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ABSTRACT Robotic systems, such as legged robots or industrial robots used in manufacturing and

humanoid assistance, rely on robotic joints to perform multi-degree-of-freedom motions. Each joint

typically incorporates a motor and a gear to drive its motion. Power delivery and control for these joints are

usually achieved through cables for power and data transfer, which are routed through the joints. However,

as the joints move, these cables bend and flex, leading to eventual failure due to the limited number of

bending cycles they can withstand. Additionally, in high-precision joints, cable slack can disrupt position

control accuracy. To address these challenges, this paper investigates wireless power and data transfer

(WPDT) for robotic joints. The proposed approach leverages a closed magnetic core for power transfer,

minimizing stray magnetic fields, and uses photodiode-based communication with a custom-developed

control circuit. The approach is validated through experimental measurements and benchmarked against

existing solutions in the literature. We demonstrate a system capable of transferring 200 W of power and

achieving a data transfer rate of 2 Mbit/s, with the total weight of all components being 96 gram.

INDEX TERMS Wireless Data Transfer, Wireless Power Transfer, Robotic Joint

I. INTRODUCTION

ROBOTIC systems, particularly legged robots, are in-

creasingly employed in demanding industrial environ-

ments where they must traverse various obstacles, such as

climbing stairs. These robots are typically designed with

four legs, as this configuration allows them to navigate and

overcome challenging terrains more effectively. Each robotic

leg typically features three joints: two in the shoulder and

one in the knee, as described in [1].

Each joint typically comprises a motor paired with a

gearbox, achieving gear ratios typically ranging from 6:1 to

200:1. To achieve smooth and coordinated motion of the 4-

leg robot, the legs must operate under synchronized motion

control. This synchronization is managed by a central control

unit, which handles higher-level control tasks and generates

precise position references for each motor in every joint. To

transmit position reference data to each motor joint, a data

connection is established between the central control unit

and each robot joint. Additionally, power is distributed from

a battery, typically located at the center of the robot’s body,

to each joint [2].

To establish the connection between the legs and the

central body of the robot (for both data and power), current

robotic systems rely on cables. However, to connect to joints

that are second or third in a sequence—such as the second

shoulder joint and the knee joint—the cables must pass

through preceding joints. For instance, cables for the knee

joint must first pass through both shoulder joints. These

cables, which traverse through the joints, are subjected to

bending and twisting motions as the joints operate. Over

time, this leads to mechanical failure due to the limited

number of bending cycles the cables can endure, thereby

reducing their operational lifetime [3], [4].
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FIGURE 1: Typical joint arrangements in a robotic leg: (a)

A robotic leg with wired data and power transmission, where

cables pass through the joint. (b) Wire routing in a WPDT

system, eliminating the need for cables to pass through the

joints. (c) The concept of the proposed WPDT approach.

This challenge can be addressed by introducing wireless

power and data transfer (WPDT) in robotic joints, as shown

in systems like [3]–[6]. Although this approach increases

the complexity of the robotic leg, it eliminates the need for

moving cables, which significantly improves the reliability

and longevity of the joints. Figure 1(a) illustrates how cables

must pass through joint J2 to reach joint J3. Consequently,

any movement of J2 causes bending and twisting of the

cables. In contrast, Figure 1(b) demonstrates the conceptual

implementation of the WPDT approach, where cables do not

bend, eliminating the risk of mechanical failure.

The majority of the literature, such as [3]–[6], relies

on inductive coupling for power transfer, which typically

involves an air gap between the primary and secondary

windings. This results in unavoidable stray fields that can

affect nearby components within the joint. To address these

challenges, this paper proposes a closed-core-based wireless

power transfer (WPT) system, as depicted in Fig. 2. The

approach employs a closed nanocrystalline toroidal core

for inductive coupling between the primary and secondary

windings. As shown in [7], a similar closed-core approach

has been successfully used for wireless power transfer to a

linear actuator enclosed in stainless steel, where the stainless

steel had a negligible impact on power transfer efficiency

since the coupling field is focused inside the closed core,

which significantly reduces stray fields. Therefore, this de-

sign minimizes the risk of induced eddy current losses in

nearby conductive structural components and also lowers

the potential for field radiation originating from those eddy

currents. It should be noted, however, that precise EMI

radiation levels were not analyzed. This aspect will be

addressed in future work, as currents from the secondary

coils can still contribute to EMI. Consequently, compliance

with relevant electromagnetic compatibility (EMC) standards

and guidelines for limiting exposure to time-varying electric,

magnetic, and electromagnetic fields will need to be carefully

evaluated.

The practical design of this WPT system leaves the

central space of the joint free, which is utilized for wireless

data transfer. For this purpose, infrared photodiodes and

LED’s are placed precisely in the middle of the leg, close

to the central joint axis. This alignment ensures that the

diodes remain properly positioned during joint rotation,

enabling continuous communication. Visible light-based data

transmission, similar to the proposed approach, has been

reported in the literature [8], achieving data speeds of up

to 200 kbit s−1. In this paper, we demonstrate simultaneous

wireless power and data transmission (WPT and WDT) with

power levels up to 200W and data transmission speeds

reaching 2Mbit s−1.

In Sec. II, we discuss the principles of wireless power

transfer and provide a detailed overview of the WPT model,

including loss models for the windings and the magnetic

core. This model is then utilized for optimization to deter-

mine the optimal system parameters. The concept of wireless

data transmission is introduced in Sec. III, where we present

a comprehensive overview of the data transmission circuit.

Finally, Sec. IV covers the hardware implementation and

experimental results, demonstrating the successful operation

of the prototype.

II. Wireless Power Transfer: Principle and Design
For wireless power transfer (WPT) in rotational joints, two

parallel or axially arranged coils combined with magnetic

materials are commonly employed. In some cases, multiple

parallel coils have also been explored [9]. However, these

WPT approaches typically involve a magnetic air gap be-

tween the coils, which reduces the magnetic coupling in the

system. In this work, we utilize a closed magnetic core to

maximize the magnetic coupling. The functioning principle

of this approach is explained in the following.

