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abstract

Permanent magnet synchronous machines currently dominate traction motor applications such as

electric vehicles. However, wound field synchronous machines offer a comparable alternative in

terms of performance and efficiency without the unpredictable prices and high carbon emissions of

mining and manufacturing permanent magnets. These machines are ubiquitous at megawatt levels,

especially in power plants, but require high-performance, low-cost excitation systems in order to be

attractive as traction motors. This work continues research into capacitive power transfer (CPT) as

a suitable wireless excitation method for wound field synchronous machines. Here, a capacitive

power transfer system is scaled beyond previous work to achieve a > 3X increase in power transfer

over previous work by increasing the frequency to > 6.78MHz. A peak output power of 2.3kW at a

DCDC efficiency of 88.5% is reached in this system.

The system features a minimal part count series tank resonant topology with the inverter

redesigned for megahertz level operation with special consideration for stray inductance verified in

Ansys Q3D FEA. Likewise, the coupler structure’s rectifier is updated to reduce the total parts count

by half and handle kilowatt output power with a current-stiff rectifier. The current stiff rectifier

features a large DC filter inductor on the output to maintain continuous conduction operation of

the diodes. Using SiC Schottky diodes the rectifier has superior performance over conventional

voltage-stiff rectifiers to achieve the 2.3kW output power to the load.

Additionally, a capacitive resolver is developed to be integrated around the rotating rectifier of

any wireless exciter and also around the CPT coupler boards. This solution reduces the machine cost

for traction applications by removing the cost of an external rotor position sensor. The capacitive

resolver is made to be a drop-in replacement for conventional magnetic resolvers and compatible

with their existing demodulation strategies. The general integrated resolver and rectifier is tested

with a digital demodulation kit, AD2S1210 from Analog Devices, and achieves a maximum angle

error of 0.3◦. The carrier excitation frequency is 20kHz as is standard for magnetic resolvers. For

the CPT-integrated resolver and rectifier, the excitation frequency is > 6.78MHz and demodulation

with an analog multiplier is used instead. A maximum rotor angle error of 10◦ is achieved. Overall,

the integrated capacitive resolver and rectifier provides an additional pathway to reduce the wound

field synchronous machine system cost for adoption in traction applications.
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Chapter One

Introduction and State of the Art

1.1 The Importance of Wound Field Synchronous Machines

The electrification of vehicles and aircraft heavily rely upon permanent magnet synchronous ma-

chines (PMSMs) with performance and efficiency far exceeding asynchronous induction machines.

However, the rapid increase of PM machines in everything from electric vehicles and wind turbines

to the vibrators in cell phones has become an area of political [9–11], economic [12, 13], environ-

mental [14–16], and ethical [17–19] concern. Common permanent magnets that contain rare earth

metals are samarium-cobalt (SmCo) and neodymium-iron-boron (NdFeB), of which the latter

often also contains dysprosium. The mining and extraction of these materials can be toxic not only

to those working in the mines but can also leech into the ground water supply, affecting much

larger populations. In cobalt and copper mines like those in the Democratic Republic of the Congo,

child labor, unfair compensation, hazardous working conditions, and lack of proper protective

equipment have been and continue to be an issue despite the work of such groups as the Fair Cobalt

Alliance. Studies have shown increased risk of birth defects from fathers exposed to mining-related

pollution where there is little government regulation and accountability [17].

Rare earth metal mining is dominated by a few countries that control much of the world’s

supply. As the demand for electric vehicles (EVs) skyrockets, so too does the demand for these

magnets which has caused unpredictable and fluctuating prices to the point that EV companies

are moving to reduce total magnet volume in their motors by combining aspects of synchronous

reluctance machines. The global supply of EVs could increase upwards of 36% [11] within the
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next decade, and with it a surge in the required supply of PMs. Thus, it is imperative to transition

towards machine topologies that offer high performance, high efficiency, and that do not rely on

these cost prohibitive materials. The wound field synchronous machine (WFSM) provides a good

and comparable alternative to the PMSM in terms of performance and efficiency.

Wound field synchronous machines (WFSMs) have been around for over one hundred thirty

years and are today still the preferred machine in many applications such as industrial power plant

generators, grid-connected applications, commercial flight, and MW-level propulsion systems [1].

Instead of using a permanent magnet to produce rotor flux, WFSMs have rotor windings that are

separately excited with direct current to create rotating electromagnets. Figure 1.1 shows the long

history of the WFSM rotor excitation topology development starting from mechanical brushed

methods to wireless excitation methods.

Lately, WFSMs are being researched for their use in electric vehicles as a replacement for PMSMs.

While these wound field machines can compete with the performance and efficiency of permanent

magnet machines, in EVs their adoption relies on an economical and robust field excitation structure.

More broadly, all parts of the EV powertrain must be cost optimized, especially the electric machine

and its position sensor (whether it be a magnetic resolver, optical encoder, or any of the many other

sensor topologies).

For many decades WFSMs dominated in areas where PMSM technology fell short; however,

in the EV market where PMs are ideally suited, the challenge now lies in the design of the field

excitation structure. It is necessary to develop a cost-effective wireless excitation method to transfer

kilowatts of power to the rotor field winding to produce the torque necessary for traction applications.

In the following review of the state of the art, a small selection of WFSM rotor excitation methods is

discussed that would be most relevant for adoption in traction applications.

1.2 Types of WFSM Rotor Excitation

A conventional permanent magnet machine relies on magnets to create a permanent rotating rotor

flux; however, in a wound field synchronous machine, the rotor consists of windings to form

externally excited electromagnets. There are many methods used for the external excitation, but

they all have the goal of applying a controllable direct current to the rotor field windings. The
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Figure 1.1: History of WFSM excitation systems [1]

topology allows for the machine itself to be controlled by adjusting a direct current on the rotor

windings instead of a full power electronics drive on the stator. Thus, even before the age of modern

semiconductors, a mega-watt WFSM could be controlled without the need of a mega-watt inverter

or sophisticated drive system, which in the present day remains an attractive topology to save on
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cost and complexity.

In general, WFSM exciters can be discussed in three main categories: external brushed systems,

external brushless systems, and embedded, integrated systems. Slip rings are discussed for external

brushed systems, harmonic injection is discussed for embedded systems, and brushless exciters,

transformers, inductive power transfer (IPT), and CPT are discussed for external brushless systems.

The comparison of dynamic performance and fault tolerance of these WFSM excitation systems are

not discussed here and are out of the scope of this document but have been extensively discussed

in the literature [1, 20]. Likewise, the WFSM outside of its excitation system will not be discussed,

but research continues on the machine itself [21–26].

1.2.1 Slip Rings

For as long as DC and wound field machines have been around, so too have brushes and slip rings

for transmitting DC and AC power. Brushes and slip rings refer to the large class of mechanical

contact exciters for machines that are ubiquitous for being a cheap and straightforward excitation

method. Figure 1.2 shows an example of brushes on rotating slip rings. Over time the brushes wear,

resulting in the possibility of faults and maintenance issues that has been extensively researched in

the literature [27–31].

Figure 1.2: Picture of brushes on rotating slip rings [2]

Typically, slip rings are made from materials such as copper, brass, bronze, or steel while the

brushes are commonly made of carbon in the form of graphite. The wear on brushes comes not only

from mechanical friction, but also on electrical, thermal, and chemical factors. Current transmitted
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through the contacts erodes material over time, and high motor temperatures further accelerate

wear rates. Likewise, contamination and moisture inevitably produce metal oxide films that lead

to uneven current distribution and brush wear. While brushes and slip rings are a cost-effective

solution, in traction applications they would require regular maintenance and replacement for the

consumer.

1.2.2 Brushless Exciter

Brushless exciters encompass a large range of topologies that refer to excitation systems that do

not require mechanical contact to the rotating field windings, or in other words, provide wireless

excitation through an airgap. In this document, a few different brushless exciter systems are

highlighted specifically for traction applications, but it should be noted that these represent a small

portion of schemes available for the wide array of WFSM use cases.

Figure 1.3: Diagram of a common brushless exciter system [1]

The common topology for a brushless exciter is shown in Figure 1.3 with a rotating exciter

connected directly to the WFSM rotor shaft. In this figure, the WFSM is acting as a generator. The

exciter is similar to a DC machine where direct current is supplied to the stator winding to excite

a rotating three phase winding across the air gap. Through a rotating rectifier, the exciter rotor’s

three-phase AC becomes DC applied to the WFSM rotor winding. There are many variations on this

topology such as replacing the excitatory stator windings with permanent magnets for improved

transient and fault handling [32, 33]. In this case, the exciter essentially functions as a permanent

magnet generator. Furthermore, the exciter can also take the form of an asynchronous induction

generator [34]. Overall, the external exciter provides three-phase current to the WFSM rotor with a
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rotating rectifier required to convert to DC power. In large power plant applications, mega-watt

rated exciters can be found controlling giga-watt level WFSM generators. In these cases, instead

of passive diodes, a thyristor bridge is typically employed to handle the appropriate rotor current

[35, 36].

The brushless exciter is a versatile topology, but in all cases needs a rotating rectifier of some

sort. Additionally, the topologies presented above all require the WFSM to have a smaller machine,

acting as a generator, attached to the shaft to power the rotor windings. This excitation power is

derived from the shaft power and requires some prime mover to spin the shaft on startup as well. In

many applications, this additional space and cost requirement is trivial, but in traction applications

both present pertinent issues. The cost of the additional excitation generator must be comparable to

the cost of permanent magnets and must justify the extra needed space. So far, brushless exciters

have found their place in large mega-watt to giga-watt applications, but a different topology may

be better suited for traction vehicle applications.

1.2.3 Harmonic Injection

As with brushless exciters and slip rings, many forms of WFSM rotor excitation focus on adding an

external unit to the rotor windings; however, another technique involves integrating the exciter into

the motor windings [37]. Here the term harmonic injection is used to refer to a class of integrated

excitation systems, whether brushed or brushless. Recently, there has been a good amount of

research regarding the use of the stator winding itself to induce an excitation current on dedicated

excitation windings in the rotor. There are two main approaches: third harmonic injection [38–42]

and subharmonic injection [43, 44] on the fundamental torque-producing frequency. The stator

winding drive is designed such that it produces not only a fundamental torque-producing frequency

that couples to the main rotor field winding, but also produces an additional “injected” frequency

that couples with a second rotor excitation or “harmonic” winding.

In a balanced three-phase system with a Y-connected neutral point there is no zero-sequence

component and thus the triplen harmonics of the fundamental frequency cancel out. With the

ability to control the neutral point, any desired fixed and pulsating frequency can be injected into the

stator winding. Figure 1.4 shows the two topologies proposed for controlling injected frequencies

onto the stator [34]. In either case, the harmonic winding is connected to the field winding via a
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full-bridge rectifier. In Figure 1.4a, the stator winding is open with a full three-phase inverter at

both ends to fully control the stator current while simultaneously injecting arbitrary amplitudes of

the desired excitation harmonics, but this requires twice the number of semiconductor switches

and controls as a typical motor drive. Figure 1.4b shows a modified version with a reduced amount

of power electronics components and controls to solely manipulate the neutral point.

(a) (b)

(c) (d)

Figure 1.4: Diagram of proposed third-harmonic injection motor topology with (a) an open sta-
tor winding and (b) a modified semi-open stator winding. The (c) stator and rotor winding
configuration and (d) equivalent winding functions are shown, as well.

From here, a zero-sequence third harmonic of the electrical frequency is injected and coupled

with the third spatial harmonic of the rotor’s harmonic, or excitation, winding. The third harmonic

is chosen because it is the lowest harmonic present above the fundamental, and as such has the
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least iron losses and the highest amplitude of the possible harmonics. Figure 1.4c-Figure 1.4d show

the stator and rotor winding topology as well as the development of the spatial harmonics coupling

with the rotor windings. The main four pole field winding (labeled “F”) is shown in orange as

well as the yellow excitation winding (labeled “D”), which is laid out such that it has a twelve-pole

winding function harmonic. The current induced in the harmonic winding is connected back to the

field winding via a rotating rectifier. Unfortunately, this design necessarily induces a higher order

harmonic which will increase iron losses that are proportional to frequency.

(a) (b)

(c) (d)

Figure 1.5: Diagram of proposed subharmonic injection motor topology with (a) dual inverter
layout, (b) stator and rotor winding configuration along with the (c) winding function and (d)
equivalent results winding function harmonics.

Figure 1.5 shows the second approach to harmonic injection, which is similar but reduces

the complexity of the controls for the stator coil. In this case the two inverters drive the same

frequency and phase, but simply have different magnitudes. The two inverters are connected to two
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separate windings – each drives half of the stator as in Figure 1.5a. With a correct offset, there is the

torque fundamental frequency and then also a spatial subharmonic frequency induced. For this

motor the optimal determined topology is a four pole twenty-four slot machine with the winding

configuration in Figure 1.5b. The four-pole spatial harmonic in the rotor is the torque-producing

harmonic given by the field winding. Both inverters are still operating at the electrical frequency of

the four-pole winding; however, there is a second winding on the rotor as well that is a two-pole

excitation winding. This 2-pole winding is excited as the spatial subharmonic with the mismatching

stator winding currents. Figure 1.5c-Figure 1.5d show the generated winding function and the

resulting four-pole fundamental and a two-pole subharmonic. The excitation winding in this

case will inevitably lead to asymmetric saturation in the rotor with the four-pole versus two-pole

configuration. As with the third-harmonic injection, the excitation winding is likewise connected

to the field winding via a full-bridge rotating rectifier.

In both approaches there are two separate windings in the rotor. Unfortunately, this means

that the excitation winding is taking up space, or in other words, reducing the fill factor of the

rotor field winding and subsequently the amount of torque (via the amount of flux) it can produce.

While these excitation schemes are integrated into the machine, they necessarily require a specially

designed synchronous machine and cannot simply be used as a drop-in replacement for slip rings

or a brushless exciter. The limitation in machine design and requirement for an entirely new design

are serious drawbacks of harmonic injection and create friction for industry adoption.

1.2.4 Transformers and Inductive Power Transfer (IPT)

Rotary transformers and inductive power transfer (IPT) excitation systems transfer power wirelessly

via magnetic fields. Figure 1.6 shows a general diagram of an inductive-based excitation system

featuring a rotating rectifier and field winding represented by Lf and Rf. An AC power source or

an inverter is necessary for the system. These systems have been around for many decades and

represent a common drop-in replacement system for brushes and slip rings in terms in terms of

power scalability and cost [45].

In general, rotary transformers are grouped by having a characteristically high mutual induc-

tance and strong coupling, with transformer designs containing ferrite or steel cores and high flux

concentrations [26], [46–54]. These systems can operate down to the 50Hz range but are typically
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Figure 1.6: General diagram of a transformer and IPT system

in the 10’s to 100’s of kHz range. Conversely, IPT has loose coupling [55–62], utilizing either air

core transformers or gapped ferrite cores that require external compensation. The ideal wireless

power transfer system, shown in Figure 1.6, has infinite mutual inductance. With loosely coupled

inductors, the mutual inductance is commonly compensated with a resonant capacitor. These

resonant systems can operate up into the MHz range with dedicated development of the power

electronics for the AC power source. For both of these systems, there are many papers discussing

optimal designs for cored transformers. [63–73]. Likewise, these systems all require a rotating

rectifier to create DC for the field winding.

The power requirements of rotary transformers for WFSMs in traction applications also vary

greatly. A design by General Motors required 5kW of field power for a 70kW machine [26], while

another research paper required 750W of field power to power a 45.3kW machine [50], and yet

further transformer designs suggest a target of 10kW continuous field power [65]. In any case, field

power on the order of kilowatts will be required for traction machines and is a good benchmark

goal for any wireless excitation method.
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1.2.5 Capacitive Power Transfer (CPT)

Overview of Capacitive Power Transfer

(a) (b)

Figure 1.7: (a) General diagram of CPT system and (b) diagram of radial and axial configurations
[3]

Analogous to IPT transferring power via magnetic fields, capacitive power transfer (CPT) works

on the principle of transferring power across an air gap through an electric field. Although rotating

transformers as an excitation scheme have been around for many decades, the concept of CPT for

synchronous machine excitation is relatively recent within the last decade. The first CPT for WFSM

excitation prototype was proposed in 2011 [3, 74] as an alternative to the rotary transformer and IPT.

Unlike IPT, CPT does not suffer from high power loss from surrounding metal components such as

the synchronous machine rotor. Similarly, the majority of the electric field in CPT is necessarily

contained between the two plates with less possibility of high EMI interference.

Figure 1.7a shows the general diagram for this excitation system. For a WFSM, the stator side

would be stationary, while the greyed rotor side would be rotating and connected to the field

windings represented by Rf and Lf. Two separate capacitors are required in the forward and return

path in order to create a wireless exciter. The two capacitors are also referred to as a capacitive

coupler. Likewise, these capacitors can be arranged in an axial or a radial format as shown in

Figure 1.7b [75, 76]. On the primary side, an arbitrary front-end power source is required that can

be supplied either directly from an AC source, or a DC source with the appropriate converter power

electronics.
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Between two electrodes, there is some maximum allowable voltage determined by the break-

down electric field strength of the gap, which is typically 3 kVmm for air. The general equation for a

capacitor is given in eq. (1.1)

C =
εoεrA

d
(1.1)

where εr is the relative permittivity, ε = 8.854 ∗ 10−12, A is the electrode surface area and d is

the distance between them. The voltage across the gap between the electrodes is

Vc = Ed (1.2)

where E is the electric field, and the magnitude of the current through the capacitor is given in

Ic = ωCVc (1.3)

Together, these equations produce an A
Hz rating to characterize this capacitive coupler in eq. (1.4)

Ic,pk
f

= 2πCVc,pk (1.4)

Given a certain capacitor operating with the maximum electric field, eq. (1.4) creates the

operating space boundary to determine the current transferred across the capacitor. For WFSM

excitation, the goal is to transfer a certain amount of direct current to the rotor, so a rotating rectifier

is necessary between the coupler and field windings as with all other discussed forms of wireless

excitation.

Within CPT there are two main areas of research: small-gap and large-gap power transfer.

Figure 1.8 shows a typical axial coupler configuration with the matrix of capacitances between all

four plates. The main desired capacitance for transferring power between the like-colored plates is

denoted by C13 and C24. All four other capacitances in the matrix are undesired leakage pathways.

Typically, the leakage capacitances, C34, C23, C14, and C12, are on the order of single pF ′swhereas

the main pathway is on the order of 100’s of pF ′s to 10’s of nF ′s. It is desirable that the main

pathway capacitances are many orders of magnitude above the leakage capacitances. In small-gap

CPT where the electrode plates are close together, this is the case; however, in large-gap CPT all six
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capacitances would be in the similar order of magnitude. In this work, only small-gap CPT will be

considered for WFSM excitation, whereas one application for large-gap CPT is in wireless vehicle

charging that requires special compensation strategies [77–82]. For small-gap power transfer, CPT

and IPT are comparable in terms of power density [83].

Figure 1.8: Capacitance coupling matrix of a four-plate coupler. [4]

The impedance of a capacitor is inversely proportional to the capacitance, so it follows that

with typical values of coupling capacitance, it is necessary to find ways to compensate for the high

impedance coupler. Operating the coupler at resonance to minimize the impedance with carefully

added inductors is a popular method of compensation.

Review of Current CPT Research for WFSM excitation

The capacitive coupler presented in this section is described in detail in [84], [85, 86] which uses

a series tank inductor. Specifically, Figure 1.9 shows the derived values of the capacitive coupler

matrix for an airgap of 1mm. In this case, the capacitors in position C12 and C34 at 288pF and 268pF,

respectively, are the intended main transmission path. The coupler has an approximate amps/hertz

rating of 2 Apk
MHz with an air gap of one millimeter and therefore requires the system and power

electronics to operate in the megahertz range.

Figure 2.3 shows the amps-per-hertz rating of the CPC with a star denoting the 1.7MHz switching

frequency from prior research. The tank current refers to the current through the capacitor coupler

and compensation inductor. The output power is mapped to various system frequencies with a field

winding approximated as an RL load of 40Ω and 3H. The tank current is related to the load current

by reflecting across the rectifier as Ipk,tank = (π2 )Iout,DC. With a given rotor field impedance, the

field power is limited by the switching frequency. A buck converter was added on the output of the
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Figure 1.9: Capacitive Coupler Matrix

rectifier as an impedance converter, and the CPC achieved a maximum field power of 675W at a

frequency of 1.7MHz. Dynamometer testing confirmed power can be transmitted while spinning.

To reduce the system complexity and increase output power capability > 1kW, it is necessary to

operate at a higher frequency. This work details the design and testing of a CPT system for wireless

excitation of wound field synchronous machine windings operating at the 6.78MHz ISM band

frequency.

Current CPT research areas include CPT modeling and simulation [87–90] and compensation

strategies [91–94, 5]. Figure 1.10 shows a summary of the recent coupler topologies specifically for

WFSM excitation.

Figure 1.10a shows the first proof of concept CPT excitation system with multiple metal parallel

plates in an axial configuration [3, 74], [24]. To increase the coupling capacitance, there are many

sets of stator and rotor discs electrically connected together to achieve 900 pF of capacitance.

Likewise, to compensate for the low capacitance, an inductor was added in series with the forward

direction capacitor to resonate at 626 kHz and minimize the series impedance. Once rectified, the

first prototype system transferred less than 10W of power to the WFSM at 94% efficiency. In [95],

further research into the AC power source and compensation yields 1034W transferred to a 75Ω

load resistor at 90.3% efficiency using the same coupler in a static setup. The AC source is generated

using a buck-boost resonant converter at 200 kHz.
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(a)

(b) (c)

(d)

Figure 1.10: Summary of CPT couplers for WFSM excitation that use (a) many thin metal plates
connected in parallel with the electric field between the plates in the axial direction, (b)-(c) a journal
bearing with the coupling capacitance between the cylindrical surface areas, and (d) coupler made
from PCBs with resonance in the MHz range.
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The next concept in Figure 1.10b is a radial CPT design with journal bearings used to excite a

synchronous generator [96, 97]. The cylindrical bearing surfaces offer high surface area with 2nF of

coupling capacitance; however, the coupling capacitance was shown to change with shaft speed to

an asymptotic point closer to 1.7nF. The bearings are commercially available with the rotor rings

made of hardened steel and the stator rings made of ceramic-coated aluminum with a lubricating

oil acting as a dielectric. The AC input power is created using a push-pull class-E resonant inverter

operating at 765 kHz. Additionally, an inductor is added in series with the coupler in both the

forward and return paths set to resonate at the converter switching frequency. This compensation

reduces the system impedance and allows the converter to utilize soft-switching, which reduces the

switching losses at near-MHz frequencies. For the full system, 2.5A DC, corresponding to 340W of

power, is transferred to the field winding at 85% efficiency. The journal bearing approach provides

a CPT system with many commercially available components and small overall size.

The third and most recent CPT system in Figure 1.10d features a capacitive power coupler (CPC)

made from printed circuit boards for ease of manufacturing, integration with the rotating rectifier,

and low cost [85, 84]. This system is similar to the axial coupler in A, but instead features just three

boards: two stator boards and one rotor board. Each board has two concentric copper plates that

correspond to the forward and returning coupling electrodes. The stator boards are connected in

parallel to double the capacitance. This coupler also has the lowest coupling capacitance, just under

290 pF, and as a result requires compensation with series inductors and a high system resonant

frequency. Initially, air-core inductors were used for compensation, but ultimately compact, high-

frequency inductors were designed using [66]. From eq. (1.4), this coupler’s ampshertz rating is 2 A
MHz

which means a mega-hertz resonant point is required for high power operation. The CPT system’s

AC power source comes from a full-bridge class-D resonant inverter operating at 1.7 MHz. This

system was tested during operation of a WFSM and transferred a peak power of 675W, 4A DC,

at 90.3% efficiency. While series compensation was used, at a 1.7 MHz operating frequency it

was necessary to incorporate a buck converter between the output of the rectifier and the field

winding to effectively increase the load impedance for the CPC. The buck converter operated as

an impedance transformer to allow the CPC to operate within its current capability but transfer

higher power than the fixed rotor winding resistance would otherwise allow. As mentioned in

section 1.2.4 on rotary transformers and IPT, current research suggests field power in the kilowatt
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(a) (b) (c)

(d) (e) (f)

Figure 1.11: Detailed explanation of most recent CPT coupler topology [94]. (a) shows a general
diagram of the coupler axis of rotation along with the side-view (b) two board and (c) three board
configurations. (d)-(f) show pictures of the assembled stator board, rotor board, and side view of
the coupler together, respectively.

range is required for traction machine adoption. This CPC prototype does not currently meet this

standard and will require future improvements to achieve the minimum goal of 1kW of field power.

1.3 Capacitive Position Sensors

As stated in section 1.1, the successful adoption of EVs by consumers will only happen when they

are economically preferable to traditional combustion-engine vehicles. Therefore, the WFSM can
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further its cost-competitiveness with PM motors by providing additional pathways to reduce the

cost of its wireless excitation system and the synchronous machine overall. All traction motors have

a separate, physical position sensor that are purchased from one of numerous resolver and encoder

companies and sensor products on the market; however, this necessary sensor adds per unit cost

to every motor. If the already present excitation system could absorb the sensor cost as well, the

WFSM could become more economically viable. Thus, chapter 4 of this work proposes the design

of a new topology of capacitive resolver to be integrated into the rotating rectifier of the capacitive

coupler boards. This section on capacitive position sensors will explain their basic operation and

current research topologies.

The first use of capacitive sensors was proposed as an alternative to strain gauges when higher

reliability and sensitivity were needed for measurements in six degrees of freedom [98, 99]; however,

in the late 1980’s and 1990’s researchers started to develop prototypes for capacitive sensors to

measure radial position [100]. While capacitive sensors are commonly used for linear position as

well, in this review, only position sensors for radial position are discussed. A summary of sensor

topologies as well as a discussion on common design issues and solutions is presented below.

1.3.1 Capacitive Sensors Overview

A capacitive sensor operates on the principle that an AC input voltage applied to a varying ca-

pacitance, thus a varying impedance, will output a predictable and varying output voltage. The

capacitance changes by some physical movement, specifically rotation, for encoder and resolver

applications. The primary goal of the sensor design is to create an output voltage that varies linearly

with rotational position by understanding and mitigating the nonlinear pathways in the electrode

plate design. Consider a simple circular parallel plate capacitor shown in Figure 1.12. If fringing

is neglected in the ideal case, the capacitance would be calculated using eq. (1.1). However, a

nonideal capacitor experiences fringing effects between the edges of the electrode plates and has

leakage paths between each electrode plate and any nearby surfaces.

