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Abstract: This paper introduces an. implementation for magnetic resonance wireless power

transfer for space applications. The analysis includes an equivalent impedance study, loop
material characterization, source/load resonance coupling technique, and system response
behavior due.to loads variability. System characterization is accomplished by executing circuit
design from analytical equations and simulations using Matlab and SPICE. The theory was
validated by a combination of different experiments that includes loop material consideration,
resonance coupling circuits considerations, electric loads considerations and a small scale proof-
of-concept prototype. Experiment results shows successful wireless power transfer for all the
cases studied. The prototype provided about 4.5 W of power to the load at a separation of ~5 cm
from the source using a power amplifier rated for 7 W.
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1. Introduction

For space systems, power connectors constitute a vital and complicated component required
for the success of every space mission. Some of th.ese missions require cmcialb connector mate
and dé-mate operations in an environment full of contaminants and/or performed by an
automatic (unmanned) systems. These operations can constitute a risk of lost of mission due to
connector deterioration after been exposed to environmental contaminates (i.e., lunar regolith,
also call moon dust) or by bended pins due to misaligning during a connector mate operation [1].
To mitigate these concerns, the design of a wireless power transfer (WPT) system for space

applications is desirable.

In classical physics, mechanical resonance has been widely demonstrated in various
applications and examples (i.e., identical tuning forks resonanace). In 2007, a research team from
MIT demonstrated a similar principle on electric circuits called magnetic resonance (also known

as magnetic coupling) [2].

In this paper, a WPT system is proposed to transfer electric power without the need of having
physical electrical connection. The intent of this design is to have a modular approach that can be
used as a wireless power connector for a wide range of space exploration applications such as
automatic docking systems for space systems réndezvous, wireless sensors for launch vehicles,
and robotic mission charging stations on other planets, moons and asteroids. The main scope of
this work is to provide a simple design approach for the implementation of a WPT and its
feasibility for space applications with a circuit analysis emphasis on the resonance coupling
circuit and load interaction. Therefore, a lightweight “small” resonance coupling system (using

hollow inductors) will be implemented to avoid adding excessive weight to the launch vehicle



applications and a low-to-medium range (3-7 ¢m) of nominal power transfer distance will be
evaluated to avoid interference with adjacent launch vehicle and spacecraft avionics systems.
‘\

2. Theory

Based on technical literature review and component level testing, a simple design approach is
delineated for the analysis and fabrication of the wireless power transfer devices. Block diagrams
are shown in Fig. 1, demonstrating the main elements required for the WPT system

implementation [3].
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Fig. 1. WPT systems block dieigram

Overall System Operation

An electric source circuit generates a square wave or sinusoidal signal (represented by a
power amplifier in Fig. 1) inducing magnetic pulsation‘signals at the priméry loop (L) of the
source resonant circuit. The secondary loop will receive the magnetic pulses of L; due to the fact
that is part of the secondary resonant circuit (C; and L,). The secondary resonanting circuit is
tuned to the same frequency as the source circuit. Tﬁis magnetic energy induces a sinusoidal

electric signal in the secondary [2]. The alternate current (AC) signal is then rectified by a diode



H-bridge and a filter capacitor to provide a direct current (DC) signal to the load. This process
will transfer energy wirelessly from the primary circuit (source) to the secondary circuit (load)

[2].

The overall system analysis and design was performed by a systematic series of simulations
using the combinafion of Matlab, MathCAD, ADS, and LTSPICE software packages. This
integrated system circuit simulation combines different technical topics evaluated for the design.
These topics were divided into three main design simulatidns categories: WPT resonance
coupliné circuit design/simulation, WPT system circuit simulation and WPT equivalent
impedance characterization. Each of these simulations provides an important contribution for the

overall understanding of the system’s electrical behavior.

Resonance Coupling Circuits Design/Simulation:

The WPT magnetic coupling elements are defined as the primary and secondafy loops with
their respective (primary and secondary) coupling capacitor (see Fig. 1) for resonant circuit
filtering. To determine the magnetic element parameters, a MathCAD based code was devloped
using simple electromagnetic and circuit equations. This tool helps us understand how to design
the inductor loops and their corresponding coupling capacitof for the desired operating
frequenéy. There are four capacitor coupling configuration‘s combinations that will be described
and analyze later; however, the various capacitor coupling configuration does not affect the

AR

following coupling definitions.

