical
arrangement and (b) power circuit where only one receiver is connected
to the ac link (its transistors are off). (¢) Dynamic dc-dc equivalent circuit
representation of the power circuit from (b). (d) Key waveforms illustrating
the relationship between the dc current in the equivalent circuit and the ac
current in the real converter, i.e., I = ip.

or decrease accordingly. Thus, the required behavior at the
input of the primary winding corresponds to that of a current
source with a current level defined by the highest secondary-
side load. Therefore, the most prominent realization option for
IPT systems with multiple receivers (with coaxial or other
configuration of the magnetic circuit) is to use a current-
impressed mode of operation [4,11,25]-[32]. To achieve this,
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the primary-side inverter can be actively controlled to maintain
a constant current i, in the primary winding. Further, to limit
the required dc input voltage (essentially defined by the sum of
all receiver voltages reflected to the primary side), often an LCL
compensation network is connected between the primary-side
inverter and the primary winding to provide voltage-to-current
conversion (the required high voltage then appears across the
LCL network’s capacitor, but not at the inverter terminals,
i.e., the LCL network’s input) [26,27,30]. Each receiver can
control its own output voltage by repeatedly short-circuiting
its (secondary-side) winding, which essentially decouples the
receiver from the primary-side winding, resulting in zero power
flow [26]. As the primary-side current is impressed, the other
receivers are not affected and hence there is typically no need
for a communication channel between the primary-side and
the individual receivers. Many variants of this core concept
have been proposed, e.g., based on the quantum approach [33],
or on adjusting the phase angle and/or the magnitude of the
receivers’ input voltages, which also facilitates bidirectional
power flow [27,34,35]. Note that even though—for reasons of
energy conversion—the power delivered by the primary-side
inverter adapts to the total power consumed by all receivers, the
current in the primary winding does not, i.e., it is independent
of the momentary load situation and typically set to cover the
maximum rated load of any receiver output. Given the typically
long primary winding with a thus large series resistance R,

this significantly degrades the efficiency in part-load situations.

Therefore, concepts to adapt the primary-winding current to
the total load have been studied, e.g., using sliding-mode
control, [33]. Also, power management approaches where the
connection and disconnection of the receivers is coordinated
(which requires communication, for example via the IPT
frequency) such that the primary-side current does not have
to be as high as needed for providing rated power to the
receivers, have been discussed [29]. At any point in time,
however, the primary-side current is defined by the receiver
with the maximum instantaneous load, not by the total / average
load of all receivers combined.

Therefore, the voltage-impressed operating mode with its
inherently load-dependent primary winding current seems
interesting [36], especially for applications with loads that
show a high ratio of peak to average power as is typical for
linear actors. As indicated above, the resulting interactions
between the receivers prevent the voltage-impressed operating
mode if more than one receiver should be connected at the
same time. Thus, [37] proposed a time-division multiplexing
(TDM) method to supply two receivers (each tuned to a different
resonant frequency) from one primary; by changing the ratio
at which the primary operates at the first and at the second
resonant frequency, the power transfer to the two receivers can
be adjusted individually. In [38], the TDM concept is employed
with a single operating frequency and a central controller is
used to coordinate the receivers such that at any given time
only one receiver couples to the primary, i.e., communication

between the central controller and each receiver is needed.

Similarly, we have analyzed the suitability of such a TDM
concept (with a single operating frequency) for the considered
application of SS-enclosed linear actuators (which typically
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TaBLE I
KEY PARAMETERS OF THE CONSIDERED
EXAMPLE SYSTEM WITH A TRACK LENGTH OF Ltrack = 82 cm.

Symbol  Parameter Value
Uin Rated input voltage 72V
Py Rated output power 100W
Co Output capacitance 260 pF
fs Switching frequency 20kHz
fr Resonant frequency 20.6kHz
C; Compensation capacitor 200 nF
Ly, Magnetizing inductance 12mH
Nji: N, Turns ratio 16:16
R, Lumped series resistance 1.6Q
L Lumped series inductance 300 pH
Us Lumped diode voltage drop 1.37V

show a high ratio of peak to average power and hence favor
concepts with potentially high part-load efficiency) in [21], and
[39] provides a quantitative comparison of current-impressed
and voltage-impressed operation of SS-enclosed IPT systems
with multiple receivers.