One compensation factor simply increases the total surface area, A, by the distance between

the plates, d. Thus, as the distance between the plates is decreased, so would the fringing effects.

Another way to approach this is to reduce fringing effects by maximizing the Ad ratio in a sensor

design. One common technique used to mitigate the fringing field effects [98, 99, 101] are guard
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Figure 1.12: Parallel plate capacitor example

electrodes. In , guard electrodes, also called grounding electrodes, would appear as outer rings

on both electrode plates that are connected to ground and shield the edges of the electrodes from

fringing effects.

Conversely, another consideration for sensor design concerns the manufacturability and flatness

of the electrode plates. Any warp or tilt in the electrode plates would cause unexpected and

nonlinear changes in the capacitance as it rotates that would then affect the desired linear output

voltage [102]. The effect of manufacturing defects decreases as the distance between the plates

increases or by minimizing the Ad ratio in the sensor design. However, minimizing this ratio would

also reduce the maximum capacitance and measurement sensitivity of the plates which typically

falls in the pF to 10’s pF range. As such, minimizing fringing effects while also minimizing the effects

of manufacturing tolerances presents a challenge due to the competing design factors. Alongside

the development of the physical capacitive sensor design, there has also been much research on

demodulation algorithms for converting a pF change in capacitance to a linear and predictable

position [103–106].

1.3.2 Capacitive Encoder and Resolver Topologies

In general, radial capacitive position sensors, where the parallel electrode surfaces rotate relative to

each other, can be grouped into two main categories: two-plate sensors and three-plate sensors.
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For all designs, stationary boards are referred to as stator boards and rotating boards are referred

to as rotor boards and all consist of a transmitter, receiver, and a varying capacitance component.

Figure 1.11 shows a summary of capacitive sensor topologies compatible with machine position-

and speed-sensing, organized in chronological order of their proposed design development.

Capacitive Sensor Topology A

Initially, in 1989 Peters [100] developed a linear rotary differential capacitance transducer as a

capacitive counterpart to the linear variable differential transformer (LVDT) shown in Figure 1.13a.

The design consists of one stator transmitting plate and one rotor receiving plate that have two half

circles of electrodes. With a single-phase voltage applied across the stator half circle electrodes,

the changing capacitance creates a changing differential output voltage across the rotor electrodes.

Assuming no stray loss, the differential output voltage corresponds linearly to the relative position

between the plates. This sensor is designed such that the measurement electronics are on the

rotating plate which restricts movement to 180 degrees and therefore cannot be continuously

rotated. Although the capacitance transducer cannot operate as a motor encoder, it shows the

potential to create a linearly varying capacitance sensor.

Capacitive Sensor Topology B

To solve the issue of capacitance measurements on the rotor, two board sensors, by nature of

having two sets of electrodes on the rotor and stator instead of just one, improved upon the linear

rotary differential capacitance transducer Figure 1.13b shows a two-board sensor capable of full

rotation [102]. The stator has four driving electrodes excited with equal amplitude sinusoidal

voltages at 90° phase offsets. The four identical “pick-up” electrodes on the rotor result in a single

sinusoidal voltage on the outer ring that is coupled back to the stator outer ring and measured.

The four excitation and pick-up electrode shapes are mathematically designed such that the total

capacitance is constant over a full rotation to maintain linearity with position.
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(f) (g)

(h) (i)

(j) (k)
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(l) (m)

Figure 1.11: Overview of capacitive position and speed sensor topologies.

Capacitive Sensor Topology C

Figure 1.13c shows the first three-board version of a capacitive sensor [107] with two stator

boards and one rotor board. The transmitting stator board is excited with a single-phase sinusoidal

voltage, and the receiving stator board is made up of twenty-four segments of electrodes. The

twenty-four sensing segments are in six groups of four electrodes that are electrically connected.

The rotor board, also called a vane in this paper, consists of four blocking, mechanically grounded

segments that will adjust the coupling capacitance between the transmitting and receiving board

electrodes as it rotates. The position can only be known within a 90◦ range as the receiving electrode

arrangement has six repeating segments. This topology is likewise novel because it measures the

position over the entire circle and effectively reduces capacitance errors from misaligned or warped

boards.

Capacitive Sensor Topology D

The topology in Figure 1.13d is heavily derived from the previous topology while updating

it to give a position measurement over the full 360◦ range [108, 109]. This design has the same

excitation strategy but adds a second blocking scheme and sensing scheme on the inner radius of the

rotor and receiving stator boards, respectively. These extra blocking vanes and sensing electrodes

give information on the exact 90◦ quadrant of the current sensor position and are referred to as

a “course” measurement in addition to the twenty-four electrode “fine” measurement. Likewise,

this design includes guard electrodes on the outside radius of all three boards that are virtually

grounded without mechanical contact to mitigate fringing. With twenty-four segments, topology C
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and D are able to achieve high positional accuracy to less than one-tenth of a degree.

Capacitive Sensor Topology E

Figure 1.13e shows modified and simplified topologies from D that concentrate on high-speed,

cost-effective sensing while compromising on lower positional sensitivity and complicated elec-

tronics [104], [110, 110–112]. In these topologies, the transmitting stator board has four to six

transmitting electrodes with DC voltage applied instead of sinusoidal voltages. The DC voltages are

applied to create a rough, pseudo-alternating voltage. Depending on the number of transmitting

electrodes, the mechanically or virtually grounded rotor board is designed for either a 360◦ or 180◦

measurement range. Additionally, all boards can feature an outside grounded guard electrode to

reduce the effect of fringing.

Capacitive Sensor Topology F

Figure 1.12f features a two-board and three-board topology that led to commercially available

capacitive rotary Caps from Netzer Precision [113, 114]. These sensors feature a new petal type of

blocking scheme. In both configurations, several sinusoidal phase-offset voltages are applied to the

transmitting stator board that couple through a blocking petal configuration on the rotor to create a

single sinusoidal voltage that is coupled back to the receiving side. The pedal configuration creates

a new way to predictably vary the capacitance with radial position.

Capacitive Sensor Topology G

The topology in Figure 1.12g is roughly the inverse of the previous topology where the stator

has multiple transmitting electrodes is groups of four that are offset by 90◦ [115]. The rotor in this

case has two large coupling and reflecting electrodes that allow for two “pick-up” electrodes on

the stator board. These two electrodes allow for an encoder that is more compatible with magnetic

rotary resolver algorithms with a sine and cosine voltage output.

Capacitive Sensor Topology H

Figure 1.12h proposes an entirely new rotary position sensor design that aims to be a nearly

drop-in replacement for standard magnetic-based resolvers [116]. The stator is excited with two

sinusoidal AC voltages that have a 90◦ phase offset, and the resulting differential measured outputs

are sine and cosine voltages to give position. As with previous two-board designs, the stator board

acts as both a transmitter and couples back as a receiver while the rotor board modulates the

capacitance with position.
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Capacitive Sensor Topology I-J

The sensor topologies in Figure 1.12i-Figure 1.12j feature a petal-like rotor electrode structure

that creates extremely high precision position measurements [105, 106], [117–119]. The transmitter

has single phase AC voltage excitation with four sets of pick-up electrodes that, through differential

measurements, result in sine and cosine output voltages. The resulting position resolution is below

one thousandth of a degree.

Capacitive Sensor Topology K

Figure 1.12k shows another topology that focuses on speed sensing and cost rather than high

precision with a rotating off-center, circular rotor board [120]. The transmitter is excited with single

phase AC voltage and there are only four receiving electrodes. This design is not conducive for

applications where high positional accuracy nor linearity is needed but is a simple and cost-effective

solution.

Capacitive Sensor Topology L

Figure 1.11l is a further topology that stresses high resolution and has an additional set of

electrodes to create an absolute encoder over the full 360◦ [121, 122].

Capacitive Sensor Topology M

Figure 1.11m is the same as topology J except with a third board for redundancy and increased

resolution [123, 124].

1.4 Conclusion

This work deals with wound field synchronous machine wireless excitation and the removal of

barriers for its widespread adoption in traction applications via achieving comparable cost and

performance to the permanent magnet synchronous machine. WFSMs for traction applications

are intended to meet similar power densities and efficiencies to PMSMs without the need for

permanent magnets. Specifically, they are designed to eliminate rare earth elements that have

high mining carbon emissions, ethical concerns, and unstable prices. However, WFSM wireless

excitation methods, although numerous, are often large additions to the motor, mechanically and

electrically complex, and can be cost prohibitive in comparison to even the fluctuating permanent

magnet prices. In this work, the capacitive power coupler system will be improved and optimized
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to help realize the potential of WFSM in traction applications by providing an easily manufacturable

and compact wireless excitation system. Additionally, the WFSM will become more economically

advantageous with the development of the proposed capacitive resolver integrated into the rotating

rectifier board. Not only will the integrated resolver improve the viability of the current CPC

excitation system for traction motor adoption, but of all possible wireless excitation methods in

general.

1.4.1 Research Opportunities

While the initial CPT prototypes were suitable to transfer up to 675W of power, it is necessary to

achieve kilowatt-level power transfer. Specifically for traction motors above 100kW, the goal is to

achieve 1.5-2kW transferred to the field for a 2x-3x improvement from the current level. Many

challenges exist to achieve this new power level. Unlike other wireless power transfer research

where the load is chosen, the WFSM rotor winding is not designed to achieve a certain resistance.

Thus, the system resonant frequency must be increased to 6.78MHz to lower the capacitive power

coupler impedance and transfer more current, for more power, to the field windings. At 6.78MHz,

the system will fall into the ISM band of frequencies reserved for industrial, scientific, and medical

purposes free for EMI/EMC pollution, but the efficient operation also becomes extremely sensitive

to any stray inductance and capacitance. Furthermore, higher coupler currents will naturally lead

to thermal and cooling concerns and challenges to create a compact design.

To further the goal of reducing the prohibitive cost of WFSM wireless excitation methods in

consumer traction applications such as electric vehicles, the cost of the machine’s resolver can be

absorbed into the excitation system. All forms of noncontact excitation utilize a rotating rectifier of

some sort which is typically placed on a printed circuit board. As described in detail previously,

there are a variety of capacitive-based encoders and resolvers that likewise are built on printed

circuit boards with small overall footprints in comparison to the size of a motor endcap. Thus,

with the larger rotating rectifier circuit board already present for the excitation, the resolver cost is

virtually eliminated by reducing the number of unique PCBs in the system.
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Chapter Two

Resonant System Design

Chapter 2 and Chapter 3 of this work intend to continue and improve upon the capacitive power

transfer (CPT) design that achieved a peak output power of 675W with an efficiency of 90.3% [84].

The main drawbacks of the current CPT system are as follows:

1. The resonant tank uses large and expensive custom ferrite core inductors

2. The rectifier requires a buck converter to compensate for the field impedance.

3. The rectifier and buck converter board experiences thermal failure above 675W of output

power.

Beyond these issues, the main goal for the CPT system is to achieve output powers > 1kW and

reduce the size of the system. Ultimately, the coupler’s low amps/hertz rating limits its maximum

power capability before voltage breakdown occurs across the coupler air gap. In keeping the same

coupler design, the only variable that can be manipulated to improve the output power limit is

the frequency. Thus, the challenges in the improvements for this system design are rooted in the

need to significantly increase the operating frequency while maintaining the overall efficiency.

All components in this system have losses that scale with frequency and it will be necessary to

re-evaluate and re-design each section. Consequently, increasing the operating frequency will also

aid in the goal to reduce the size and complexity of the system. This chapter discusses the basics of

the capacitive power transfer system design that will be tested and evaluated in Chapter 3.
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2.1 Resonant System Overview

In capacitive power transfer it is often necessary to use a resonant system to compensate the

capacitive coupler’s large reactance for adequate power throughput as shown in the general diagram

in Figure 2.1. In this figure, the matching network may be added on both sides of the capacitive

coupler and contain both a gain and compensation element. The voltage and current gain blocks will

step-up and step-down the voltage, respectively, for efficient power transfer across a gap. A large

variety of compensation strategies exist [125] by using inductors and capacitors in combinations

of series, parallel, or series-parallel configurations such as LC [80, 82, 126, 127], LCLC [77], LCL

[81, 128], and CLLC [129]. Typically, more complex compensation circuits are required with large-

gap capacitive power transfer. Air gaps greater than 10mm are considered large. In large gap

applications such as wireless charging, the coupling capacitance is on the order of single to tens of

picofarads, and the same order of magnitude as the coupler’s stray capacitances.

Figure 2.1: General diagram of a capacitive power transfer system with the general matching
network power flow [5]

This work uses small-gap wireless power transfer with air gaps on the order of ≈ 1mm and

coupling capacitances in the 100’s of picofarads. A series resonant compensation strategy is chosen

to minimize the number of components, not necessarily for peak efficiency. The series resonant

system features a series inductor sized to resonate with the capacitive coupler near the system

excitation frequency. There are a few advantages of this compensation strategy: there are no

compensation elements required on the rotating post-capacitor side of the coupler, and single

inductors add the least number of unique components to minimize space and cost.

Figure 2.2a shows the general power flow for the CPT rotor excitation method. An inductor

placed in series with the capacitive coupler on both the forward and return paths constitutes the

resonant “tank” of the system. The inductors are designed to be identical as the forward and return
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(a)

(b)

Figure 2.2: (a) Power flow overview of CPT power conversion excitation system and (b) detailed
inverter and rectifier converters

capacitances are designed to be the same. The full series resonant system in Figure 2.2b is setup

as a DCDC converter. A class-D resonant full-bridge inverter converts DC to AC power while on

the rotating side the full-bridge rectifier converts back to DC power for the field winding. The

field winding is simplified as an equivalent series RL load. The inductor value, L, determines the

resonant point of the tank given in eq. (2.1) and thus the operating frequency of the surrounding

power electronics.

fres =
1

2π
√
LC

(2.1)

The LC resonant tank has a resonance point that is independent of the load impedance. With

the inverter simplified as an ideal sinusoidal AC voltage source and an ideal rectifier, the quality

factor of the system is shown in eq. (2.2).

Q =
1

Rfield

√
L

C
(2.2)
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The quality factor describes the “peakiness” of the resonance point, or in other words, the level

of damping in the resonant tank. A higher quality factor will have less damping. At the exact

point of resonance, the series tank appears as a resistive load to the inverter and the output voltage

and current of the inverter will exactly match the input voltage and current to the rectifier. The

impedance of the tank at resonance will only be the equivalent series resistance (ESR) of the tank

components and wire connections.

Figure 2.3: Amps-per-Hertz rating of the PCB-based capacitive coupler for a three-board system (2
air-gaps) and a two-board system (1 airgap).

The capacitive coupler presented in this section is described in detail in subsection 1.2.5 [84–86].

The coupler’s performance is quantified by an amps/hertz rating of ≈ 2 ApkMHz with two air gaps of

one millimeter each. Figure 2.3 shows the amps-per-hertz rating of the CPC with a star denoting the

1.7MHz switching frequency from prior research. The tank current refers to the current through

the capacitor coupler and compensation inductor.

The output power is mapped to various system frequencies with the rotor field winding ap-

proximated as 40Ω and 3H RL load. Assuming an ideal series resonant system, the output field

current is given in eq. (2.3). Then the tank current can be approximated by reflecting the output
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current across the rectifier in eq. (2.4). With a series resonant system, the tank current is the same

as the coupler current and the terms are used interchangeably in this work. eq. (2.4) assumes that

the rectifier is ideal with a unity power factor; however, this is not necessarily the case as will be

seen in later sections.

IDC,out =

√
Pout

Rfield
(2.3)

Itank,pk =
π

2 IDC,out

Itank,rms =
π

2
√

2
IDC,out

(2.4)

The intended goal for power transmission to the field windings of the wound field synchronous

machine under test is to reach > 1.5kW. The denoted 1.7MHz point in Figure 2.3 cannot achieve

this output power goal. Two paths forward exist to achieve higher power transmission: operate the

system at a higher frequency or artificially increase the load resistance of the coupler to transfer

the same power at a lower tank current. The previous state-of-the-art design increased the coupler

load impedance by adding a buck converter after the rectifier to artificially increase the impedance

by changing the duty ratio of the switch. However, this work focuses on increasing the system

frequency to 6.78MHz in the ISM (industrial, scientific, and medical) reserved band frequencies

chosen for future automotive compatibility. The higher system frequency allows for easier EMI/EMC

compliance.

2.1.1 Resonant System Modeling

Equation (2.1) gives the inductance needed to resonate at 6.78MHz with the resonant coupler,

but the actual switching frequency of the inverter will be different. The voltage source inverter

inverter switches just above resonance in a zero voltage switching (ZVS) turn-on condition to

reduce switching losses that are proportional to the switching frequency. As will be shown, the

deadtime between the top and bottom switch in each half-bridge also affects the relationship

between resonance and switching frequency.

The dead time angle, α, is defined by eq. (2.5) where td is the dead time, and fsw is the
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switching frequency. Figure 2.4 shows α in the context of the inverter diagram where vgs,1 and

vgs,2 are the complementary inverter gate drive signals. According to [130], the minimum phase

angle, β, between the inverter output voltage and current to maintain ZVS is given by eq. (2.6).

This condition ensures that the current does not cross zero during the deadtime period. Otherwise,

the voltage polarity will reverse rapidly during deadtime and create a short unintended pulse, or

"notch," in the inverter output voltage waveform.

α = 2πfswtd (2.5)

β >
α

2 (2.6)

The power factor for the inverter can also be expressed as:

PFinverter = cos(β) (2.7)

The inverter operates with 50% duty cycle, meaning the output will look like a square wave.

Considering the dead time and GaN output capacitance, the inverter output voltage is better

approximated as a trapezoidal wave shown in solid blue in Figure 2.4b. Thus, the fundamental of

the inverter output voltage is given in terms of the DC input voltage in eq. (2.8).

vfund,pk =

(
4
π

) sin(α2 )
α
2

VDC,in (2.8)

From the equivalent system diagram in Figure 2.4a, the tank current can be described by eq. (2.9).

This then leads to the derivation of β from the equivalent RLC load in eq. (2.10).

itank,pk =
Vinverter,fund,pk

|2jωL+ 2
jωC + Rload|

=
Vinverter,fund,pk

Rload
cos(β) (2.9)

cos(β) =
Rload√(

2jωL+ 2
jωC

)2
+ R2

load

(2.10)

Substituting in eq. (2.5) and eq. (2.6) to eq. (2.10), the resonant tank inductance is solved in
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(a)

(b)

Figure 2.4: (a) Diagram of the inverter and resonant tank with a resistive load, and (b) plots of the
ideal complementary gate signals with the output inverter voltage and current waveforms.

terms of the desired switching frequency, deadtime, and the coupler capacitance. All of these are

known quantities. Of the two possible inductances, only one is real and valid.

L =
π2cos(πfswtd)±

√
C2π6cos2(πfswtd)R2

loadf 2
sw − C2π6R2

loadf 2
sw

4π4cos(πfswtd)f 2
swC

(2.11)

The inductance given in eq. (2.11) is valid assuming the rectifier is ideal and the load of the

capacitive coupler can be modeled as purely resistive. However, at mega-hertz frequencies, the

diodes cannot be considered ideal. Instead, the equivalent diode capacitance must be included

in the model. The rectifier diagram in Figure 2.5a shows passive diodes in parallel with their

equivalent capacitance, Cj. From [131], the individual capacitances can be grouped into one input

equivalent capacitance, Ce, and resistance, Re, using eq. (2.12) and eq. (2.13) where Cj is a single

diode’s equivalent parallel capacitance. In Figure 2.5b, the full non-ideal rectifier turns into an

equivalent circuit with the equivalent capacitance and resistance as the input to an ideal rectifier.



34

(a)

(b)

Figure 2.5: (a) Diagram of the resonant tank and rectifier. The inverter is represented as an ideal
AC voltage source. (b) Equivalent CPT circuit assuming an ideal AC voltage source and the rectifier
with the field winding as an equivalent parallel capacitance, Ce and resistance, Re.

An additional resistance, Rtank, is added to account for the ESR of the resonant tank components.

The field resistance, Rload, is reflected across the rectifier from the DC to the AC and is included in

the Re term. Equation (2.12) - eq. (2.16) are derived in [131].

Re =
8Rload
π2

(
a+

b2

a

)
≈ 8Rload

π2 (2.12)

Ce =
πb

16fRload (a2 + b2)
(2.13)

Where:

a =
sin2(θ)

16fRloadCj
(2.14)

b =
sin(2θ) − 2θ
32fRloadCj

(2.15)
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(a)

(b)

Figure 2.6: (a) Diagram of the inverter and resonant tank assuming the rectifier load is an equivalent
parallel capacitance, Ce, and resistance Re from the rectifier and field winding. (b) The correspond-
ing inverter output and rectifier input waveforms with reference to the gain signals. All angles
between the voltages and current are denoted.

θ = cos−1
(

1 − 4fRloadCj
1 + 4fRloadCj

)
= ωτdiode (2.16)

The angle term, θ, in eq. (2.16) refers to the commutation angle of the diode and can be derived

from to the time constant, τdiode, for charging the equivalent diode capacitance. Angle θ is denoted

in the context of the tank waveforms in Figure 2.6b.

An improved analysis of the series resonant system now includes the effect of the diode capaci-
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tance along with the tank ESR. Figure 2.6a looks back at the inverter with the rectifier non-idealities

properly taken into account. Equation (2.17) shows the updated form of inverter current from

eq. (2.9).

itank,pk = vinverter,fund,pk

(
1

Re
1+jωReCe +

2
jωC + 2jωL+ Rtank

)
(2.17)

Likewise, the updated β is derived in eq. (2.18)

β = ∠

(
1

Re
1+jωReCe +

2
jωC + 2jωL+ Rtank

)

β = tan−1
[

2CC2
eLR

2
eω

4 − 2 − (Ce(C+ 2Ce)R2
e − 2CL)ω2

(C2
eR

2
eRtankω

2 + Re + Rtank)ωC

] (2.18)

where Ce is the equivalent rectifier capacitance. Now substituting eq. (2.18) and eq. (2.5) into

eq. (2.6), the optimal series resonant inductance for the system is found in eq. (2.19).

L =
Cω(C2

eR
2
eRtankω

2 + Re + Rtank) tan(ω2 td) + 2 + CeR
2
e(C+ 2Ce)ω2

2ω2C(C2
eR

2
eω

2 + 1) (2.19)

With the inductance known, the voltage gain across the LC tank is also known. The rectifier

voltage is found with a simple voltage divider in eq. (2.20). Equation (2.21) defines γ as the phase

between the fundamental component of the inverter and rectifier voltages.

vrectifier,fund,pk
vinverter,fund,pk

=

(
Re

1+jωRCe
Re

1+jωRCe +
2

jωC + 2jωL+ Rtank

)
(2.20)

γ = tan−1
(
−

CCeReRtankω
2 + 2ω2LC− 2

ω(2CCeLReω2 − CRe − CRtank − 2CeRe)

)
(2.21)

From here, angle ϕ in eq. (2.22) corresponds to the phase of the rectifier between the current

and voltage inputs.

ϕ = γ− β (2.22)

Equation (2.4) then can be improved to include the rectifier power factor in eq. (2.23).
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Itank,pk =
π

2cos(ϕ)IDC,out (2.23)

Equation (2.23) makes the assumption that the diode capacitance is the only non-ideality in

the rectifier. The diodes also have significant forward voltage drops, vf, that will be a main source

of rectifier loss. If the the solid green rectifier input voltage waveform in Figure 2.6b has a peak

voltage vrectifier,pk, it will be related to the DC output voltage by eq. (2.24).

Vrectifier,pk = VDC,out + 2vf (2.24)

Now, by using the AC tank current can be calculated with the inclusion of the diode forward voltage

drop. in

Vrectifier,pk =
1
Cj

∫τdiode
0

Itank,pk sin(ωt)dωt

Vrectifier,pk =
Itank,pk
2πfswCj

(1 − cos(θ))

Itank,pk =
4πfswCj

1 − cos(θ)Vrectifier,pk

(2.25)

Equation (2.25) will give a slightly higher current than eq. (2.23) to account for loss from the diode

conduction loss from forward voltage drop. Then the fundamental component of the rectifier is

determined:

Vrectifier,fund,pk =

(
4
π

)(sin
(
θ
2
)

θ
2

)
Vrectifier,pk (2.26)

The overall system voltage gain is simply:

vgain =
VDC,out
VDC,in

(2.27)
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2.2 Resonant Inductor Design

For the simple LC series resonant system, the tank inductance can simply be calculated from

eq. (2.28).

Ltank =
1

(2πfres)2Ctank
(2.28)

For the 1.7MHz CPT system, the two series resonant inductors are both 27µH. These custom ferrite

inductors were wound onto a single quasi-distributed air gap core [132]. The design for this

inductor is taken from [66]. At resonance, the voltages across the tank inductance and coupler

capacitance are equal in magnitude and 180 degrees phase shifted according to eq. (2.29). Therefore,

the tank inductors must be rated for the same 1500Vpk as the coupler.. Teflon insulation was used

for high voltage isolation on the 18AWG silver-plated copper wire.

V =

∣∣∣∣ −jωCitank
∣∣∣∣ = |jωLitank| (2.29)

Using simplified equations, a 4x increase in frequency to 6.78MHz means the inductor size will

be reduced by≈ 1
16 from eq. (2.28). Given the cost of custom ferrite pieces, the smaller inductors are

made using the same ferrite cores as in [132]. For a 1.5kW target and assuming 9.6Apk or 6.8Arms

from Figure 2.3, the inductor design also needs to supply at least 3.7kVAR and withstand 777Vpk.

