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WIRELESS POWER TRANSFER IN 
MODULAR SYSTEMS 

CROSS - REFERENCE TO RELATED 
APPLICATION 

[ 0001 ] This application claims the benefit of U.S. provi 
sional application entitled “ Wireless Power Transfer in 
Modular Systems , " filed Mar. 11 , 2020 , and assigned Ser . 
No. 62 / 988,283 , the entire disclosure of which is hereby 
expressly incorporated by reference . 

BACKGROUND OF THE DISCLOSURE 

Field of the Disclosure 

[ 0002 ] The disclosure relates generally to wireless power 
transfer . 

a 

Brief Description of Related Technology 
[ 0003 ] Robots are used in diverse , dangerous and distant 
environments . Robots have been made cheaper and more 
adaptable through the creation of modular robotic systems . 
In applications such as space exploration and colonization , 
rescue missions , and emergency operations , easily re - con 
figurable modular robots often out - perform traditional fixed 
structure robots . 
[ 0004 ] Powering a dynamic system , such as a modular 
robot , while maintaining ease of assembly and form - factor 
versatility , is a challenge . One approach equips each actuator 
module with local energy storage , such as a local battery . 
The modules are then charged as needed . However , the rate 
of battery exhaustion of each module may be different based 
on the function of the module . Hence , this will limit the 
robot's operation time to the time taken for the most 
power - hungry module to drain its local battery . 

a 

energy storage device and the plurality of terminals . Each 
power converter of the first and second modules includes a 
switched parallel resonant tank to support bidirectional 
power transfer between the first and second modules . The 
switched parallel resonant tank is configured to drive a series 
resonance . The series resonance includes a capacitive cou 
pling between the plurality of terminals and the plurality of 
conductors , an inductance of the plurality of conductors , and 
a compensation inductor . 
[ 0008 ] In connection with any one of the aforementioned 
aspects , the systems described herein may alternatively or 
additionally include or involve any combination of one or 
more of the following aspects or features . Each power 
management unit includes a power converter , the power 
converter being configured to convert between direct current 
( DC ) power and radio frequency ( RF ) power . Each power 
converter includes an amplifier having a current mode , 
hybrid class D - class E topology . Each power converter has 
an inductive input impedance such that the amplifier is 
configured for zero - voltage switching . Each power con 
verter includes a switched parallel resonant tank . Each of the 
first and second modules includes a compensation inductor , 
each compensation inductor coupling the switched parallel 
resonant tank and the terminal . The conduction path includes 
a track . Each of the first and second modules is movable 
along the track . Movement along the track is linear . The 
track includes a plurality of conductors . The track has a 
curved cross - sectional shape . Each of the first and second 
modules includes a wall . The terminal includes a conductive 
plate adjacent the wall such that the wall acts as a dielectric 
element of a capacitive coupling between the conduction 
path and the conductive plate . Each of the first and second 
modules includes a dielectric element disposed between the 
wall and the conductive plate . Each of the first and second 
modules includes an actuator . Each actuator is mechanically 
linked to the body . The first and second modules are inter 
changeable . Each power management unit includes a plu 
rality of power converters , each power converter of the 
plurality of power converters being configured to convert 
between direct current ( DC ) power and radio frequency ( RF ) 
power . The first module includes a plurality of conductors , 
the plurality of conductors including the terminal . Each 
power management unit includes a power converter with a 
plurality of outputs . The plurality of conductors are excited 
by different frequencies such that the plurality of power 
outputs provide radio frequency ( RF ) power at differing 
frequencies . The plurality of conductors are excited by 
orthogonal codes . Each power management unit includes a 
power converter with a plurality of outputs , the plurality of 
power outputs providing radio frequency ( RF ) power 
differing electrical phases . Each of the first and second 
modules further includes a modulator or a demodulator 
coupled to the power management unit for information 
transfer between the first and second modules via the 
conduction path . Each power converter includes an amplifier 
having a current mode , hybrid class D - class E topology . 
Each power converter has an inductive input impedance 
such that the amplifier is configured for zero - voltage switch 
ing . Each power converter includes a switched parallel 
resonant tank . Each of the first and second modules includes 
a plurality of compensation inductors , each compensation 
inductor of the plurality of compensation inductors coupling 
the switched parallel resonant tank and a respective terminal 

SUMMARY OF THE DISCLOSURE 

[ 0005 ] In accordance with one aspect of the disclosure , a 
system includes a body comprising a conduction path , and 
first and second modules disposed along , and movable 
relative to , the body . Each of the first and second modules 
includes an energy storage device , a terminal , and a power 
management unit coupling the energy storage device and the 
terminal . The terminal of each of the first and second 
modules is capacitively coupled with the conduction path for 
bidirectional power transfer between the first and second 
modules via the conduction path . 
[ 0006 ] In accordance with another aspect of the disclo 
sure , a system includes a body including a plurality of 
conductors , and first and second modules disposed along , 
and movable relative to , the body . Each of the first and 
second modules includes an energy storage device , a plu 
rality of terminals , and a power converter coupling the 
energy storage device and the plurality of terminals . Each 
power converter of the first and second modules is config 
ured to provide bidirectional power transfer between the first 
and second modules via capacitive coupling between the 
plurality of terminals and the plurality of conductors . 
[ 0007 ] In accordance with yet another aspect of the dis 
closure , system includes a body including a plurality of 
conductors , and first and second modules disposed along , 
and movable relative to , the body . Each of the first and 
second modules includes an energy storage device , a plu 
rality of terminals , and a power converter coupling the 
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a of the plurality of terminals . The plurality of conductors are 
arranged as a track . Each of the first and second modules is 
movable along the track . 

a 

a BRIEF DESCRIPTION OF THE DRAWING 
FIGURES 

a 

[ 0025 ] FIG . 16 is a schematic view of a capacitive cou 
pling configuration for a ball and socket joint in accordance 
with one example . 
[ 0026 ] FIG . 17 is a schematic view of a capacitive cou 
pling configuration for a ball and socket joint in accordance 
with another example . 
[ 0027 ] FIG . 18 is a schematic , block diagram of a capaci 
tive coupling architecture with data - based modulation for 
use with any of the wireless transfer systems described 
herein . 
[ 0028 ] The embodiments of the disclosed systems may 
assume various forms . Specific embodiments are illustrated 
in the drawing and hereafter described with the understand 
ing that the disclosure is intended to be illustrative . The 
disclosure is not intended to limit the invention to the 
specific embodiments described and illustrated herein . 