The self inductance of the inductor loop with no magnetic core is defined as [4]:

L= N2R,u0[ln[§r£j—l.75jl (1)




where N is the number of turns in the loop, R is the radius of the loop, uo is the permeability of
vacuum, and r is the loop conductor resistance. Eq. (1) provides a good approximation of the
loop inductance. However, an exact value is not expected due to manufacture variability. For a
precise inductance characterization, it is recommended to measure the inductance with an LCR
meter with the established operational frequency.

In order to adequately transfer power wirelessly, thé primary and the secondary magnetic
loops need to be tuned to the same resonant frequency. One of the tuning techniques is
accomplished by connecting a capacitance in series to the primary circuit and in parallel to the
secondary circuit (also known as éeries-parallel coupling) [3]. The other three coupling
techniques are illustrated in Fig. 1. Eq. (2) is utilized to determine the capacitor value required to
generate the resonant circuit with the inductor [5]:

1
w;L

C= (2)
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where C is the coupling capacitance required, ap is the fréquency of oscillation [rad/sec], and L
is the inductance of the coil. An approach implemented to overcome inaccuracy in the
inductance calculation or non-exact capacitor value, would be to design symmetrical loops
(primary and secondary) and run a magnetic element frequency sweep to détermine the best
coupling frequency through experimentation.

An additional calculation to be considered is the mutual inductance between the two loops.
This value will be calculated for the réquired separation distance of the gap between the primary

_and the secondary, and will be use on the SPICE circuit analysis to determine the overall circuit




response. Before calculating the mutual inductance, it is required to determine the magnetic

coupling coefficient k as follows [6]:

k= ! - : (3)
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where D is the physical distance between the first and second inductors (gap), R; is the radius of

the loop 1, and R; is the radius of the loop 2. As mentioned in [6] this equation is intended for

“close-to-medium” proximity coupling.

By using the magnetic coupling coefficient, a characterization of the mutual inductance Ly, is

given by [7]:

L, =k{LL, )

where L; is the inductance of the loop 1 and L; is the inductance of the loop 2.

WPT System Circuit Simulation

To characterize the. overall circuit performance, it was required to find a circuit model that
can help predict the performance of the overall system other than the standard k factor model
between the two loops. The additional model used to emulate the behavior of the two hollow
inductor loops (under magnetic resonance) is the non-ideal transformer equivalent circuit [8)
with SPICE simulation as well as simulation based on the coupling coefficient using Agilent’s

ADS.



By implementing the coupling coefficient characterization approach and validated by the non-
ideal transformer equivalent circuit, the overall circuit was simulated. Fig. 2 illustrates the four
possible coupling configurations to be studied. A square wave voltage source is used as the input

voltage (emulating the PA input to the WPT system as shown in Fig. 1).
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Fig. 2: Simulated wireless power transfer models: (a) series-series coupling, (b) series-shunt

coupling, (¢) shunt-series coupling, and (d) shunt-shunt coupling.

Circuit details are taken for the proéf—of—concept-prototype and will be discussed in Section 3.
The circuit’s primary side coupling is considered to be very dependent on the application.
However; series compensation is considered to be the best configuration for power supply
voltage [3]. Shunt configuration in the primary represents a reduction on supplied current, a
condition desirable for large power WPT [3]. The circuit’s secondary side coupling is simpler to
interpret: the series coupling corresponds to a voltage source characteristic in the secondary

while the parallel coupling corresponds to current source characteristics [3].

WPT Equivalent Impedance Characterization

An additional consideration studied to enhance the understandin’g of the oyerall system
electrical behavior was to determine the equivalent impedance of the system connected to the
source. A circuit simplification code was developed in Matlab to determine the equivalent
impedance of the ;nagnetic element and the load (given the design and calculated circuit values).
Fig. 3 illustrates the definition of the equivalent impedances for the series-shunt and series-series
coupling circuits without the rectifier in the output. For the purpose of evaluating equivalence
impedance, the effect of the output rectifier was not taken iﬁto account. The equivalent
impedance analysis was only performed to the two configurations of interest for our WPT
application. The leakage inductances (Licakagei and Licakages) can be determined by the respective
inductance value (L; or ;) minus the mutual inductance (L,n). The loop resistances Riqp1 and