The implementation of the TDM concept (which will be
discussed in detail below) is relatively straightforward if a
communication link between all units (primary-side inverter,
all receivers) is available. However, whereas such a link may
exist in specific applications, self-sufficiency is still a desirable
feature of a power supply system, i.e., the IPT system should
have the capability of standalone operation without the need
for a dedicated communication link (note that the current-
impressed options discussed above do so intrinsically). In this
paper, we therefore propose an automatic TDM (A-TDM)
method for multi-receiver IPT systems using the voltage-
impressed DCX mode of operation. The method achieves TDM,
i.e., the mutually exclusive supply of each receiver in a cyclic
manner and fully autonomous output voltage control for each
receiver, without any communication link.

In the following, first Section II describes the system
modeling and the desired ideal TDM behavior in detail.
Section III then introduces the proposed A-TDM method and
Section IV provides extensive experimental verification before
Section V concludes the paper.

II. IpEaL TiME-Di1visioN MULTIPLEXING

As discussed above, TDM operation allows to retain the
DCX operating mode in closely-coupled IPT systems with
multiple receivers by always only connecting a single receiver
at a time, and thus supply power to the receivers in a cyclic
manner. The relative connection time of each receiver depends
on both, its own power consumption and the total (average)
power consumption of all receivers. Before presenting the
proposed A-TDM method, it is useful to describe first the
desired, i.e., ideal behavior.

Consider an IPT system with N; receivers, each with rated
output power P, ; and nominal output voltage U, ;. The dc input
voltage Uj, of the primary-side inverter is constant. Fig. 2a
shows the conceptual arrangement and Fig. 2b shows the
electrical power circuit. Note further that Ry and Ly represent,
for simplicity reasons, the lumped series resistance and series
inductance of the primary loop and one connected receiver; both
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are typically dominated by the primary loop alone. C; is the
series resonant capacitor that compensates Ly at the operating
frequency to facilitate DCX operation. Tab. I lists the key
parameters of the example system considered throughout the
paper. Note that a unity turns ratio (i.e., Ny = N;) is considered
as a result of equal input and output voltages. Therefore, we
use primary-side and secondary-side quantities interchangeably
without explicitly accounting for the turns ratio.

As TDM operation requires each receiver to be able to
decouple itself from the ac link, the receivers feature a
semi-bridge-less active rectifier (SAR): by gating on the two
transistors, a receiver can short-circuit its secondary-side
winding, rendering it essentially transparent to the rest of
the IPT system. Thus, each receiver can be in either of two
states: CONNECTED (its transistors T; are off) or DISCONNECTED
(its transistors Tj are on). Out of the N, receivers, only one
single receiver is in the CONNECTED state at any given time.
Handovers of the coNNECTED state from one receiver to the next
are allowed after complete switching periods. Thus, a TDM
period Ty, is an integer multiple of the switching period:
Tiam = NumTs with Nygm > N, i.e., during a complete cycle,
each receiver is connected at least during one switching period.
Selecting longer Ty, values thus increases the granularity of
the power delivery to the different receivers.

For the further analysis, it is useful to consider a dynamic
equivalent circuit of the DCX that accurately captures its
terminal behavior. Based on [23,24], Fig. 2¢ shows the dynamic
equivalent circuit corresponding to the power circuit from
Fig. 2b, where Ry = 7%/8 - Ry and Ly, = n2/4 - L,. Together
with I, = fp (i.e., a dc current corresponding to the local average
value of the actual primary current flows in the equivalent
circuit; the magnetizing current is neglected), this ensures that
the equivalent circuit has equal load-dependent losses and equal
load-dependent stored energy as the real circuit; both is needed
to correctly capture the terminal behavior [24].