Another consideration for the inductor design is the skin effect. As the frequency increases, the

current is pushed to conduct on the outer edge. This effect decreases the available conducting cross

sectional area. Equation (2.30) describes the skin depth of a conductor:

δ =

√
ρ

πfµrµo
(2.30)

where ρ is the resistivity and µr is the relative permeability of the material, and µo = 4π ∗ 10−7 is

the permeability of free space. The skin depth is defined as the point where the current density is

reduced to ≈ 37% of its peak at the conductor’s edge. If all current is assumed to flow through the

skin depth of a conductor, quadrupling the system frequency from 1.7MHz to 6.78MHz effectively

doubles the system equivalent series resistance (ESR) loss in the copper wire connections.
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(a)

(b)

Figure 2.7: (a) Comparison of equal lengths of solid 18AWG silver-plated copper wire, solid 14AWG
copper wire, and 14AWG-equivalent Litz wire with individually insulated 48AWG strands. (b)
Comparison of three inductors wound with 14 AWG and 18 AWG solid wire, and 14 AWG-equivalent
Litz wire.
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It can be helpful to use Litz wire to reduce the equivalent resistance of the tank system at high

frequencies [133]. Litz wire is made of small, individually insulated wires that are transposed within

a bundle so that all wires experience equal flux from all other wires. However, each individual wire

in the bundle still experiences the skin effect. For copper, the skin depth at 6.78MHz is approximately

one thousandth of an inch, or 25µm. To account for the skin depth, an equivalent 14 AWG Litz

wire with 2700 48-gauge (30.5µm diameter) individually insulated wires is tested for use in all

connections and series inductors. 48-gauge Litz wire is currently the smallest commercially available

strand size, but is only recommended in applications up to 2.8MHz [134].

In order to evaluate the Litz wire, Figure 2.7a compares the resistances of three equal ≈ 0.5m

lengths of wire. The wires are measured as half-loops of wire in the impedance analyze. The

previously used 18AWG silver-plated solid copper wire is compared with the 14AWG-equivalent

Litz wire described above and 14AWG solid copper wire. At frequencies below four megahertz

the Litz wire is superior and is up to 2x and 3x better than the 14AWG and 18AWG solid wire,

respectively. However, the solid wire trends are mostly linear over this frequency range while the

Litz wire resistance exponentially increases. The cross-over points where the solid wire has lower

resistance are at ≈4.5MHz and ≈5.5MHz. By the 6.78MHz point, the Litz wire is 30-70% worse

than the solid wire.

It is known that the effectiveness of Litz wire diminishes in the megahertz range [133]. With

many small diameter wires bundled together, the wire capacitance can be significant. Additionally,

eddy current losses (proportional to f 2) are induced in the wire that can negate any benefits from

the Litz wire. It is possible that 50AWG or 52AWG Litz wire bundles would perform better at

6.78MHz, but these are not commercially available standard sizes.

This effect is also observed for the individual inductors. Figure 2.7b compares the same three

versions of wire at the same length, now as two-turn inductors. Core loss is now included in

resistance value as well as proximity losses between the two turns. The inductances are similar

among the three types of wire, but again the Litz wire has a significantly higher resistance at

6.78MHz than the solid wire. Figure 2.8 gives examples of the inductors wound with the original

18AWG wire, and the 14AWG-equivalent Litz wire. In order to achieve the same voltage standoff

rating as the blue Teflon insulation, Kapton tape is wound around the Litz wire and 14AWG solid

wire before being wound around the core.
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(a) (b)

Figure 2.8: Resonant inductors for the 6.78MHz resonant tank made with (a) 18 AWG solid copper
wire, and (b) 14 AWG-equivalent Litz wire

2.3 High Frequency Inverter Design

The inverter in this resonant system is a class-D converter with high switch utilization [95, 135].

Ideally, the inverter switches at the resonant frequency of the tank, 6.78MHz, with a 50% duty

cycle. At megahertz switching frequencies, wide-band gap (WBG) switches are used. Gallium

nitride (GaN) devices are chosen over silicon carbide (SiC) as GaN HEMT switches typically have

more than an order of magnitude lower gate charge than their SiC counterparts. This significantly

reduces the power necessary to drive the switch as the power scales with frequency according to

eq. (2.31).

Pdrive = Qgvgsfsw = Cissv
2
gsfsw (2.31)

Additionally, GaN HEMT devices have the anti-parallel diode functionality without an explicit

diode present. This eliminates the loss associate with diode free-wheeling. Although SiC MOSFETs

have lower output capacitance across the drain-to-source, the loss associated with this capacitance

only becomes an issue in the 10’s megahertz range [136, 137]. The GS66508T GaN Systems E-HEMT

top-side cooled switch is chosen with 650V voltage blocking, 50mΩ on-state resistance, and a gate

charge of 6.1nC.

The gate drive integrated circuit (IC) chip is also chosen specifically for megahertz frequencies

and GaN devices. GaN HEMT switches can have faster turn-on and turn-off speeds (slew rates)
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than SiC MOSFETs and thus their driving ICs must have higher common-mode transient immunity

(CMTI). The isolated gate drive IC from Silicon Labs, SI8271, is specifically designed for GaN

devices and short deadtimes with CMTI > 350 Vns .

Each switch in the full-bridge inverter is separately isolated for driving the high-side and

maintaining an identical layout for each switch. In this design, a 5V isolated DCDC converter

from RECOM, RHV2-0505S/R20, is used with a low isolation capacitance of 4pF. The low isolation

capacitance is necessary to prevent high frequency content and voltage spikes coupling back to

the low-voltage, non-isolated side of the inverter and affecting the control signal. Additionally,

a common mode choke is added to the input of the DCDC converter to remove high frequency

content.

Figure 2.9: Block diagram of the circuity to produce two complementary signals with deadtime
from one reference square wave.

The inverter does not have a microcontroller for control. Instead, a single square wave signal

from a waveform generator is used for the gate drive control signal. As shown in Figure 2.9, analog

PWM circuitry splits the single square wave signal into two complementary signals with a specified

deadtime using Schmitt trigger inverters and an RC delay. The added non-inverting buffer stage

is necessary to match the propagation delay for all the ICs to maintain consistent dead time. The

propagation delay for these devices is in the range of 4-5ns and therefore it is critical they are

identical. As will be discussed in section 3.2, the deadtime is set as low as 15ns.

The deadtime between switches in the half-bridge must be set such that it is a shorter period

than the free-wheeling diode conduction action of the switches. Figure 2.10 shows that the choice

of deadtime has consequences for the full system design. In this plot, the switching frequency is
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set to 6.78MHz for all conditions. The simple LC resonant frequency of the tank is adjusted using

eq. (2.19) as the load resistance and dead time is varied. As the deadtime and/or load resistance

increases, the ratio of switching frequency to LC resonant frequency must increase. It is important

to note that even without deadtime, the interaction from the equivalent diode capacitance means

that the switching frequency must be above resonance. Knowing the desired switching frequency

of 6.78MHz and achievable dead time for ZVS, the appropriate target for the resonant frequency

can be determined.

Figure 2.10: Plot showing how the resonant tank frequency changes to maintain minimum zero
voltage switching (ZVS) conditions in terms of the load resistance and inverter deadtime. The
inverter switching frequency is held constant at 6.78MHz.

Soft switching is employed to reduce the switching loss component in converters and to reduce

the switch voltage overshoot and ringing. In zero current switching (ZCS), Figure 2.11a, the inverter

output current leads the voltage when the switching frequency is below the tank resonance and

thus creates a capacitive load for the inverter. The switches turn off when the current is zero, but still

have a hard turn on that creates a voltage spike. In zero voltage switching (ZVS), Figure 2.11b, the

inverter output current lags the voltage when the switching frequency is above the tank resonance

and the load is inductive. In this case, the switch turns on when the voltage is zero and has a hard
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turn-off that can create a voltage spike. The turn-off voltage spike is often lessened by an additional

output capacitor across the drain-source of the switch denoted as Cs in Figure 2.2b. The output

capacitance of the GaN switch, Coss, may be enough or an external capacitor can be added as a

snubber. During testing, it is determined that the capacitance of the GaN switch is sufficient.

(a) (b)

Figure 2.11: (a) Zero current switching and (c) zero voltage switching waveform diagrams taken
from [6]. Q and D refer to switch and its body diode. Q1 & Q2 are the top and bottom switches of
one half-bridge, and Q3 & Q4 are the top and bottom switches of the second half-bridge.

The inverter PCB layout is designed to reduce parasitic inductance in the half-bridge and gate

loops by reducing trace lengths and loop areas. At megahertz switching frequencies, the effects of

parasitic inductances and capacitances can never be eliminated, only mitigated. The input to the

inverter should be a voltage stiff DC source; however, parasitic inductance in the traces causes noise

on the line. In order to reduce the parasitic inductance, an additional DC link capacitor is added as

close as possible across each half-bridge and the loop area is kept as small as possible.
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(a) (b)

Figure 2.12: (a) Diagram of a single half-bridge emphasizing the DC-link loop with parasitic
inductances. (b) Diagram showing the commutation loop inductance of each gate drive in a
half-bridge.

Figure 2.12 shows the two main pathways with problematic stray inductance: the half-bridge

loop and the gate loop. The half-bridge loop in Figure 2.12a necessarily has some stray inductance

between the DC link capacitor and the two GaN switches resulting from the PCB trace lengths.

Figure 2.13 compares the DC-link placement layout between the two prototypes. In the first

prototype surface mount DC link capacitors are placed on the top side of the board. The second

prototype shows that the DC filter capacitors are placed on the bottom of the board so that the loop

only has the thickness of the board instead of being placed around the output phase connector.

Both layouts are imported to Ansys Q3D for parasitic loop inductance analysis.
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(a) (b)

(c) (d)

Figure 2.13: Half-bridge PCB layout diagrams in Altium for (a) top-side (1st prototype), and (b)
bottom-side (2nd prototype) placements of DC-link capacitors. The corresponding layouts for
(c) top-side and (d) bottom-side capacitor placements are added to Ansys Q3D to calculate the
half-bridge parasitic loop inductances.
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(a) (b)

(c) (d)

Figure 2.14: Gate-loop PCB layout diagrams in Altium for the (a) 1st prototype and (b) corre-
sponding Ansys Q3D simulation, as well as the (c) 2nd prototype and (d) its corresponding FEA
simulation.

Figure 2.12b shows the DC-link half-bridge and gate loop diagrams of the inverter with parasitic

inductances. The first prototype utilized a gate-drive IC with a single gate signal output. Separate

turn-on and turn-off paths were implemented with the use of a diode and an additional TVS diode
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was added across the gate-to-source to limit the overshoot from the high slew rates of the GaN

switch. The second prototype emphasized reducing the complexity, part count, and parasitic loop

inductances. Individually isolated gate drive ICs were used that had separate turn-on and turn-off

pins and only small gate resistors were used in the loop. In Figure 2.14 the gate drive loops for both

prototypes are shown. Stray inductance is reduced by keeping all traces as short as possible and

creating a separate low inductance return path from the main GaN source pin. GaN switches have

distinctly low gate charge, in the single nanocoulombs range, resulting in a low gate driving power

that make them ideal for megahertz switching frequencies. Additionally, a gate drive IC is chosen

with the capability to supply the full driving current, up to 4A, and have dedicated output high

and output low pins. In this way, there is no additional need for additional driving circuitry, such

as a push-pull configuration or additional diodes required to create two separate outputs from one

output pin. The reduction in complexity and part count is at the crux of reducing stray inductance

in this gate loop path.

Table 2.1 summarizes the parasitic inductance FEA results from Ansys Q3D. For both prototypes

the gate loop inductances are comparable, but the biggest improvement comes from the half-bridge

DC-link capacitor loop. Placing the capacitors on the bottom of the board below the GaN switches

results in a 3x reduction in loop inductance. This improvement reduces the voltage ripple and

overshoot present on the inverter output voltage waveforms.

1st Prototype 2nd Prototype
Gate Loop Inductances 5.3nH 4.4nH

Half-Bridge Loop Inductance 45.5nH 14.2nH

Table 2.1: Ansys Q3D parasitic inductance FEA results for the half-bridge and gate drive loops as
shown in Figure 2.12

The inverter board is shown in Figure 2.15. Two green connectors provide 5V input power and

the reference PWM signal from a function generator. The blocks on the bottom of the board are

the individual isolated DCDC converters. Each switch has a solid copper block soldered to its top,

source, thermal pad with a heatsink and fan attached across each half-bridge of set of switches.

Sheets of Kapton isolate the two thermal pads from each other. The inverter manufacturing process

is further described in section 3.2.

The switching loss is assumed to be negligible with the resulting power losses summarized in
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Figure 2.15: Picture of the final prototype of the 6.78MHz full-bridge inverter.

eq. (2.32). Specifically, the output capacitance charge quantity, ECoss comes from [138] where the

same GaN device used here was characterized.

Ploss,inverter = Pconduction + PCoss

Ploss,inverter = 4I2rms,GaNRds,on + 4ECossfsw
(2.32)

where

ECoss =

(
0.049

(
fsw

106

)0.2
V1.16
in

)
10−9 (2.33)

Irms,GaN =
Itank,pk

2 (2.34)

2.4 High Frequency Rectifier Design

2.4.1 Voltage Stiff Design

A passive full-bridge rectifier is necessary to convert the AC coupler power to DC for exciting the

field windings. This rectifier is categorized as a voltage stiff design with a large capacitance on the
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output to filter high frequency harmonics from the DC voltage. The rotating rectifier is made to

fit in the center radius of the rotating CPC board. Figure 2.16 shows the diodes on the inside of

the rotating coupler PCB. For the SiC Schottky diodes, the equivalent capacitance is nonlinear as a

function of the reverse voltage applied to the diode. 1200V SiC schottky diodes, IDM08G120C5,

from Infineon are chosen for the full-bridge rectifier as they have negligible reverse recovery loss

and withstand high dv
dt . The rectifier input power in eq. (2.35) is a function of the power factor

previously discussed in section subsection 2.1.1.

Prectifier,in = Vrectifier,rmsItank,rms cos (ϕ) (2.35)

The main loss mechanism for the diodes comes from the conduction loss.

Prectifier,conduction = 4vfiavg,diode (2.36)

where

idiode,avg =
Itank,pk

π
(2.37)

(a) (b)

Figure 2.16: (a) Diagram of the rectifier layout and (b) the assembled rectifier PCB with heatsinks
for each diode.

The diodes also have a nonlinear equivalent capacitance of 50pF at 100V down to 26pF at
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400V. At megahertz frequencies, the equivalent diode capacitance contributes significantly to the

performance of the system as it is on the same order of magnitude as the main coupling capacitance.

With the addition of the equivalent diode capacitance, the resonant system changes from a primarily

LC series resonant to an LCC resonant system. Different methods are employed to compensate for

this capacitance. One method involves adding an inductor, Le, across the input of the rectifier to

create a parallel resonance with the diode capacitance that is sized to resonate at the same frequency

of the series LC tank [139]. The inductor value is set as a power factor correction term for Ce in

the rectifier. Essentially, the equivalent diode capacitance is decoupled from the resonant tank.

Figure 2.17 shows the same series resonant system with the addition of the power factor correcting

inductor in parallel to the input of the rectifier. Adding this compensation inductor can improve the

power factor, cos(ϕ), and efficiency of the rectifier, but also adds an additional large and potentially

lossy component to the high frequency rotating side of the system.

Figure 2.17: Diagram of the full CPT system with the voltage-stiff rectifier featuring a power factor
correcting inductor in parallel with the input to the rectifier.

Figure 2.18 looks at the resonance of the full resonant converter system with a voltage-stiff

rectifier under a few different conditions. The swept frequency is normalized to the simplified

resonance of just the main LC tank. The black curve shows the baseline condition of a simple RLC

series-resonant system (not including Ce or Le). Figure 2.18a specifically shows the equivalent

circuit, equation and plots for the input impedance as the rectifier capacitance, Ce, changes. As

Ce increases the full system resonant frequency increases, as well. The value of Ce changes with

reverse voltage; therefore, as the output power to the field winding changes, so too will the value

of Ce. Additionally, the system equivalent load resistance decreases as the rectifier capacitance

increases.
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(a)

(b)

Figure 2.18: Input impedance and phase calculations of the equivalent system from Figure 2.5b
looking at the sensitivity of components in the voltage-stiff rectifier. In (a) the equivalent rectifier
capacitance, Ce is varied and in (b) the compensation inductance, Le is varied showing general
trends in the system resonance

Figure 2.18b considers the addition of the parallel power factor correcting inductor, Le. This

inductance is a fixed value for all power operating conditions of the system. As the value of Le

cannot change as the output power changes, the plot shows the case when there is an error in Le

relative to the resonance point with Ce. As Le increases, so too does the resonance point. When Le

is too small to decouple Ce completely, the overall system resonant point decreases.

For the actual rectifier layout, there are more considerations than just the diode capacitance.

Any small traces between the diodes creates parasitic inductances that can resonate with the diode

capacitance as shown in Figure 2.19a. Typically, the traces are on the order of nH’s of inductance
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that create high frequency ripples in the 10’s of megahertz range. Ideally, filter capacitors would be

placed as close as possible across each pair of diodes but any short trace will have some parasitic

inductance effect. It is not possible to filter out all harmonics, only to mitigate their effects.

(a) (b)

Figure 2.19: (a) Voltage-stiff rectifier diagram highlighting the parasitic inductances that could be
creating high-frequency harmonic with the diode equivalent capacitance. (b) LTspice simulation
results showing high-frequency rippled on the rectifier input voltage from the addition of parasitic
inductance in the rectifier circuit.

In fig. 2.19b, the circuit is simulated using LTspice to look at the effect of the stray inductance.

As previously stated, in an ideal series resonant converter without diode capacitance and parasitic

components, at the tank resonance the input voltage of the rectifier should be identical to the output

voltage of the inverter. In the bottom plot there is a high frequency ripple on the rectifier input

voltage. Negligible parasitic resistance was added into the simulation so that the ripple is under

damped instead of displaying the familiar damped response seen in practice. The rectifier input

voltage plot also shows that the diode equivalent capacitance turns the waveform from a square

wave to a trapezoidal waveform.

The main constraint for the rectifier PCB layout is the small space allotted in the center radius of

the capacitive coupler boards. The donut shape does not lend itself to a tight, low parasitic layout as

shown in Figure 2.16 where the diodes are stacked on top and the capacitors on the bottom. To help
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mitigate thermal issues, surface mount heatsinks are placed around each diode and compressed air

is blown across the top.

2.4.2 Current Stiff Design

Another rectifier design approach utilizes the inherent input capacitance to reduce diode switching

losses as a result of discontinuous output current. In contrast with voltage stiff rectifiers that have

a main output filter capacitor, current stiff rectifiers have large output filter inductors to ensure

continuous conduction mode for each passive diode as described in [7]. A large DC filter inductance

is added before the output filter capacitor to create a current-stiff rectifier output. It is still necessary

to have a capacitive filter after the inductor in order to filter the output voltage. A diagram of this

system is shown in Figure 2.20 where LDC and CDC are the output filter components and Lp, Cp,

and Rp are parasitic components useful for simulation. In megahertz passive rectifiers, the parasitic

components cause distortion in the waveforms that result in poor efficiency and discontinuous

output currents. Specifically, discontinuous current through the diode during a conduction period

leads to unnecessary diode switching and loss.

Figure 2.20: Diagram of current stiff rectifier with DC filter inductors post-rectifier along with
parasitic components [7].

The current stiff system analogously requires a parallel capacitor, or commutation capacitor,

Cin on the terminal inputs to the rectifier to filter out higher frequency harmonics in the input

voltage waveform. The values for both the filter inductor and input commutation capacitor are

largely determined via simulations and experimentation with the full CPC system.
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Simulations using PLECS sweep different parameter variables in the current-stiff rectifier design.

Figure 2.21 investigates the effect of the variable LDC while Cin is kept constant. Specifically, the

input rectifier voltage and rectifier diode current are plotted against LDC, which has been swept by

several orders of magnitude. In the diode current plot, values of LDC below 1µH clearly have many

oscillations in this discontinuous condition that contribute to large amounts of loss for each diode.

It is desirable to have a continuous output current to reduce diode loss. In the voltage plot, as the

inductance increases, so too does the sinusoidal shape of the waveforms. The ideal waveform for a

current-stiff rectifier is a sinusoidal input voltage. Increasing the inductance above the continuous

conduction mode produces diminishing returns.

(a) (b)

Figure 2.21: PLECS simulations sweeping LDC in the full current-stiff rectifier system against (a)
input rectifier voltage, and (b) output rectifier current.

The inherent parasitic inductance of the rectifier traces with the equivalent diode capacitance

creates high frequency ringing on the voltage waveforms. The current-stiff rectifier is preferable

to limit the voltage overshoot on the rectifier voltage waveforms and ultimately lower the voltage

utilization of the diodes.

2.5 Example 6.78MHz CPT System Design Calculations

This section walks through the analysis developed in this chapter for a single power point of the

6.78MHz CPT system. This will give an estimate of the efficiency and expected loss from each

section at a specific operating point of 1.5kW. The testing results in chapter 3 will discuss how this

analysis compares to the real system and also where it falls short. Table 2.2 lists the known system
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design conditions and constraints.

Condition Variable System Value
Power Output Pout 1500 W

Switching frequency fsw 6.78 MHz
Dead time td 15 ns

Coupler capacitance C 300 pF
Field resistance Rfield 40Ω

System ESR Rtank 1Ω
Diode capacitance Cj 50 pF

Diode Forward Voltage Drop (150◦C) vf 2.25V
GaN HEMT on resistance (150◦C) rds,on 129mΩ

Table 2.2: CPT Example Circuit Parameters

Now to go through the main calculations from the equations:

Parameter Variable Equation Reference Result Unit
Deadtime angle α eq. (2.5) 37 ◦

Inverter power factor PFinverter eq. (2.7) 0.95
Equivalent rectifier+load resistance Re eq. (2.12) 32 Ω

Equivalent rectifier capacitance Ce eq. (2.13) 242 pF
Resonant tank inductance L eq. (2.19) 2.06 µ H

Tank LC resonant frequency fres eq. (2.1) 6.395 MHz
Field winding current IDC,out eq. (2.3) 6.1 A
Rectifier power factor PFrectifier eq. (2.22) 0.95
Rectifier diode current Iave,diode eq. (2.37) 3.3 A

Tank current Itank,pk eq. (2.25) 10.38 Apk

GaN switch current IGaN,RMS eq. (2.34) 5.2 ARMS

Input bus voltage VDC,in eq. (2.8) 260 V
System voltage gain vgain eq. (2.27) 0.94

[
V
V

]
Table 2.3: CPT example system calculation results.

In the above calculations the capacitive coupler is assumed to purely be two equivalent capaci-

tances. In reality the coupler is a matrix of capacitances that will change the current magnitude

and phase across the PCB boards.The loss from the rectifier diode switching is also not captured.

Theoretically SiC have no reverse recovery loss so this is negligible. There will be some small

amount of switching loss considering that the switching frequency is above the resonant frequency
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Power Variable Result Unit
Rectifier Conduction Loss Ploss,rectifier 50.7 W

Tank ESR Loss Ploss,ESR 53.8 W
Inverter Loss Ploss,inverter 15.5 W

Total System Loss Ploss,tot 120 W
Total System Efficiency ηsystem 92.6 %

Table 2.4: CPT example calculated loss from each subsection and total system efficiency.

that is not captured in the above analysis. Figure 2.22 shows the individual loss components from

Table 2.4. It is clear that the majority of the loss comes from the system ESR and the rectifier diodes.

The biggest efficiency improvements come from reducing the system ESR and having excellent

cooling for the rectifier. The hot forward voltage drop at 150◦C is 2.25V compared to 1.65V at 25◦C.

Figure 2.22: Pie chart of the estimated loss breakdown of the CPT system example calculations
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2.6 Concluding Remarks

The motivation for improvements and redesign of the CPT system are rooted in the need to achieve

higher output powers > 1kW by increasing the operating frequency. The scope of this work is not

to redesign the capacitive coupler, but to optimize its performance through the surrounding power

and compensation circuitry. This chapter has gone through the design assumptions and analytical

calculations to optimize the high frequency soft-switching inverter, resonant tank, and rectifier

subsystems. The following is a summary of the main design improvements:

• 4x increase in operating frequency from 1.7MHz to 6.78MHz

This addresses issues #1 and #2 to reduce the resonant inductor size and eliminate the post-

rectifier buck converter, respectively. A smaller inductor is needed to resonate at a higher frequency

with the same coupling capacitance. Additionally, the current rating of the coupler is 4x higher

with a 4x increase in frequency from the proportional amps/hertz rating. There is no longer a need

for the buck converter impedance compensation.

Although the inverter from the 1.7MHz was not limiting the maximum output power of the

system, it nonetheless was redesigned to manage parasitics and losses at a 4x higher frequency.

One main issue at megahertz switching frequencies is that any stray inductance or capacitance can

affect the performance and efficiency of the system significantly. This work has taken the approach

to simplify and minimize the number of components creating compact circuit layouts to reduce

trace lengths and loop areas and confirmed in FEA using Ansys Q3D.

• Investigation of different rectifier topologies and compensation strategies to reduce the

losses and diode voltage utilization.

This addresses issue #3 to prevent thermal failure of the diodes on the rectifier board. It is clear

that any small amount of stray inductance will create ringing in the voltage stiff rectifier design

and stray trace inductance is inherent to any PCB layout. The current stiff rectifier design appears

to be superior in that it prevents large overshoot or ringing from current spikes by placing a large

inductor on the output. The goal is that the reduction of ringing on the rectifier will reduce the

individual diode loss and mitigate thermal issues. The following chapter will expand on these

designs to evaluate their potential for kilowatt-level wireless power transfer to field windings.
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Chapter Three

Resonant System Testing

This chapter develops the platform testing protocol for evaluating the designs in chapter 2 and

provides an overview of the current system capability in terms of output power and temperature

handling. The following sections focus on testing the inverter, resonant tank, and rectifier sections

separately to identify their successes and areas of future improvement. The capacitive power

transfer system achieved a peak output power of 2.3kW with an efficiency of 88.5%. This a 3.4x

power improvement over the previous 1.7MHz-based CPT design [84].

3.1 Overall System Description

Figure 3.1a shows a diagram of the full CPT system with the wound field synchronous rotor field

winding as an RL load. The rotating rectifier rotor board design is described in further detail below,

but the capacitive coupler system is shown in Figure 3.1b. The inverter and the tank inductors are

contained together in a housing that holds a fan to force air over the inverter switch heat sinks. The

two red and blue touch-safe connectors into the housing are for the low voltage 5V input to power

the low voltage deadtime and square wave control circuitry. A common-mode choke is necessary

on the input to the 5V isolated DCDC converter to prevent noise from coupling back through to the

low-voltage side. This inverter is driven with a square-wave signal generator controlled by the user

to set the inverter to operate at zero voltage switching. Likewise, the frequency is adjusted during

testing to achieve the optimal efficiency as the system reaches thermal steady state and the field

resistance changes. This setup is sufficient for bench testing where the boards do not rotate.
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(a)

(b) (c)

(d) (e)

Figure 3.1: (a) Diagram of the CPC system along with pictures of (b) the overall CPC system, (c)
the rectifier and resonant inductors, and (d) the tubes for compressed air to cool the rotating diodes
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3.2 Inverter Testing

Figure 3.2 shows the top and bottom views of the final assembled inverter. The switches from GaN

Systems (GS66508T) are top side cooled. The switches’ top side thermal pads are connected to the

source pin. In order to increase the thermal mass of each switch, copper blocks are soldered directly

to the source thermal pad as shown in Figure 3.1e. The small blocks are cut out of 6.5mm thick

copper stock to cover the full thermal pad. The inverter is first assembled and soldered with the

switches by themselves, then solder paste is applied to the thermal pad and the copper blocks are

added and baked in a reflow oven. The soldered connection provides a direct thermal connection

without added thermal resistance from thermal paste or other insulating pads. Likewise, the copper

blocks add thermal mass to reduce the rate of the GaN junction temperature rise.