DETAILED DESCRIPTION OF THE 
DISCLOSURE 

a 
a a 

a 

[ 0009 ] For a more complete understanding of the disclo 
sure , reference should be made to the following detailed description and accompanying drawing figures , in which 
like reference numerals identify like elements in the figures . 
[ 0010 ] FIG . 1 is a schematic view of a modular system 
having a capacitive wireless power transfer system in accor 
dance with one example . 
[ 0011 ] FIG . 2 is a schematic , perspective view of a con 
duction track of a capacitive wireless power transfer system 
in which a module slides along the conduction track in 
accordance with one example . 
[ 0012 ] FIG . 3 is a schematic , perspective view of a robotic 
system having a module that moves relative to a body at a 
rotational joint with capacitive coupling for wireless power 
transfer in accordance with one example . 
[ 0013 ] FIG . 4 is a schematic block diagram of a system for 
capacitive wireless power transfer between modules via a 
conduction path in accordance with one example . 
[ 0014 ] FIG . 5 is a circuit diagram of a system for capaci 
tive wireless power transfer between modules via a conduc 
tion path in accordance with one example . 
[ 0015 ] FIG . 6 depicts circuit diagrams that model capaci 
tive wireless power transfer via a conduction path in accor 
dance with one example . 
[ 0016 ] FIG . 7 depicts graphical plots of Bode diagrams of 
capacitive wireless power transfer systems in accordance 
with multiple examples . 
[ 0017 ] FIG . 8 depicts graphical plots of signal traces of 
control signals for switches , and voltages across switches , of 
a capacitive wireless power transfer system in accordance 
with one example . 
[ 0018 ] FIG . 9 depicts graphical plots of drain and gate 
voltages of transmitter and receiver switches of a capacitive 
wireless power transfer system in accordance with one 
example . 
[ 0019 ] FIG . 10 are schematic cross - sectional and plan 
views of a body of a modular system having a plurality of 
conductors in accordance with one example . 
[ 0020 ] FIG . 11 are schematic cross - sectional and plan 
views of a body of a modular system having a plurality of 
conductors in accordance with another example . 
[ 0021 ] FIG . 12 is a block diagram of a power management 
unit of a module of a modular system in which direct current 
power is converted into multiple radio frequency outputs are 
provided in accordance with one example . 
[ 0022 ] FIG . 13 is a block diagram of a power management 
unit of a module of a modular system in which direct current 
power is converted into multiple radio frequency outputs are 
provided in accordance with another example . 
[ 0023 ] FIG . 14 is a block diagram of a power management 
unit of a module of a modular system having multiple 
converters to provide multiple radio frequency outputs in 
accordance with one example . 
[ 0024 ] FIG . 15 is a schematic , perspective view of a 
system having a ball and socket joint with capacitive cou 
pling for wireless power transfer in accordance with one 
example . 

[ 0029 ] Systems for wireless power transfer between mod 
ules of a modular system are described . The disclosed 
systems overcome the problem of unequal power consump 
tion in modular systems by configuring each module with 
the capability of bidirectional energy transfer . The modules 
are thus capable of sharing energy with one another . This 
allows a lesser - used module to transfer the unused energy to 
the power - hungry module . Each module may include a 
power converter or other power management unit to control 
the flow of energy . 
[ 0030 ] The systems provide a contactless solution to 
enable energy exchange among the different modules . The 
systems may thus not rely on electrical contacts to transfer 
power . While the exchange of energy between modules may 
be achieved , e.g. , with a galvanically - wired connection and 
conductive connectors , the use of any mechanical connec 
tors limits the self - reconfigurability of the modules . These 
connectors are also unreliable and wear out over time 
causing unexpected electrical failures . The wear and tear 
also limit the operation in extreme conditions like corrosive 
( underwater ) environments or high vibration surroundings . 
The wireless power transfer of the disclosed systems is , 
therefore , a useful solution to eliminate the mechanical 
connectors in modular robots and enable energy exchange 
between the modules . In some cases , the systems are also 
configured for information exchange between the modules 
through modulation of the flow of energy in accordance with 
the information . 
[ 0031 ] The wireless power transfer of the disclosed sys 
tems is capacitive . The capacitive wireless power transfer 
avoids having pickup coils placed on the adjacent modules 
and the robot body , as in inductive systems . The disclosed 
systems therefore avoid the hindrance that pickup coils 
present to the flexibility of modular structures . The capaci 
tive wireless power transfer ( C - WPT ) scheme for energy 
balancing is useful for modular robots because the electric 
fields are capable of being more easily confined . 
[ 0032 ] The capacitive coupling may be established 
between the robotic module and a conduction path ( e.g. , a 
conduction track ) on the body of the robot . For example , the 
body of the robot may be composed of , or otherwise include , 
a nonconductive composite material , such as fiberglass . In 
some cases , the robot or other system includes identical 
modules , such as multiple limbs . Depending on the terrain , 
one limb or other module may be used more than the 