A. WPT Principle
The WPT system of the joint consists of two windings

and a toroidal core for magnetic coupling, as depicted in

Fig. 2(a). The primary winding is wound around the toroidal

2 VOLUME ,

This article has been accepted for publication in IEEE Open Journal of Industry Applications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/OJIA.2025.3585676

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



<Society logo(s) and publication title will appear here.>

Wireless Power Transfer

outU

Toroidal
Core

Foil
Winding

(a)

(b)

1A

2A

1B

2B

1u 2u

1i 2i

mL

mi

Ideal Transformer
1Z 2Z

mZ

1A

2A

1B

2B

w1Rs1C s1L w2R s2Cs2L

inU

FIGURE 2: Overview of the proposed wireless power trans-

fer for robotic joints: (a) The conceptual schematic of the

system with the closed magnetic core. (b) Equivalent circuit

of the WPT with series resonant compensation.

core, and the core, together with the primary winding,

can rotate around the secondary winding. The secondary

winding, referred to as the foil winding, is constructed using

copper foil, with further details provided later in this section.

This assembly of the core and windings can be mod-

eled using a transformer T-equivalent circuit, as shown in

Fig. 2(b). The winding resistance of the primary side is

represented by Rw1, while that of the secondary side is

represented by Rw2. The stray inductances of the primary and

secondary windings are denoted as Ls1 and Ls2, respectively.

In this configuration, it is expected that Ls1 � Ls2, as

the primary winding is tightly wound around the core. The

magnetization inductance is represented by Lm, which can

be directly calculated from the AL value provided in the

datasheets of the toroidal core.

The ideal transformer in the circuit represents the turns

ratio of the windings. However, since this WPT system is

designed to maintain equal voltage levels for the primary and

secondary windings, both windings have the same number of

turns. This results in an ideal transformer turns ratio of 1:1,

which can be neglected in further analysis for simplicity.

A limitation of the proposed approach is that it cannot

achieve full 360◦ rotation around the joint axis. This is due

to the mechanical fixation point and electrical connection of

the foil winding, around which the core rotates within the

joint. Consequently, the rotation angle is restricted by the

size of the core and the connection of the foil winding, as

illustrated in Fig. 4. In this setup, the achievable rotation

angle is approximately α = 310◦. However, this limitation

does not present a disadvantage for joints used in robotic

legs, as such joints typically do not require continuous 360◦
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FIGURE 3: Equivalent circuit and waveforms of the DC-

DC converter: (a) Schematic of the equivalent circuit. (b)

The amplitude of Z1 over the frequency is shown. (c)

Primary side voltage and current waveforms, showing so-

called DC transformer operation [10]. (d) Equivalent circuit

after resonant compensation.

rotation. According to [1], a rotation angle α of 270◦ is

sufficient to achieve even complex motion sequences.

B. WPT Model
1) Resonant Compensation
Due to the geometry of the secondary coil (denoted as the

foil winding in Fig. 4), it cannot be tightly wound around

the core to allow for relative rotation between the primary

and secondary windings. As a result, the system exhibits

leakage inductance, which, at the operating frequency of the

WPT—typically in the kilohertz range—cannot be neglected

and may cause significant voltage drops.

To mitigate this issue, resonant compensation with series

capacitors, as shown in Fig. 2(b), are employed [11]. Various

types of resonant compensation methods have been studied

in the literature [12]. However, due to its simpler implemen-

tation and its voltage source behavior at the output [13], the

series-series resonant compensation method is used. In this

approach, capacitors Cs1 and Cs2 are connected in series with

the leakage inductances Ls1 and Ls2, respectively.

The values of the capacitors are chosen such that, at the

switching frequency fSW, the impedance of the capacitors
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cancels out the impedance of the corresponding stray induc-

tances. This is achieved by selecting the capacitor values as

follows:

Cs1 =
1

(2πfSW)
2
Ls1

, Cs2 =
1

(2πfSW)
2
Ls2

. (1)

This ensures that the impedance of the capacitors and the

stray inductances at the switching frequency is reduced to

zero, eliminating the voltage drop across these components.

Consequently, the impact of the stray inductance on the WPT

system is effectively negated.

2) Fundamental Frequency Equivalent Circuit
The primary and secondary windings of the analyzed WPT

system (see Fig. 2(a)) are supplied by a full-bridge converter

on the primary side and a rectifier circuit on the secondary

side, as depicted in Fig. 3(a). The impedances Z1, Z2,

and Zm represent series connection of elements shown in

Fig. 2(b). The resonant capacitors Cs1 and Cs2, tuned ac-

cording to (1), ensure that the stray inductances cancel out at

the switching frequency fSW of the full-bridge converter. As

shown in Fig. 3(b), this results in the impedance exhibiting

capacitive behavior for frequencies lower than fSW and

inductive behavior for frequencies higher than fSW, [11].

Consequently, the impedance Z1 increases significantly for

frequencies other than fSW.

This behavior causes the currents in the system to remain

almost sinusoidal, as illustrated in Fig. 3(c). Even though the

voltage waveform from the full-bridge converter is square-

shaped and contains higher-order harmonics beyond the

fundamental switching frequency, the current in the WPT

system remains sinusoidal. This is because the higher voltage

harmonics are effectively filtered out by the impedances Z1

and Z2.

Therefore, these systems are modeled at the fundamental

frequency. Specifically, the input square wave voltage is

given by u1,sw = Uin · sgn(sin(2πfswt)), where sgn is the

sign function, which equals −1 if its argument is negative

and 1 if its argument is positive. This square wave volt-

age can be replaced with an equivalent sinusoidal voltage:

u1 = Û1 sin(2πfswt), where Û1 = 4
πUin represents the

amplitude of the first harmonic in the Fourier series of u1,sw.