Ideally, the primary-side inverter delivers a constant power,
which corresponds to the sum of all receivers’ power con-
sumption (plus losses), i.e., neglecting losses, the maximum
input power delivered by the inverter becomes Piy; = NP r.
Thus, the constant input dc voltage and a given operating
point (characterized by a certain load distribution among the
receivers) result in a non-varying primary current I, = const.
(i.e., a dc current in the equivalent circuit, corresponding to a
constant amplitude of the resonant current pulses in the real
circuit). Of course, I}, adapts to the total load supplied, (i.e., to
changing operating points), which is in contrast to the current-
impressed systems discussed earlier. Given a non-varying
I,, the series voltage drop across R and the diodes of the
connected receiver is constant, t0o: Avg = IpRyc + Uy (Whereby
Ur approximates the diode forward voltage drops with constant
value). Correspondingly, the losses in these series elements
are Py = Ingc + I,Us. Because of the Ig term, I, = const.
results in minimum losses. Ideally, the output voltage of each
connected receiver thus settles at U, = U;, — Avs = const.
(neglecting the system dynamics).

The instantaneous power available for a connected receiver
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Fig. 3. Simulated key waveforms of idealized TDM operation with three
receivers (P 1 = 75W, P, = 100W, and P, 3 = 75W); Tab. I gives the
system specifications, but a larger C, = 5 mF has been used to limit the impact
of the converter dynamics at the handovers for illustration purposes. During a
TDM period of Tigm = 10075, each receiver is connected to the ac link (and
hence receives power) only during a fraction that corresponds to its share of
the total load supplied by all receivers, see (3); the output voltages are (in
average) equal (Uy| = Uy = U,3 = 67.5V.)

is I,U,, and in addition

N;
U, = )" Po,
i=1

must hold, where, P, ; denotes the average output power of a
receiver. However, a receiver is not always connected but only
during a certain share of Tyyy,. To provide the required average
output power P, ; for receiver i, we must have

ey

tconn,i

Py = LU, = Di1,U, 2)
tdm
and thus the duty ratio becomes
Po i .
i=— i S D=1, 3)
Zi]\irl Po,i Z
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Fig. 4. Simulated waveforms of idealized TDM operation with three receivers
when the transistors switch (a) when the resonant current crosses zero or (b)
when the resonant current attains its peak (i.e., in the center of a resonant
pulse), which advantageously prevents offsets in the magnetizing currents, ip ;.

Finally, in practical applications the output voltage ripple
should be limited, e.g., to duepp = Atg pp/Us = 10 %. This
voltage ripple can (assuming piecewise linear behavior, i.e.,
assuming constant output current, etc.) be expressed as

P 0,1

—, 4
Cole “4)
The worst case occurs for the combination of maximum power
and longest disconnection interval, i.e., when all N; receivers
operate with full load, i.e., Py; = P, V i. Then, D; = 1/N;
and we have

Augpp = (1 = D;) - Tigm -

Py 1

Co=—"—= |1-—]|-T 5
o 6u0,ppU§ ( Nr) tdm ( )
for a given Tin,. Considering the minimum Ty, = N:T;

mentioned above, the minimum required capacitance is

Po,r
Co2 — = (N, = 1) T.. (©)
Suto,ppUs

Note that typically Tygm > N;T5 is used to improve the resolution
of D;. Furthermore, especially if high efficiency is targeted
(i.e., smooth I, as discussed above), it is desirable to limit the
voltage ripple to very low values as the corresponding voltage
difference determines the transient response of the dynamic
equivalent circuit after handover from one receiver to the next;
then, however, relatively large capacitors are needed.

The simulation results shown in Fig. 3 illustrate the ideal
TDM behavior for an exemplary operating point with three
receivers and a fixed Tigy = 10075. Note how the different
loads are mapped to different durations of the power transfer
to the individual receivers, i.e., to the duty cycles D;. The
primary-side winding current i, features an essentially constant
amplitude (some minor dynamics resulting from the handovers
are visible; these will be explained in more detail below).

As an aside, note that there are two different ways of aligning
the receivers’ state transitions with the switching periods. As
indicated in Fig. 4a, the receivers’ transistors can be switched at
a zero crossing of the resonant current. However, then, the core
remains magnetized when a receiver enters the DISCONNECTED
state (i.e., only demagnetizes very slowly with the low voltage
drop of the two transistors), which over time may lead to
saturation issues. It is therefore advantageous to shift the
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Fig. 5. Conceptual implementation of the proposed A-TDM on a receiver
module with the sensed power quantities indicated. Synchronization of a local
carrier wave to the inverter output voltage is achieved using the zero-crossings
of the ac-side voltage us (which can be sensed in the CONNECTED state with
S =0, i.e., turned-off transistors).

state transitions by 7/2, i.e., to align them with the center
of a resonant pulse as shown in Fig. 4b. At these instants,
the core is, ideally, demagnetized. On the other hand, the
switching transitions occur at the peak current and hence the
switching losses increase, which, however, is acceptable given
the relatively low repetition rate of the state transitions (as we
typically have Tign > Ty).