An integrated fan and heatsink block meant for microcontroller cooling is placed across each

half-bridge of switches. Since the copper blocks are electrically connected to the switch source, each

switch has an isolation sheet between its thermal pad and the heatsink to keep the components

electrically isolated from each other. The heatsink fans are powered from the same 5V power supply

as the inverter controls.

(a) (b)

Figure 3.2: Pictures of assembled inverter from (a) top view and (b) bottom view

The gate drive IC for the inverter by Silicon Labs, SI8271GBD-IS, is automotive qualified and has

an integrated “deglitcher” that ignores any noise for fifteen nanoseconds after a command signal
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is given. This prevents one switch in the half-bridge from being turned on during the deadtime

period due to noise from the turn-off of the other switch. Separate gate drive ICs were chosen for

the high and low side instead of a combined half-bridge IC to keep all four gate driver circuits as

identical as possible.

Figure 3.3a shows the GaN switch gate signals for a half-bridge from an oscilloscope waveform

capture with no load. The waveforms are captured using single-ended probes with bandwidths

> 400MHz on the high and low sides to achieve the highest possible quality and accuracy. The

deadtime time measurement is taken when the gate signal equals 1.7V which is listed on the

datasheet as the vGS threshold voltage. The deadtime during testing is tuned to be≈ 15ns using the

RC delay in Figure 2.9. This is a 2.5x reduction in deadtime from the 40ns minimum for the previous

1.7MHz inverter. Additionally, each inverter must be tuned separately since the propagation delays

in each Schmitt trigger inverter and buffer can vary by nanoseconds.

Figure 3.3b shows the same gate-to-source signals when the system is operating at its maximum

recorded operating output power of 2.3kW. The measurement was taken courtesy of Teledyne-

Lecroy using new high-bandwidth and common-mode-rejection differential probe prototypes. Two

different probes were used for the high-side and low-side measurements, so that can account for

differences in the high frequency harmonics. The high-side gate signal remains largely the same,

but the low-side has a slower turn-off with a deadtime that is smaller than expected.
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(a)

(b)

Figure 3.3: Oscilloscope capture of half-bridge gate signals (a) not under load with a deadtime of
≈ 16ns, and (b) under maximum load at Pout = 2.3kW

Without the use of a power analyzer capable of megahertz range analysis, it is not possible

to accurately measure the inverter efficiency (DC-in to AC-out). The input and output inverter

waveforms can be captured on an oscilloscope, but the measurement circuits and probes are not

intended for extremely high accuracy. As a result, calculated efficiencies are nonsensical and can

erroneously be over one hundred percent in some situations. Assuming the inverter loss is solely

from conduction, the efficiency is > 99% and therefore is not considered to be a large factor in

improving the overall DCDC system efficiency.
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3.3 Resonant Tank System Testing

The new set of inductors that are designed for a system resonance of 6.78MHz are shown in Figure 3.4,

with and without Litz wire. Both inductors are identical quasi-distributed air gapped inductors

made of segmented ferrite core segments with 2 thousandths of an inch of Kapton sheets in between

each segment to maintain the air gap. The original inductors in Figure 3.4a are made with 18 AWG

solid copper wire plated with silver for high-frequency performance and initially designed for the

1.7 MHz CPC prototype on the left. The wire is insulated with PTFE for high-voltage breakdown

strength. The Litz wire inductor version in Figure 3.4b is made with 14 AWG-equivalent Litz wire

with individually insulated 48 AWG wires. It is not necessary for the individually isolated wires

to be rated for high voltages, only the overall bundle insulation. However, the Litz wire bundle is

only wrapped with a nylon cloth and does not provide high voltage isolation. Kapton tape, shown

in orange, is wrapped around the wire before assembly of the inductor for high voltage isolation.

Unfortunately, the significantly larger gauge wire and Kapton wrap means that the outer ferrite

core segments do not sit flush with the endcap pieces with a ring of bare ferrite exposed.

Figure 3.5 compares the original 1.7MHz system ESR with the new 6.78MHz system ESR.

It is important to note that the system ESR is determined by shorting together the input of the

rectifier. Therefore, the equivalent diode capacitance is not considered for these impedance analyzer

measurements and the system resonance point is solely determined from the tank inductor and

capacitive coupler. As shown from simulations in section 2.4.1, the rectifier diode capacitance will

increase the resonance point of the coupler compensation system.
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(a) (b)

Figure 3.4: Pictures of assembled tank inductors (a) comparing the 1.7MHz and 6.78MHz solid
copper wire versus the (b) Litz wire wound versions

The new 6.78MHz system ESR in Figure 3.5b improved significantly, nearly 1/3 lower, even

considering the higher frequency and skin depth. The ESR is significantly affected by the total

length of wire in the system simply due to smaller resonant tank inductors with much fewer turns

and less wire. Additionally, a mistake was found in the original CPC rotor board where it was

lacking vias between the front and back side copper pours. Without vias, there is an additional

resistance between the CPC boards. While most of the system resistance comes from the connection

wires and inductors, the capacitive coupler plates also have real resistive loss. The ESR improvement

will reduce the resistive loss; however, it also reduces the damping of high frequency oscillations

above the fundamental.

In order to maintain zero voltage switching (ZVS) such that the inverter devices are soft switch-

ing, the switching frequency must be above the tank resonance frequency. The system modeling

from subsection 2.1.1 aims to predict the minimum switching frequency required for ZVS given

the machine load impedance and the inverter deadtime. Specifically, Figure 2.10 plots the ratio of

switching frequency over resonant frequency versus load resistance and deadtime.



66

(a) (b)

Figure 3.5: Comparison of (a) the 1.7MHz system ESR [94] and (b) the new 6.78MHz system ESR
with and without Litz wire

Figure 3.5b plots the CPT system impedance with the rectifier shorted across its input terminals.

These plots show the series LC tank resonance points for all solid wire and all Litz wire in the

system. The impedance at the resonance point is the system equivalent series resistance (ESR),

meaning the Litz wire version will have lower ESR loss. With Litz wire, the system LC resonance is

at 6.62MHz.

Table 3.1 uses the analytical calculations from chapter 2 to determine the minimum switching

frequency of the inverter with the assumption that the LC tank resonance is at 6.62MHz and the

deadtime is 15ns. The switching frequency is calculated assuming two different output powers

since the diode capacitance is nonlinear with blocking voltage. At 250W, the diode blocking voltage

is roughly 100V, and at 4kW it is roughly 400V. The switching frequency increases with power given

that the diode equivalent capacitance increases with blocking voltage. For testing, the inverter

switching frequency will not actually be at 6.78MHz. Instead, it will roughly be in the range of

7.1-7.2MHz.

Pout ≈ 250W Pout ≈ 4000W
LC Resonant Frequency 6.62MHz 6.62MHz

Switching Frequency 7.15MHz 7.19MHz

Table 3.1: Table showing the theoretical minimum switching frequency as the output power changes.
The tank resonance is assumed constant.
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3.4 Rectifier Testing

The rotating rectifier board is an important and necessary component of any WFSM wireless

excitation method. In this work, two different types of rectifiers are analyzed. “Voltage-stiff” and

“current-stiff” rectifier designs refer to the method of filter used on the DC output whether capacitive

or inductive, respectively. Both are compared based on how well they reduce the loss and stress on

the passive diodes in the megahertz operating region.

3.4.1 Voltage Stiff Rectifier

The first rectifier designed and tested is the classic voltage-stiff version where a large DC filter

capacitor is placed on the output to create a smooth DC voltage. Figure 3.6 shows pictures of the

assembled rotating rectifier board as described in section 2.4.1. As is shown in Figure 3.6b, the

filter capacitor is actually many capacitors in parallel. At 7MHz, the impedance of capacitors in

the µF range are dominated by stray inductance and would not have the ability to filter out higher

frequencies of voltage ripple. As a solution to this issue, many 100nF capacitors were put in parallel,

each of which has a self-resonance just above 30MHz.

(a) (b)

Figure 3.6: Pictures of the (a) front and (b) back of the rotor coupling board with voltage-stiff
rectifier.
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The diodes are placed on the top side with DC filter capacitors directly behind each half-bridge

to keep the loop area as small as possible and mitigate stray inductance. The SiC Schottky diodes

used in this design are 1200V-rated devices from Infineon, IDM08G120C5. Each diode has a surface-

mount heatsink specific to DPAK packages. The heatsinks are chosen to be the width of the rectifier

radial area and a small profile for rotating. The choice to use surface-mount (as opposed to through-

hole) heatsinks and diodes was driven by the limited area on the CPC board for the rotating rectifier

and the high-speed nature of the board. However, as shown in Figure 3.1c, compressed air is forced

across the diodes, providing sufficient cooling. Eight total diodes with two diodes each in parallel

can also reduce the individual loss of each diode for cooling without changing the loss of the

system.

(a) (b)

Figure 3.7: System waveforms showing the inverter voltage, tank current, and rectifier voltage for
both the voltage-stiff rectifier (a) without and (b) with inductor compensation.

Figure 3.7 plots the oscilloscope waveforms where during testing the system is operated above

resonance to achieve ZVS. In both figures, the blue curve is the output voltage from the inverter and

the red is the output current, otherwise known as the tank current. The green waveform is the input

voltage to the rectifier. From the resonant system analysis in chapter 2, the blue and green waveforms

are expected to look trapezoidal. Additionally, there is a voltage gain between the inverter and

rectifier voltage waveforms from the presence of the rectifier equivalent capacitance. The large

overshoot and ringing in the rectifier voltage comes from stray inductance in the half-bridge loop

resonating with the equivalent diode capacitance. In both plots, the current lags the inverter

voltage indicating the inverter sees an inductive load as desired in ZVS. In Figure 3.7a without
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the compensation inductor, the tank current leads the rectifier voltage, indicating a large input

capacitance from the equivalent diode capacitance. The addition of the input rectifier capacitance

pushes the resonant frequency and the voltage gain higher. In the initial 1.7MHz prototype, it was

determined that the optimal efficiency occurs when the switching frequency is set such that the

current splits the inverter and rectifier phase equally.

In Figure 3.7b it is shown that the addition of a parallel input inductor can help decouple the

effects of the diode capacitance. The parallel input inductance is a power factor corrector for the

rectifier. Ideally, the inductance is set such that it resonates with the diode capacitance at the

tank frequency. Figure 3.8 shows different air core inductors wound from solid magnet wire. The

equivalent rectifier capacitance is 230 ± 20pF, so at 6.62MHz the inductance should be around

2.5µH. Any small change to the system drastically changes the resonant point so this inductance

value is best determined experimentally.

It is important to note that there is negligible overshoot on the blue inverter voltage waveforms.

There was a significant effort made in Figure 2.13 and Figure 2.14 to mitigate the parasitic inductance

in the half-bridge and gate-drive loops to reduce the overshoot on the inverter waveforms. Typically,

a 50% headroom is given between the DC input voltage and the power switch rating. However,

the the low overshoot present on these waveforms means the 650V GaN devices do not need 50%

headroom and have excellent voltage utilization.

Figure 3.7b shows a sample waveform of the system with the compensation inductor included.

In this case, the waveforms keep the same general shape as without compensation except the phase

shifts change. The inverter still has an inductive load with the voltage leading the current; however,

the rectifier voltage is now nearly in-phase with the current. This shift aims to reduce the stress on

the diodes by moving it towards the condition of zero-current switching with a power factor closer

to one.

The full system is tested and analyzed with the two different voltage-stiff rectifier versions, with

and without compensation. Table 3.2 and Table 3.3 show a few of the best data points from bench

testing. All bench testing was done with open-loop control by manually adjusting the inverter

switching frequency to achieve the highest efficiency. Without compensation, the diode capacitance

increased the resonant frequency of the system, and the switching frequency was set between

7.3-7.35MHz. With inductor compensation, however, the switching frequency was set between
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Figure 3.8: Picture of different power factor corrector inductor sizes

6.9-7.1MHz to be above the resonance to maintain ZVS.

Table 3.2 contains data collected while the rectifier was operated without compensation, while

Table 3.3 contains data collected while the rectifier was operated with the power factor correction

inductor. The field of the WFSM works as the load in all voltage-stiff rectifier testing. The power

supply is used for the input voltage and current data and two digital multimeters are used for the

output current and voltage data. Unfortunately, the oscilloscope waveforms are not reliable enough

to provide useful efficiency data. Without any compensation, a peak power of 508W was achieved

at 90.4% efficiency. Likewise, with inductor compensation, a peak power of 871W was achieved at

90.5% efficiency.

The efficiency of the inverter and rectifier cannot be measured accurately at 7MHz, but an

estimate can be made from datasheet parameters. For the inverter, the switching loss is minimal

due to soft-switching and thus the loss can be assumed to all be from conduction and output

capacitance loss. At room temperature, 25◦C, rds,on = 50mΩ while the “hot” value at 150◦C is

rds,on = 129mΩ, corresponding to the nominal and hot values that are the primary drivers of
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inverter efficiency. Overall, the inverter efficiency is estimated to be greater than or equal to 99%.

While this is quite good, cooling still presents a challenge for the inverter because it is difficult to

remove heat effectively from the small GaN dies and any small amount of switching loss adds up

quickly at switching frequencies of 7MHz.

Similar to the inverter rds,on value, the rectifier forward voltage drop also changes significantly

with temperature. The nominal forward voltage drop is vf = 1.65V whereas the “hot” value can

be as high as vf = 2.85V . The rectifier can be assumed to have mostly conduction loss as the SiC

Schottky diode is marketed with “no reverse recovery current,” but with the equivalent diode

capacitance at 7MHz there will be some turn-on and turn-off loss as well; this loss mechanism

cannot be calculated accurately nor easily. For the rectifier efficiency, at best it is above 97% and at

worst it is above 94%.

VDC,in IDC,in VDC,out IDC,out Pin Pout η IAC,tank

[VDC] [ADC] [VDC] [ADC] [W] [W] [%] [Arms]

150 2.56 125.7 2.77 384.2 348.2 90.6 4.3
160 2.76 136.4 2.94 442.1 400.7 90.7 4.6
180 3.13 154.4 3.29 562.5 508.4 90.4 5.1

Table 3.2: Measured data from testing voltage-stiff rectifier without compensation

VDC,in IDC,in VDC,out IDC,out Pin Pout η IAC,tank

[VDC] [ADC] [VDC] [ADC] [W] [W] [%] [Arms]

175 3.1 150 3.20 542.5 480.0 88.5 4.4
200 3.3 170 3.54 660.0 601.0 91.0 5.7
225 3.56 185 3.84 800.3 710.4 88.8 6.3
250 3.85 205 4.25 962.5 871.3 90.5 6.8

Table 3.3: Measured data from testing voltage-stiff rectifier with inductor compensation

The current seen by the GaN switches and SiC Schottky diodes is assumed to be a direct

transformation of the tank current. However, it is clear that the power factor for both the inverter

and rectifier is less than unity with circulating reactive power. It is evident that as the power

increases, the relative impact of conduction loss as a fraction of the total loss in both converters is

reduced.
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(a) (b)

Figure 3.9: Power loss breakdown for the rectifier (a) without and (b) with compensation for the
highest output power data point in each condition.

Figure 3.14 summarizes all the voltage-stiff rectifier bench testing data and shows general trends

with and without the inductor compensation added. Every time the CPC system is adjusted and

reassembled the system parameters change. Multiple days of testing are shown with slightly

different system parameters resulting in different efficiency results Figure 3.14a shows the crucial

relationship between efficiency vs. output power. As output power is increased, the efficiency

begins to level off between 88-91%. While at first this may appear to span a large range, it must be

noted that since a power analyzer was not used it is possible to have efficiency measurement error

in the 1-2% range. Interestingly, the efficiency is not better with the inductor compensation than

without. Although the rectifier is near zero current switching mode, the compensation inductor

shunts current from the rectifier and creates its own additional losses.

In Figure 3.14b, the voltage overshoot for both the inverter and rectifier is analyzed with respect

to the output power. For the inverter, the overshoot is the maximum output voltage of the ringing
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normalized to the input voltage, whereas the rectifier overshoot is normalized to the output voltage

for a fair comparison. The compensation inductor does not appear to strongly affect the inverter

voltage overshoot; however, it does appear to produce consistently lower rectifier voltage overshoot.

The rectifier overshoot in any case is over two times the output voltage for a low diode voltage

utilization. This indicates a 1200V diode is required with 650V GaN switches. Even when attempting

to eliminate as much stray inductance as possible from the rectifier loop, the small amount that

remains is enough to create substantial ringing.

At low power, the system was allowed to reach a steady state to achieve a true measurement of

the heatsink temperature at that operating point. However, as the output power reached operating

points above 600W, the system was only brought up to the power momentarily to capture the

data point and then brought back down to cool, which is not representative of the steady-state

temperature at that operating point. The fact that the diodes were able to still reach nearly 90◦C in

seconds shows that the cooling approach is limited on the diodes.

3.4.2 Current Stiff Rectifier

The second rectifier designed and tested is the current-stiff version. Figure 3.10 shows the top and

bottom sides of the rectifier board. Large DC filter inductors are placed on the two rectifier outputs

to maintain a continuous switching current for the diodes in Figure 3.10b. Twelve CoilCraft surface

mount inductors are placed in series on both sides of the rectifier output to be ≈ 2µH per side.

Additionally, multiple filter capacitors are placed in parallel after the output to create a smooth DC

voltage. These capacitors also have self-resonances above 30MHz. On the front side in Figure 3.10a,

a single capacitor,Cin, is placed between the inputs to the rectifier to filter the input voltage. The

same 1200V-rated Schottky diodes from Infineon are used (IDM08G120C5) and compressed air is

likewise used to cool their heatsinks.

The most crucial design element for the current-stiff rectifier is the input capacitance, Cin. This

capacitance serves the purpose of filtering out ripple harmonics in the input rectifier voltage, result-

ing in a sinusoidal waveform. It is difficult to analytically derive this value outside of simulations

to get a sense of the appropriate order of magnitude. From Figure 3.11, different values of Cin

ranging from 100pF to 400pF are tested and compared. The waveform becomes more sinusoidal,

and the initial switching spike reduces by increasing the value of capacitance; however, at 400pF
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(a) (b)

Figure 3.10: Pictures of the (a) front and (b) back of the rotor coupling board with current-stiff
rectifier.

there is a new ripple component on top of the waveform. With Cin = 200pF both the overshoot

and efficiency are generally at their optimal values of any capacitance even though data was not

collected at all switching frequencies. Low frequency oscillations were an issue at 200pF, but it was

determined to be a good tradeoff to adjust the switching frequency range for better performance

overall. Thus, all current-stiff rectifier data was collected with Cin = 200pF.

With the input capacitance value determined, the same open loop system bench tests were

performed. Figure 3.12 shows plots of the full system with the current-stiff rectifier at the peak

output power of 2.3kW, with a resistive bank and inductor as the load to avoid damaging the WFSM

field winding insulation. For some tests at output powers below 1kW, the rotor was used for the

load. Typically, the WFSM would be oil-cooled, however during bench testing the rotor was not

actively cooled in any way and the CPC was providing enough power to potentially damage the

insulation of the field windings. The rotor temperature was not measured directly, but by recording

the output voltage and current, the equivalent “hot” field resistance can directly indicate the rotor

temperature as in eq. (3.1):



75

Figure 3.11: Plots comparing Cin values to determine optimal input rectifier capacitance.

Tavg =

Rhot
Rnom

− 1
αcu

+ Tnom (3.1)

where Rnom and Tnom are unloaded field resistance and temperature, respectively, and αcu =

3.81 ∗ 10−3 1
◦C , the temperature coefficient of copper. At room temperature, the field is roughly 39Ω

and 3H.

Table 3.4 summarizes the highest power testing with the current-stiff rectifier with a separate

inductor and resistive bank used as the load. During the preliminary testing with the voltage-stiff

and current-stiff rectifiers, the inverter was the limiting factor as the GaN switches would fail from

overheating. The copper blocks and fan heatsink provided adequate cooling for the inverter and

the system was able to reach 2.3kW output power without inverter thermal issues.

Figure 3.14 includes the current-stiff data compared with the voltage-stiff rectifier with and

without compensation with a variety of metrics. All testing was completed with open loop inverter

control using a function generator output square voltage. The switching frequencies were between

7.1-7.3MHz in order to maintain peak efficiency.
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Figure 3.12: System waveforms showing the inverter voltage, tank current, and rectifier voltage the
current-stiff rectifier at 2.3kW output power

VDC,in IDC,in VDC,out IDC,out Pin Pout η IAC,tank

[VDC] [ADC] [VDC] [ADC] [W] [W] [%] [Arms]

310 6.9 270.5 7.0 1995 1896 88.6 10.3
320 7.1 279.6 7.25 2282 2027 88.8 10.6
330 7.7 290.5 7.5 2475 2190 88.5 11.1
340 7.7 300 7.7 2618 2316 88.5 11.4

Table 3.4: Measured data from testing current-stiff rectifier with Cin = 200pFwith resistive bank
and inductor as the load

For the efficiency in Figure 3.14a, the current-stiff rectifier is very comparable, reaching peak

efficiency near 91% and steadying out between 88-89% above 1kW. However, in Figure 3.14b, the

current-stiff rectifier performs significantly better in terms of inverter and rectifier voltage overshoot

for all output powers. The current-stiff rectifier overshoot is 10-20% better than the voltage-stiff

rectifier versions with less harmonic content as well. Specifically, the inverter overshoot is below

10% for output powers > 1kW. The GaN switches have excellent voltage utilization from the careful

PCB layout made to mitigate parasitic inductances in the half-bridge and gate-drive commutation
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Figure 3.13: Power loss breakdown for the rectifier with the resistive bank as load for the highest
output power data point in each condition.

loops.

Even with the rectifier input voltage being changed to a sinusoidal curve, the peak ringing

of the typical square is still higher than the peak sine amplitude. From this parameter alone, it

appears that the new current-stiff rectifier reduces stress on the individual diodes. Additionally, for

the testing done with the current-stiff rectifier, the inverter overshoot is <10% as is evident from

Figure 3.12.

Figure 3.14c shows the plot of output power versus expected field resistance for results with the

rotor as the field winding. This can also be though of as a correlation between field temperature

and power. At a field resistance of 50Ω the winding temperature would be ≈ 97◦C and with a 60Ω

field resistance the temperature would be ≈ 163◦C. The field winding insulation is rated to 180◦C,

so it was necessary to use an equivalent RL load to avoid damaging the motor. The resistive bank

was set to 38Ω and the closest large inductor readily available from the lab was 0.5H. The RL load

held a constant resistance for the duration of the high power testing.

As expected, the field resistance increases as output power is increased, and the field winding
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(a) (b)

(c) (d)

Figure 3.14: Summary of all voltage-stiff and current-stiff rectifier data comparing (a) efficiency vs.
output power, (b) voltage overshoot vs. output power, (c) load field resistance vs. output power,
and (d) efficiency vs. voltage gain for various parameters.

must dissipate this without active cooling. In the current-stiff rectifier case, the field is getting hotter

because the system was not allowed to cool in between testing operating points. The system was

held at the output power condition and allowed to come to steady state. As the field resistance

increases, the switching frequency also changes making repeatable runs very difficult. With active
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cooling employed for dynamometer testing, the field resistance would stay relatively constant and

close to its nominal value, and this would be less of an issue.

3.5 Concluding Remarks

Overall, the full capacitive power transfer system with the current-stiff rectifier successfully achieved

2.3kW of output power at an efficiency of 88.5%. This represents a nearly 3.5x output power

improvement over the previous CPT system operating at 1.7MHz with a peak output power of

675W and an efficiency of 90.3%.

The testing and results detailed in this chapter validate the design and analysis from chapter 2

to reach 2.3kW. The main achievements validated in testing are as follows:

1. The inverter PCB layout was optimized to reduce the parasitic inductances in the half-bridge

and gate-loop commutation loops and validated in FEA using Ansys Q3D. During testing, the

inverter overshoot was <50% for all data points and system conditions. With the current stiff

rectifier the inverter voltage overshoot was at or below 10% with minimal harmonic content.

2. The inverter dead time was successfully reduced by 60% from matching propagation delays in

the ICs and tuning the delay in the lab. The dead time is reduced from 40ns with the inverter

for 1.7MHz operation to 16ns for operation above 7MHz and 2.3kW. The deadtime is roughly

11% of the total switching period.

3. Copper blocks were soldered to the top-side thermal pad of each GaN device along with a

dedicated heatsink and fan across each half-bridge of switches. This increased the thermal

performance of the inverter to be able to output 2.3kW

4. Two types of rectifiers were evaluated: the voltage-stiff and the current-stiff rectifier based

on their DC filtering strategy of an output capacitive or inductive filter, respectively. The

voltage-stiff rectifier had high voltage overshoot and large amounts of harmonic content.

Conversely, the current-stiff rectifier had lower voltage utilization and harmonic content while

maintaining a similar or better efficiency performance.
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Chapter Four

Integrated Capacitive Resolver and

Rectifier Design

The goal from this work is to reduce the cost of wireless exciters for wound field synchronous

machines to be able to replace permanent magnet machines in traction applications. chapter 2

and chapter 3 focus on optimizing and improving the performance of a capacitive power transfer

exciter. The use of printed circuit boards (PCBs) greatly reduces the system’s overall cost and

allows the rotating rectifier to easily be integrated with the capacitive coupler design. Additionally,

the wireless rotor excitation system can be taken a step further by integrating other necessary but

otherwise costly machine components into its design.