To verify this equivalence, consider the active power

calculated using the square wave voltage:

P1 = Uin · 1

Tsw/2

Tsw/2∫
0

Î1 sin(2πfswt) dt = Uin · 2
π
Î1. (2)

This must be equal to the active power calculated using the

equivalent sinusoidal voltage:

P1 =
1

2
Û1Î1. (3)

Equating these expressions shows that:

Û1 =
4

π
Uin. (4)

Similarly, for the secondary side, the fundamental frequency

voltage amplitude is related to the output voltage by:

Û2 =
4

π
Uout. (5)

The fundamental frequency equivalent circuit is depicted

in Fig. 3(d), where the stray inductances Ls1 and Ls2, as

well as the resonant capacitors Cs1 and Cs2, are absent as

they cancel each other at the switching frequency fSW. To

estimate the currents in this circuit, an equivalent resistor

Req is introduced to model the active power P2 drawn from

the secondary side. The power dissipated on this equivalent

resistor is calculated as

P2 =
1

2

Û2
2

Req
. (6)

Substituting Û2 from (5), we obtain

P2 =
1

2

16

π2
U2
out

1

Req
, (7)

which allows us to express the equivalent resistance as

Req =
8

π2

U2
out

P2
. (8)

Here, Uout denotes the DC output voltage, and P2 represents

the delivered output power. In practical implementations, the

equivalent load resistance Req is defined by the application

context. Specifically, in motor drive systems, the required

output power is largely determined by the mechanical load

acting on the motor. The modeling approach employed en-

ables the specification of a target output power P2 by appro-

priately selecting Req in accordance with (8). It is important

to emphasize that this equivalent load modeling is valid only

under the assumption of constant DC output voltage and

current, which presumes the presence of sufficiently robust

output filtering. In practical WPT system configurations, the

DC output is typically interfaced with a DC bus that includes

strong filtering stages, thereby justifying the assumption of

idealized DC output conditions.

C. WPT Losses
1) Winding Losses
The established fundamental frequency model of the WPT,

as shown in Fig. 3(d), is used to calculate the winding losses.

In this WPT system, a closed nanocrystalline core with high

permeability is employed, resulting in a high magnetization

inductance Lm. This allows the magnetization current to be

approximated as negligible, im ≈ 0, leading to i1 ≈ i2.

Consequently, the currents can be expressed as:

Î1 = Î2 =
Û1

Rw1 +Rw2 +Req
.

Where Û1 is given in (4). The primary winding losses are

then calculated as

Pw1 =
1

2
Rw1Î

2
1 , (9)

and the winding losses of the secondary are calculated as

Pw2 =
1

2
Rw2Î

2
2 . (10)
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FIGURE 4: Geometric parameters of the presented WPT

approach: (a) The range of rotation α of the joint, limited

by the size of the core and the connection point of the

foil winding. (b) Cross-section A-A through the core and

windings.

TABLE 1: Steinmetz parameter for Vitroperm 500F

Steinmetz Parameter α β ki

Value 1.88 2.02 137 · 10−6

2) Core Losses
Modeling core losses is a challenging task and has been

extensively studied by many researchers. One of the most

widely used methods is the Steinmetz equation. However,

since this equation applies only to sinusoidal magnetic flux,

and in our case, the squared voltage results in triangular

flux, the improved Generalized Steinmetz Equation (GSE)

is utilized [14] for the core loss density (Wm−3)

pcore =
1

T

∫ T

0

ki

∣∣∣∣dBdt
∣∣∣∣
α

(ΔB)
β−α

dt, (11)

where dB
dt represents the rate of change of the magnetic flux

density, ΔB denotes the peak-to-peak flux density, and T is

the period duration, as shown in Fig. 5. The parameter ki is

given by:

ki =
k

(2π)
α−1 ∫ 2π

0
|cos θ|α 2β−αdθ

.

The values for the parameters k, α, and β are empirically

determined for magnetic materials. For the nanocrystalline

material Vitroperm 500F used in this study, these values are

listed in Tab. 1 and taken from [14].

Due to the pulsed voltage shape, the flux linkage, and

consequently the flux density in the core, exhibit a triangular

waveform, as illustrated in Fig. 5. As a result, the rate of

change of the flux density dB
dt in (11) can be expressed as a

0

1B̂

1B̂−
tdB/d

BΔ
T2T/

sw,1u

FIGURE 5: Triangular waveform of the flux density B, due

to the rectangular voltage u1,sw.

function of the input voltage:∣∣∣∣dBdt
∣∣∣∣ = Uin

NAFe
, (12)

where AFe denotes the effective cross-sectional area of the

magnetic core, N is the number of windings, and fSW is

the switching frequency of the full-bridge inverter. The peak

value of the flux density B̂ can be calculated as:

B̂ =
Ψ̂

AFe

=
Uin

4NAFefSW

. (13)

Substituting (12) and (13) into (11) results in the following

core loss equation:

Pcore = ki

∣∣∣∣ Uin

NAFe

∣∣∣∣
α (

Uin

2NAFefSW

)β−α

Vcore, (14)

where Vcore represents the volume of the magnetic core.

D. WPT Efficiency
The efficiency of the WPT system can be calculated using

the input power and the combined winding and core losses

as:

η =
Pin − Ploss

Pin

,

where the input power is determined as:

Pin =
1

2
Û1Î1 =

1

2

Û2
1

Rw1 +Rw2 +Req
,

with Û1 given in (4). The total losses are calculated as:

Ploss = Pw1 + Pw2 + Pcore,

where Pw1 and Pw2 represent the winding losses on the

primary and secondary sides, respectively, and Pcore accounts

for the core losses.

E. Winding Resistance Model
To calculate the winding losses, it is first necessary to

determine the winding resistance. This section establishes

a model for winding resistance, which involves calculating

the DC resistance and then accounting for its increase due

to winding temperature rise and the impact of the operating

frequency, known as AC resistance.
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FIGURE 6: Simulated resistance change r(f) over frequency

for a foil winding with N = 15, w = 5mm and b = 0.1mm.