a 
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other ( s ) . Using capacitive wireless power transfer for energy 
exchange between different limbs helps prolong the opera 
tion time of the robot . 
[ 0033 ] In some cases , a modified current - mode , class - D / 
class - E hybrid ( CMCDE ) topology is used to implement the 
wireless power transfer . The topology may include a 
switched parallel resonant circuit driving a series resonance . 
The topology may be designed to be resilient to nominal 
changes in the robot dimensions ( e.g. , as a result of opera 
tion ) by appropriately selecting the resonant components . 
[ 0034 ] Although described in connection with modular 
robots , the disclosed systems may be applied to a wide 
variety of modular systems . For instance , the modular 
system may include one or more mobile vehicles ( e.g. , 
battery - powered cars ) or other mobile units . In another 
example , the modular system includes a prosthetic limb with 
a joint . Other types of biologically inspired or bio - imitation 
systems may incorporate the wireless power transfer tech 
niques described herein . Any type of module ( s ) may benefit 
from the power sharing or management provided by the 
disclosed systems . The nature and characteristics of the 
modules of the disclosed system may vary accordingly . 
[ 0035 ] FIG . 1 is a schematic diagram of a system 100 
configured for wireless power exchange between two mod 
ules 102 , 104 in accordance with one example . The system 
100 may be or include a robot . For example , the system 100 
may be a modular robotic system . The robot or other system 
100 includes a body 106 that , in turn , includes a conduction 
path 108. In this case , the conduction path 108 is or includes 
a conduction line or track . The modules 102 , 104 may or 
may not be identical or otherwise interchangeable . For 
instance , the modules 102 , 104 may be configured as , or 
otherwise include , a limb of the robotic system 100. Addi 
tional or alternative modules may be included . 
[ 0036 ] The modules 102 , 104 are disposed along , and 
movable relative to , the body 106. Each module 102 , 104 
may be configured as , or otherwise include , an actuator . The 
modules 102 , 104 may accordingly be referred to herein as 
" actuator modules . ” In some cases , the actuator is config 
ured to move the module 102 , 104 relative to the body . The 
functionality of the actuator may vary . In this example , the 
modules 102 , 104 are configured to slide or otherwise 
linearly move along the conduction path 108. The movement 
may vary in other cases . For instance , the movement may be 
rotational . The actuator and / or other component of the 
module 102 , 104 may be mechanically linked to the body 
106. The manner in which the modules 102 , 104 are struc 
turally , mechanically or otherwise coupled to , linked to , or 
otherwise engaged with the body 106 may vary . 
[ 0037 ] Each of the modules 102 , 104 includes an energy 
storage device 110 , one or more terminals 112 , and a power 
management unit 114 coupling the energy storage device 
110 and the terminal ( s ) 112 ( e.g. , a pair or other plurality of 
terminals ) . In this case , the energy storage device 110 is or 
includes a battery . Other types of energy storage devices 
may be used , including , for instance , a supercapacitor . As 
described herein , the terminals 112 are capacitively coupled 
with the conduction path 108 for bidirectional power trans 
fer between the modules 102 , 104 via the conduction path 
108 . 
[ 0038 ] The power management unit 114 may include a 
controller or other processor 116 and a power converter 118 . 
The processor 116 may be configured to generate switch 
control signals for the power converter 118. The control 

signals may be generated by the processor 116 in accordance 
with pattern data . The pattern data may be used by the 
processor 116 to generate the switch control signals . The 
pattern data may be , include , or otherwise be indicative of , 
a code sequence ( e.g. , pulse sequence ) . The pattern data may 
include or be representative of the codes as well as the 
timing of the codes . The switch control signals may be 
arranged to generate half - sine wave current waveforms , as 
described herein . 
[ 0039 ] The processor 116 may be or include a field pro 
grammable gate array ( FPGA ) or a microcontroller . Other 
types of processors may be used . For instance , a variety of 
different digital circuits ( e.g. , digital integrated circuits ) and 
analog circuits ( e.g. , analog integrated circuits ) may be used 
and configured to generate the control signals . Mixed - signal 
integrated circuits may also be used . 
[ 0040 ] Each switch may be a ground - referenced switch . 
Each switch may be or include a field effect transistor ( FET ) , 
such as a GaN FET , or other transistor or active switch . Each 
switch may have a gate or other control terminal to which 
the control signal is applied to control the state of the switch , 
i.e. , open or closed . Using the control signals , the switches 
of the two modules may be operated at a 50 % or other duty 
cycle in a complementary manner . A phase shift between the 
switches of the two modules may be added to achieve or 
establish a desired power flow direction , as described herein . 
[ 0041 ] In some cases , the system 100 may further include 
a central controller or other processor . The central controller 
may be in communication with the processors of the mod 
ules to synchronize the switching of the modules . Alterna 
tively or additionally , the processors of the modules may be 
in communication with one another . 
[ 0042 ] FIG . 1 shows the basic theory for energy balancing 
between the actuator modules 102 , 104. The modules 102 , 
104 are disposed and used at different positions in the 
robotic system 100. The operation of the robotic system 100 
causes the module 102 to be used more than the module 104 . 
The power drawn from the battery 110 of the module 102 is 
more than the power drawn for the module 104. To balance 
the battery use of the two , the module 104 transfers power 
to the module 102. In this scenario , the module 104 may be 
considered the transmitter module . The module 102 may be 
considered the receiver module . The roles may be reversed 
in other scenarios . The power transfer may thus be bidirec 
tional , as described herein . 
[ 0043 ] As shown in Figure s 1 and 2 , to transfer power 
between the modules 102 , 104 , a wall of each module 102 , 
104 is capacitively coupled to the conduction track 108 on 
the body 106 . 
[ 0044 ] As described herein , the power management unit 
114 of the transmitter module 104 converts the battery's 
direct current ( DC ) power to radio frequency ( RF ) power 
and delivers the RF power capacitively to the conduction 
track 108. The RF power is then picked up by the capacitive 
coupling between the receiver module 102 and the conduc 
tion track 108 , and then converted to DC power for charging 
the battery 110 of the module 102 . 
[ 0045 ] The vertical distance between the conduction track 
108 and the actuators 102 , 104 determines the coupling 
capacitance . Thus , the modules can slide horizontally or 
otherwise move along the conduction track 108 and main 
tain continuous or constant power transfer . 
[ 0046 ] As shown in FIGS . 1 and 2 , the terminals 112 of 
each module 102 , 104 may include a conductive plate ( e.g. , 
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a copper plate ) along a wall or other boundary of the module 
102 , 104. The plate forms a capacitor with the conductive 
track 108. The wall or other boundary may be nonconduct 
ing and thus act as a dielectric for the capacitor . 
[ 0047 ] In the example of FIG . 1 , a dielectric element 120 
is disposed between the wall and the plates . In some cases , 
the dielectric element 120 may include a low loss dielectric 
material . For example , the dielectric element 120 may 
include a film or sheet of polyethylene ( HDPE ) or polytet 
rafluoroethylene ( PTFE ) . The composition , configuration , 
construction , positioning , and other characteristics of the 
dielectric element may vary from the example shown . For 
instance , a dielectric element may be disposed in any 
manner between the terminal of the module and the con 
ductive path . Other types of dielectric materials may be 
used , including , for instance , paste- or liquid - based dielec 
tric materials . Alternative formulations for the dielectric 
element include barium titanate and / or titanium dioxide 
disposed in a petroleum jelly . 
[ 0048 ] The size of each module 102 , 104 may limit the 
area of the plate , and the wall and / or other dielectric 
thickness determines the distance between the plate and the 
conductive track 108. In some cases ( e.g. , small robots ) , the 
capacitance may be limited by the available area for a given 
wall thickness . For example , for a wall thickness of about 
0.25 mm , the capacitance per unit area is about 3.5 pF / cm² . 
For a plate area of about 25 cm² , the total plate capacitance 
is about 90 pF . However , the power transfer may solely 
depend on the distance between the conductive track 108 
and the module 102 , 104. From FIGS . 1 and 2 , it can be 
observed that as long as the distance between the conductive 
track 108 and the modules 102 , 104 remains constant , the 
magnitude of the power transfer will be almost constant , 
insofar as the capacitance between the conductive track 108 
and the module 102 , 104 also remains the same . This 
capacitance depends on the distance and the area of plates , 
so the modules 102 , 104 may be sliding over or along the 
conductive track 108 and still maintain constant power 
transfer . 
[ 0049 ] FIG . 2 depicts an example of the conductive track 
108 of the body 106 in greater detail . The track 108 may 
include any number of conductors . The configuration of the 
conductors may vary . In this example , the conductive track 
108 includes a plurality ( e.g. , pair ) of conductive strips 200 . 
In this case , each conductive strip 200 is or otherwise 
includes conductive foil ( e.g. , copper or aluminum foil ) . The 
use of foil ( or other flexible conductors ) as the track 108 may 
preserve the flexibility of the body 106. Each strip 200 may 
be adhesively pasted or otherwise secured to an exterior 
surface of the body 106. Alternatively , the strips 200 may be 
disposed within or otherwise integrated with the body 106 . 
The strips 200 are oriented in parallel to define the line of the 
conductive track 108. One of the modules 102 is shown 
spaced from the conductive track 108 for ease in illustration . 
The module 102 includes a plurality ( e.g. , pair ) of terminals 
202 spaced from one another to match the spacing of the 
conductive strips 200. Each terminal 202 may be or other 
wise include a conductive plate . 
[ 0050 ] The track 108 behaves inductively as long as the 
length of track ( Itrack ) , is much less than the wavelength ( a ) 
of the frequency selected for power transfer ( Itrack << ) . The 
inductance ( Ltrack ) of the track depends on the dimensions of 
the track 108 , 