The focus of the next two chapters is on combining the wireless exciter’s rectifier with the

machine’s rotor position sensor. In this chapter, a capacitive resolver is designed on printed circuit

boards to be integrated around the rotating rectifier circuitry and connected to the field winding

of the rotor. This new design can be added to the capacitive coupler CPT boards, or as a drop-in

replacement for any wireless excitation method. The ultimate goal is to remove the position sensor

cost from the total motor budget.

The capacitive resolvers proposed in this work rely on varying the capacitance between two

electrodes on printed circuit boards as a function of rotor position. A high frequency, constant

amplitude voltage is applied as a carrier signal. As the shaft rotates, the capacitance changes

and modulates the amplitude of the carrier input voltage. Then, the envelope of the modulated
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waveform can be extracted and used along with other channels to derive the shaft position and

speed.

Specifically, the capacitive resolver described in this chapter is designed to be a drop-in replace-

ment and an analog to conventional magnetic resolvers with a single phase carrier input and two

sinusoidal waveforms 90◦ apart. It will give absolute rotor position. Another capacitive resolver

design tracks the saliency between stationary and rotating electrodes and is further discussed in

Appendix A. This design creates a three-phase output and will give absolute electrical position

only. Although both are valid resolver designs, it is most important to provide a design that is

compatible with existing resolver and control software.

4.1 Magnetic Resolver Transformer Action

Magnetic resolvers are one such analog sensor that can give absolute mechanical rotor position.

The accuracy of magnetic resolvers is largely based on the demodulation algorithm used by the

manufacturer, but typically are in the range of 5’ to 50’, or 0.08◦ to 0.8◦ [140–142].

Figure 4.1a shows a simplified diagram of a magnetic resolver with two poles. An AC voltage

acting as a carrier, or excitation, signal of frequency ωex is applied to a spinning coil, rotor, that

inductively couples like a transformer with sensor coils on the stator, spatially located 90◦ apart

from each other. As the carrier coil spins, it inductively couples with the sensor coils. The receiving

coil voltages are thus modulated according to the angular speed of the rotor. The variableωr will

be used to denote the rotor mechanical speed with the assumption that the resolvers have two poles.

More accurately, the electrical rotor speed,ωre, and the mechanical speed, ωr, are related through

the number of resolver poles, Npoles according to eq. (4.1). Note: the terms rotor speed and rotor

angular frequency will be used interchangeably with units of [rads ].

ωre =

(
Npoles

2

)
ωr (4.1)

The resulting differential output voltages have sine and cosine envelopes according to eq. (4.2)
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(a) (b)

Figure 4.1: Comparison of (a) a simplified two-pole magnetic resolver, and (b) a capacitive resolver

vsin,mod(θ) = Vk sin(ωext) sin(ωrt+ φ)

vcos,mod(θ) = Vk sin(ωext) cos(ωrt+ φ)
(4.2)

where Vk is determined by the carrier frequency magnitude and the voltage gain of the resolver.

The resolver may also have a phase delay, φ, that will be addressed further in chapter 5. Through

an analog and/or digital demodulation scheme [143], the high frequency carrier is removed in

eq. (4.3) and the resulting shaft angle is determined in eq. (4.4).

vsin,dm(θ) = V sin(ωrt)

vcos,dm(θ) = V cos(ωrt)
(4.3)

θ = tan−1
(
vsin,dm(θ)

vcos,dm(θ)

)
(4.4)

Then the speed of the rotor electrical frequency would be:
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(a)

(b)

Figure 4.2: (a) Plots of the resolver input carrier waveform and the corresponding sine and cosine
modulated output waveforms. (b) Demodulated sine and cosine waveforms showing the resulting
shaft position.

ωr =
v̇sin,dm
vcos,dm

=
Vωr cos(ωrt)
V cos(ωrt)

= −
v̇cos,dm
vsin,dm

= −

(
−
Vωr sin(ωrt)
V sin(ωrt

) (4.5)

Figure 4.2 shows the two modulated stator coil voltage waveforms. The dashed black lines are

the sine and cosine envelops extracted to calculate position and speed. While eq. (4.4) only gives
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angles from −90◦ to +90◦, Figure 4.2b shows how a full 360◦ is achieved based on whether the sine

or cosine waveforms are in their positive or negative half cycle.

While there are many ways [143–146] to extract the envelope from the modulated sine and

cosine waves, one common method is using multiplier demodulation. Ignoring any phase delay

from the resolver, the modulated waveforms in eq. (4.2) are multiplied by the carrier frequency in

eq. (4.6) and eq. (4.7) to yield a low frequency component and a component at double the initial

carrier frequency. As will be discussed further in chapter 5, the multiplication can be done digitally

or with an analog multiplier. Likewise, either an analog or digital low pass filter (LPF) is then

applied to extract the low frequency rotor speed.

vsin,dm(θ) = Vk sin(ωext) sin(ωrt) ∗ Vc sin(ωext)

=
VkVc

2 sin(ωrt) −
VkVc

2 cos(2ωext) sin(ωrt)

LPF⇒ VkVc

2 sin(ωrt)

(4.6)

vcos,dm(θ) = Vk sin(ωext) cos(ωrt) ∗ Vc sin(ωex)

=
VkVc

2 cos(ωrt) −
VkVc

2 cos(2ωext) cos(ωrt)

LPF⇒ VkVc

2 cos(ωrt)

(4.7)

4.2 Capacitive Resolver Analysis

There are many forms of capacitive position sensors, but the first capacitive drop-in replacement

to the magnetic resolver was developed in [116]. Figure 4.1b shows the general operation of the

capacitive resolver in comparison to the magnetic resolver. All electrodes colored in blue are on

the stationary board and all electrodes in green are on the rotating board. Figure 4.3 has cartoon

diagrams of both boards of the capacitive resolver proposed, designed, and tested in this work.

The stationary-side board is hereafter referred to as the resolver’s stator, whereas the rotating-side

board is referred to as the resolver’s rotor.

Two complementary AC voltages, eq. (4.8), are applied to two "excitation" electrodes on the
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stator seen in 4.3a in dark and light grey. These ring electrodes on the stator capacitively couple to

the corresponding electrodes on the rotor board in 4.3b.

vexcite,1 = Vex sin(ωex)

vexcite,2 = Vex sin(ωex + π)
(4.8)

As the rotor spins, the excitation electrodes capacitively couple back to the overlapping stator

"pick-up" electrodes, or petals, in blue and red. Figure 4.3c shows how the rotor wave electrodes

overlap with the stator. The rotor lobes are designed to be the same peak amplitude and width as

each individual stator electrode petal. The two modulated sine and cosine waveforms come from

the differential voltage signals between the pair of blue petals and red petals. Figure 4.3a shows

two resistors with voltages VA and VB, that would be going to analog or digital filter circuitry for

demodulation.

The outer edge of the stator "pick-up" electrodes determines the modulation envelope. As

the rotor lobes couple with the stator petals, the varying capacitance produces varying voltage

amplitudes. The outer edge, ro, is designed to be a rectifier sine wave. In a way, the demodulation

method "un-rectifies" the voltage envelope to achieve the ideal sine wave.

Shown in mint green at the center of the rotor board is an area designated for a rotating rectifier.

This capacitive resolver is designed to be integrated into a wireless exciter for a wound field

synchronous machine. Thus, the resolver is meant to be integrated around the rotating rectifier and

on the same boards to save space and money. The leads from the rotor field winding would attach

to the rectifier area and the rotor board could be mounted against the motor housing for cooling of

the rectifier diodes. This functionality will be further discussed in detail in chapter 5.

4.2.1 Resolver Capacitance Matrix

The main, desirable capacitances in the resolver are between like stator and rotor excitation elec-

trodes, and the rotor excitation electrodes to the stator petals directly beneath them. However,

among all eight separate electrodes there are capacitances formed between each combination. Para-

sitic capacitances are also formed to the surroundings, but these are not included in this analysis.
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Figure 4.4 numbers all of the electrodes for future reference and shows some of the capacitances

formed. There are board-to-board capacitances as well as undesirable coupling between electrodes

on the same board. There are six electrodes on the stator board and two on the rotor board. There

are 64 total permutations of capacitances, but considering Cnm = Cmn where m and n are the

numbers of electrodes, there are only 36 unique capacitances.

(a) (b)

(c)

Figure 4.3: Diagrams of the capacitive resolver (a) stator board, (b) rotor board, and (c) the two
boards overlapped.
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(a)

(b)

Figure 4.4: (a) Cartoon diagram labeling all 8 resolver electrodes and their mutual capacitances.
(b) 3D view of the resolver with example board-to-board mutual capacitances.
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C11 . . . C18

... . . .

C81 C88

 =



Stator Petals Rotor Excite Stator Excite

C11 C12 C13 C14 C15 C16 C17 C18

Stator C21 C22 C23 C24 C25 C26 C27 C28

Petals C31 C32 C33 C34 C35 C36 C37 C38

C41 C42 C43 C44 C45 C46 C47 C48

Rotor C51 C52 C53 C54 C55 C56 C57 C58

Excite C61 C62 C63 C64 C65 C66 C67 C68

Stator C71 C72 C73 C74 C75 C76 C77 C78

Excite C81 C82 C83 C84 C85 C86 C87 C88



=



Stator Petals Rotor Excite Stator Excite

Cs,s Css,m Css,m Css,m Csr,m Csr,m Css,m Css,m

Stator Css,m Cs,s Css,m Css,m Csr,m Csr,m Css,m Css,m

Petals Css,m Css,m Cs,s Css,m Csr,m Csr,m Css,m Css,m

Css,m Css,m Css,m Cs,s Csr,m Csr,m Css,m Css,m

Rotor Csr,m Csr,m Csr,m Csr,m Cr,s Crr,m Csr,m Csr,m

Excite Csr,m Csr,m Csr,m Csr,m Crr,m Cr,s Csr,m Csr,m

Stator Css,m Css,m Css,m Css,m Csr,m Csr,m Cs,s Css,r

Excite Css,m Css,m Css,m Css,m Csr,m Csr,m Css,r Cs,s


(4.9)

where: Cs,s = stator self capacitance

Cr,s = rotor self capacitance

Css,m = stator-stator mutual capacitance

Csr,m = stator-rotor mutual capacitance

Crr,m = rotor-rotor mutual capacitance
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The capacitance matrix in eq. (4.9) organizes all the capacitances by their location and function

according to the numbering in Figure 4.4. Additionally, it labels each capacitance as self capacitances,

board-to-board capacitances, or within-board capacitances. The variables in red are the spatially

varying capacitances that create the modulated waveforms, and the variables in blue, are the

main, constant, excitation capacitances. Equation (4.10) is used as the basis to analyze the resolver

capacitance matrix and derive the output modulated voltage waveforms.

Q = CV (4.10)



q1

q2

q3

q4

q5

q6

q7

q8



=


C11 . . . C18

... . . .

C81 C88





v1

v2

v3

v4

v5

v6

Vex sin(ωext)

−Vexsin(ωext)



(4.11)

Equation (4.11) shows the vector of charges and voltages present on each electrode. Currently,

there are fourteen unknown variables in this system. It is assumed that the voltage is dropped across

the high impedance load so charge (and voltage) on the capacitors is negligible. The following

simplification can be made where:

Q = [0, 0, 0, 0, 0, 0,q7,q8] (4.12)

so that eq. (4.11) then has eight unknowns with eight equations. The voltages on all electrodes can

easily be solved knowing the capacitance matrix of the resolver. The resulting output modulated

voltages are determined by:
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vsine(θ) = v3 − v1

vcosine(θ) = v4 − v2

(4.13)

The capacitance matrix is not made up of coefficients. In reality, each capacitance, Cnm(θ) is a

function of the rotor position, θ, relative to the stator. There are a few useful simplifications that can

made to simplify this system. First, the stator-side excitation electrodes only exist because voltage

cannot be applied to a rotating board directly. The capacitances C75 and C86 are assumed to be large

and constant so that:

vstator,ex1 = vrotor,ex1

vstator,ex2 = vrotor,ex2

(4.14)

and rows 7 and 8 can be removed. It is important to note that the excitation coupling capacitances

need to be equal in order to make sure that the rotor-side excitation electrodes are both at the same

potential given eq. (4.15).

Vrotor,ex1 = Vstator,ex1 −
i

jωC57

Vrotor,ex2 = Vstator,ex2 −
i

jωC68

(4.15)

Additionally, all unwanted parasitic capacitances are assumed to be negligible compared to the

main rotor-to-stator coupling path. Equation (4.11) then becomes eq. (4.16).
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q1

q2

q3

q4

q5

q6


=
[
C6x6

]



v1

v2

v3

v4

Vex sin(ωext)

−Vexsin(ωext)


(4.16)

where

[
C6x6

]
=



Cs,s 0 0 0 Cm(θ) Cm(θ− π)

0 Cs,s 0 0 Cm(θ− π
2 ) Cm(θ+ π

2 )

0 0 Cs,s 0 Cm(θ− π) Cm(θ)

0 0 0 Cs,s Cm(θ+ π
2 ) Cm(θ− π

2 )

Cm(θ) Cm(θ− π
2 ) Cm(θ− π) Cm(θ+ π

2 ) Cr,s 0

Cm(θ− π) Cm(θ+ π
2 ) Cm(θ) Cm(θ− π

2 ) 0 Cr,s


In the 6x6 capacitance matrix, Cs,s refers to the stator self-capacitances and Cr,s refers to the

rotor self-capacitances, all of which are assumed to be constant with rotor position. Cm(θ) refers

to the main rotor excitation to stator petal mutual capacitances. The mutual capacitances are all

the same function but each shifted by ±90◦ or ±180◦. Similar to above, the charge vector can be

simplified assuming a high-impedance load:

Q = [0, 0, 0, 0,q5,q6] (4.17)

Now, eq. (4.16) can be solved with the simplified following series of equations:
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0 = Cssv1 + Cm(θ)Vex sin(ωext) − Cm(θ− π)Vex sin(ωext)

0 = Cssv2 + Cm(θ−
π

2 )Vex sin(ωext) − Cm(θ+
π

2 )Vex sin(ωext)

0 = Cssv3 + Cm(θ− π)Vex sin(ωext) − Cm(θ)Vex sin(ωext)

0 = Cssv4 + Cm(θ+
π

2 )Vex sin(ωext) − Cm(θ−
π

2 )Vex sin(ωext)

q5 = Cm(θ)v1 + Cm(θ−
π

2 )v2 + Cm(θ− π)v3 + Cm(θ+
π

2 )v4 + CrsVexsin(ωext)

q6 = Cm(θ− π)v1 + Cm(θ+
π

2 )v2 + Cm(θ)v3 + Cm(θ−
π

2 )v4 − CrsVexsin(ωext)

(4.18)

v1 = −
sin(ωext)Vex [Cm(θ) − Cm(θ− π)]

Css

v2 = −
sin(ωext)Vex

[
Cm(θ− π

2 ) − Cm(θ+ π
2 )
]

Css

v3 =
sin(ωext)Vex [Cm(θ) − Cm(θ− π)]

Css

v4 =
sin(ωext)Vex

[
Cm(θ− π

2 ) − Cm(θ+ π
2 )
]

Css

(4.19)

vsine(θ) = v3 − v1 =
2 sin(ωext)Vex [Cm(θ) − Cm(θ− π)]

Css

vcosine(θ) = v4 − v2 =
2 sin(ωext)Vex

[
Cm(θ− π

2 ) − Cm(θ+ π
2 )
]

Css

(4.20)

IfCm(θ) is set such that the expressions [Cm(θ)−Cm(θ−π)] and [Cm(theta− π
2 )−Cm(θ+ π

2 )]

are equal to sin(θ) and cos(θ), respectively, then, eq. (4.20) will resemble the desired equations in

eq. (4.2). In other words, Cm(θ) should ideally look like a half sine wave as in Figure 4.5.

The general equations used to create half sine wave electrodes are described in eq. (4.21). The

series of equations describes four outer radii, one for each stator petal. The angles are given in 90◦

increments, but in reality each segment will be shorter than 90◦ so that the neighboring electrodes

do not touch. Figure 4.3c denotes ro and Apkpk on the stator. Since the voltage measurements are

taken as differential pairs, there will be twice as many stator petals as poles of the resolver. For

example, an eight pole resolver would be sixteen stator petals but electrically connected to still yield
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Figure 4.5: Plot showing the stator-to-rotor mutual capacitances 180◦ out of phase that create the
modulated sinusoidal voltage waveforms

only four distinct petals. The rotor side lobes are of constant amplitude with the same angle span

of the stator petals.



r1 =
(
ro −Apkpk

)
−Apkpk sin (2ϕ+ π) 0 6 ϕ 6 π

2

r2 =
(
ro −Apkpk

)
−Apkpk sin (2ϕ) π

2 6 ϕ 6 π

r3 =
(
ro −Apkpk

)
−Apkpk sin (2ϕ+ π) π 6 ϕ 6 3π

2

r4 =
(
ro −Apkpk

)
−Apkpk sin (2ϕ) 3π

2 6 ϕ 6 2π

(4.21)

The capacitance for two stator petals as in Figure 4.5 are derived in eq. (4.22) and eq. (4.23). It is

important that while the outer edge of the petal shape has a sin(θ) term, the resulting capacitance

has a sin2(θ) term.

Cm(θ) =



ε 1
2
∫θ

0 [r1−(ro−Apkpk)]
2 dθ

d θ = 0 . . . π2
ε 1

2
∫ π2
(θ−π2 )

[r1−(ro−Apkpk)]
2 dθ

d θ = π
2 . . .π

0 θ = π . . . 3π
2

0 θ = 3π
2 . . . 2π

(4.22)
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Cm(θ+ π) =



0 θ = 0 . . . π2

0 θ = π
2 . . .π

ε 1
2
∫θ

0 [r3−(ro−Apkpk)]
2 dθ

d θ = π . . . 3π
2

ε 1
2
∫ π2
(θ−π2 )

[r3−(ro−Apkpk)]
2 dθ

d θ = 3π
2 . . . 2π

(4.23)

For another example, eq. (4.24) and eq. (4.25) derive the equations assuming the stator petals are

constant amplitude so that they look exactly like the rotor electrodes. This creates a triangular

waveform.

Cm(θ) =



ε 1
2
∫θ

0 [(ro+g)−(ro−Apkpk−g)]
2 dθ

d θ = 0 . . . π2
ε 1

2
∫ π2
(θ−π2 )

[(ro+g)−(ro−Apkpk−g)]
2 dθ

d θ = π
2 . . .π

0 θ = π . . . 3π
2

0 θ = 3π
2 . . . 2π

(4.24)

Cm(θ+ π) =



0 θ = 0 . . . π2

0 θ = π
2 . . .π

ε 1
2
∫θ

0 [(ro+g)−(ro−Apkpk−g)]
2 dθ

d θ = π . . . 3π
2

ε 1
2
∫ π2
(θ−π2 )

[(ro+g)−(ro−Apkpk−g)]
2 dθ

d θ = 3π
2 . . . 2π

(4.25)

Figure 4.6 shows the predicted capacitance in picofarads for the sinusoidal and constant ampli-

tude petal shapes derived in eq. (4.22) and eq. (4.23). The constant amplitude is also referred to

as the triangle petal shape derived in eq. (4.24) and eq. (4.25). Additionally, Figure 4.7 shows the

analytically calculated error in degrees for the sinusoidal and triangle shapes compared to a perfect

sine wave shown in black. The theoretical peak degree errors from ideal are 11.8◦ for the sinusoidal

petal shape and 4.1◦ for the constant amplitude petals, also referred to as the triangle shape. These

angles are quite high, however they are only considering the main coupling capacitance without

any parasitic capacitance effect. It is interesting that the constant amplitude/triangle shape has a

lower predicted error. The following section uses FEA to understand how the parasitic capacitances

can affect the modulation equations.
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Figure 4.6: Plots of the capacitance calculations from eq. (4.22) and eq. (4.24).

4.3 Capacitive Resolver FEA

As mentioned above, in order to analyze the capacitive resolver it is necessary to know the full

capacitance matrix. A simplified version is helpful to determine the general stator electrode petal

shape, but the parasitic capacitances can also affect the resulting resolver output voltage waveforms

in significant ways. FEA is necessary to get a full picture of a given resolver design. In this work, FEA

was carried out using the 3D electrostatic solver in Ansys Maxwell. The electrostatic solver is limited

to DC excitation. While an electric transient solver was available, the additional complexity was

deemed unnecessary to rapidly evaluate different resolver designs and their predicted performance.

Figure 4.8 shows diagrams of example stator and rotor boards along with dimensions in Ansys

Maxwell. The dimensions shown are for the final resolver design. There were a few different

iterations as will be seen in the following FEA. The copper excitation electrodes are in black and

white for the rotor and stator boards. Additionally, the four copper stator petals are shown in

copper. The FR4 material of the stator and rotor PCBs is colored in green. 1mm-wide cutouts are

added on both the rotor and stator boards to mitigate parasitic capacitances between electrodes

on the same board. Each board is shown from a front on view to show the electrodes, but in the

simulation, the two boards are facing each other as shown in Figure 4.8c with a 1mm air gap. The

PCBs are of standard 0.062in (1.6mm) thickness.



96

Figure 4.7: Plots of the analytically derived voltage modulation envelope and predicted error in
degrees for sinusoidal and constant amplitude stator petal shapes.

During the 3D simulation, the rotor board is rotated about the z-axis and all the capacitance

matrix values in eq. (4.9) are captured at 5◦ increments. Over a full 360◦ rotation, a C(θ) function

can be approximated for each capacitance. Then, using MATLAB all of the resolver output voltages

can be solved for exactly using eq. (4.11). Figure 4.9 shows an example of the resolver output

voltage calculated using eq. (4.13). The excitation frequency is 20kHz with a 100Hz rotational

frequency.
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(a) (b)

(c)

Figure 4.8: Annotated screenshots from FEA in Ansys Maxwell of the resolver (a) rotor board, (b)
stator board, and (c) the 3D side view with a 1mm air gap.

Many different iterations are shown below with a need to quantify the accurateness of a given

resolver design. Ultimately, the best resolver design will have the lowest position angle error. The

best design would be the closest to producing ideal sine and cosine envelopes. Using Fourier

analysis, an FFT generates all of the harmonics present for a given resolver design. By extracting

the fundamental component, the design can be compared to its ideal reference without harmonics.

The MATLAB FFT gives magnitude, Mh, frequency, fh, and phase, φh for all h harmonics

present in the differential voltage waveform. The ideal waveform only contains the fundamental

component:

vh=1 =M1 cos(2πf1t+ φ1) (4.26)

The reference position is then calculated using eq. (4.4).



98

Figure 4.9: Plots from MATLAB calculating the modulated sine and cosine voltage waveforms
derived from the full 8x8 capacitance matrix in FEA.

θreference = tan−1
(
Msin,1 cos(2πfsin,1t+ φsin,1)

Mcos,1 cos(2πfcos,1t+ φcos,1)

)
(4.27)

Then to find the actual angle for a given FEA simulation run, the first 100 harmonics, or however

many are desired to include, are used in eq. (4.28).

θFEA = tan−1

(∑100
n=1Msin,n cos(2πfsin,nt+ φsin,n)∑100
n=1Mcos,n cos(2πfcos,nt+ φcos,n)

)
(4.28)

If the voltage waveforms had perfect sine and cosine envelopes, they would give the position

exactly. Using the above analysis quantifies how the parasitic capacitances that produce the higher-

order harmonics negatively affect the resolver accuracy.

The following simulations look at how well the resolver petal shape responds to mechanical

mounting or alignment issues. The resolver will never be mounted perfectly, so it is important to

see how the design is affected by alignment issues. Figure 4.10 shows the two alignment issues

considered. Figure 4.10a exaggerates the two boards tilted relative to each otherİn the simulation,

with a 1mm air gap, the rotor board is rotated along the y-axis at an angle of 0.5◦. Figure 4.10b
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shows a shift of the rotor board, dark green, in the xy-plane.

(a)

(b)

Figure 4.10: Screenshots from Ansys Maxwell showing the resolver boards with (a) tilt, and (b)
XY-plane displacement.

The first design comparison looks at the relative magnitudes between the stator petals and

rotor excitation lobes. Initially, it was hypothesized that the resolver could reject disturbances from

mechanical alignment better if the rotor amplitude electrodes were larger than the stator petals. In

this way, the rotor could move as it was rotating but still fully cover the stator petals as intended.

The oversized rotor electrode condition is called the "overhang" design; whereas the original design

is referred to as "no overhang." Figure 4.11 summaries the FEA from comparing the two designs.

Figure 4.11a and Figure 4.11b show the resulting sine and cosine voltage envelopes, the plotted

actual vs. reference angular position and then the expect angular error for two revolutions. The

calculated angular position is solid black with the reference position overlayed in grey. It is evident

that the small oscillations around the reference position translate into large expected errors.

Figure 4.11c and Figure 4.11d show the FFT of the no-overhang and overhang designs for the

first ten harmonics. The harmonic magnitudes are scaled to the fundamental, M1 = 1, which is not
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shown. Higher order harmonics > M10 are included in the position error calculation, but are not

shown here for clarity. For both designs only odd harmonics are present in the waveform, with a

dominant third harmonic. The third harmonic can clearly be seen in the differential voltages by the

flat region present in each waveform.

Table 4.1 shows a summary of the expected peak angular position errors for each mechani-

cal alignment issue. Specifically, resolver topologies are considered with and without electrode

overhang. As anticipated, the overhang version appears to have lower error for all cases with

and without alignment issues. Interestingly, the mechanical alignment issues do not appear to

negatively affect the overall error and the presence of a slight y-axis tilt actually improves the error.

It is possible that from the symmetry of the boards, any misalignment issues are mitigated when

taking the differential of the output voltages.

No Overhang Overhang
Aligned ±10.3◦ ±7.3◦

XY-Plane Displacement ±8.4◦ ±6.2◦
Tilt ±10.5◦ ±7.5◦

Displacement+Tilt ±8.7◦ ±6.1◦

Table 4.1: Calculated peak position errors in degrees from Ansys Maxwell FEA simulations. Com-
paring different types of board misalignments.

The next condition to consider came about after the design and testing of first round of resolver

PCBs. All of the stator petal voltages must be able to be connected to external filtering circuitry in

some way. The first attempt was to route traces from each stator petal to a common connector on

the back-side of the board opposite to the electrode side. This connector would also provide the

two voltage signals for the excitation electrodes. Figure 4.12a and Figure 4.12b show two different

methods for connecting the traces to a connector on the upper right hand side of each board. The

view is looking at the bottom of the board with the FR4 PCB mostly transparent to see the stator

electrodes on the top-side. Figure 4.12a aimed to keep the length of each return trace equal whereas

Figure 4.12b aimed to keep the return paths as symmetric/identical as possible for each electrode.