The DC winding resistance is calculated using the geo-

metrical parameters of the windings depicted in Fig. 4(b).

The primary winding consists of two solid round wires with

a radius rw1 connected in parallel, tightly wound around

the toroidal core. Two wires are used in parallel to reduce

rw1 and thereby minimize losses caused by the skin effect.

A compact core is chosen to minimize volume, making it

easier to fit into robotic joints. For this core, one turn of

the winding has a length of lw1 = 4.4 cm, resulting in the

following expression for the DC winding resistance:

Rdc1 =
1

σcu

Nlw1

2πr2w1

.

Here, σcu = 58MS/m is the conductivity of copper at an

ambient temperature of 20 ◦C. A temperature correction for

the winding resistance will be introduced later to account for

temperature variations. The DC resistance of the secondary

foil winding, based on the geometrical parameters shown in

Fig. 4(b), is calculated as:

Rdc2 =
1

σcu

Nπdw2

w · b ,

where dw2 is the average diameter of the secondary winding,

and w and b are its width and thickness, respectively.

To calculate the final values of the winding resistances,

we account for the effects of winding temperature and

the frequency-dependent current distribution. The winding

resistance is expressed as:

Rw1 = Rdc1 · (1 + αcuΔT ) ,

Rw2 = Rdc2 · (1 + αcuΔT ) · r(f),
where αcu = 0.0039 ◦C−1 is the copper temperature coeffi-

cient.

To determine the temperature increase in the windings and

ensure that the temperature limits are not exceeded, the ther-

mal resistances of the prototype windings were measured.

Since the primary winding is close to the magnetic core,

the temperature limit is defined by the maximum allowable

core temperature, Tw1,max = Tc,max = 60 ◦C, while the

secondary winding’s temperature limit is determined by

the insulation temperature limit, Tw2,max = 190 ◦C. The

thermal resistance of the primary winding was measured as

Rth1 = 24.3 ◦CW−1, while the secondary winding exhibits

a thermal resistance of Rth2 = 10.4 ◦CW−1. These values

are used to iteratively estimate the winding temperatures,

ensuring that they remain within the permissible limits:

Tamb +
1

2
Rw1Î

2
1 ·Rth1 < Tw1,max, (primary winding),

Tamb +
1

2
Rw2Î

2
2 ·Rth2 < Tw2,max, (secondary winding).

(15)

The frequency dependence of the secondary winding resis-

tance is determined using a FEM eddy current model of the

windings in Ansys EM Suite [15]. The relative frequency

dependence r(f) is simulated for various configurations

of the secondary winding. For instance, Fig. 6 illustrates

r(f) for N = 15, w = 5mm, and b = 0.1mm. It

is worth noting that, due to the geometry of the primary

winding (a single layer with each turn slightly displaced), the

primary winding resistance exhibits no significant frequency

dependence within the analyzed frequency range (up to

50 kHz). Therefore, there is no need to use r(f) for the

primary winding.

F. Thermal Model of the Magnetic Core
In the analyzed WPT system, a nanocrystalline magnetic

core with high permeability is used, resulting in very high

coupling and magnetization inductance. The flux density in

this core is determined by the peak value and frequency

of the voltage applied across the magnetization inductance.

Since a series resonant compensation is employed, the volt-

age across the magnetization inductance is approximately

equal to u1. This is because the compensation cancels

out the voltage drop across the stray inductance, and the

voltage drop across the winding resistance—typically in the

milliohm range—can be neglected. As a result, similar to a

conventional transformer, the flux density in the core depends

only on the applied voltage and remains independent of the

load. This is evident in (14), where the core losses are

influenced solely by the input voltage (its amplitude and

frequency), the core’s geometry, and the number of turns

in the winding around the core. To ensure that the WPT

system operates with maximum efficiency, a balance between

core and copper losses must be achieved by appropriately

selecting the number of turns and the operating frequency. A

key limitation in this optimization is the maximum allowable

core loss, as excessive losses can lead to an unacceptable rise

in core temperature.

In this section, we experimentally determine the precise

thermal model of the core using the setup shown in Fig. 7(a).

The core is excited with a voltage u1, which induces a

magnetization current im responsible for generating core

losses Pcore. The core losses are measured using a HIOKI

PW8001 power analyzer, which features automatic phase

correction for connected current sensors, enabling precise

power measurements at low power factors up to the 100

kHz frequency range [16].
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surement setup is demonstrated. (b) Temperature measure-

ment results with curve fit. (c) Thermal equivalent circuit

used for the curve fit.

As a result of the losses Pcore, the core temperature rises,

which is measured using a K-type temperature probe [17].

The sensor is mounted directly onto the core, with the plastic

core enclosure removed to establish direct contact with the

nanocrystalline core using thermal paste. The measured tem-

perature rise is presented in Fig. 7(b). This thermal behavior

is modeled using the thermal circuit network depicted in

Fig. 7(c), where the most critical parameter is the thermal

resistance of the core, Rthc, which is determined from the

steady-state temperature rise and core losses as:

Rthc =
ΔTcore

Pcore
=

66.9 ◦C
1.9W

= 35.4± 3◦CW−1. (16)

Where ±3 ◦CW−1 represents the propagated measurement

error, which arises from the temperature measurement uncer-

tainty of ±2.4 ◦C and the power measurement uncertainty

of ±0.147W. For further calculations the ”worst case”

thermal resistance of Rthc = 38.4 ◦CW−1 is assumed. The

thermal capacitance is particularly useful in scenarios where

core losses fluctuate (e.g., due to on/off operation), as it

helps predict the rate of temperature increase. The thermal

capacitance is estimated using a curve-fitting approach:

Tmeas(t) = Tamb + PcoreRthc

(
1− e

− t
RthcCthc

)
, (17)

where the optimal thermal capacitance Cthc = 9.51 J ◦C−1

is determined based on the best fit to the experimental data

in Fig. 7(b).