where r is the distance between the two tracks and d is the 
width of the track . Thus , for smaller lengths , the track may 
be modeled ( see , e.g. , FIGS . 4 and 5 ) with a series induc 
tance and a small fringing capacitance . 
[ 0051 ] FIG . 3 depicts a system 300 configured for non 
linear movement in accordance with one example . In this 
case , the system 300 includes a rotational joint 301 for 
rotational movement of an arm 302 or other component of 
the system 300 relative to a base 304 or other body of the 
system 300 . 
[ 0052 ] The capacitive coupling of the system 300 may be 
provided via one or more sets ( e.g. , pairs ) of conductive 
plates 305. In this example , two pairs of disc - shaped plates 
305 are disposed about an axis of the joint 301. The plates 
305 adjacent to the base 304 may serve as part of the 
conduction path in this case . Power ( depicted schematically 
at 306 ) may be transferred to and from the arm 302 to 
another component ( not shown ) of the system 300 coupled 
to the base 304. The power 306 may flow to the other 
component through conductors disposed within the base 304 
as shown . 
[ 0053 ] FIG . 4 schematically depicts a system with capaci 
tive wireless power transfer in accordance with one 
example . The system includes two modules labeled mod 
ule - 1 and module - 2 . Each module includes a power man 
agement unit and a battery . The power management unit 
includes a power converter for the wireless power transfer 
between the two modules . In this case , the power converter 
includes a high frequency rectifier and a matching network . 
[ 0054 ] The system includes a track as a conduction path . 
The track between the modules is modelled using lumped 
circuit elements because of the relative track length ( e.g. , 
Itrack << ) . For transferring power through the coupling 
capacitance , the dc power from the battery is converted to 
high frequency , alternating current ( AC ) ac power . This 
power conversion may be implemented in an efficient man 
ner as described herein . Also as described herein , the power 
converter may be tolerant to variation in the length of the 
track ( e.g. , as a result of movement of one or both of the 
modules ) . Each power converter may be configured to 
receive power as well , e.g. , capable of acting as an active 
rectifier . Thus , each power converter may be both bi - direc 
tional and resilient to the loading conditions . 
[ 0055 ] Such bidirectional and resilient functionality may 
be achieved by including a high frequency inverter with a 
matching network to compensate for the capacitance . In 
some cases , a half - bridge or full - bridge inverter with a series 
resonance circuit may be used . However , the use of the 
floating gate drives in the half - bridge inverter may limit the 
operating frequency , and hence the miniaturization of the 
robotic modules . 
[ 0056 ] In other cases , a push - pull class - E converter may 
be used . In such cases , the choke inductors carry the dc 
current . The track inductance , coupling capacitance and the 
compensating inductors all form a series resonant circuit . 
The push - pull class - E converter includes two ground - refer 
enced switches and absorbs both the switch parasitic capaci 
tance as well the track inductance in the resonant network . 