Rioop2 TEpresent their respective inductor series resistances.
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Fig. 3 Circuits used to determine equivalent impedance: (a) series-series coupling configuration

and (b) series-shunt coupling configuration

The equivalent impedances of the circuits shown in Fig 3 were determined. Eq. (5) is the
calculated equivalent impedance representation of the WPT system series-series coupling
configuration and Eq. (6) is the calculated equivalent irﬁpedance representation of the WPT

system series-shunt coupling configuration.
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3. Results and Discussion

parameters were calculated and listed in Table 2.

A proof—of—conéept prototype was assembled to demonstrate the theory proposed. The
parameters used in the proof-of-concept prototype are listed in Table 1. Using the equations

provided in Section 2, coupling capacitors, self inductance of the loops and mutual inductance

Table 1: Proof-of-concept prototype characteristics

Parameter Symbol Valué Units
Number of turns N; &N, 8 turns
Radius of the Loops Ry &R, 024 l m
Loop conductor radius ri&r, ~ 0.0.01 m
g?fcacnoczd(ufgtroéo kHz) 4 ~ 04 Ohm

o fo 23 kHz
Frequency of operation ’
ay 144.5 kRad/s
Vacuum Permeability Uo 4x nx10'7 H/m
Separation distance D 003 m
Load Rivad 25 Ohms

*Average value of the inductor loop materials under study

Table 2: Calculated prototype circuit parameters

Parameter Symbol Valqé Units
Self Inductance L&, 49.38 ‘ nH
Mutual Inductance L. 42.85 wH
Coupling Capacitor C; &G, 1; uH
Leakage Inductances | Ly; & Ly, 6.533. uH

" Mylar capacitors of 1 pF (10% accuré.éy) were used.




11

Applying the equations provided in Section 1, SPICE simulations were executed for the

coupling configurations listed in Fig. 2. This provides a good snapshot on which coupling

configuration could offer the greatest power transfer for our application. It can be seen in Fig. 4

that the best coupling configurations are series-series and series-shunt coupling.
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Fig. 4 WPT system simulation for various coupling configurations

A test setup was developed to execute various WPT test cases and circuit variations (see

Fig. 5). This test setup helps vary the distances of the loops to take output voltage and power

measurements.
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Fig. 5 WPT system test setup

Equivalent Impedance Characterization Results

Using Eqgs. (5) and (6) results and the prototype values provided in Tables 1 and 2, the
equivalent impedances values for both cases (series-series and series-shunt) fluctuates for
distances less than ~5 cm. However, for distances greater than 5 cm the equivalent impedance
consistently decreases value. A possible explanation for this behavior is that at about 5 cm the
system reaches the critical coupling case. Therefore, for separation distances of less than 5 cm
the system could be considered to be in an over-coupling condition and for separation distances
greater than 5 cm the system could be considered to be in an under-coupling configuration.

These concepts are thoroughly explained in references [9] and [10].

Experiment #1: Inductor Loop Characterization
Inductor loops used for the resonance circuits could be considered to be one of the most
important and complex parts to develop the proposed WPT systems. Depending on the specific

characteristics of these loops, and their construction, wireless power transfer can be maximized
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and optimized. To evaluate the design and construction of the loop inductors and their
contribution to the overall coupling, different conductor materials where evaluated. Solid
conductor, speaker wire (braided naked wire inside a single insulator) and litz wire (individual
insulated wires than are later braided) where selected to design same-size and same-number-of-
turns inductors to establish a WPT comparison. For each conductor material a pair of loops was
developed in ;)rder to evaluate the system behavior with identical conductor material. All the

conductors used for this experiment are around AWG 24 or equivalent to establish adequate

comparison between the materials.

The inductance value ‘of the developed inductor loops for various frequencies of operation is
illustratéd in Fig. 6. These values were captured using an Agilent 4980A LCR Meter. It can be
noticed that at low frequencies the calculated values using Eq. (1) are reasonably éimilar to the
inductor loop values measured. The speaker and litz wires had considerably closer inductance
values to the calculated ones. Fig. 7 illustrates the quality factor (Q) value of the developed loops
for various frequencies of operation. This figure shows how the litz wire has a greater Q for
lower frequencies, meaning that it will have less series resisfance than the other two conductors.