III. AutomaTtic TiME-D1visioN MULTIPLEXING

All in all, ideal TDM operation clearly requires a central
coordination as (3) implies that no receiver can calculate its
duty cycle without knowing the power consumption of the
others, and also a synchronization of the link access must be
ensured. To eliminate the thus needed dedicated communication
channels, an automatic TDM (A-TDM) strategy is proposed
in this section, which only utilizes power quantities that each
receiver can measure and process independently to achieve
the desired TDM behavior; i.e., there is no central controller.
Specifically, the quantities that each receiver measures are
the output voltage, u,, and the ac-side input voltage, us, as
indicated in Fig. 5. Furthermore, optionally also the output
current i, and/or the ac-side current iy can be measured
for protection purposes, and, in case of is, to improve the
performance. The A-TDM functionality is best described with
finite state machines (FSMs). After an initial discussion of
the synchronization mechanism (Section III-A), Section III-B
first discusses normal operation and Section III-C describes an
advanced technique to reduce the primary rms current, before
finally Section III-D presents the startup procedure.

A. Synchronization

As indicated above, a receiver’s mode transitions should be
synchronized to the inverter’s output voltage (or, equivalently,
the resonant current), which serves as a common time base for
all receivers. Whereas using the ac current for synchronization
has the advantage that the information is available to a
receiver regardless of its state (CONNECTED O DISCONNECTED),
a (comparably expensive) current sensor would be needed, and,
at low power, noise and limited accuracy may lead to unreliable
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Fig. 6. Proposed A-TDM operation. (a) FSM running on each receiver module to control its transitions between the two states CONNECTED (transistors are off)
and DISCONNECTED (transistors are on); the receiver module measures its dc output voltage u,, the ac-side current is and the ac-side voltage us. (b) Conceptual
waveforms for A-TDM operation with three receivers and changing load conditions (0%, 50%, 100%), and (¢) zoomed view used for the detailed explanation

(see text) of the handover process from receiver 1 to receiver 3.

zero-crossing detection. Therefore, the zero crossings of the
ac voltage ug (see Fig. 5) are used to synchronize the phase
and the frequency of a local carrier wave. Note that when
the receiver is disconnected (i.e., the transistors are turned
on), us = 0 = const. and hence the synchronization signal is
not available. This, however, is not an issue because of the
fixed operating frequency and the opportunity to update the
synchronization information at least during a few switching
cycles (where the receiver is in the CONNECTED state) in each
TDM period.

B. Normal A-TDM Operation

In steady-state operation, the finite state machine (FSM)
shown in Fig. 6a controls a receiver’s behavior, i.e., the transi-
tions between the two states: CONNECTED with the transistors
turned off (S = 0) or piscoNNECTED with the transistors turned
on (S = 1). Using the synchronized local carrier, each receiver
evaluates possible state transitions once in every switching
half-period, i.e., advantageously in the middle of a switching
half-period (see Fig. 4b); this is indicated by the trigger symbols
in the FSM diagram.

The key idea of the A-TDM method is that a connected
receiver can detect the presence of a second connected receiver
by measuring the ac input voltage, ug, which reduces to us =
up /N, once the resonant current decays to zero and the receivers’
diodes stop conducting. The details are best explained using a
specific example, i.e., the handover from receiver 1 to receiver 3
shown in Fig. 6¢ between r = ¢y and 7 = #;:

e t < to: Receiver 1 is coNNECTED and receivers 2 and 3
are DISCONNECTED. Thus, receiver 1 draws power from the
primary side in DCX mode to charge its output capacitor
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and supply its load. On the other hand, the output voltages
of the other receivers reduce as they supply power to their
loads.