a 
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-continued 
Zp = SLP 

s2 LpCp + 1 and the impedance Z , is 
However , the push - pull class - E converter is not resilient to 
the changes in the track inductance . 
[ 0057 ] For achieving high efficiency operation , the ampli 
fier may employ zero - voltage switching ( ZVS ) to avoid the 
switching loss at higher frequencies . Hence for zero voltage 
switching , it is useful for the input impedance Lin ( see FIG . 
6 ) to be inductive . The impedance Zin is given as follows : 

1 
Zs = s ( Lc + Ltrack ) + = 

CwPT 
S 

S 

1 a 
Zin ( s ) II Zg where SCP 

1 a 1 
Zg = s ( Lc + Ltrack ) + CWPT 

[ 0063 ] The impedance , ZR and Z?may be selected to make 
the input impedance Zin inductive for a wide range of track 
inductance , hence achieving zero voltage switching . 
[ 0064 ] The two switches of a module may be operated in 
a complementary manner with a small overlap time between 
them , as with a current mode class - D ( CMCD ) amplifier . 
Under steady state operating conditions , the dc voltage 
across the lossless choke inductors may be zero , hence 

VIEVI = V deTX 

sCp a 
S 

t T 

a 
+ 

a 

CTX 

VRI = VR- = VdeRx 
where each voltage denoted with a line is an average value 
of a variable over a switching period in steady - state . VactX 
and V derx are the battery voltages for transmitting and 
receiving modules respectively . If the modules are all iden 
tical and hence the battery voltages for the transmitting and 
receiving modules will be same , Vactx = Vdcrr . However , 
under different state of charge of the batteries , the two do 
voltages may also differ . For high - Q operation , the drain 
voltages of each switch , i.e. , VT + , VT- , V and VR - may be 
half sinusoidal , e.g. , approximately half - sinusoidal . Hence , 
the peak drain voltages are related to the de voltage as 
follows : 

R + 

V TPK = VT + PK = VT - PK = 1Vdcxx 

????? 

[ 0058 ] For a push - pull class - E amplifier , the input imped 
ance is inductive ( hence , achieves zero voltage switching ) 
only for a small range of frequencies . The input impedance 
of push - pull class - E amplifier becomes capacitive even for 
a small 10 % change in the series resonant inductor , thereby 
losing zero voltage switching . Thus , other amplifier topolo 
gies may be used for modular , re - configurable and other 
robots for which the track inductance may vary ( e.g. , 
depending on the size and the functionality of the robot . ) 
[ 0059 ] FIG . 5 depicts two modules having power man 
agement units configured to overcome the parameter sensi 
tivity challenge . In this case , the power management unit 
includes a power converter having a current - mode hybrid 
class - D / class - E ( CMCDE ) amplifier . The end - to - end circuit 
for wireless power transfer using a CMCDE amplifier ds 
a parallel inductor Lp to the topology of the push - pull 
class - E amplifier . As described herein , the additional induc 
tor provides another degree of freedom for making the 
design resilient to changes in the track inductance . 
[ 0060 ] The CMCDE amplifier shown in FIG . 5 includes a 
CMCD tank at either end driving a series resonant circuit 
formed by the coupling capacitance ( e.g. , the wall capaci 
tance or other capacitance between the module and the 
body ) , the track , and the compensating inductor . The 
CMCDE amplifier may be configured to achieve zero volt 
age switching and / or zero voltage - derivative switching . In 
this case , the CMCDE amplifier includes a switched parallel 
resonant tank driving a series resonance . 
[ 0061 ] The CMCDE amplifier for the capacitive wireless 
power transfer between modules may be configured as 
follows . For the purpose of design and analysis , the passive 
components are assumed to be ideal . The switching of the 
two modules undergoing energy exchange may be synchro 
nized using a centralized controller . 
[ 0062 ] FIG . 6 depicts an equivalent circuit of the CMCDE 
amplifiers , the capacitive coupling , and the conductive track 
or other path . The choke inductors are replaced by constant 
current sources . Circuit representations are provided for the 
end - to - end wireless power transfer between two modules . 
The CMCDE amplifier includes a switched parallel resonant 
tank driving a series impedance . The input impedance for a 
CMCDE amplifier is as follows : 

S 

VRPK = VR + PK = VR - PK = IV de 

[ 0065 ] The phase - shift between the differential transmit 
ting and receiving voltages and the impedance Zg calculated 
at the switching frequency determine the power transfer 
magnitude and direction . If the transmitting end voltage is 
V. sin ( wt ) , and the receiving end voltage is VR sin ( wt + 
OR ) and the impedance is ZsLos , then the power transferred 
may be approximated as : 
TPK RPK 

S 

a 

VTPK VRPE -cos ( Os - OR ) . PTR = Zs 

[ 0066 ] Thus , for a given phase - shift between two modules , 
the impedance of the series circuit determines the direction 
of power flow . The self - resonant frequency ws of the series 
impedance is as follows : 

1 
= 

CwPT ( Lc + Ltrack ) 4 

indicates text missing or illegiblewhen filed 

Zin = Zp 11 ( Zp + Zs ) - 

Zp ( Zp + Zs ) 
2Zp + Zs where the impedance Zp is 

[ 0067 ] If the switching frequency co is less than 0s , the 
track impedance is capacitive , and for w greater than or 
equal to ws , the track impedance is inductive . 
[ 0068 ] The switching frequency , and the self - resonant 
frequency of the series impedance ( the compensating induc 
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tors and the track ) together determine the optimal phase 
difference between the transmitting and receiving module 
for maximum power transfer . Neglecting the losses in the 
series impedance , the optimal phase difference between the 
transmitting and receiving module is given as 

thickness of 0.2 mm with 5 cm 5.5 cm copper plates yields 
a coupling capacitance of 125 pF . The track is configured to 
have the same width as the copper foil with a spacing of 1 
cm between the two parallel strips . The maximum length of 
the foil is 40 cm , which gives a maximum track inductance 
of 250 nH . The minimum track length is 20 cm , thus giving 
a minimum track inductance of 125 nH . 
[ 0077 ] In Step 1 , the switch drain voltage for a dc voltage 
of 15V is 65V . At this drain voltage , the switch output 
capacitance is approximately 150 pF . For the parallel tank to 
be inductive ... 