In either case, the additional electrodes significantly increased the error of the resolver.
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(a) (b)

(c)

(d)

Figure 4.11: Summary of FEA results looking at designs with and without overhang between the
rotor and stator pick-up electrodes.
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The next step changed the stator board from a 2-layer to a 4-layer PCB to add in ground (GND)

planes to act as a quasi Faraday cage for the return electrodes. The layer configuration is detailed in

Table 4.2.

4-Layer Stator Stackup
Layer 1 Resolver Electrodes
Layer 2 -GND Plane-
Layer 3 Return Traces
Layer 4 - GND Plane-

Table 4.2: Layer stack-up of the stator board with connector return traces and ground planes.

Visually, the top waveforms in Figure 4.12c and Figure 4.12d are far from ideal and the amplitudes

are different as if the excitation path capacitances are no longer equal. From the FFT in Figure 4.12e,

the waveform distortion arises from small amounts of even harmonics present. While the addition

of the ground plane makes two differential voltages nearly identical, it also significantly increases

the third harmonic. Additionally, the ground plane significantly reduces the amplitude of the

output resolver signals. Table 4.3 summarizes the expected position errors for each of the four cases.

The errors are significantly worse than the original case in Figure 4.11 so much so that traces are

avoided for all future design iterations. Instead all connections are made using board-to-board

connectors.

Non-Symmetric Symmetric
2-Layer Board ±14.2◦ ±24.3◦

4-Layer with GND Planes ±19.0◦ ±18.9◦

Table 4.3: Calculated peak position errors in degrees from Ansys Maxwell FEA simulations. Com-
paring stator boards with connector traces and additional grounding planes.
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(a) (b)

(c) (d)

(e)

Figure 4.12: FEA results of simulations with connector traces
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(a) (b)

(c)

Figure 4.13: Summary of FEA results looking at different stator-side petal electrode spacing.

The next set of Maxwell FEA simulations look at removing the third harmonic stubbornly

present to a large degree in all designs thus far. The third harmonic comes about from flat regions

when crossing 0V on the x-axis that were predicted from the initial analytical calculations. The angle

between the stator petals was originally set to 10 degrees to reduce the parasitic capacitance between

neighboring petals. This gap could exasperate the flat regions present in the voltage waveforms.
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Figure 4.13 looks at reducing the spacing from 10 degrees, to 1 degree of separation. It was easiest

to quantify the spacing in terms of degrees instead of a distance measurement that would change

with different electrode radii. It is clear from both the FFT that the harmonic magnitudes are higher

as the stator petal separation increases. Table 4.4 shows the errors for each petal separation and

confirms that the error reduces dramatically as the gap diminishes. From here on, all designs have

a minimal stator petal gap.

1 Degree 5 Degrees 10 Degrees
±1.3◦ ±3.3◦ ±6.5◦

Table 4.4: Calculated angle error, in degrees, from FEA simulations of different stator-side petal
electrode spacing.

Numerous iterations and small adjusts of the stator electrodes produced the final, best case

design with a predicted error of ±0.32◦. The optimal design is shown in Figure 4.14. The voltage

waveform ends up looking like a cross between a perfect triangle wave and a sinusoid. The constant

stator petal amplitude electrode, or triangle, design is shown on the right for comparison.

Normal Shallow Curve Triangle
No Overhang ±1.3◦ ±0.3◦ ±2.3◦

Overhang ±2.2◦ ±0.7◦ ±0.7◦

Table 4.5: Calculated angle error, in degrees, from FEA simulations of final stator petal configuration
comparisons.

Only a few of the iterations are compared. The comparison of final electrode topologies in

Figure 4.15 includes the overlapping and non-overlapping versions of the sinusoid as well as triangle

wave shapes. Additionally, there is a "shallow" version that looks at decreasing the curvature of the

stator petals to emulate the triangle wave. This is not unexpected as the initial analysis pointed out

that a more triangle waveform would have lower error than the sin2(θ) counterpart. From the FFT

comparison it is interesting to note that some of the designs have lower third-harmonic components

than the labeled "best" design (sinusoid - exact shallow in the figure). It was a deliberate choice

to use angle error as the measure for optimal electrode design, not necessarily reduction of total

harmonics. Also note that only the first ten harmonics are shown for clarity and spacing.
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(a) (b)

(c) (d)

Figure 4.14: Summary of FEA results comparing the design with the lowest calculated error and
the constant petal amplitude design.
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Figure 4.15: FFT comparing the spatial harmonics above the fundamental for sinusoidal and constant
amplitude stator petal shapes.

While all of the designs thus far have been two pole designs, it is feasible to scale the resolver

up to any number of poles. Figure 4.16 shows examples comparing the chosen two-pole resolver

topology with four and eight-pole versions. The four and eight pole versions are drawn using

eq. (4.21) as their designs were not optimized further. The FEA simulations were still carried out in

5 electrical degree increments. Table 4.6 shows the the peak angle error expected for the resolver

extrapolated out to 2, 4, and 8-poles. The error is expected to get worse at higher pole counts.

2 Poles 4 Poles 8 Poles
±0.3◦ ±2.1◦ ±2.0◦

Table 4.6: Peak angle error, in degrees, from FEA for resolvers with 2, 4, and 8 poles.

This resolver design is easily adapted for the CPC system. Figure 4.17 shows the rotor and

stator for the CPC integrated resolver models used in Maxwell. Both excitation signals are able to

come from the two electrodes on the rotor side for the forward and return path of the capacitive

coupler. The radial height of the rotor and stator resolver electrodes are kept roughly the same,

9.5mm versus 11.5mm, with the general purpose resolver boards from above. The diodes of the

rectifier are not shown on the FEA diagram but would be in the center of the rotor board as shown
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(a)

(b)

Figure 4.16: Ansys Maxwell FEA results of the resolver design extended to 2, 4, and 8-poles
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in chapter 3. Additionally, the outer radius of the rotor and stator boards are kept the same for

mounting purposes and the capacitive coupling area of the power path electrodes are shrunk in

the radial direction to make room for the resolver functionality. For the testing in chapter 5, the

CPC now has a lower capacitance resulting in a higher inductance required to maintain the same

≈ 6.78MHz LC resonance point.

Figure 4.18 shows the two-pole, four-pole, and eight-pole versions of the CPC boards with

integrated resolver in FEA and their corresponding waveforms. The simulation took capacitance

calculations at each five electrical degree step. Table 4.7 shows there resulting error for each version,

as well. The lowest error condition ended up using the equations from eq. (4.21) and the adjusted

lower amplitude no longer had the lowest error at the larger radius. There is an increase in error

going to higher pole counts likely from adding an outer ring to the rotor-side board to connect

the excitation electrodes together. However, as the pole count increases, the shaft angular error is

expected to decrease. The CPC-resolver boards will be further analyzed in the context of the whole

CPT system in chapter 5.

(a) (b)

Figure 4.17: Annotated diagrams of the CPC-integrated resolver (a) rotor board and (b) stator
board. The stator petal electrodes are highlighted in pink.
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(a)

(b)

Figure 4.18: Ansys Maxwell FEA results of the CPC-integrated resolver design extended to 2, 4,
and 8-poles
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CPC - 2 Poles CPC - 4 Poles CPC - 8 Poles
±1.1◦ ±2.9◦ ±2.7◦

Table 4.7: Peak angle error, in degrees, from FEA for CPC-integrated resolvers with 2, 4, and 8 poles.

4.4 Concluding Remarks

The proposed integrated resolver and rotating rectifier system serves as a further step to replace

permanent magnet machines in traction applications with wound field synchronous machines. The

capacitive resolver design is compatible with traditional magnetic resolvers in that it takes in a

single-phase voltage waveform, and outputs two sinusoidallly modulated voltage waveforms 90◦

out-of-phase. The following are a list of design guidelines for designing the capacitive resolver:

• The two stator-to-rotor excitation electrode rings should be equal areas. This ensures that the

capacitances C57 and C68 in Figure 4.4a will also be equal.

• Prioritize making the stator petal electrodes thicker instead of the stator-to-rotor excitation

electrodes.

• Do not have traces routed on top of the electrodes on different board layers. The traces

add enough picofarads of capacitance to significantly distort the modulated output voltage

waveforms. Instead, add connectors or wires coming directly from each electrode on the

stator board.

• Some amount of board misalignment is inevitable. Make sure the FEA simulations Include

displacement and tilt in FEA simulations to see how it effects the resulting angle error.

• Keep the space between stator petal electrodes as small as possible to avoid having large

sections of 0pF that create a large third spatial harmonic.

The capacitive resolver is theoretically expected to have a max shaft angle error of±0.3◦ indepen-

dent of rotor speed or excitation frequency. Conversely, the CPC-integrated resolver is expected to

have a slightly worse shaft angle error of 1.1◦. Both resolvers will be evaluated for their performance

and accuracy in chapter 5.
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Chapter Five

Capacitive Resolver Testing and

Evaluation

5.1 Full System Overview

This chapter discusses the testing setup and results for the integrated capacitive resolver and rectifier

to support the reduction in cost for wound field synchronous machines. The general integrated

resolver and rectifier is a drop in solution for any rotor field wireless exciter application. This

integration removes the need for a separate resolver component and is intended to be compatible

with existing resolver demodulation algorithms. The first sections of this chapter show the results

of the general resolver performance with an analog and digital demodulation, while the last section

gives the results of the CPC-integrated resolver.

Figure 5.1 shows the overall diagram of the integrated resolver and rectifier. A rotary trans-

former example is shown, but this can represent any electromagnetic-based air-gap wireless exciter.

Everything colored in blue is on the stationary board, and everything on the rotating board is green.

A single-phase inverter provides the AC power on the stationary side and the rectifier converts back

to DC and is connected directly to the terminals of the field winding. The two differential output

signals, Vsine and Vcosine are the modulated signals going to separate filter circuitry not shown.
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Figure 5.1: Diagram of general wireless excitation system showing the capacitive resolver integration
and operation.

5.2 Initial Resolver Prototype

Figure 5.2 shows pictures of the first iteration of the capacitive resolver. There is no rectifier present

on this revision and is intended only to test out the resolver functionality. Figure 5.2a and Figure 5.2b

show the top and bottom sides of the two-layer stationary-side PCB. The return traces electrically

connecting the stator petal electrodes to the connector are present on the bottom of the board. These

boards correspond to the FEA shown in Figure 4.12. The connector provides the input excitation

signals from a dual-output function generator, its ground reference, and the four output electrode

voltages. In these pictures the two pairs of resolver differential output voltages would be across

electrodes B and C, and electrodes A and D.
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(a) (b)

(c)

Figure 5.2: Annotated pictures of the (a) top-side and (b) bottom-side of the stator PCB, and the
(c) rotor PCB.

The stationary and rotating resolver PCBs are intended to be parallel to each other at a distance

of ≈ 1mm. While the FEA results in Table 4.1 show that the resolver can handle small amounts of

mechanical misalignment, it is ideal to test the resolver with perfect alignment. A lathe was used

for resolver testing to provide a way to spin the rotor board at a constant speed with an accurate

concentric and parallel reference. Figure 5.3 shows a side-view of the lathe setup. The rotor board

on the left side is mounted on the chuck while the stator board is mounted on a 3D printed stand to
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fit into the tail stock. During testing it was easy to adjust the parallel distance between the plates

and the rotational speed as needed.

Figure 5.3: Resolver testing setup on the lathe.

The dual-output function generator is not pictured but supplies the 20Vpk,pk excitation voltages.

Likewise, an oscilloscope reads the differential resolver output voltages across opposite-facing

stator petal electrodes. Figure 5.4 shows example oscilloscope screen captures of the modulated

differential voltages. It is clear that the waveforms are not symmetric and do not resemble sinusoidal

waves.

Only the modulated waveforms were recorded and no analog modulation was applied to

the signals during testing. However, in Figure 5.5a the differential resolver output voltages are

demodulated in MATLAB using eq. (4.2) and envelope extraction. This gives an idea of what the

sine and cosine waveforms would look like with demodulation. The resulting signal envelopes are

not symmetrical about the x-axis and have a DC bias. This waveform is compared with Figure 5.5b

which is taken from Figure 4.12 showing the FEA-generated waveforms of the same resolver design.

The waveforms are not identical, but they follow similar trends with the waveforms both having
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two different amplitudes. Testing on the lathe makes sure that any non-idealities in the resolver

waveforms are solely a function of the electrode coupling geometries and not mechanical alignment

issues. Therefore, it is inferred that the issue with the first resolver board revision comes from the

presence of the connector traces as confirmed in FEA.

(a)

(b)

Figure 5.4: Example oscilloscope screenshots showing the modulated resolver output voltage
waveforms.

The negative impact of additional traces on the stator PCB was first observed in the lab and later

verified in FEA. A four-layer board was next proposed to reduce the effect of the traces by creating a

quasi-Faraday cage within the PCB layers. The stack-up is described in Table 4.2. However, the FEA

results in Table 4.3 show that the four-layer stack up may create symmetric waveforms, but it does

not ultimately improve the expected resolver angular error. The four-layer board was fabricated and

tested in the lab, but is not shown here because it did not improve the trace issue. Instead, the final

version of the resolver removes the centralized connector and instead probes the resolver signals at

the electrode pours directly. This removes the need for return traces that could add unintended

capacitance.
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(a)

(b)

Figure 5.5: (a) Plots of resolver output waveforms and envelope extraction in MATLAB compared
with (b) the sine and cosine waveforms derived from the Ansys Maxwell FEA simulation in fig. 4.12

5.3 Final Resolver Prototype with Integrated Rectifier

The peak coupling capacitances between the rotor and stationary electrodes are < 30pF and are

susceptible to even single picofarads of capacitance from electrically connected copper close to the

main stator petals. Instead of making electrical connections parallel to the stator petal electrodes, the

connections are via perpendicular board-to-board connectors. The stator board shown in Figure 5.6a

has vias on each of the six electrodes connecting through to the bottom layer of the boards with pads

for surface mount two-pin connectors. Only one pin is electrically needed for a single signal, but

two pins are used for additional mounting stability considering they are surface-mount connectors.
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For this final resolver prototype, the main connector interfacing with external hardware is on the

filter board in Figure 5.6c.

(a) (b)

(c)

Figure 5.6: Pictures of the final resolver boards: (a) stator board, (b) rotor board, and (c) filter and
demodulation board.

Figure 5.6 shows the final iteration of the stator and rotor resolver boards and specifically

includes the integration with the rotating rectifier. The pads for eight diodes are included on the

rotating rectifier board to have two diodes in parallel for current sharing. The boards shown here
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are the same as the best resolver design in Figure 4.14.

The lathe is again used to bench test this new three-board resolver prototype. During testing,

the lathe did not exceed 1400 RPM. Figure 5.7 shows the three resolver boards mounted on the

lathe. Again, the rotor board is mounted on the rotating chuck and a 3D printed part holds the

stationary boards to the tail stock. The filter PCB, right-most board, is connected to the resolver

stator board with six two-pin connectors.

Figure 5.7: Picture of the test setup with the resolver and filter board mounted on the lathe.

20Vpk−pk AC voltages are provided from the same dual output function generator as the

original testing for the resolver excitation. The output signals from the resolver are captured on

the oscilloscope. The filter circuitry and results from lathe testing are discussed in the following

section.

The maximum standard resolver excitation frequency is 20kHz, and all measurements at various

speeds were taken at this same frequency. However, it is important to understand how the carrier

frequency affects the response of the resolver. A gain and phase plot of the capacitive resolver

provides necessary for the gains and phase delays applied on all the filter circuitry.
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Figure 5.8 shows the gain and phase information for the capacitive resolver. The gain is de-

pendent on the gap distance, so this plot will not always be accurate, but gives a good trend in

terms of carrier frequency. For example, the carrier excitation frequency should be as high as

possible to avoid the signal significantly degrading and negatively affecting the shaft position

derivation. Additionally, the gain peaks in the mega-hertz range which is convenient and useful for

the CPC-integrated resolver version.

Figure 5.8: Plot of the voltage gain and phase of the resolver looking at Vsin,mod(θ) / Vcarrier from
Figure 4.1b

5.4 Filtering and Demodulation circuits

5.4.1 Analog Multiplier

There are many different algorithms for resolver demodulation [143]. Analog multipliers offer a

straightforward method for analog demodulation as explained in section 4.1. Figure 5.9 shows a

block diagram of the analog multiplier circuitry processing the two sets of differential voltages

to produce sine and cosine waveforms. This circuitry is included on the filter board shown in
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Figure 5.6c. Each set of differential voltages are first converted to single-ended signals. A low

pass filter is then used to apply a phase delay in order to bring the resolver output in phase with

the excitation signal. According to Figure 5.8, the resolver will be phase shifted ≈ 80◦ from the

excitation voltage at 20kHz. A second-order filter is used to keep the cut-off frequency near the

excitation voltage and avoid filtering it out. The 1MHz bandwidth Analog Devices AD633 IC

can then multiply the two in-phase voltages with a post low pass filter set at the maximum shaft

mechanical frequency. The final low pass filter is set at a single cut-off frequency of 160Hz, or 9600

RPM. This implies that there will be more harmonic content present at lower speeds than at speed

near the cut off frequency.

Figure 5.9: Block diagram of analog multiplier circuitry for demodulation

Figure 5.10 shows an example of the demodulated vsine(θ) and vcosine(θ) waveforms measured

directly from the resolver filter board at a constant speed on the lathe. These waveforms are then

used to determine the predicted shaft position. Instead of a microcontroller, MATLAB was used to

take the inverse tangent of the two sine and cosine waveforms to calculate the angle directly.

Figure 5.11 summarizes the position information for a measurement point at ≈ 1400 RPM. The

top plots shows the differential voltages directly measured across the outputs of the resolver. These

signals are 130mVpk−pk with a small DC offset. The gains on the filter circuitry are adjusted during

testing to make sure the output signals have amplitudes on the order of volts for better signal to

noise ratio and ease of interface.
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Figure 5.10: Capture oscilloscope waveform of demodulated sine and cosine waveforms. Taken
from the outputs of the resolver filter board.

The plot in red and black compares the calculated rotor position with the actual rotor position

interpolated from the constant rotational speed. The error between the calculated and actual

position is additionally shown in magenta. It is apparent the the resolver error is periodic and

reaches a maximum error of ±12◦. Table 5.1 summarizes the peak resolver errors for different

constant lathe speeds. In general, the absolute error is within the range of 10◦-15◦ regardless of the

speed of the rotor. Likewise, there does not appear to be a trend of the error changing significantly

with rotor speed, and in general is consistent among all the tested speeds. There are no observers

or other feedback circuitry that used that could otherwise improve the peak error. However, the

analog multiplier demodulation circuitry is useful because it provides a straight-forward analog

method to create sine and cosine waveforms for further microcontroller position processing.

Measured Speed Mechanical Frequency Peak Angle Error
62rpm 1.0Hz ±14.4◦

370rpm 6.2Hz ±12.6◦

828rpm 13.8Hz ±12.3◦

1020rpm 17Hz ±12.6◦

1408rpm 23.5Hz ±12.0◦

Table 5.1: Summary of results from testing resolver on the lathe with the analog multiplier demod-
ulation circuitry.
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Figure 5.11: Figure of data captured during lathe testing at ≈ 1400 RPM and then the angle error
calculated in MATLAB.
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5.4.2 AD2S1210 Evaluation Board

In contrast to analog demodulation circuitry, many papers discuss purely digital algorithms for

demodulation [147, 144, 145]. One common, commercially available device is the Analog Devices

AD2S1210 resolver-to-digital converter. This device in particular is chosen for lab testing because it

has a plug-and-play evaluation kit that is easy to interface with a laptop to measure and record

rotational position and speed. Figure 5.12a shows a block diagram of the evaluation board electrical

connections and interface with a general magnetic resolver [8]. From the user manual, the evaluation

board can apply excitation voltages at R1 and R2 up to 10Vpk−pk and expects the resolver output

signals to be a minimum of 4Vpk−pk. The resolver output filtering is interesting in that it filters

each of the four signals individually and not as a differential pair. Additionally, it expects each of

the individual signals to be centered around 2.5V as well.

Figure 5.12b shows a block diagram of the filter circuitry in between the resolver outputs and

the evaluation board inputs. This is necessary to make sure the output differential signals from

the resolver are in the correct voltage range and amplitude for proper digital demodulation. The

differential pairs are converted to single-ended signals centered at 0V, level-shifted up 2.5V, and

then converted back to differential signals. This circuitry is also included on the filter board in

Figure 5.6c. Each section stage of the filtering also includes potentiometers to fine tune the gains on

the signals to achieve the minimum 4Vpk−pk.
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(a)

(b)

Figure 5.12: (a) Block diagram of AD2S1210 evaluation board taken from its datasheet [8]. (b)
Block diagram of filter circuitry required to interface resolver with AD2S1210 evaluation board.
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Figure 5.13 shows the bench testing setup with the AD2S1210 evaluation kit. The boards have a

separate power supply and connect directly into a laptop. The resolver test stand is 3D printed to

hold the stator board and allow the rotor board to rotate with a bearing. Since the resolver mounting

is 3D printed, there is a good amount of mechanical tilt and offset expected. The filter board is

mounted to the under-side of the blue stator PCB. All of the input and output connections from the

evaluation board are connected to the filter board.

The red rotor board is spun to various speeds using compressed air. Spinning with compressed

air does not produce a constant rotational speed, but allows the board to reach higher speeds than

on the lathe. An optical tachometer was used during testing to give an estimate of the speed at

the acquisition time and make sure the filter circuitry and evaluation board are giving reasonable

position and speed results.

Figure 5.13: Picture of testing setup using 3D printed resolver stand and AD2S1210 evaluation
board.

In the AD2S1210 evaluation software, the sampling frequency is fixed at 500kHz and the number

of samples can be adjusted to change the amount of time to capture data. With the maximum

number of samples, the acquisition time is 26ms. In the example in Figure 5.14, the compressed air

is used to spin up the rotor board and the data collected is started when the air is removed and

the rotor is coasting as it slows down. This approach attempts to have the speed as constant as

possible. The display shows the rotor position angle over 360◦ and the speed is given in RPS which

is equivalent to hertz. The speed range shown here is roughly between 2760 and 2800 RPM.
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Figure 5.14: Sample picture of AD2S1210 graphical user interface showing measured resolver shaft
position and speed. This measurement is taken when the resolver is coasting and slowing down.

The angle error from the example resolver data capture is shown in Figure 5.15. The speed

within each 0-360◦ degree period is assumed to be constant and the reference position is interpolated

linearly between each period. From the measurement taken in Figure 5.14, the predicted resolver

error is < 0.5◦ and a nearly two orders Table 5.2 summarizes the maximum errors calculated

for different various different speeds. These results indicate an order of magnitude accuracy

improvement over the multiplier demodulation sine it has no advanced signal processing. The

resolver itself was not changed, only the demodulation algorithm.
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Figure 5.15: Plots showing the position and speed data captured from the AD2S1210 software and
the resulting calculated angle error in MATLAB.

In Table 5.2 there is a trend that the resolver error improves at higher rotational speeds. The

3D printed part does not have the same concentricity and air-gap tolerance as the lathe setup, so
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some of the error could come from the mounting setup itself. The centripetal acceleration flattens

the board creating an even airgap between the stator and rotor. This effect contributes to the lower

resolver error as the speed increases. Conversely, as the speed decreases it becomes less constant

and there is less energy stored in the inertia. This would contribute to higher angle errors at lower

speeds with this test setup.

Measured Speed Mechanical Frequency Max Angle Error
877rpm 14.6Hz 4.3◦

1488rpm 24.8Hz 2.8◦

2063rpm 34.4Hz 2.8◦

2549rpm 42.5Hz 1.9◦

2785rpm 46.4Hz 0.3◦

Table 5.2: Summary of results for testing the resolver with a 3D printed stand using the AD2S1210
digital demodulation evaluation boards.

5.5 CPC-Integrated Resolver Testing

The capacitive resolver is integrated around the rotating rectifier circuitry, but it can also be inte-

grated into and around the CPT coupler PCBs as well. Figure 5.16 gives a general diagram of the

CPC-integrated resolver system. The 6.78MHz input voltages to the rectifier act as the excitation

signals for the capacitive resolver. There is no need for an external sinusoidal generator. Addition-

ally, the stationary parts of the resolver are again shown in blue while the rotating components are

colored in green.

Figure 5.17 shows pictures of the CPC-integrated PCBs. The rotor board in Figure 5.17a shows

the two excitation electrodes around the outside radius of the coupling electrodes. This matches

the design simulated in FEA from Figure 4.17. The stator petal electrodes in Figure 5.17c are also

located around the outer radius of the coupling electrodes with headers on the back of the board to

connect to the filter board. The filter board and the mounting setup on the machine is shown in

Figure 5.18.
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Figure 5.16: Diagram of the CPT system showing the CPC-integrated resolver operation.

The current-stiff rectifier is used for this CPC design with the same parts used in the high power

testing in chapter 3. However, eight diodes are used in this rectifier instead of four in order to limit

the amount of loss per device and mitigate diode thermal issues. While the rectifier takes up the

same footprint as with the original CPC boards, the coupling electrodes are slightly smaller to

maintain the same board diameter with the addition of the resolver functionality.
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(a) (b)

(c) (d)

Figure 5.17: CPC-integrated resolver and rectifier boards with pictures of the (a) rotor board and
(c) stator board and Altium renderings of the (b) rotor board and (d) stator board to clearly show
the resolver functionality.

The three CPC boards are mounted in the same configuration as with the high power CPT

testing. In order to keep the same approximate system frequency, the boards are mounted with

slightly small air gaps closer to 0.6mm instead of 0.8mm. The filter board is added on the front

facing side of the stator board and connected with tall connectors so as not to block the air flow
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cooling to the rectifier diodes on the front-side. The filter circuitry follows the analog multiplier

block diagram in Figure 5.9 except the multiplier is swapped out with the Analog Devices 250MHz

bandwidth AD835 IC.

Since the machine is on the bench and signals are probed on the rotor board, the rotor cannot

spin freely at a constant speed to evaluate the resolver. Instead, a rotary index head is used to

rotate the shaft at discrete angle steps over one full revolution. The rotary index head provides very

accurate discrete angle steps. Figure 5.18c shows the setup of the rotary head index on the back

of the machine shaft with a wheel and many holes for accurate and consistent position steps. At

each step the resolver output signals are captured on the oscilloscope and the resulting signal is

demodulated in MATLAB. Measurements were taken at 9◦ increments.