G. WPT Design Optimization
Once all models for the WPT system are established, we can

perform an optimization to determine the parameters that

result in the highest efficiency. For this WPT system, the

input voltage level is fixed (Uin = 50V), and the system

must deliver Pout = 200W of continuous power. Due to

geometric constraints, the nanocrystalline VITROPERM 500

F core (L2020-W409) is selected [18].

The primary parameters for optimization are the number of

turns for the primary and secondary windings, which are kept

equal (N1 = N2), and the switching frequency fSW. These

parameters are swept over a predefined range with specified

steps, as detailed in Tab. 2. The efficiency is calculated for

each design, ensuring that all designs remain within the

established constraints. The equivalent load resistance Req

is calculated using (8).

The radius of the primary winding, rw1 = 0.28mm, was

chosen based on the skin depth δ of the expected frequency

range. For copper at a frequency of 29 kHz, the skin depth

is approximately δ ≈ 0.38mm. The copper foil thickness,

b = 0.1mm, was selected according to the recommendations

in [19], which suggest an optimal ratio between foil thickness

and skin depth of X = b/δ ≈ 1/3. The foil width, w =
5mm, was determined by the space constraints imposed by

the core: dlim = 6mm. Additionally, core losses are limited

to Pcore < (Tc,max − Tamb)/Rth,c = 0.95W.

Finally, all designs are evaluated for power levels below

the nominal value, as depicted in Fig. 8. The chosen design

is highlighted in the figure, and its parameters are listed in

Tab. 2. It is important to note that all designs shown in

Fig. 8 satisfy the assumed constraints, while those outside

the limitations were discarded.

III. Wireless Data Transmission
Several methods exist to ensure data transmission in WPDT

systems. A commonly used approach involves modulating a

high-frequency data signal onto the power signal. However,

this technique suffers from interference between the data and

power signals, [20], where the reached transmission speeds

are around 600 kbit s−1. Another option is the use of radio

frequency (RF) technologies. Despite their versatility, RF-

based solutions have significant drawbacks, including trans-

mission delays of up to several milliseconds [21]. Moreover,

since radio frequencies can penetrate opaque materials, they

may lead to interference between different joints in the

system [22].

Therefore, to address these limitations, the data transfer

system described here employs infrared light for communi-

cation, where the transceiver and receiver sides are illustrated

in Fig. 9. Optical communication allows for separate power

and data transmission channels, eliminating interference be-
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FIGURE 8: Optimization results: System efficiency over

output power and the dependency of the number of turns (a)

and switching frequency (b). (c) Demonstrates core losses

for different configurations and (d) the copper losses.

Wireless Data Transfer
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SS
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CAN-
Bus

CAN-
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FIGURE 9: Concept of the wireless data transfer using

infrared LED’s and photodiodes.

TABLE 2: WPT Optimization Parameters.

Parameter Symbol Value/Range Sweep Step

Swept Parameters
Number of turns N1,N2 8 − 20 1

Switching frequency fsw 20 − 50 kHz 1kHz

Fixed Parameters
Input voltage Uin 50V

Output power Pout 200 W

Equivalent load resistor Req 10.13Ω

Wire diameter dw1 0.56mm

Wire length per turn lw,1 4.4 cm

Foil winding diameter dw2 88mm

Foil width w 5mm

Foil thickness b 0.1mm

Core size and type L2020-W409

Limitations
Foil winding lim. dlim 6mm

Ambient temp. Tamb 22 ◦C

Max. winding temp. Tw1,max 190 ◦C

Max. winding temp. Tw2,max 60 ◦C

Max. core temp. Tc,max 60 ◦C

Max. peak flux density Bsat 1.2T

Opt. Results
Number of turns N1,N2 15

Switching frequency fsw 29 kHz

tween the two signals. Infrared light, particularly in the

wavelength range of approximately 900 nm, is a commonly

used choice for data transmission due to its cost efficiency,

wide availability, and low power requirements [23]. The

communication protocol implemented in this system is CAN-

Bus, widely used in industrial applications for its robustness

and resistance to noise in challenging environments. These

features align with the requirements of robotic systems,

including robotic dogs, and have been used in such systems

[1]. A similar approach for transmitting a CAN-Bus signal

using visible light, achieving transmission speeds of up to

200 kbit s−1, is demonstrated in [8].

Due to the specific voltage levels of the CAN bus and

the required low latency, the circuit shown in Figure 10 was

developed. This circuit enables the transmission of CAN-Bus

signals between the primary and secondary sides, supporting

bidirectional, half-duplex communication. Both sides of the

circuit are identical, ensuring symmetry in signal processing.

The input to the circuit consist of a differential CAN-Bus

signal, composed of the CAN-High and CAN-Low lines. The

voltage level on the CAN-High line varies between 2.5V and

3.5V, while the voltage on the CAN-Low line ranges from

1.5V to 2.5V, depending on whether a logical one or zero

is transmitted. The data transmission circuit can be divided

into three parts: the transmitter circuit, the receiver circuit,

and the decoupling circuit, which is highlighted in grey in
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FIGURE 10: The structure of the data transmission circuit is

shown: (a) Data transmission circuit primary and secondary

side connected with a decoupling circuit. (b) Transmitter

Circuit. (c) Receiver circuit.

Fig. 10(a). These circuits will be explained in detail in the

following sections.

A. Transmitter Circuit
In Fig. 10(b), the transmitter circuit is shown. This circuit

receives the CAN-Bus signal (depicted in green) as input,

which is first processed by two voltage follower circuits.