e« t = to: The output voltage of receiver 3 reaches a
lower threshold value, u,3 = uouig. This threshold
value is calculated upon entering the DISCONNECTED state
based on the measured output voltage and the specified
maximum relative peak-to-peak output voltage ripple, i.e.,
Uo trig = Uo,Disc * (1 — Ot pp). It is not sensible to select
an absolute value, as the average output voltage depends
on the total system load because of the load-dependent
voltage drop across the primary winding’s resistance, see
Section II. There should be, however, a hard minimum
value Uo rig,min > Us,urig tO prevent too low output voltages
that would then not allow a receiver to remain in the
CONNECTED state (as the condition us < ugqig would
be true even while only one receiver is connected). If
furthermore the receiver has been disconnected for at least
Npisc switching half-periods!, receiver 3 transitions to the
CONNECTED state, too.

e tg <t < t;: Two receivers are connected and thus, con-
sidering the equivalent circuit from Fig. 2¢, the resonant
current is quickly driven to zero as uq, | +uo 3 = 2U, > Usp.
Once the resonant current subsides, the ac input voltages
of the two receivers are us1 = us3 = up/2. In particular,
for receiver 1, the condition u,1 < us g becomes true (the
threshold value ug gig is selected slightly higher than u,/2
or Uj,/2), and hence it transitions to the DISCONNECTED
state at 1 = 1.

IThis mechanism ensures that once a receiver disconnects, it stays discon-
nected for a certain minimum time, thus preventing a premature triggering of
a next handover.
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o t > t: Finally, the handover is completed and receiver 1
is DISCONNECTED while receiver 3 iS CONNECTED.

Likewise, the next handover from receiver 3 to receiver 2 occurs
between t, and t3.

In addition to those mentioned above, the FSM shown in
Fig. 6a contains a few more conditions that influence the state
transitions. Specifically, a transition from DISCONNECTED to
CONNECTED is immediately triggered if the measured current
peak value is exceeds a maximum allowable value, i.e., if
is > ismax- This behavior serves as a protection mechanism
against corner cases where, e.g., all receivers disconnect, or the
connected receiver fails in a way that short-circuits its input,
and hence the primary current quickly increases.

Similarly, the condition u, < U, max does not allow a receiver
to transition from the CONNECTED to the DISCONNECTED state if
its output voltage is too high. As long as a receiver remains
connected, the output voltage cannot further increase due
to the limited input voltage Uj,. On the other hand, if the
receiver disconnects, potentially the situation described in the
previous paragraph could arise, i.e., all receivers might end
up in the pISCONNECTED state. The primary current amplitude
then quickly increases until all receivers, including the receiver
with too high output voltage, are forced to the cONNECT state
again. The current then decays within a few switching periods,
but those pulses still transfer energy to all receivers, potentially
further increasing the output voltages.

Further, to handle race conditions (e.g., two receivers entering
the CONNECTED state at the same time), a transition from
CONNECTED t0 DISCONNECTED is only possible if the receiver
has been connected for at least Ncony half cycles, where Nconn
is a random number. To illustrate how the use of a random
value for Nconn advantageously contributes to handling race
conditions, assume that receiver 1 iS CONNECTED, and then
receiver 2 and receiver 3 enter the CONNECTED state at the same
time. Receiver 1 then quickly detects the presence of other
CONNECTED receivers and immediately disconnects (us < s, yig
is true). Then, receiver 2 and receiver 3 both are connected,
and thus the condition us < us e remains true for both of
them. If Nconn Was not a random number, both receivers would
enter the DISCONNECTED state at the same time, resulting in
a situation where all three receivers are disconnected and
hence the primary current would quickly increase. Ultimately,
the condition is > i5 max becomes true—but again for all three
receivers at the same time. Thus, all would enter the CONNECTED
state at the same time, starting a vicious cycle from which
there is no escape. In contrast, with Ncop, being a random
number, i.e., different for each receiver, even if receiver 2 and
receiver 3 enter the CONNECTED state at the same time, one of
them would transition back to DISCONNECTED state earlier than
the other, thus restoring normal A-TDM operation with only
one receiver in the coNNECTED state. The random Ncop, should
be selected within an interval whose lower bound depends on
the minimum time needed to bring the maximum resonant
current to zero, because only then a CONNECTED receiver can

detect the presence of one (or more) other CONNECTED receivers.
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Fig. 7. A-TDM operation with reduced rms current (compared to Fig. 6).
(a) Correspondingly modified FSM that utilizes the difference between two
subsequent resonant current pulse amplitudes to detect when a second receiver
connects; the receiver module measures its dc output voltage u,, the ac-side
current ig and the ac-side voltage us. (b) Simulated waveforms for three
receivers with full load; note that unlike to the case shwon in Fig. 6b, the
primary current does not reduce to zero during the handovers.