One drawback for this setup is that the pick-up voltages in this system at high output power

can be hundreds of volts. This means that high voltage is being applied to, and at the outputs of

the resolver. In order to do any analog or digital filtering, all of these signals must be converted to

low voltages. The AD835 has a voltage limit of ±5V . Therefore, all of the signals processed on this

board have to be low voltage and within the same range. This is challenging considering that the

applied rectifier voltage can be hundreds of volts and changes with the field power.

The filter board uses eight 1206 resistors in a voltage divider configuration to step down the

300Vpk excitation signal to a 2.1Vpk low voltage signal. Similarly, the resolver output waveforms are

stepped down from a 120Vpk signal to a 2.4Vpk signal. Unfortunately, this means that the voltage

divider gain is fixed regardless of how the output power changes. For all CPT testing the output

power was kept at a constant bus voltage of 180V to achieve a relatively constant output power of

≈ 500W.



133

(a) (b)

(c)

Figure 5.18: Pictures of testing the CPC-integrated resolver. (a) Side view of the CPC and filter
boards, (b) front view of the filter board, and (c) rotary index head attached to the machine shaft.
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(a)

(b)

(c)

Figure 5.19: Plots showing the (a) input voltage to the CPC-integrated resolver, (b) sample raw
and low-pass-filtered resolver output signals, and (c) the output power all as a function of shaft
position.
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Figure 5.19a shows an example waveform of the input rectifier voltage captured on the oscillo-

scope with an output power of 570W ±5% at a 6.6MHz system frequency. The current stiff rectifier

uses an input capacitor than filters the rectifier waveform and creates a sinusoidal waveform. This

is ideal for the resolver excitation voltage. Additionally, Figure 5.19b shows an example of the

two resolver output signals at a fixed shaft position. The carrier frequency is constant, but the

amplitudes of the signals change with rotation. To demodulate the signals over the full rotation,

the peak value of the filtered resolver signal is recorded and used to construct the sine and cosine

waveforms.

Figure 5.20 shows the MATLAB analysis results of the 9◦ data points. The points in the blue and

red curves plot show the peak magnitude of the modulated resolver output signals at each shaft

position. High voltage differential probes were used to measure the resolver differential output

voltages. Since they are rated for 1000V, their resolution at voltages < 10V is low. This data shows

that the CPC-resolver can give the shaft position within a roughly ±10◦. This is comparable to the

general resolver results and confirms the capacitive resolver design is scalable to larger diameters

and orders of magnitude higher frequencies.

Figure 5.19c plots the output DC power measured at each shaft position. There is a rough

sinusoidal trend of the output power changing as a result of the coupler PCBs not being perfectly

flat and likely having a slight tilt to prevent them being perfectly parallel. The coupling capacitance

is sensitive to small changes in mechanical tolerances and misalignment. Therefore, as the rotor

spins the coupling capacitance, and consequently the load on the inverter changes with rotation. As

the load changes slightly, the inverter and rectifier voltage will also change slightly. This means that

the voltage applied to the resolver is not going to be constant over a full rotation either. However,

the angle derivation is a ratio of the sine and cosine, so any gain change from the rectifier voltage is

applied equally and should not affect the final angle result.
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Figure 5.20: CPC-integrated resolver testing plots showing the demodulated sine and cosine
waveforms as well as the shaft position error.
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5.6 Concluding Remarks

The capacitive resolver is a simple and minimal design that is physically scalable and also maintains

accuracy at various carrier frequencies. With basic analog demodulation the resolver design

has a conservative error of ±15◦. However, the accuracy can be improved down to ±0.3◦ with

sophisticated digital demodulation algorithms. These digital demodulation strategies are widely

discussed in literature and have commercially available solutions so this is not a hindrance for the

adoption of the design. Furthermore, the rectifier was in use during testing of the CPC-resolver

with a >500W output power without significantly impacting the resolver error. Further work is

needed for the CPC-resolver filter to be compatible with variable field power and signal processing

at megahertz frequencies. Through this design, the technical and cost-related learning curves are

eliminated associated with the adoption of the integrated capacitive resolver and rectifier. The

resolver layout is able to be adapted for the space constraints in a machine design and overall provide

an excellent solution for not only capacitive, but anytime of wireless rotor excitation method.
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Chapter Six

Contributions, and Recommended

Future Work

6.1 Contributions

Within this work, contributions were made to further the goal of increasing the viability of wound

field synchronous machines (WFSM) in traction applications. Specifically, an emphasis was put

on reducing the cost and complexity of rotor field excitation methods. These contributions are

summarized in the following list and expanded upon in further detail afterwards.

1. Reduced CPT complexity with removal of the power coupler’s rotor-side buck converter.

2. Achieved a new maximum output power, >3x from previous work, with air-gap CPT for

synchronous machine rotor excitation.

3. Created closed form solution for determining resonant tank inductance in the series resonant

converter.

4. Designed and manufactured integrated capacitive resolver with rotating rectifier for any

WFSM excitation method.

5. Designed an integrated capacitive resolver and rectifier to be compatible with conventional

resolver excitation and demodulation circuitry.

6. Developed capacitive resolver integrated around the capacitive power transfer coupler boards.
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6.1.1 Contribution #1: Eliminating Rotor-Side Buck Converter

(a)

(b)

Figure 6.1: Pictures of the front and back sides of the rectifier board circuitry for the (a) 1.7MHz
prototype with output buck converter and the (b) 6.78MHz prototype without any buck converter
needed.

One barrier to WFSM adoption in traction applications is the total cost of the wireless excitation

system. On the capacitive power coupler excitation system, one way to reduce cost is to the reduce

the total number of unique components. The air-gap capacitive coupler’s power capability is

determined by its amps/hertz rating. In this work, the buck converter on the previous 1.7MHz

prototype [84] was eliminated by increasing the system frequency to 6.78MHz. An increase in

system frequency directly lowers the capacitive coupler impedance to achieve the same output

power without requiring a buck converter for impedance matching to the load. Beyond a reduction
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in the capacitive coupler impedance, 6.78MHz falls into the ISM band with fewer restrictions for

pollution allowing for easier compliance to EMI/EMC standards. Likewise, a higher frequency

requires less filter capacitance on the output of the rectifier, further reducing the part count as

seen in Figure 6.1. The new rectifier board has 67% fewer unique components and 50% fewer total

components.

6.1.2 Contribution #2: Achieved 2.3kW Output Power with Air-gap CPT and

Current-Stiff Rectifier.

Previous air-gap capacitive power transfer systems for WFSM rotor excitation transferred a peak

power of 675W to the field [84]. In this work, a peak power of 2.3kW was delivered to the load with

an 88.5% efficiency for a 3.4x increase in output power. Increasing the system frequency >6.78MHz

allowed the capacitive coupler to transfer higher current before voltage breakdown across the air

gap. To achieve contributions #1 and #2, the following supporting contributions were made:

• Increased inverter frequency 4x from 1.7MHz to > 6.78MHz

A class-D resonant inverter was designed with GaN HEMT switches to operate at and above

6.78MHz. To account for the shorter switching period, the deadtime was reduced by nearly 3x from

40ns to ≈ 15ns. The deadtime reduction was realized via matching propagation delays among all

IC components and tuning each GaN switch control pathway after assembling the inverter board.

Likewise, care was taken to design and layout the gate drive circuitry with the fewest required parts

and smallest gate loop to mitigate stray inductance to 4nH.

• Designed Current-Stiff Rectifier to Manage the Parasitics at > 6.78MHz

The rotating rectifier board is necessary to put DC power on the field winding. Two different

rectifier topologies were tested to reduce the stress and loss on the diodes to push their performance

into the kilowatt output power range. The two topologies were the voltage stiff rectifier with a

DC filter capacitor and the current stiff rectifier with a DC filter inductor. All prior work in this

area used the voltage stiff rectifier. This rectifier featured an inductor across the input terminals to

correct the power factor from the passive diode equivalent capacitance. Conversely, the current stiff
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version featured a smoothing capacitor across the rectifier AC terminals to filter out higher order

harmonics in the input voltage waveform.

The peak 2.3kW of output power was achieved using the current stiff rectifier. The design

was shown to reduce the overshoot voltage seen by the passive diodes and produced the highest

overall system efficiency. The parasitic inductance from the rectifier layout coupled with the diode

equivalent capacitance created large amounts of ringing and voltage overshoot in the voltage-stiff

design. However, the current-stiff rectifier specifically mitigated the effect of the nanohenry parasitic

inductance, by adding the bulk microhenry inductance output filter. Additionally, the input capaci-

tance to the rectifier creates a sinusoidal input voltage that is ideal for the CPT-integrated resolver

excitation. The current-stiff rectifier is the preferred choice for megahertz operating frequencies as

well as the integrated-resolver topology.

• Improved the Inverter Heat Sinks to Increase Inverter Output Power Capability

During preliminary testing, cooling of the inverter GaN switches was the limiting factor of the

CPT system. To achieve >1kW of output power, small copper blocks were soldered directly onto

the top-side thermal pad connected to the source of each switch to increase the thermal mass. A

heatsink was placed across each half-bridge with a sheet of Kapton used to electrically isolate the

two copper blocks. The pin fin heat sink featured an integrated fan that ensured equal airflow and

a balanced temperature rise on each switch.

• Reduced Resonant System Equivalent Series Resistance for Improved Efficiency

The resonant system ESR was reduced nearly 3x from 1.56Ω to 0.55Ω, thus reducing a significant

portion of avoidable loss in the system at higher frequencies. The ESR reduction came primarily

from minimizing the total wire length in the system by decreasing the resonant tank inductor size

from 27µH to 1.5µH. Additional vias connecting the top and bottom side copper pours of the CPC

boards were also added to reduce system ESR.

6.1.3 Contribution #3: Closed-form solution for Ltank

The full series resonant DCDC converter was analyzed in steady state. The field winding load

resistance and the capacitive coupler are fixed values. In the most simplified case, the series resonant
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tank inductance is approximated in eq. (6.1) with a frequency set to 6.78MHz. This makes the

assumption that the class-D resonant inverter is an ideal AC voltage source and the full-bridge

rectifier is an ideal AC-to-DC converter. This simplification ignores the fact that the inverter must

operate in a zero voltage switching, soft switching condition to mitigate switching losses.

Ltank =
1

ω2Ctank
(6.1)

Instead, the analysis in this work accounts for the non-idealities in the inverter and rectifier to

give a more accurate approximation of the required tank inductance in eq. (6.2). It can also give

insight into the sensitivity of system parameters. This new equation takes into account parameters

such as the deadtime of the inverter, the equivalent diode capacitance of the rectifier, and equivalent

series resistance of connection wires.

Ltank =
Ctankω(C2

eR
2
eRtankω

2 + Re + Rtank) tan(ω2 td) + 2 + CeR
2
e(Ctank + 2Ce)ω2

2ω2Ctank(C2
eR

2
eω

2 + 1) (6.2)

6.1.4 Contribution #4: Integrated capacitive resolver with rotating rectifier for any

WFSM excitation method

This is the first capacitive resolver specifically designed for kilowatt-level electric machines. It

is also easily scalable to match the rotor pole count. The development of an integrated resolver

and rectifier board furthers the goal of reducing the system cost for any wound field synchronous

machine excitation method. This design removes the need for an additional resolver component

and helps to lower the cost of entry to replace WFSMs with permanent magnet machines for traction

applications. Chapter 4 and Chapter 5 detail the design, analysis, and testing of a capacitive resolver

integrated around a rotating rectifier.

The capacitive resolver is comprised of one stationary and one rotating PCB. The stationary

board takes in two AC carrier excitation voltages 180◦ out of phase. The stator excitation electrodes

capacitively couple to the rotor electrodes on the board that is mechanically connected to the rotor

shaft. The rotor electrodes couple back to four petal-shaped "pick-up" electrodes on the stator.

As the machine rotates, the differential voltages across the opposite electrodes inscribe sine and

cosine envelopes on the input carrier voltage signal. Essentially, the goal is to create a sinusoidal
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capacitance varying with the shaft angle. The rotating rectifier is placed on the inside radius of the

resolver rotor board and directly connected to the field winding.

• Development of Closed-Form Analytical Resolver Model

Between the rotor and stator resolver boards, the eight separate electrodes form 36 unique

capacitances. With simplifying assumptions, the full capacitance matrix is modeled in order

to derive an analytical solution for the resolver modulated output voltages. With simplifying

assumptions, the main coupling capacitance as a function of rotor position is derived between the

rotor excitation electrodes and the stator pick up electrodes.

• Development of 3D FEA Capacitive Resolver Model

Ansys Maxwell was used to simulate a 3D FEA model of the capacitive resolver and evaluate

different topologies. Figure 6.2 shows a few different resolver topologies that did not work well

as resolvers. The capacitance matrix extracted from this model was analyzed in MATLAB and

used to evaluate the harmonics and expected error from different capacitive resolver topologies.

Additionally, the pattern between the stator and rotor electrodes is easily extrapolated out for higher

pole machines. The capacitive resolver is a multi-purpose position sensing solution for any wireless

excitation method.

In order to advance the goal of creating a low-cost wireless excitation method, an integrated

capacitive resolver and rotating rectifier were proposed. The design is intended to act as a drop-in

replacement for the rotating rectifier necessary in a WFSM wireless excitation system and the

encoder or resolver present. Many rotating rectifiers already use printed circuit boards which

naturally lends itself to a combined capacitive-based system.
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(a) (b)

(c) (d)

Figure 6.2: Screenshots from Ansys Maxwell simulations of different capacitive resolver topologies
that did not work out. In brown are the stator board "pick-up" electrodes and the excitation
electrodes are shown in black and white.

6.1.5 Contribution #5: Conventional Resolver Excitation and Demodulation

Compatibility with Error < 0.5◦

In the state of the art review in section 1.3, there are many different topologies of capacitive position

sensors that have unique excitation and demodulation strategies. In order to lower the barrier for
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the integrated design, the capacitive resolver is specifically made to be a drop-in replacement for

traditional magnetic resolvers without the need for additional controls or circuitry. The capacitive

resolver can take in two 10-20kHz carrier excitation voltages 180◦ out of phase, and output two

pairs of differential voltages with sinusoidal envelopes.

During testing the sinusoidal envelope signals were demodulated using an analog multiplier to

produce clean sine and cosine waves for the shaft position derivation. However, the differential

voltages were also connected to a commercially available demodulation platform, the Analog

Devices AD2S1210 resolver-to-digital converter platform. The resolver was spun at various speeds

and the differential signals were digitally demodulated with a positional accuracy as low as 0.3◦.

This falls within the accuracy range of conventional magnetic resolver errors between 0.1◦ and 1◦

depending on the demodulation algorithm and software [140–142].

In order to interface directly with the AD2S1210 platform, a filter board was added between

the output of the differential resolver signals and the evaluation board. The resolver filter board

level shifts and applies a gain to each of the four output signals to be centered around 2.5V and

4Vpk−pk. The AD2S1210 platform produced an order of magnitude lower positional error and gives

an example of digital resolver demodulation that is widely available for drive system controllers.

6.1.6 Contribution #6: CPT System Integrated Resolver with Error < 10◦

The design of the general capacitance resolver is a donut shape that is added at the outer radius

of the rotating rectifier PCB. Likewise, the same capacitive resolver functionality is added around

the outer radius of the CPC boards. The CPT system already has a sinusoidal voltage applied

to the input of the current-stiff rectifier and is additionally used for the resolver excitation. The

resolver excitation in this case is at 6.78MHz so it is not compatible with direct digital demodulation

controllers that operate only up to 20kHz. However, analog multiplier demodulation circuitry can

still be used successfully with an accuracy of < 10◦.

6.2 Future Work

There are additional pathways to further the main goals of 1) improving the maximum continuous

power capability of the capacitive wireless excitation system and 2) reducing the wound field
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synchronous machine system costs to become a commercially viable permanent magnet alternative.

Below is a list of suggested work followed by a detailed summary of each point.

1. Evaluate the EMI spectrum of the CPT system around 6.78MHz and determine its compatibil-

ity with automotive and other traction application standards.

2. Investigate alternate cooling strategies for CPT rectifier losses.

3. Investigate the use of an aluminum substrate for the rotating resolver board to increase diode

thermal dissipation.

4. Scale the CPC-integrated-resolver filter circuitry gain with the rotor field power.

5. Characterize the general resolver and CPC-integrated resolver under dynamic power tran-

sients.

6. Add a ground plane for decoupling the stator-side resolver electrodes from filter circuitry on

the back of the board.

6.2.1 Future Work #1: Evaluation of Capacitive Power Transfer EMI

The ISM band of reserved frequencies around 6.78MHz is only a 30kHz range between 6.765-

6.795MHz. The CPT system is intended for use in traction applications, so it is important to

understand the amount of EMI that is produced from parasitic resonances among the GaN HEMT

and SiC Schottky diode equivalent capacitances and stray inductances. The natural frequency

changes as the coupler boards rotate and the switching frequency is set to operate just above that

natural resonant frequency. It is important to investigate if the rotor spinning and the changing

output will affect the natural frequency enough to move out of the designated ISM band.

6.2.2 Future Work #2: CPT Rectifier Cooling

The CPT rectifier is confined to a small footprint on the center of the rotating coupler board. The

machine rotor was stationary during CPT testing with forced air to mimic the natural airflow over

the diodes when the rotor spins during normal motor operation. The limiting component of the

system at 2.3kW was the rotating rectifier cooling. The diode heating at different speeds and powers
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has not been measured. All rotor components must be rated for both the maximum field power as

well as the maximum rotational speed and acceleration of the rotor. There is a need to investigate

the diode placement and determine an optimal cooling configuration for continuous operation.

(a) (b)

Figure 6.3: (a) Picture of a rotating rectifier PCB and (b) rotary transformer core assembly.

6.2.3 Future Work #3: Aluminum Substrate PCB for Resolver Rectifier

Aluminum substrate PCBs are a highly thermally conductive alternative to standard FR4 substrate.

Aluminum-clad boards are commonly used in applications where components are expected to

generate a lot of localized heat, such as LEDs. Typically these are one layer boards where the bottom

is attached to a heatsink for additional thermal dissipation. Figure 6.3 shows an example of a

rotary transformer for wireless rotor excitation with a rotating rectifier. The rectifier is a single-layer

aluminum PCB mounted onto the back of the spinning-side transformer core.

To further improve the power capability of the rectifier integrated with the capacitive resolver, it

would be helpful to use an aluminum substrate PCB for the resolver rotor board. However, it would

be necessary to investigate how a piece of solid aluminum would affect the coupling capacitances

on the resolver. 3D FEA simulations could give insight into using alternative materials for the

resolver PCB to aid in cooling the rectifier.
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6.2.4 Future Work #4: CPC Resolver with Variable Filter Gain

The benefit of the CPC-integrated resolver is that the main power path provides the carrier frequency

excitation for the resolver. No external AC supply is required as the input AC voltage to the rectifier

is the excitation voltage. However, the rectifier voltage scales with the system output power and

can reach well into the hundreds of volts. The resolver analog filter circuitry currently operates

within a small voltage range of ±5V . Therefore, there is a need for a variable voltage gain between

the resolver output voltages and the input to the filter circuitry to account for changing field power.

6.2.5 Future Work #5: Characterize Resolver under Dynamic Power Changes

Both versions of the integrated resolver and rectifier were tested in the lab and isolated from the

dynamics of motoring operation. The CPC-integrated resolver was tested at a near-constant output

power, 570W average, in order to avoid transient responses from dynamic changes in the load

power. Dynamometer testing on a machine with dynamic rotor power changes will give a good

understanding of how the resolver error is affected by transient events on the machine.

6.2.6 Future Work #6: Ground Plane for Circuitry on Resolver Stator Board

In this work, the resolver signals were measured from axial board-to-board connectors to avoid thin

traces on the stator board other than the resolver electrodes. These traces introduced symmetry

issues on the modulated output voltage signals as discussed in FEA in section 4.3 and confirmed

during testing in section 5.2. Specifically, the connectors necessitated a third board for filtering and

demodulating the resolver output signals.

Further work can be done to integrate the filter circuitry onto the stator resolver board specifi-

cally with the inclusion of ground planes. The ground planes were shown to remove symmetry

issues from the traces but still had a large third spatial harmonic present. The ground planes also

introduced additional leakage capacitance pathways that reduced the signal gain on the output

modulated voltages. Additional filters and amplifiers could be used to remove the third spatial

harmonic and create sinusoidal resolver output waveforms with only two total boards.
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appendix: alternate design of a salient capacitive resolver

A.1 Integrated Position Sensor Topology

The integrated resolver and rectifier topologies use two boards: one stationary stator board and one

rotating rotor board. The initial resolver design is shown in Figure A.1. These boards solely contain

the position sensor and rectifier circuitry in order to be a multi-purpose solution for any wireless

excitation system. The outer coupling electrode is used in order to provide the single-phase voltage

excitation to the rotor electrode petal structure. Likewise, the petal structure is also electrically

connected to the outer coupling electrode on the rotor. The resolver design is also adaptable to

different pole/petal numbers for adjusting the desired resolution and shaft speed. The already-

present capacitive coupler is able to integrate into exciting rotor electrode. Either the CPC PCBs can

be made with a larger diameter to incorporate the resolver functionality, or the CPC can be shrunk

slightly to fit with the same diameter.

As the rotor boards in the middle column spin about their center, the grey excitation electrode

petals capacitively couple with different colorful stator "pick-up" electrodes. This creates the variable

capacitance effect. The rotor board is wirelessly excited via capacitively coupling with the grey

electrode of the stator. High frequency single-phase voltage is applied to the stator, coupled to

the rotor, and is then modulated at the rotor frequency back to the stator electrodes. The “pick-

up” electrodes are arranged in repeating patterns where the like-colored sections are electrically

connected together. In this way, the position measurement can be distributed around the entirety

of the board to reduce coupling disparities between warped or non-flat boards. Additionally, the

mint green section on the rotor is designed for the rectifier circuit and is connected to the WFSM

field windings.

The main capacitive coupling occurs between the petal shape on the rotor and the trapezoidal

section of the “pick-up” electrodes. The petal shape on the rotor references [113, 117] where the

outer radius of the shape follows a polar sinusoidal wave pattern that is easily mathematically

defined. The rotor petal shape is defined by eq. (A.1) where ro is the maximum outside radius and

A is the amplitude of the petals, and N is the total number of petals as shown in A.2a.
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(a)

(b)

Figure A.1: (a) Diagrams of integrated resolver and rectifier designs with different numbers of
poles for different resolution, and (b) diagrams of integrated resolver and rectifier designs added
onto the CPT coupler with different number of poles.

r = (ro −A) −Acos (Nθ) (A.1)
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(a) (b)

Figure A.2: (a) Diagram of outer petal shape and (b) rotor petal shape overlapped with “pick-up”
electrodes

where

0 6 θ 6 2π

The overlapped area, SA, between the rotor and stator electrodes shown in A.2b is defined with

the double integral in eq. (A.2) between angle θ1 and θ2. θ1 and θ2 align with the width of the

stator “pick-up” electrodes.

SA =

∫θ2

θ1

∫ (ro−A)−Acos(Nθ)+g

ri−g
rdrdθ (A.2)

In the calculation for the area, an extra fringing approximation is made in the petal radius by

adding the +g component on the outer radius and −g on the inner radius where g is equal to the

distance between the two plates. This approximation helps to account for electric fields in the gap

curving out on the edges. In eq. (A.2), all variables except for the angles are constants. Furthermore,

in a given resolver design, the stator electrode angles are fixed so that the area is solely a function

of θ1 as in eq. (A.3). The total capacitance is derived in eq. (A.4).

θ2 = θ1 +
2π
N

(A.3)

Ctot =
εSA(θ1)

d
N (A.4)
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A.1.1 Resolver Capacitance Calculations and Simulations

Finite element analysis (FEA) simulations were performed using Ansys Maxwell in order to evaluate

how accurately the resolver calculations estimate the coupling capacitance. In Maxwell, the 3D

electrostatic solver was used for the FEA. Figure A.3 shows two different cases with a two-pole and

a four-pole resolver design each being rotated through 360 electrical degrees overlayed on top of

the analytical calculations for capacitance. The FEA results are nearly identical to the calculations

and follow the sinusoidal pattern closely; however, the FEA results show the resolver coupling

capacitance to be slightly higher. This indicates the extra gap term in eq. (A.2) that accounts for

fringing works well as an approximation.

Figure A.3: FEA results compared to the analytical calculations for the two-pole and four-pole
models

A.1.2 Resolver Performance

The proposed resolver is designed to operate in two modes depending on the application, as shown

in Figure A.4. In A.4a, the stator side of the coupler is excited with a three-phase high frequency

voltage on the three separate repeating “pick-up” electrodes. The voltage capacitively couples

to the rotor petal shape and back to the “pick-up” electrodes where the modulated currents are

measured and filtered. This first operating mode allows both the position and speed of the shaft to

be measured. Specifically, the position at zero speed can be measured and used to align the motor

shaft. As the rotor board rotates, the coupled stator electrode currents will modulate accordingly,

creating an envelope around the relatively high frequency injected excitation. With an envelope
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demodulator or other comparable filter, the overall envelope will be extracted from the raw current

measurement. Additionally, this resolver configuration specifically differs from previous resolver

designs described in the state-of-the-art review as it relies on current measurements within a three-

phase system instead of differential voltage measurements amongst a four “pick-up” electrode

configuration.

(a)

(b)

Figure A.4: (a) Three-phase excitation operation and (b) single-phase excitation operation.

The second mode in A.4b is excited by single-phase voltage from the WFSM rotor’s wireless

excitation system and coupled through the rotor. As the rotor rotates, it couples back to the

“pick-up” electrodes on the stator and is converted to a measurable voltage via a voltage divider.