Therefore, the litz wire implementation could be favorable for the proof-of-concept-prototype at

the targeted frequency of 20 kHz. \



100

90F — Litz_1
- . Litz.2
L L — Solid_1
=1 0 + Solid 2
— —— Speaker_1
8 7of + Specker 2
% [ o Calc. Value
© 60f
= f i
-8 B50foocoooo M

40r

w 1 " [ " [l " [ i 2

0.0 0.5 1.0 1.5 2.0
Frequency (MHz)

Fig. 6 Loops inductance with respect to the frequency of operation

Q-Factor
8 5 8 8 3 8 8

Frequency (MHz)

Fig. 7 Loops quality factor with respect to the frequency of operation



15

‘One of the parameters required to determine the overall system behavior, according to Section
2, is the loop series resistance. An accurate value of the series resistance can be obtained by
using Eq. (7) [9]. Table 3 provides the calculated results of the series resistance for all the
inductors at an operational frequency of 20 kHz.

g YL _QmL

7
Q Q 7

Table 3: Calculated inductor loop series resistance at 20 kHz

Inductor Loop Inductance Rs

(uH) Q factor ©Q)
Litz wire 1 443 271 0.205
Litz wire 2 44.4 363 0212
Solid wire 1 483 6.1 0.995
Solid wire 2 48.1 6.0 1.007
Speaker wire 1 41.7 12.2 0.430
Speaker wire 2 415 1..1.7 0.446
Average 4477 149 0377

As Eq. (7) suggests, the lowest series resistance is provided by the material with the highest
Q-value. For the three inductor loop materials analyzed, the litz wire was the conductor that

provided a greater Q-factor for the same-size and same-number-of-turns comparison.

Experiment #2: WPT Fix Separation Distance Considerations
Aiming to reaching the greater understanding of the WPT systems, multiple parameters and
test configurations were evaluated with a fixed distance of 3 cm. Some of the varied parameters

where: loop material, coupling configuration (Fig. 2) and load resistance (2.5 Q, 4 Q and 8 Q).
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These resistance values were selécted due to the fact that the power amplifier used for the
experimentation was designed to be optimal for 4 Q loads [11]. This experiment was performed
by implementing the circuits described in Fig. 2. The combination of test sets acquired by
varying the parameters previously mentioned generates a significant amount of data.

Data reflected that the greatest power transfer was provided by having an output load of 2.5

Q, coupling configuration of series-shunt and having litz wire as the inductor loop material.
Experiment #3: WPT Variable Separation Distance Considerations

The purpose of this experiment is to characterize the system behavior based on separation
distance, coupling configuration and load (output resistance). This experiment was divided into
two parts: identification of coupling configuration of interest and characterization of the system
behavior for the coupling configuration of interest. Each part provides specific characterization

of the overall system behavior.

Part 1: Identification of Coupling Configurations of Interest

The first part of this experiment was performed as 4 pathfinder test to narrow down the
coupling configuration of interesf to validate the results in the previous sub-section (Fig. 4). This
helps reduce the amount of data required for the second part. The characterization is pérfumed
with the best inductor loop material identified so far based in experiment #1 (litz wire loops) in
combination with the load resistance value (4 Q) consider optimal of the PA selected for
experimentation [11]. The litz wire material is considered to be the best material of the three
analyzed due to the fact that it shows a higher Q for the desired frequency (~20 kHz). However,
detailed | characterization of the other logp materials will be performed on part 2 of this

experiment. Circuits were assembled according to Fig. 2 and results are illustrated in Fig. 8.



Fig. 8 Coupling configuration pathfinder results using litz inductor loops for a 4 Q load
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It is clear from Fig. 8 that the configurations that provide the greatest output power for this

WPT application are: series-series and series-shunt coupling. Therefore, for the second part of

this experiment, the system behavior characterization will be based on these two coupling

configurations. As previously simulated, the primary series coupling configuration provide

greater current to the WPT [3]. This condition is favorable for our low-to-medium power

application; however, for high power applications the primary coupling configuration could be

implemented in parallel to reduce the input currents.