Thus,

delp,max 2 “ (7)

N Lo | ZCerpemax - =
Conn,min ’72U0 — Uin Ts
The upper bound is given by the maximum time that one
receiver can remain connected before another receiver would

require power when all receivers operate with rated load, i.e.,

Suto ppU2Co 2

(Nr_l)Po,r'Y_Ws ' (8)

N Conn,max =

In this way, the FSM from Fig. 6a realizes A-TDM operation
of multiple receivers with variable loads without any communi-
cation link. However, as the implemented signalling utilizes the
secondary-side ac voltage measurements, it necessarily requires
the ac current to subside to zero at each handover. Only then the
ac voltage reduces to us ~ up/2 (if two receivers are connected
at the same time), but this results in “notches” in the primary
current envelope (see Fig. 6b). These, and the finite dynamics
of the current amplitude reaching the steady-state value again
after a handover, increase the primary current rms value above
that observed for the ideal TDM operation.

C. Normal/Steady-State Operation with Reduced RMS Current

This behavior can be improved if the receivers are equipped
with a current sensor measuring their ac input current,
specifically the peak values of the sinusoidal current pulses
(remember that the execution of the recevier’s state machine
is synchronized and aligned such that it occurs in the center
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Fig. 8. Simulated startup behavior. After an initial passive charging phase, the
receivers’ controllers start and, using same FSM as for normal operation (see
Fig. 6), further charge their output capacitors to the nominal output voltage.

of each switching/resonant half period). As indicated in the
alternative FSM for the NormAL state shown in Fig. 7a, a
CONNECTED receiver can then utilize the difference between
the peak values of two subsequent current pulses to detect the
presence of a second CONNECTED receiver.

Specifically, as discussed above and considering the equiv-
alent circuit from Fig. 2¢, when fwo receivers are connected
at the same time, a large negative voltage appears across Lc
because 2U, > U;,. This quickly reduces the current i, i.e.,
leads to large differences between subsequent peak values of
the resonant current. The reduction can be described by a
factor k = |is|/|is.olal, such that the condition for transitioning
to the DISCONNECTED state can be expressed as |is| < k - |is.old]
(instead of us < us g before). Advantageously, detecting this
condition does not require the current to decay to zero (for
the diodes to stop conducting), and hence quicker handovers
with less pronounced “notches” in the primary current can
be achieved, as is illustrated by the simulated waveforms in
Fig. 7b.

Note that also a load shedding of a receiver, i.e., its load
reducing instantaneously from 100% to 0%, leads to a quick
decay of the current amplitudes as the receiver’s dc-link
capacitor voltage increases. However, this process is necessarily
much slower (due to the presence of the dc-link capacitor)
compared to the case of interest where a second receiver
connects and thus the total effective secondary-side voltage
immediately doubles. Therefore, it is possible to select k such
that the two cases can be clearly distinguished.

In practice, this mode works best for higher power levels,
where noise in the current measurement becomes irrelevant
compared to the amplitude differences; for low power, the
voltage-based method is preferable (note also that the impact
of the rms current reduction on the system losses becomes
more important with increasing power).

D. Startup

Advantageously, the FSM shown in Fig. 6 also facilitates
startup of the system, which is described based on the simula-
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tion results shown in Fig. 8. Initially, the output capacitors of all
receivers are fully discharged. Correspondingly, the receivers’
controllers are not active and hence only the passive diode
rectifier functionality is available. To limit the inrush current,
the primary-side inverter thus ramps up the duty cycle of
its output voltage from zero to 100% while the receivers’
output capacitors charge via the passive diode rectifiers to
(approximately) Uj,/N;. This voltage must suffice for the
receiver’s auxiliary power supplies to power up and supply the
local control hardware.