These voltage followers have a high input impedance, min-

imizing the circuit’s influence on the CAN-Bus. The differ-

ential CAN-Bus signal is then converted into a single-ended

signal using a subtractor circuit, which subtracts the CAN-

Low signal from the CAN-High signal. Since the voltage

levels on the CAN-Bus may fluctuate, the single-ended signal

is compared to a reference voltage Vref,1 using a comparator,

which converts it into a binary signal of 0V or 3.3V. This

signal is then passed through an AND gate (which will be

explained later when the decoupling circuit is discussed) to

a gate driver, which controls an N-channel MOSFET. This

MOSFET is used to turn the current through the LED on and

off. The light emitted by the LED is used as the medium for

wireless data transmission.

B. Receiver Circuit
Fig. 10(c) illustrates the receiver circuit. The light signal

emitted by the LED is detected by a photodiode, which

converts it into a current proportional to the incoming light

intensity. A negative bias voltage of −5V is applied to

the photodiode to reduce the junction capacitance, allowing

for faster rise and fall times. The current generated by the

photodiode is then converted into a voltage signal using a

transimpedance amplifier [24] and subsequently processed

by a comparator to ensure well-defined voltage levels. This

step is necessary because the photodiode always produces

a small current (dark current), meaning the output of the

transimpendace amplifier is always above 0V. Additionally,

the light intensity fluctuates depending on the position of

the joint due to changes in the relative position between the

LED and photodiode. The single-ended output signal from

the comparator is passed through an other AND-Gate (which

again will be referenced later) and then converted into a

differential signal using an inverting gate. This differential

signal is then used to control two MOSFETs. Using a

combination of an N-channel and a P-channel MOSFET, the

differential signal is applied to the CAN-Bus lines. The P-

channel MOSFET connects the CAN-High line to 5V when

activated, and the N-channel MOSFET connects the CAN-

Low line to 0V when activated. Since these voltage levels do

not match the CAN-Bus standard levels of 3.5V and 1.5V,

two resistors are added in series with the CAN-Bus line to

adjust the voltage. The values of these resistors are chosen

so that the voltage drop across them exactly compensates for

the difference in voltage. This approach was chosen to reduce

the number of voltage regulators on the PCB. Additionally,

two diodes are connected in series with the CAN-Bus lines:

The diode on the CAN-High line prevents current from

flowing into the 5V supply if the CAN-Bus voltage exceeds

5V. The diode on the CAN-Low line prevents current flow

from the ground to the CAN-Low line if the CAN-Low

voltage drops below 0V. If one or both switches are open,

the respective CAN line is passively pulled to 2.5V with

a resistor connected between the CAN line and the 2.5V
supply voltage.

C. Decoupling Circuit
Decoupling the transmitters and receivers on both primary

and secondary sides is crucial for two significant reasons.

First, a potential deadlock scenario exists through the CAN-

Bus as follows: When a dominant state appears at the

primary side transmitter circuit input, this signal propagates

to the secondary side receiver, fixing the secondary CAN-

Bus state. Subsequently, the secondary side transmitter relays

this state back to the primary side receiver, resulting in a
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FIGURE 11: Hardware demonstrator of the WPDT system

for the robotic joint used to validate theoretical results.

persistent dominant state lock condition. Second, unintended

receiver detection operations can occur due to the proximity

of LED placement. These operational anomalies can be

effectively avoided by implementing decoupling circuits as

illustrated in Fig. 10(a).

The transmitter and the receiver are connected to each

other at the points CA, CB, CC and CD. The points CA

and CD are linked to the previously mentioned AND gates

in the transmitter and receiver circuits. To prevent false

detections, a decoupling circuit between points CB and CD

is implemented. This circuit, in combination with the AND

gate in the receiver circuit, disables the receiver when the

LED on the same side is turned on. The functionality is as

follows:

• When the LED is on (CB = HIGH), the NOR gate

drives the signal to LOW, which forces the output of the

AND gate in the receiver circuit to LOW, regardless of

the transimpedance amplifier’s output. A LOW output

from the AND gate prevents the receiver circuit from

influencing the CAN-Bus state.

• When the LED is off (CB = LOW), the NOR gate

drives the signal to HIGH, which means that the output

of the AND gate corresponds to the output of the

transimpedance amplifier.

Additionally, a delay block at one input of the NOR gate

extends the receiver circuit’s deactivation time, compensating

for propagation delays in the circuit.

To prevent the deadlock scenario, the same decoupling

circuit is applied between points CC and CA. Here, the

transmitter is always disabled when the signal at point

CC is HIGH. This prevents a received signal from being

transmitted back to the other side, eliminating the risk of a

persistant dominant state lock condition.

TABLE 3: Hardware Demonstrator Parameters for fSW =
29 kHz, N = 15 and Pout = 200W

Parameter Symbol Value

Mutual inductance Lm 12.2 mH

Stray inductance primary side Ls1 2.3945 μH

Stray inductance secondary side Ls2 36.283 μH

Winding resistance primary side Rw1 24.6 mΩ

Winding resistance secondary side Rw2 445 mΩ

Primary winding length lw1 4.4 cm

Primary winding radius rw1 0.28 mm

Secondary winding width w 5 mm

Secondary winding height h 0.1 mm

Secondary winding diameter dw2 88 mm

Number of turns N 15

Coupling coefficient k 0.998

Weight (PCB’s + core + windings) m 96 g

(a)

(b)

5mm.6

80mm

(a)

(b)

5 mm.6

80 mm
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Compensation
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OUTCAN
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FIGURE 12: The prototype of the proposed WPDT system:

(a) Primary side PCB with full-bridge inverter and data

transmission circuit. (b) PCB sideview showing the thickness

of 6.5mm.
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IV. Hardware Implementation and Experiments Results
A. Wireless Power Transfer
To validate the theoretical and design results of the WPDT

system for robotic joints, a hardware demonstrator based on

the optimized design from Fig. 8 was built. The demonstrator

is shown in Fig. 11. The demonstrator parameters are given

in Tab. 3. It is designed to emulate a robotic joint that

can rotate, supported by mechanical ball bearings. The

supporting assembly for the core, along with the primary

winding that rotates around the secondary foil winding,

is constructed from 3D-printed material. Two PCBs are

mounted on the axial sides of the demonstrator assembly.