+ 90 ° , if w2w © OR = 
-90 ° , otherwise . 

indicates text missing or illegiblewhen filed 

1 
Lp = 760nH . w² Cp 

?? 

[ 0078 ] The inductance Lp is set to 530 nH to account for 
switch nonlinearity and other parasitic impedance . Simula 
tion of the parallel circuit may be used to appropriately 
select parallel tank such that the tank behaves inductively at 
the operating frequency . 
[ 0079 ] In Step 2 : a series resonant inductor LSR that 
resonates with four series coupling capacitances of 125 pF 
at the operating frequency 

LSR CwPT 
w 

4 

or Lsr = 4.4 uH , is determined . 
[ 0080 ] In Step 3 , a compensating inductor Lc is deter 
mined such that : 

* 

tmax = 4.15uH 
C 

[ 0069 ] Values for the resonant components of the CMCDE 
amplifier ( e.g. , Lp , Cp , and Lc ) may be selected given the 
coupling capacitance CwPT , the maximum track length 
( LiMAX ) , switch selection , and an operating frequency fsw . 
The coupling capacitance and the maximum track length 
may be determined by the physical size of the modules . The 
switch and operating frequency selection can be performed 
by framing the optimization problem for maximizing the 
end - to - end efficiency of power transfer . However , the oper 
ating frequency and switch may be pre - determined . 
[ 0070 ] The CMCDE amplifier may be configured such 
that the amplifier is resilient to the changes in the track 
length . The following procedure may be used . 
[ 0071 ] Step 1 : Given the switch output capacitance 
( Coss ) , determine the parallel inductance LP such that the 
parallel tank behaves inductively at the switching frequency . 
An external capacitance Cext may be added for fine - tuning . 
To make the parallel tank indu the resonant frequency 
of the parallel tank Fp may be slightly greater than the 
operating frequency , fyw , i.e. Fp > fw . 
[ 0072 ] Step 2 : With the maximum track inductance , obtain 
the series inductance value such that the resonant frequency 
of the series impedance Zs is the same as that of the parallel 
tank , i.e. , 

( Lc + LtrackMax ) CwPr = LpCp 
[ 0073 ] Step 3 : Check if the input impedance Zin is still 
inductive . 
[ 0074 ] To understand the design process , consider the 
second equivalent circuit shown in FIG . 6. For ideal opera 
tion , the series impedance Zs is minimal and the parallel 
impedance is as large as possible . Under these conditions , 
the track and coupling capacitance behave as a short circuit 
at the operating frequency . The series impedance Z , acta as 
short circuit at resonance and the parallel impedance Zp acts 
as an open circuit at resonance . However , to achieve zero 
voltage switching , both the tanks may be tuned at a fre 
quency slightly above resonance . The parallel impedance 
effectively acts as an inductance below the resonant fre 
quency and the series tank effectively acts as a capacitance . 
[ 0075 ] Depending on the quality factors and the selected 
component values , the impedance beyond the parallel induc 
tor either behaves inductively or capacitively . If the imped 
ance acts as an inductance , the overall inductance of the tank 
will decrease , and overall impedance Zin will be inductive at 
the operating frequency . However , if the impedance is 
capacitive at the operating frequency , the series compensat 
ing inductor is increased to maintain zero voltage switching . 
[ 0076 ] An example having a battery voltage of 20V is now 
described . A switching frequency of 13.56 MHz is selected 
and GaNFET , GS61004B ( 100V , 15 m ) commercially avail 
able from GaN Systems is used for the switches . A wall 

MAX MIN 
As a 

LCSLSR - Limax 
[ 0081 ] An inductance Lc = 4 uH may be used to account for 
model uncertainties . 
[ 0082 ] In Step 4 , the input impedance Zi is checked for 
both Limax and Limin to ensure the impedance is inductive . 

sult , the converter maintains zero voltage switching 
under all possible track lengths . 
[ 0083 ] FIG . 11 shows the bode plot of the magnitudes of 
Zp , Zs and Zin for the above - described example . The first 
two Bode plots of FIG . 11 depict the impedance magnitudes 
of Zp , Zs and Zin with maximum track length . The resonant 
frequencies , fp and fs are chosen to be slightly higher than 
the operating frequency of 13.56 MHz . At this operating 
point the input impedance is indeed inductive . 
[ 0084 ] The second two Bode plots of FIG . 11 depict the 
impedance magnitude of Zin with variation in track length . 
The impedance Zin remains inductive under all variations of 
track length . Thus the CMCDE amplifier maintains zero 
voltage switching under all track variations . 
[ 0085 ] For the chosen design , at the operating frequency , 
the series impedance is capacitive whereas the parallel 
impedance is indeed inductive . The magnitude of the par 
allel impedance at the operating frequency is greater than the 
series impedance . Thus the effective input impedance at the 
operating frequency is inductive . If the operating frequency 
were to become greater than the series resonant frequency , 
fs , for the same phase shift between the transmitter and the 
receiver module , the power transfer direction would reverse . 
Therefore , it may be useful that , for all possible track 
lengths , fg is greater than f . Because the system is designed 
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for the maximum track length with fs greater than or equal 
to f , the reduction in track length ( hence the increase in 
frequency fs ) ensures that power transfer remains in the 
same direction . Additionally , from the other plots of FIG . 11 , 
it can be verified that the input impedance under the track 
variation indeed remains inductive , thus maintaining zero voltage switching . 
[ 0086 ] Examples of drain voltages and gate voltages for 
the switches of the converters of the above - described sys 
tems are depicted in FIG . 8 . 
[ 0087 ] A system was built with components having the 
following parameters set forth in the table below . The 
component parameters are provided with the understanding 
that the parameters may vary considerably in other systems . 

Component Value Description 

GaNET GS61004p from 100 V , 15 m2 , 120 pF 
GaN systems 
125 pF ???? 