Part 2: Characterization of the System Behavior

The second part of this experiment is to vary the coupling configurations of interest determine

on the first part of this experiment. It was identified that the coupling configuration of interest
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are: series-series and series-shunt. Other than the coupling configuration, the inductor loop

material and load values will be evaluated as well.
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Fig. 9 WPT system output power for variable separation distance: (a) litz wire loops, (b) solid

wire loops and (c) speaker wire loops.

It can be seen in Fig. 9 that the litz wire inductor loop provides the greatest power transfer for
all the resistances studied and the coupling configurations of interest. It is also noticed that the
worst inductor loop material for this specific WPT application is the solid wire. A common
characteristic that the two best materials (litz and speaker wire) share is having braided
conductors. This helps prevent skin effect losses within the cable that could generate energy
leakages [12]. However, by the litz wire having insulated conductors before been braided as a
cable, it is believed that this provides considerable advantages over the speaker wire according to
the performance demonstrated in Fig. 9. Therefore, the proof-of-concept prototype will be using

litz wire as the inductor loop material.
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Proof-of-Concept Prototype

A proof-of-concept prototype was assembled to validate the design approach discussed in
Section 2. The prototype envelopes the cases studied for: inductor wire material, coupling
configuration and load analysis. It was determined, based on analysis and experimentation, that
the best case scenario used for the Proof-of-Concept Prototype was: 2.5 load, coupling
configuration of series-shunt and litz wire as the inductor loop material.

For the construction/testing of the prototype, multiple test equipments, electronic parts and
components were evaluated and selected to emulate the overall WPT system (see Fig. 1). Since
the main scope of this project was to emphasize on inductor loop wire material, coupling
configuration and load variability, laboratory test equipment was used to cover the other

functions required by the WPT system.

It can be noticed that the greatest power transfer occurs at ~5 cm (see Fig. 10). Data shows a

prototype output power of 4.5 W using a Power Amplifier rated for 7 W [11].
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Fig. 10 WPT system prototype power output
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The system operating frequency (fy) was targeted to be 23 kHz. Discrepancies between design
frequencies and system tunned frequency can bé encountered at the prototype phase. This can be
due to the coupling capacitor tolerance, the loop coﬁductor radius measurement and the
variability of the m’anually built %nductor loops. An accuraté representation of the loop conductor
radius and coupling capacitor values are required for an accurate system coupling according to
Egs. (1) to (3).

Additional testing was performed to the prototype by adding non-c-onductive material
between the source element and the load element (i.e. éarbon-fiber, wood, plastic, etc). As

expected, magnetic coupling was achieved even through non-conductive materials.

4. Conclusion

Based on theoretical analysis and experimental results, magnetic resonance is a feasible and
reliable technology that represents an alternative to conventional electric connectors. Simulation
;

and prototype testing enabled us to establish the best configurations for the WPT parameter

studied: inductor loop material, capacitor coupling configuration and loads variation. -

By evaluating multiple inductors loop materials (litz, solid and speaker wire), it was noticed
that the litz wire presented an advantage against the other materials studied. This is due to
multiple individual insulated conductors before been braided as a cable, which helps prevent skin

effect losses within the cable that could generate energy 1eak'ages.

The capacitive coupling configurations that generate the best results for our WPT application
were: series-series and series-shunt. This is attributed to the fact that the primary series coupling

configuration provide greater current to the WPT system.



.

Preliminary testing also showed that magnetic resonénce can be achieved through non-
conductive materials (i.e. wood, plastic, etc). Multiple mobile devices can be powered at the
same time using a single source. This was accomplished by funing the source and all the loads to
the same operating frequency. In addition, it was demonstrated by prototype experimentation that
magnetic resonance can be achieved within audible frequencies (20 Hz < fy < 20 kHz). This can
represent a major industrial advantage due to the fact that there are currently a wide range of

options available for audio power amplifiers.

More testing and experimental data will be required for the implementation of a reliable and
efficient wireless power system for space applications. In thgory, the magnetic resonance
principle is believed to operate in the space environment. However, using the principles
discussed in this paper and additional analysis, a more advanced design will be evaluated for
compliance to NASA and other military systems standards [13-16]. Design compliance to these
standards will be highly dependent on the system application (i.e., launch vehicles, spacecraft,

rover, wireless battery charger, docking systems, etc.).
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