The primary side PCB is supplied with 50Vdc, driving the

primary winding via a full-bridge converter. The primary

PCB rotates together with the primary core and winding.

Meanwhile, the secondary PCB is fixed to the secondary

foil winding, rectifying the received voltage and current to

deliver a DC output on the secondary side.

The maximum possible rotation angle is α = 310◦.

Communication between the primary and secondary PCBs

is integrated and achieved optically through the center of

the joint, which is kept free for this purpose, as shown in

Fig. 1.

A detailed view of the PCB is provided in Fig. 12. For

the primary side (see Fig. 12 (a)), the full-bridge inverter is

implemented using two Texas Instruments half-bridge drivers

[25] in combination with external N-channel MOSFETs. The

two half-bridges are connected in parallel to form a full-

bridge configuration.

To compensate for the primary stray inductance (see

Tab. 3 for values), a series compensation capacitance Cs1

(refer to Fig. 2 for the schematic) is realized using ceramic

capacitors with a C0G dielectric. This ensures that the

capacitance remains stable and unaffected by voltage bias,

maintaining accurate resonance compensation. The primary

stray inductance is relatively low (Ls1 = 2.4 μH) due to

the tightly wound primary winding around the toroidal core.

However, compensating for this low inductance requires a

large value for the compensation capacitance, which would

necessitate an impractical number of capacitors connected in

parallel. To address this, the total compensation capacitance

Ctot = Cs1 + Cs2 is distributed between the primary and

secondary side PCBs, thereby reducing the overall number

of capacitors required. When calculating the compensation

capacitors, the following condition must be satisfied - under

the assumption im ≈ 0:

1

Cs1
+

1

Cs2
= (2πfSW)

2 · (Ls1 + Ls2) .

This capacitance is realized by connecting 16 × 0.15 μF
ceramic capacitors in parallel on the primary side, and

8× 0.15 μF on the secondary side [26].

The secondary side PCB is equipped with a rectifier

that utilizes the Active Rectifier Controller LT4322 from

Analog Devices [27]. This controller ensures that the external

N-channel MOSFET is switched on or off based on the

(b)

(a)

FIGURE 13: Results of power efficiency measurement: (a)

Primary side voltage and current (top) and secondary side

voltage and current (bottom) measured at the full-bridge

output and rectifier input. (b) Voltage and current waveforms

measured at the transformer input and output.

diode conduction state, effectively eliminating diode forward

voltage drop losses. The total weight of the system, including

the PCBs, the primary and secondary coils, and the magnetic

core, is 96 g.

The first step in the experimental verification is to ensure

that the resonant compensation functions as intended, i.e.,

that sinusoidal current, in phase with the pulsed voltage, is

achieved for both the primary and secondary sides, including

the rectifier. These measurements are shown in Fig. 13(a),

where the upper plot displays the primary side (blue) and the

lower plot displays the secondary side (red). The operating

frequency is 29 kHz, and for the waveforms shown, the

resulting current peak is 7.4A.

The first efficiency measurement focuses on the efficiency

of the transformer part only to validate the loss models from

Sec. II. Due to voltage compensation, the voltage across the

transformer is not pulsed, as depicted in Fig. 13(b). The

input and output power at different power levels were also

measured using the power analyzer. These values allow us

to calculate the transformer losses (including winding and

core losses) and the resulting efficiency, which is presented

in Fig. 14.
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FIGURE 14: Transformer loss measurement: (a) Total loss

measurement and simulation result over the output power.

The vertical line over the measurement point denotes the

measurement error range. (b) Simulated and measured effi-

ciency over the output power.

In the same plots, theoretical results based on the loss

models derived in Sec. II are represented with solid lines,

while measurement results are shown as squares. Vertical

lines around each measurement point indicate the estimated

measurement error, accounting for the accuracy of the

measurement equipment. The results demonstrate that the

model predicts losses well and within the measurement error

boundaries.

It is also evident that efficiency decreases with increasing

output power. This trend is primarily due to the dominant

winding losses in the system (see Fig. 8(c-d)), which are

attributed to the long secondary winding. This extended

winding is geometrically necessary to allow the primary core

to rotate around it.

Finally, when the entire system is operated, including

both power and data transfer, and all power consumption

from the PCB components is accounted for—such as the

power supplying the data transfer components, the power

transfer control electronics, the resonant capacitors, and the

transformer—the system achieves a DC-to-DC efficiency of

90.3% at 200W, as shown in the measurements in Fig. 15.

The losses caused by the data transmission circuitry depend

on the data transmission speed. For the target transmission

speed of 2Mbit s−1, these losses amount to approximately

6W. If the power consumption of the communication cir-

cuitry is excluded, the efficiency improves to 93%. For

lower power levels, the efficiency increases since the main

loss component in the power transfer system stems from
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Output power (W)

90

95

100

85

E
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FIGURE 15: Comparison between simulated transformer

efficiency, measured transformer efficiency and measured

DC-DC efficiency with and without data transfere.

copper losses in the secondary foil winding. For instance, at

100W of power transmission, the DC-to-DC efficiency rises

to 90.9% with WDT and to approximately to 96.5% without

WDT (see Fig. 15 for reference). As seen in Fig. 14(b),

the efficiency of the ’transformer part’ alone exceeds 94%
at an output power of 200W. However, because the power

level transferred is relatively low, the power consumption of

auxiliary circuits and components on the PCB significantly

impacts the overall DC-to-DC efficiency of the WPDT

system.