Lp 530 H 

1 3.8 uH 

Implemented between 
copper plates of 
dimensions 
5 cm x 5.5 cm 
Single layered solenoid 
made using 5 - mil thick 
foil with 5 turns and 
2.5 cm diameter 
Two center tapped 
air - core solenoids made 
using single - layer foil 
conductors with a 
diameter of 4 cm 
S01542E330JV3S from 
Ichanson Technology 
EPCOS B82111E Series 
Resonant frequency 
Copper track made using 
10 mill thick copper 
plates of maximum 
length 40 cm and width 

Cp 33 pP 

1 56 ?? 

of the track 1100. The track 110 includes a number ( e.g. , 
three ) of curved conductor layers or curved conductors 
1102-1104 . In this case , the track 1100 has an oval cross 
sectional shape . Other curved cross - sectional shapes may be 
used . The multiple conductors 1102-1104 are disposed about 
a periphery of the track 1100. Each conductor 1102-1104 
may thus also be curved in accordance with the curvature of 
the periphery . The conductors 1102-1104 may be mounted 
on , or otherwise supported by , a multi - layer substrate or 
other structure . As with the above - described example , the 
structure includes a dielectric layer 1106 and a conductor 
layer on which the dielectric layer 1106 is disposed . The 
number , configuration , and other characteristics of the struc 
ture of the body may vary from the example shown . 
[ 0093 ] FIG . 12 depicts an example of a power manage 
ment unit configured to provide RF outputs at differing 
electrical phases . The power management unit includes one 
or more power converters . In this example , the power 
management unit includes a power converter with a plurality 
of outputs , the plurality of power outputs providing radio 
frequency ( RF ) power at differing electrical phases . In other 
cases , the power outputs may be provided by multiple power 
converters . 
[ 0094 ] FIG . 13 depicts an example of a power manage 
ment unit configured to provide RF outputs at differing 
frequencies . The power management unit includes one or 
more power converters . In this example , the power man 
agement unit includes a power converter with a plurality of 
outputs , the plurality of power outputs providing radio 
frequency ( RF ) power at differing frequencies . In other 
cases , the power outputs may be provided by multiple power 
converters . 
[ 0095 ] FIG . 14 depicts an example of a power manage 
ment unit having multiple power converters . As described 
above , each power converter is configured to convert 
between direct current ( DC ) power and radio frequency ( RF ) 
power . In this example , each power converter is configured 
to provide multiple RF outputs . The number of RF outputs 
provided by each power converter may vary . 
[ 0096 ] FIG . 15 depicts an example of a ball and socket 
joint 1500 through or across which power may transfer . The 
power transfer may be bidirectional as described herein . The 
joint 1500 includes a pair or curved conductors 1502 , 1504 . 
The conductor 1502 is disposed along a surface of the ball 
of the joint . The conductor 1504 is disposed along an inner 
surface of the socket of the joint 1500. The conductors 1502 , 
1504 are connected to respective power converters , as 
shown . 
[ 0097 ] FIG . 16 depicts a conductor configuration for the 
ball and socket joint 1500 ( FIG . 15 ) in accordance with one 
example . The configuration includes a pair of conductors 
1600 , 1602 of the joint 1500 that are connected with one 
another . The configuration includes another pair of conduc 
tors 1604 , 1606 of the joint 1500 that are connected with one 
another . The pairs of conductors may be switched depending 
on the position of the ball to maintain constant power flow . 
[ 0098 ] FIG . 17 depicts a conductor configuration for the 
ball and socket joint 1500 ( FIG . 15 ) in accordance with 
another example . In this case , the configuration includes 
four pairs of conductors . The conductors of each pair are 
connected with one another . The first pair includes conduc 
tors 1700 , 1702. The second pair includes conductors 1704 , 
1706. The third pair includes conductors 1708 , 1710. The 
fourth pair includes conductors 1712 , 1714. The conductors 

13.56 MHz 
250 H I 

5 cm 

indicates text missing or illegible when filed 

a [ 0088 ] The example transferred 20.5 W of power with 
dc - dc efficiency of 78.8 % at a dc voltage of 20V at each end . 
[ 0089 ] With reference to FIG . 9 , it can be seen that the 
GaN FET switches indeed achieve zero voltage switching on 
either side with the differential drain voltage at either end 
being approximately sinusoidal . 
[ 0090 ] The example transferred 20.47 W of power at 
78.32 % dc - dc efficiency for the minimum track length of 20 
cm , thus confirming resilience to the changes in track length . 
[ 0091 ] FIG . 10 depicts an example of a track 1000 having 
multiple conductors 1002-1004 . Part ( a ) depicts a cross 
sectional view of the track 1000. Part ( b ) depicts a plan view 
of the track 1000. In this case , three conductors 1002-1004 
are included , but the number may vary . Each conductor 
1002-1004 may be patterned or otherwise configured as a 
strip . The conductors 1002-1004 may be mounted on , or 
otherwise supported by , a multi - layer substrate or other 
structure . In this example , the structure includes a dielectric 
layer 1006 and a conductor layer 1008 on which the dielec 
tric layer 1006 is disposed . The number , configuration , and 
other characteristics of the structure of the body may vary 
from the example shown . 
[ 0092 ] FIG . 11 depicts an example of a track 1100 having 
a non - rectilinear configuration . Part ( a ) depicts a cross 
sectional view of the track 1100. Part ( b ) depicts a plan view 

a 
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6. The system of claim 5 , wherein each of the first and 
second modules comprises a compensation inductor , each 
compensation inductor coupling the switched parallel reso 
nant tank and the terminal . 

7. The system of claim 1 , wherein : 
the conduction path comprises a track ; and 
each of the first and second modules is movable along the 

track . 
8. The system of claim 7 , wherein movement along the 

track is linear . 
9. The system of claim 7 , wherein the track comprises a 

plurality of conductors . 
10. The system of claim 7 , wherein the track has a curved 

cross - sectional shape . 
11. The system of claim 1 , wherein : 
each of the first and second modules comprises a wall ; and 
the terminal comprises a conductive plate adjacent the 

wall such that the wall acts as a dielectric element of a 
capacitive coupling between the conduction path and 
the conductive plate . 

12. The system of claim 1 , wherein : 
each of the first and second modules comprises a wall ; and 
each of the first and second modules comprises a dielec 

tric element disposed between the wall and the con 
ductive plate . 