At this point, all receivers are in the CONNECTED state and
hence synchronization of the local carrier to the zero crossings
of the ac voltage ug is possible as described in Section III-A.
Once powered up and synchronized, the FSM brings the
receivers to the DISCONNECTED state because us < Us,trig»
which is always true due to the still low output voltages (i.e.,
Uy < Us rig). Note that for fully identical receivers and perfect
symmetry, this would happen at the same time for all receivers.
In practice, this is not the case but still the receivers must be
assumed to power up in rapid succession, i.e., several receivers
might start counting the cycles in the CONNECTED states for
evaluating the condition N > Ncon, (to disconnect) at the
same time. This corresponds to the race condition described
above in Section III-B and the mechanism described there,
based on selecting Nconn randomly (within certain bounds),
ultimately results in time intervals where only one receiver is
connected, allowing it to further charge its output capacitor until
Us > uo rig,min- Finally, once all receivers achieve this, A-TDM
operation continues as discussed in the preceding sections.

IV. EXPERIMENTAL VERIFICATION

The industrial linear actuator prototype shown in Fig. 9a
is used to validate the proposed A-TDM method. We have
described the optimization of the IPT hardware itself (i.e., the
primary-side inverter, the resonant tank, SS losses, etc.) in
[21], and Tab. I summarizes the key specifications. Here, the
system is configured with two receivers, i.e., two sliders, each
carrying a drive inverter for the corresponding motor windings
and a second linear motor (again including a drive inverter)
oriented in the z direction as an exemplary load.

Fig. 9b shows the hardware prototype of a receiver module,
whose power stage realizes T,p with Infineon IPBO73N15N5
silicon MOSFETs driven by NCP8104 gate drive ICs, and
the diodes D,p are Rohm RB218NS150 silicon Schottky
diodes (two in parallel). Furthermore, there is an isolated
dc-dc converter (PDQE15-D) to provide auxiliary power for
the drive inverters on the 24V level in addition to the main
72V power output. The control algorithms are implemented
on an STM32G431 ARM microcontroller unit (MCU). Both,
the ac input voltage us and the output dc voltage u, are
measured using the MCU’s onboard ADCs. In addition, an
external AD8612 comparator is used to implement the fast
zero-crossing detection of ug needed for synchronization. To
retain full flexibility for testing different operating modes, the
prototype also features sensors (LEM GO-SME-10) for the
ac and dc currents; in a final application, one or both might
be eliminated for cost reasons. Further, Tab. II summarizes
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Fig. 9. (a) Industrial linear actor prototype with two sliders, each carrying an
IPT receiver, the motor inverter, and a second actuator (z-direction) with its
drive. The length of the track is 82 cm. Note that the relevant parts (i.e., the
primary winding as well as two secondary-side core/winding assemblies) are
fully enclosed in 0.5 mm SS sheets. (b) Close-up of the 100 W IPT receiver
module PCB (see the power circuit in Fig. 5).

TaBLE II
FSM (skE F16. 6 AND F1G. 7) PARAMETERS USED FOR THE EXPERIMENTS.

Symbol Parameter Value
Nbpisc Min. no. half-cycles DISCONNECTED 2
Nconn,min ~ Min. no. half-cycles connNECTED (lower bound) 4
Nconn,max ~ Min. no. half-cycles coNNECTED (upper bound) 20
Uo,trig, min Min. output voltage threshold 55V
Us trig Multi-receiver presence detection threshold 40V
Uo, max Max. output voltage limit 75V
is, max Max. ac peak current limit 15A
Suto,pp Max. relative output voltage peak-to-peak ripple 10%

RMS reduction algorithm parameter 0.8

the configuration parameters of the FSMs implementing the
A-TDM method (see Section III and, in particular, Fig. 6a
and Fig. 7a for details). In the following, the demonstrator
operates under characteristic conditions (startup, steady-state,
load steps) with the two receivers loaded by resistors instead
of the motor drives, which facilitates defined operating points.
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A. Startup

Fig. 10a shows measured key waveforms of the system
startup, where both receivers are loaded with a 2 k{2 resistor.
After an initial phase of passive charging via the diode rectifiers,
the MCUs power up (note that this does not happen at the
same time due to tolerances in the hardware). As described in
Section III-D, the output voltages then increase to the nominal
values, whereby the FSMs’ state transitions are governed by
Npisc and the (random?) Nconn, Which results in frequent
handovers. Finally, normal A-TDM operation continues with
approximately equal duty cycles due to the equal (though very
low) loads and, given the target output voltage ripple of about
10%, with a much lower handover frequency.