B. Wireless Data Transfer
The PCBs shown in Fig. 11 both implement the transmitter

and receiver circuits described in Section III. Additionally,

each PCB features a CAN-Bus transceiver, which handles

the level conversion between the differential signal of the

CAN-Bus and the logical signal level required by the CAN

controller integrated into the MCU. The CAN-High and

CAN-Low pins of the transceiver are connected to the

inputs of the data circuit showed in Fig. 10, facilitating

the bidirectional wireless transmission of signals between

the primary and secondary sides. The maximum achievable

data transmission rate is influenced not only by the rise and

fall times of the WDT circuit, but also by its propagation

delay. This is due to the fundamental operating principle

of the CAN-Bus: when a message is sent, the receiver

acknowledges successful reception with an ACK bit. If the

sender does not receive this ACK bit within a specific time

frame, an error is triggered. The length of this time frame

depends on the transmission speed.

To achieve high data transmission rates, components with

low rise and fall times as well as minimal propagation delay,

like [28], were selected. To verify the data transmission func-

tionality, an isolated test was conducted, during which no

power was transmitted. In this test, the CAN-Bus transceiver

on the primary side generated a CAN signal, which was

transmitted to the secondary side via the WDT circuit. The
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(a)

(b)
FIGURE 16: Result of the data transmission measurement:

(a) Data signal primary and secondary side. (b) Data signal

transmission delay.

CAN-Bus transceiver on the secondary side received the

signal and passed it on to the MCU.

The measurement results are shown in Fig. 16, where a

maximum data transmission rate of 2Mbit s−1 was achieved.

Fig. 16(a) illustrates the voltage difference between the

CAN-High and CAN-Low lines. The red signal represents

the CAN signal generated on the primary side, while the blue

signal corresponds to the CAN signal received on the sec-

ondary side and transmitted via the WDT circuit. Fig. 16(b)

depicts the propagation delay occurring during transmission

between the primary and secondary sides, which amounts to

100 ns. This propagation delay is the limiting factor for the

maximum achievable data transmission rate of 2Mbit s−1.

C. Wireless Power and Data Transfer
In the previous sections, successful data and power transmis-

sion were demonstrated. However, the simultaneous trans-

mission of power and data needs to be verified. As in the

previous measurements, an output power of 200W and a

data transmission rate of 2Mbit s−1 are used for the exper-

iment. The measurement results are shown in Fig. 17. The

upper half of the figure displays the currents on the primary

and secondary sides of the transformer, while the lower half

shows the differential voltage between the CAN-High and

CAN-Low lines on both the primary and secondary sides.

TABLE 4: Comparison between WPDT systems using dif-

ferent approaches

Reference Pout[W] η[%] Data rate [kbit s−1] Com. Mode

This work 200 93 2000 Half-duplex

[29] 500 86 20 Full-duplex

[30] 180 90 19.2 Half-duplex

[31] 300 90.1 500 Full-duplex

[6] 50 - 1700 Full-duplex

[20] 500 84 600 Full-duplex

[32] 100 84 200 Full-duplex

FIGURE 17: Simultaneously power and data transfer: In the

upper half of the image, the currents on the primary and

secondary sides were measured, while in the lower half of

the image, the CAN bus signal on the primary and secondary

sides was measured.

Thus, a successful simultaneous data and power transfer

can be confirmed. Furthermore, no impact of power trans-

mission on the data transmission was observed. Compared

to the WPDT systems presented in Table 4, a significant

improvement in both data rate and power transfer efficiency

was achieved. The reported DC-to-DC efficiency is explicitly

provided in Table 4, whereas in other publications, it is not

always clearly specified whether the reported efficiencies

refer to DC-to-DC efficiency or only transformer efficiency.

The latter is typically higher, as seen in our WPT system,

where the transformer efficiency reaches 94% at 200W.

D. Transient Behaviour
In robotic joints, particularly those used in quadruped robots,

load spikes frequently occur, leading to a sudden increase

in the required output power. Fig. 18 illustrates the system

behavior during such a load spike, where the output power

rises abruptly from approximately 50W to around 300W.

This change in output power was induced by manually

connecting an additional resistor in parallel to the load

resistance.
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FIGURE 18: Step response of the system in output power

from 50W to 300W: (a) DC output voltage Uout and output

current. (b) Measured voltage and current waveforms on the

primary side (top) and secondary side (bottom) are shown.

Fig. 18(a) presents the output voltage and current wave-

forms (top), as well as the corresponding output power (bot-

tom). Fig. 18(b) depicts the voltage and current waveforms

on both the primary and the secondary side of the trans-

former. The measurement results confirm that the system

can effectively handle such load transients while maintaining

a sinusoidal current waveform. It should be noted that

the high output power results in a significant increase in

current, which in turn leads to a greater voltage drop across

the winding resistances. This effect can be observed in

Fig. 18(a). Further investigation into the transient behavior

of the system should be carried out.

V. Conclusion
This paper presents a novel approach to wireless power

transfer (WPT) for robotic joints, utilizing a closed mag-

netic core to couple the primary and secondary windings.

Additionally, wireless data transfer (WDT) is integrated with

the power transfer, resulting in a comprehensive wireless

power and data transfer (WPDT) system for robotic joints.

Theoretical models for winding and core losses are derived

and employed to optimize the WPT system components,

identifying the optimal number of winding turns and the

optimal switching frequency for operation. For WDT, photo-

diodes are utilized, and custom-designed electronic circuits

employing low-latency operational amplifiers and MOSFETs

ensure minimal delay of 100 ns in handling CAN bus signals.

The WPDT system is validated experimentally using a

custom-built hardware demonstrator, achieving 200W power

transfer with 94% transformer efficiency and 93% DC-to-

DC efficiency. Additionally, a data transfer speed of up to

2Mbit s−1 is demonstrated. The results are compared to

existing literature and discussed in detail.

Future work will focus on reducing AC losses in the

foil winding by introducing magnetic shielding, minimizing

the power consumption of electronic circuits, and evaluating

magnetic field emissions to ensure compliance with relevant

guidelines for limiting exposure to time-varying electric,

magnetic, and electromagnetic fields.
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