13. The system of claim 1 , wherein : 
each of the first and second modules comprises an actua 

a 

tor ; and 

may be excited using different frequencies and / or orthogonal 
codes ( e.g. , four in this example ) to achieve selective power 
transfer . The conductors of the ball may also be split into 
multiple conductors excited by the different frequencies 
and / or orthogonal codes . 
[ 0099 ] FIG . 18 depicts an architecture for wireless power 
transfer with information transfer in accordance with one 
example . The architecture may be used in , or applied to , any 
of the examples described herein . The architecture includes 
a number ( e.g. , a pair ) of power converters with a capacitive 
coupling as described herein . A modulator is coupled to one 
of the power converters . A demodulator is coupled to the 
other power converter . The positions of the modulator and 
demodulator may be reversed from the example shown . In 
some cases , the information flow is bidirectional such that 
both power converters are coupled to a modulator and a 
demodulator . Any modulation scheme , such as frequency 
and / or phase modulation , may be used for the modulation / 
demodulation . 
[ 0100 ] Described above are systems configured to 
exchange electrical energy between modules . The system 
may be a modular robot . Each module may be or include a 
dynamic structure with a small battery . The disclosed sys 
tems provide a contactless solution for enabling bi - direc 
tional energy exchange between the robotic modules . To 
transfer the energy between the modules , capacitive wireless 
power transfer is employed that uses a conduction track or 
other path on or along the robot body . The disclosed systems 
may include a modified CMCDE topology for making the 
power transfer resilient to the changes in dimensions of the 
conductive path as a result of movement ( e.g. , relative to the 
robot body ) . 
[ 0101 ] The present disclosure has been described with 
reference to specific examples that are intended to be illus 
trative only and not to be limiting of the disclosure . Changes , 
additions and / or deletions may be made to the examples 
without departing from the spirit and scope of the disclosure . 
[ 0102 ] The foregoing description is given for clearness of 
understanding only , and no unnecessary limitations should 
be understood therefrom . 
What is claimed is : 
1. A system comprising : 
a body comprising a conduction path ; and 
first and second modules disposed along , and movable 

relative to , the body , each of the first and second 
modules comprising an energy storage device , a termi 
nal , and a power management unit coupling the energy 
storage device and the terminal ; 

wherein the terminal of each of the first and second 
modules is capacitively coupled with the conduction 
path for bidirectional power transfer between the first 
and second modules via the conduction path . 

2. The system of claim 1 , wherein each power manage 
ment unit comprises a power converter , the power converter 
being configured to convert between direct current ( DC ) 
power and radio frequency ( RF ) power . 

3. The system of claim 2 , wherein each power converter 
comprises an amplifier having a current mode , hybrid class 
D - class E topology . 

4. The system of claim 2 , wherein each power converter 
has an inductive input impedance such that the amplifier is 
configured for zero - voltage switching . 

5. The system of claim 2 , wherein each power converter 
comprises a switched parallel resonant tank . 

each actuator is mechanically linked to the body . 
14. The system of claim 1 , wherein the first and second 

modules are interchangeable . 
15. The system of claim 1 , wherein each power manage 

ment unit comprises a plurality of power converters , each 
power converter of the plurality of power converters being 
configured to convert between direct current ( DC ) power 
and radio frequency ( RF ) power . 

16. The system of claim 1 , wherein : 
the first module comprises a plurality of conductors , the 

plurality of conductors comprising the terminal ; 
each power management unit comprises a power con 

verter with a plurality of outputs ; and 
the plurality of conductors are excited by different fre 

quencies such that the plurality of power outputs pro 
vide radio frequency ( RF ) power at differing frequen 
cies . 

17. The system of claim 1 , wherein : 
the first module comprises a plurality of conductors , the 

plurality of conductors comprising the terminal ; 
each power management unit comprises a power con 

verter with a plurality of outputs ; and 
the plurality of conductors are excited by orthogonal 

codes . 
18. The system of claim 1 , wherein each of the first and 

second modules further comprises a modulator or a demodu 
lator coupled to the power management unit for information 
transfer between the first and second modules via the 
conduction path . 

19. A system comprising : 
a body comprising a plurality of conductors ; and 
first and second modules disposed along , and movable 

relative to , the body , each of the first and second 
modules comprising an energy storage device , a plu 
rality of terminals , and a power converter coupling the 
energy storage device and the plurality of terminals ; 
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wherein each power converter of the first and second 
modules is configured to provide bidirectional power 
transfer between the first and second modules via 
capacitive coupling between the plurality of terminals 
and the plurality of conductors . 

20. The system of claim 19 , wherein each power converter 
comprises an amplifier having a current mode , hybrid class 
D - class E topology . 

21. The system of claim 19 , wherein each power converter 
has an inductive input impedance such that the amplifier is 
configured for zero - voltage switching . 

22. The system of claim 19 , wherein each power converter 
comprises a switched parallel resonant tank . 

23. The system of claim 22 , wherein each of the first and 
second modules comprises a plurality of compensation 
inductors , each compensation inductor of the plurality of 
compensation inductors coupling the switched parallel reso 
nant tank and a respective terminal of the plurality of 
terminals . 

24. The system of claim 19 , wherein : 
the plurality of conductors are arranged as a track ; and 
each of the first and second modules is movable along the 

track . 

25. A system comprising : 
a body comprising a plurality of conductors ; and 
first and second modules disposed along , and movable 

relative to , the body , each of the first and second 
modules comprising an energy storage device , a plu 
rality of terminals , and a power converter coupling the 
energy storage device and the plurality of terminals ; 

wherein each power converter of the first and second 
modules comprises a switched parallel resonant tank to 
support bidirectional power transfer between the first 
and second modules , the switched parallel resonant 
tank being configured to drive a series resonance , the 
series resonance comprising a capacitive coupling 
between the plurality of terminals and the plurality of 
conductors , an inductance of the plurality of conduc 
tors , and a compensation inductor . 

26. The system of claim 25 , wherein : 
the plurality of conductors are arranged as a track ; and 
each of the first and second modules is movable along the 

track . 