B. Continuous Operation and Load Steps

Figs. 10b-d show key waveforms of the demonstrator from
Fig. 9 with two receivers (with resistive loads) and the proposed
A-TDM operation for a typical use case where receiver 2
operates with full load (P, = 100 W) while receiver 1 is
subject to three different load steps, i.e., from no load to full
load (Fig. 10b), from full load to half load (Fig. 10c), and from
full load to no load (Fig. 10d), respectively. Note how the duty
cycles of the two receivers (i.e., the relative time each stays
in the cONNECTED state) adapt to the changing load scenarios.
Furthermore, the zoomed view in Fig. 10b shows that the rms
current reduction method introduced in Section III-C works
as intended, i.e., the primary-side current does not subside to
zero during the handovers. This algorithm is only activated
for i > 2 A, and therefore is not enabled in the right part of
Figs. 10cd (and the zoomed views there). Clearly, the proposed
A-TDM implementation achieves regulated output voltages of
both receivers in steady-state and also during the load transients,
while the measured waveforms closely match the simulation
results presented earlier.

C. Efficiency

Fig. 11 shows the measured efficiencies and rms currents
for operation with and without the rms current reduction
method from Section III-C activated for higher loads, where a
corresponding improvement of the efficiency can be observed.
Note further that the peak efficiency of 88.2% (both receivers
at 50% load) is relatively low and, in the demonstrator, limited
by the relatively high resistance (Rs = 1.6 ) of the primary
winding, which is realized from solid wires for economic
reasons.

V. CONCLUSION

This paper proposes an automatic time-division multiplexing
(A-TDM) method for wireless power transfer (IPT) to multiple
receivers using a voltage-impressed operating mode without
the need for a load-independent current in the primary winding,
which facilitates improved part-load efficiency, and without an
LCL-type compensation network on the primary side, which
reduces the implementation effort. On the other hand, TDM

2Pseudo-random numbers are generated using the rand() function from
the C standard library.
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Fig. 10. Measured key waveforms of the demonstrator from Fig. 9 with two receivers (and resistive load) using the proposed A-TDM operation: output voltages
uo,1 (yellow) and u, > (blue), gate signal Sy of receiver 1’s transistors (red), and receiver 1’s ac input current i (green), which essentially equals the primary
winding current. (a) Startup with light load (2kS2 resistive load). (b) to (d) show A-TDM operation under different load scenarios with step transitions in
between: while receiver 2 always operates with full load (100 W), receiver 1 is subject to various load-steps, i.e., (b) from 0% to 100%, (¢) from 100% to 50%,
and (d) from 100% to 0%. Note how both dc output voltages are maintained equal (in average) and close to the nominal value.
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Fig. 11. (a) Measured (Yokogawa WT1804E) efficiencies and (b) primary-side
rms current of the demonstrator from Fig. 9 with two receivers. Both receivers
are loaded equally, i.e., Py1 = P, for each measurement point. Note the
reduction of the rms current and a corresponding efficiency improvement at
high loads if the improved handover method from Section III-C is enabled.

operation is required, i.e., the mutually exclusive power transfer
to each receiver in a cyclic manner, which, in contrast to
previous work, here is achieved without any communication
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link between the receivers and without a central controller.
Instead, the finite state machine (FSM) controlling a receiver’s
behavior does so solely using measurements of power quantities
(voltages and currents) available to each receiver anyway. The
proposed A-TDM method is experimentally verified during
startup, steady-state, and transient (load steps) operation using
a stainless-steel-enclosed IPT system with two 100 W receivers.
Whereas simulation results show that the proposed A-TDM
method successfully works with three receivers, too, a detailed
analysis of the method’s scalability to higher receiver counts
could be targeted by future research.
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