This configuration works essentially in reverse from the first mode. The relatively high-frequency

excitation voltage in conjunction with the relatively slow rotating rotor creates a sinusoidal measured

voltage within an envelope.
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A.1.3 Capacitive Position Sensor Design Limitations

For both operating modes, the position of the rotor is determined by calculating the resulting

rotating spatial vector of the three-phase system. This will be able to provide the absolute electrical

position, speed, and direction of the rotor. It will not be able to provide the absolute mechanical

position of the rotor. This resolver cannot give absolute position unless it is just one lobe with three

electrodes. This may be acceptable depending on the end user applications where the number

of poles on the resolver is equivalent to the number of rotor poles. This design, however, is not a

drop-in replacement for existing magnetic resolvers on the market as it requires one or three-phase

excitation with three signals to filter and demodulate. This limitation might make it harder to adopt

for the future.
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appendix: schematics

A.1 Inverter Schematic
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A.2 Current-Stiff Rectifier Schematic
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A.3 Resolver Filter Schematic
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A.4 CPC-Integrated Resolver Filter Schematic



CP
C 

- H
ig

h 
Le

ve
l F

ilt
er

 B
oa

rd

4/
21

/2
02

3
C

PC
hi

gh
_l

ev
el

_f
ilt

er
_b

oa
rd

.S
ch

D
oc

Ti
tle

D
es

ig
ne

r

D
at

e:
Fi

le
:

R
ev

is
io

n
M

ar
isa

 L
ib

en
V1

LU
D

O
IS

G
R

O
U

P

RE
PE

AT
(O

U
TP

U
T)

RE
PE

AT
(IN

PU
T_

PO
S)

RE
PE

AT
(IN

PU
T_

N
EG

)

RE
PE

AT
(V

EX
CI

TE
)

RE
PE

AT
(C

PC
fil

te
r_

bo
ar

d,
1,

2)
C

PC
fil

te
r_

bo
ar

d.
Sc

hD
oc

O
U

TP
U

T

O
U

TP
U

T1
O

U
TP

U
T2

5V
_L

V

IN
PU

T_
PO

S

IN
PU

T_
N

EG

V
EX

CI
TE

V
EX

CI
TE

1
V

EX
CI

TE
2

LV
_G

N
D

M
ul

iti
pl

ie
r D

em
od

ul
at

io
n

O
U

TP
U

T1
O

U
TP

U
T2 A
G

N
D

5V -5
V

A
G

N
D

A
G

N
D

V
EX

CI
TE

_H
V

1

V
EX

CI
TE

_H
V

2

IN
PU

T_
PO

S[
1.

.2
]

IN
PU

T_
N

EG
[1

..2
]

V
EX

CI
TE

[1
..2

]

O
U

TP
U

T[
1.

.2
]

Co
nn

ec
to

rs
 T

o 
R

es
ol

ve
r

SQ
T-

10
2-

01
-L

-S

1
1

2
2

J1
02

SQ
T-

10
2-

01
-L

-S

1
1

2
2

J1
04

SQ
T-

10
2-

01
-L

-S

1
1

2
2

J1
06

SQ
T-

10
2-

01
-L

-S

1
1

2
2

J1
03

SQ
T-

10
2-

01
-L

-S

1
1

2
2

J1
05

SQ
T-

10
2-

01
-L

-S

1
1

2
2

J1
07

O
ut

pu
t S

in
e/

Co
sin

e 
Pi

ns

Po
w

er
 a

nd
 E

xc
ita

tio
n 

to
 F

ilt
er

 B
oa

rd

22
-2

7-
20

31

1 2 3

J1
01

Bo
ar

d-
to

-B
oa

rd
 C

on
ne

ct
or

s

Bo
ar

d-
to

-W
ire

 C
on

ne
ct

or
s

Bo
ar

d-
to

-W
ire

 C
on

ne
ct

or
s

A
PT

16
08

Q
B

C
/D

LE
D

+1
01

Bl
ue

 L
ED

R
10

3

R
10

4

A
PT

16
08

Q
B

C
/D

LE
D

-1
00

Bl
ue

 L
ED

IN
PU

T_
PO

S1
IN

PU
T_

PO
S2

IN
PU

T_
N

EG
1

IN
PU

T_
N

EG
2

5V -5
V

A
G

N
D

2.
2u

F
C

10
0

2.
2u

F
C

10
2

5V
_L

V

A
PT

16
08

Q
B

C
/D

LE
D

+1
00

Bl
ue

 L
ED

R
10

2
IH

12
05

S

+V
IN

1

-V
IN

2

+V
OU

T
6

CO
M

M
ON

5

-V
OU

T
4

U
10

0

2.
2u

F
C

10
1

T TP
10

0

T TP
10

2

T TP
10

3

A
CM

45
20

V
-1

42
-2

P-
T0

0

2
34

1
L1

00

5V
_L

V

LV
_G

N
D

T TP
10

8

T TP
10

9

T TP
10

7

T TP
10

5

T TP
10

6

T TP
10

4

T

TP
10

1

IN
PU

T_
N

EG
2

IN
PU

T_
PO

S2

IN
PU

T_
PO

S1
IN

PU
T_

N
EG

1

22
-2

7-
20

41

1 2 3 4

J1
00

R
10

0

5.
1V

M
M

SZ
52

31
B

T1
G

D
10

0

R
10

1
5.

1V
M

M
SZ

52
31

B
T1

G

D
10

1

O
U

TP
U

T_
EX

CI
TE

2

O
U

TP
U

T_
EX

CI
TE

1

IN
PU

T_
EX

CI
TE

1

IN
PU

T_
EX

CI
TE

2

U
_e

xc
ita

tio
n_

si
gn

al
_f

ilt
er

ex
ci

ta
tio

n_
si

gn
al

_f
ilt

er
.S

ch
D

oc

V
EX

CI
TE

_H
V

1

V
EX

CI
TE

_H
V

2

V
EX

CI
TE

1

V
EX

CI
TE

2

Ex
ci

ta
tio

n 
Si

gn
al

 F
ilt

er

LV
_G

N
D

1 2 3 4 5 6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

P1
00

H
ea

de
r 1

0X
2A

1 2 3 4 5 6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

P1
01

H
ea

de
r 1

0X
2A

1 2 3 4 5 6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

P1
02

H
ea

de
r 1

0X
2A

St
ru

ct
ur

al
 C

on
ne

ct
or

s

TO
 R

ES
O

LV
ER

:
Pi

ns
 g

oi
ng

 to
 th

e 
st

at
or

 
el

ec
tro

de
s a

s i
nd

iv
id

ua
l 

co
nn

ec
to

rs
.

C
on

ve
rt 

fr
om

 H
V

 d
iff

 v
ol

ta
ge

s 
to

 L
V

 d
iff

 v
ol

ta
ge

s

PIC10001 PIC10002 
COC

100
 

PIC10101 PIC10102 

CO
C1

01
 

PIC10201 PIC10202 
COC

102
 

PID10001 PID10002 

CO
D1

00
 

PID10101 PID10102 
COD

101
 

P
I
J
1
0
0
0
1
 

P
I
J
1
0
0
0
2
 

P
I
J
1
0
0
0
3
 

P
I
J
1
0
0
0
4
 COJ
100

 

P
I
J
1
0
1
0
1
 

P
I
J
1
0
1
0
2
 

P
I
J
1
0
1
0
3
 COJ
101

 

P
I
J
1
0
2
0
1
 

P
I
J
1
0
2
0
2
 CO
J1

02
 

P
I
J
1
0
3
0
1
 

P
I
J
1
0
3
0
2
 COJ

103
 

P
I
J
1
0
4
0
1
 

P
I
J
1
0
4
0
2
 CO
J1

04
 

P
I
J
1
0
5
0
1
 

P
I
J
1
0
5
0
2
 COJ

105
 

P
I
J
1
0
6
0
1
 

P
I
J
1
0
6
0
2
 CO
J1

06
 

P
I
J
1
0
7
0
1
 

P
I
J
1
0
7
0
2
 COJ

107
 

PI
L1
00
01
 

PI
L1
00
02
 

PI
L1
00
03
 

PI
L1
00
04
 COL
100

 

PI
LE

D0
10

00
1 

PI
LE

D0
10

00
2 

CO
LE
D0
10
0 

PI
LE

D0
10

10
1 

PI
LE

D0
10

10
2 

CO
LE
D0
10
1 

PI
LE

D0
10

00
1 

PI
LE

D0
10

00
2 

P
I
P
1
0
0
0
1
 

P
I
P
1
0
0
0
2
 

P
I
P
1
0
0
0
3
 

P
I
P
1
0
0
0
4
 

P
I
P
1
0
0
0
5
 

P
I
P
1
0
0
0
6
 

P
I
P
1
0
0
0
7
 

P
I
P
1
0
0
0
8
 

P
I
P
1
0
0
0
9
 

P
I
P
1
0
0
0
1
0
 

P
I
P
1
0
0
0
1
1
 

P
I
P
1
0
0
0
1
2
 

P
I
P
1
0
0
0
1
3
 

P
I
P
1
0
0
0
1
4
 

P
I
P
1
0
0
0
1
5
 

P
I
P
1
0
0
0
1
6
 

P
I
P
1
0
0
0
1
7
 

P
I
P
1
0
0
0
1
8
 

P
I
P
1
0
0
0
1
9
 

P
I
P
1
0
0
0
2
0
 

CO
P1

00
 

P
I
P
1
0
1
0
1
 

P
I
P
1
0
1
0
2
 

P
I
P
1
0
1
0
3
 

P
I
P
1
0
1
0
4
 

P
I
P
1
0
1
0
5
 

P
I
P
1
0
1
0
6
 

P
I
P
1
0
1
0
7
 

P
I
P
1
0
1
0
8
 

P
I
P
1
0
1
0
9
 

P
I
P
1
0
1
0
1
0
 

P
I
P
1
0
1
0
1
1
 

P
I
P
1
0
1
0
1
2
 

P
I
P
1
0
1
0
1
3
 

P
I
P
1
0
1
0
1
4
 

P
I
P
1
0
1
0
1
5
 

P
I
P
1
0
1
0
1
6
 

P
I
P
1
0
1
0
1
7
 

P
I
P
1
0
1
0
1
8
 

P
I
P
1
0
1
0
1
9
 

P
I
P
1
0
1
0
2
0
 

CO
P1

01
 

P
I
P
1
0
2
0
1
 

P
I
P
1
0
2
0
2
 

P
I
P
1
0
2
0
3
 

P
I
P
1
0
2
0
4
 

P
I
P
1
0
2
0
5
 

P
I
P
1
0
2
0
6
 

P
I
P
1
0
2
0
7
 

P
I
P
1
0
2
0
8
 

P
I
P
1
0
2
0
9
 

P
I
P
1
0
2
0
1
0
 

P
I
P
1
0
2
0
1
1
 

P
I
P
1
0
2
0
1
2
 

P
I
P
1
0
2
0
1
3
 

P
I
P
1
0
2
0
1
4
 

P
I
P
1
0
2
0
1
5
 

P
I
P
1
0
2
0
1
6
 

P
I
P
1
0
2
0
1
7
 

P
I
P
1
0
2
0
1
8
 

P
I
P
1
0
2
0
1
9
 

P
I
P
1
0
2
0
2
0
 

COP
102

 

PI
R1
00
01
 

PI
R1
00
02
 COR
100

 

PI
R1
01
01
 

PI
R1
01
02
 

COR
101

 
P
I
R
1
0
2
0
1
 

P
I
R
1
0
2
0
2
 

COR
102

 

PI
R1
03
01
 

PI
R1
03
02
 

COR
103

 

PI
R1
04
01
 

PI
R1
04
02
 

COR
104

 

PITP10001 COT
P10

0 

PIT
P10

101
 

CO
TP

10
1 

PITP10201 CO
TP

10
2 

PITP10301 CO
TP

10
3 

PITP10401 CO
TP

10
4 

PITP10501 CO
TP

10
5 

PITP10601 CO
TP

10
6 

PITP10701 CO
TP

10
7 

PITP10801 CO
TP

10
8 

PITP10901 CO
TP

10
9 

P
I
U
1
0
0
0
1
 

P
I
U
1
0
0
0
2
 

P
I
U
1
0
0
0
4
 

P
I
U
1
0
0
0
5
 

P
I
U
1
0
0
0
6
 

COU
100

 

P
I
J
1
0
7
0
1
 

P
I
J
1
0
7
0
2
 

PITP10901 

NL
IN
PU
T0
NE
G1
 

NL
IN
PU
T0
NE
G0
10
02
0 

NL
IN

PU
T0

NE
G 

P
I
J
1
0
5
0
1
 

P
I
J
1
0
5
0
2
 

PITP10701 

NL
IN
PU
T0
NE
G2
 

NL
IN
PU
T0
NE
G0
10
02
0 

NL
IN

PU
T0

NE
G 

NL
IN
PU
T0
NE
G0
10
02
0 

P
I
J
1
0
6
0
1
 

P
I
J
1
0
6
0
2
 

PITP10801 

NL
IN
PU
T0
PO
S1
 

NL
IN
PU
T0
PO
S0
10
02
0 

NL
IN

PU
T0

PO
S 

P
I
J
1
0
3
0
1
 

P
I
J
1
0
3
0
2
 

PITP10501 

NL
IN
PU
T0
PO
S2
 

NL
IN
PU
T0
PO
S0
10
02
0 

NL
IN

PU
T0

PO
S 

NL
IN
PU
T0
PO
S0
10
02
0 

P
I
J
1
0
1
0
1
 

NL
OU
TP
UT
 

NL
OU
TP
UT
01
00
20
 

NL
OU
TP
UT
1 

P
I
J
1
0
1
0
2
 

NL
OU
TP
UT
 

NL
OU
TP
UT
01
00
20
 

NL
OU
TP
UT
2 

NL
OU
TP
UT
01
00
20
 

NL
VE
XC
IT
E1
 

NL
VE
XC
IT
E0
10
02
0 

NL
VE
XC
IT
E 

NL
VE
XC
IT
E2
 

NL
VE
XC
IT
E0
10
02
0 

NL
VE
XC
IT
E 

NL
VE
XC
IT
E0
10
02
0 

PIC10001 

PI
LE

D0
10

10
1 

PI
R1
00
02
 

PITP10201 

P
I
U
1
0
0
0
6
 

P
I
J
1
0
0
0
1
 

P
I
J
1
0
0
0
2
 

PI
L1
00
04
 

PI
LE

D0
10

00
1 

PITP10001 
PIC10202 

PI
LE

D0
10

00
2 

PI
R1
01
01
 

PITP10301 

P
I
U
1
0
0
0
4
 

PIC10002 PIC10201 

PID10002 PID10102 

P
I
J
1
0
1
0
3
 

PI
R1
03
02
 

PI
R1
04
02
 

P
I
U
1
0
0
0
5
 

P
I
J
1
0
0
0
3
 

P
I
J
1
0
0
0
4
 

PI
L1
00
03
 

P
I
R
1
0
2
0
2
 

PIT
P10

101
 

PIC10101 
PI
L1
00
01
 

P
I
U
1
0
0
0
1
 

PIC10102 
PI
L1
00
02
 

P
I
U
1
0
0
0
2
 

PID10001 
PI
R1
00
01
 

PID10101 
PI
R1
01
02
 

PI
LE

D0
10

00
2 

P
I
R
1
0
2
0
1
 

PI
LE

D0
10

10
2 

PI
R1
03
01
 

PI
LE

D0
10

00
1 

PI
R1
04
01
 

P
I
P
1
0
0
0
1
 

P
I
P
1
0
0
0
2
 

P
I
P
1
0
0
0
3
 

P
I
P
1
0
0
0
4
 

P
I
P
1
0
0
0
5
 

P
I
P
1
0
0
0
6
 

P
I
P
1
0
0
0
7
 

P
I
P
1
0
0
0
8
 

P
I
P
1
0
0
0
9
 

P
I
P
1
0
0
0
1
0
 

P
I
P
1
0
0
0
1
1
 

P
I
P
1
0
0
0
1
2
 

P
I
P
1
0
0
0
1
3
 

P
I
P
1
0
0
0
1
4
 

P
I
P
1
0
0
0
1
5
 

P
I
P
1
0
0
0
1
6
 

P
I
P
1
0
0
0
1
7
 

P
I
P
1
0
0
0
1
8
 

P
I
P
1
0
0
0
1
9
 

P
I
P
1
0
0
0
2
0
 

P
I
P
1
0
1
0
1
 

P
I
P
1
0
1
0
2
 

P
I
P
1
0
1
0
3
 

P
I
P
1
0
1
0
4
 

P
I
P
1
0
1
0
5
 

P
I
P
1
0
1
0
6
 

P
I
P
1
0
1
0
7
 

P
I
P
1
0
1
0
8
 

P
I
P
1
0
1
0
9
 

P
I
P
1
0
1
0
1
0
 

P
I
P
1
0
1
0
1
1
 

P
I
P
1
0
1
0
1
2
 

P
I
P
1
0
1
0
1
3
 

P
I
P
1
0
1
0
1
4
 

P
I
P
1
0
1
0
1
5
 

P
I
P
1
0
1
0
1
6
 

P
I
P
1
0
1
0
1
7
 

P
I
P
1
0
1
0
1
8
 

P
I
P
1
0
1
0
1
9
 

P
I
P
1
0
1
0
2
0
 

P
I
P
1
0
2
0
1
 

P
I
P
1
0
2
0
2
 

P
I
P
1
0
2
0
3
 

P
I
P
1
0
2
0
4
 

P
I
P
1
0
2
0
5
 

P
I
P
1
0
2
0
6
 

P
I
P
1
0
2
0
7
 

P
I
P
1
0
2
0
8
 

P
I
P
1
0
2
0
9
 

P
I
P
1
0
2
0
1
0
 

P
I
P
1
0
2
0
1
1
 

P
I
P
1
0
2
0
1
2
 

P
I
P
1
0
2
0
1
3
 

P
I
P
1
0
2
0
1
4
 

P
I
P
1
0
2
0
1
5
 

P
I
P
1
0
2
0
1
6
 

P
I
P
1
0
2
0
1
7
 

P
I
P
1
0
2
0
1
8
 

P
I
P
1
0
2
0
1
9
 

P
I
P
1
0
2
0
2
0
 

P
I
J
1
0
2
0
1
 

P
I
J
1
0
2
0
2
 

PITP10401 

NL
VE
XC
IT
E0
HV
1 

P
I
J
1
0
4
0
1
 

P
I
J
1
0
4
0
2
 

PITP10601 

NL
VE
XC
IT
E0
HV
2 

179



CP
C 

- E
va

l F
ilt

er
 B

oa
rd

4/
21

/2
02

3
ex

ci
ta

tio
n_

si
gn

al
_f

ilt
er

.S
ch

D
oc

Ti
tle

D
es

ig
ne

r

D
at

e:
Fi

le
:

R
ev

is
io

n
M

ar
isa

 L
ib

en
V1

LU
D

O
IS

G
R

O
U

P

R
32

0

1k

0.
1u

F
C

30
1

A
G

N
D

C
30

2
0.

1u
F

5V

R
31

7
10

0k

R
32

2

20
k

R
32

3
20

k

R
32

4
10

0k

A
G

N
D

D
iff

er
en

tia
l t

o 
si

ng
le

-e
nd

ed
G

ai
n 

st
ag

e

O
U

TP
U

T_
EX

CI
TE

2

0.
1u

F
C

30
3

A
G

N
D

C
30

4
0.

1u
F

-5
V

R
31

9

10
k

R
32

1

1k

R
31

8

1k

O
U

TP
U

T_
EX

CI
TE

1

A
G

N
D

A
G

N
D

T TP
30

4

-
2

OU
T

1

V+8 V- 4

+
3

O
PA

16
56

ID
U

30
0A

+
5

OU
T

7

V+8 V- 4

O
PA

16
56

ID

-
6

U
30

0B

-
2

OU
T

1

V+8 V- 4

+
3

O
PA

16
56

ID
U

30
1A

+
5

OU
T

7

V+8 V- 4

O
PA

16
56

ID

-
6

U
30

1B

T TP
30

3

T TP
30

2

T TP
30

0

T TP
30

5

T TP
30

1

20
k

PV
G

5A
20

3C
03

R
00 1

3

2

R
31

6

Si
ng

le
-e

nd
ed

 to
 D

iff
er

en
tia

l

5V
5V

5V
5V

-5
V

-5
V

-5
V

-5
V

0.
1u

F
C

30
0

A
G

N
D

O
pt

io
na

l L
PF

R
30

0

R
es

_1
20

6

R
30

1

R
es

_1
20

6

R
30

2

R
es

_1
20

6

R
30

3

R
es

_1
20

6

R
31

0

R
es

_1
20

6

R
30

9

R
es

_1
20

6

R
30

8

R
es

_1
20

6

R
31

4
R

es
_1

20
6

A
G

N
D

V
ca

rr
ie

r1

R
30

4

R
es

_1
20

6

R
30

5

R
es

_1
20

6

R
30

6

R
es

_1
20

6

R
30

7

R
es

_1
20

6

R
31

3

R
es

_1
20

6

R
31

2

R
es

_1
20

6

R3
11

R
es

_1
20

6

R
31

5
R

es
_1

20
6

A
G

N
D

V
ca

rr
ie

r2

IN
PU

T_
EX

CI
TE

1
IN

PU
T_

EX
CI

TE
2

V
ca

rr
ie

r1

V
ca

rr
ie

r2
PIC30001 PIC30002 

COC
300

 

PIC30101 PIC30102 
COC

301
 

PIC30201 PIC30202 
COC

302
 

PIC30301 PIC30302 
COC

303
 

PIC30401 PIC30402 
COC

304
 

PI
R3
00
01
 

PI
R3
00
02
 

COR
300

 
PI
R3
01
01
 

PI
R3
01
02
 

COR
301

 
PI
R3
02
01
 

PI
R3
02
02
 

COR
302

 
PI
R3
03
01
 

PI
R3
03
02
 

COR
303

 
PI
R3
04
01
 

PI
R3
04
02
 

COR
304

 
PI
R3
05
01
 

PI
R3
05
02
 

COR
305

 
PI
R3
06
01
 

PI
R3
06
02
 

COR
306

 
PI
R3
07
01
 

PI
R3
07
02
 

COR
307

 

PI
R3
08
01
 

PI
R3
08
02
 

COR
308

 
PI
R3
09
01
 

PI
R3
09
02
 

COR
309

 
PI
R3
10
01
 

PI
R3
10
02
 

COR
310

 
PI
R3
11
01
 

PI
R3
11
02
 

COR
311

 
PI
R3
12
01
 

PI
R3
12
02
 

COR
312

 
PI
R3
13
01
 

PI
R3
13
02
 

COR
313

 

PIR31401 PIR31402 COR
314

 

PIR31501 PIR31502 COR
315

 

PI
R3
16
01
 

PIR31602 
PI

R3
16

03
 

COR
316

 

PI
R3

17
01

 
PI
R3
17
02
 

CO
R3

17
 

PI
R3
18
01
 

PI
R3
18
02
 

COR
318

 

PI
R3

19
01

 
PI
R3
19
02
 

CO
R3

19
 

PI
R3
20
01
 

PI
R3
20
02
 

COR
320

 
PI
R3
21
01
 

PI
R3
21
02
 

COR
321

 
PI
R3
22
01
 

PI
R3
22
02
 

COR
322

 
PI
R3
23
01
 

PI
R3
23
02
 

COR
323

 

PIR32401 PIR32402 CO
R3

24
 

PITP30001 CO
TP

30
0 

PITP30101 CO
TP
30
1 

PITP30201 CO
TP

30
2 

PITP30301 CO
TP

30
3 

PITP30401 CO
TP

30
4 

PITP30501 CO
TP

30
5 

P
I
U
3
0
0
0
1
 

P
I
U
3
0
0
0
2
 

P
I
U
3
0
0
0
3
 

PIU30004 PIU30008 
COU

300
A 

PIU30004 
P
I
U
3
0
0
0
5
 

P
I
U
3
0
0
0
6
 

P
I
U
3
0
0
0
7
 

PIU30008 
COU

300
B 

P
I
U
3
0
1
0
1
 

P
I
U
3
0
1
0
2
 

P
I
U
3
0
1
0
3
 

PIU30104 PIU30108 COU
301

A 

PIU30104 
P
I
U
3
0
1
0
5
 

P
I
U
3
0
1
0
6
 

P
I
U
3
0
1
0
7
 

PIU30108 
COU

301
B 

PIC30102 
PIC30202 

PIU30008 
PIU30108 PIC30302 

PIC30402 

PIU30004 
PIU30104 

PIC30002 

PIC30101 
PIC30201 

PIC30301 
PIC30401 

PIR31401 
PIR31501 

PIR32401 

P
I
U
3
0
1
0
3
 

P
I
U
3
0
1
0
5
 

PIC30001 

PI
R3
20
02
 

P
I
U
3
0
0
0
5
 

PI
R3
00
01
 

P
O
I
N
P
U
T
0
E
X
C
I
T
E
1
 

PI
R3
00
02
 P
IR
30
10
1 

PI
R3
01
02
 P
IR
30
20
1 

PI
R3
02
02
 P
IR
30
30
1 

PI
R3
03
02
 

PI
R3
10
02
 

PI
R3
04
01
 

P
O
I
N
P
U
T
0
E
X
C
I
T
E
2
 

PI
R3
04
02
 P
IR
30
50
1 

PI
R3
05
02
 P
IR
30
60
1 

PI
R3
06
02
 P
IR
30
70
1 

PI
R3
07
02
 

PI
R3
13
02
 

PI
R3
08
02
 P
IR
30
90
1 

PI
R3
09
02
 P
IR
31
00
1 

PI
R3
11
02
 P
IR
31
20
1 

PI
R3
12
02
 P
IR
31
30
1 

PI
R3
16
01
 

PIR31602 

PI
R3
21
01
 PITP30001 

P
I
U
3
0
1
0
1
 

P
O
O
U
T
P
U
T
0
E
X
C
I
T
E
1
 

PI
R3

16
03

 

PI
R3
19
02
 

P
I
U
3
0
1
0
2
 

PI
R3

17
01

 

PI
R3
22
02
 

P
I
U
3
0
0
0
2
 

PI
R3
17
02
 

PI
R3
20
01
 

PITP30301 
P
I
U
3
0
0
0
1
 

PI
R3
18
01
 

PI
R3
21
02
 

P
I
U
3
0
1
0
6
 

PI
R3
18
02
 

PITP30501 
P
I
U
3
0
1
0
7
 

P
O
O
U
T
P
U
T
0
E
X
C
I
T
E
2
 

PI
R3

19
01

 
PITP30201 

P
I
U
3
0
0
0
6
 

P
I
U
3
0
0
0
7
 

PI
R3
23
02
 

PIR32402 
P
I
U
3
0
0
0
3
 

PI
R3
08
01
 

PIR31402 

PI
R3
22
01
 

PITP30101 
NL
Vc
ar
ri
er
1 

PI
R3
11
01
 

PIR31502 

PI
R3
23
01
 

PITP30401 
NL
Vc
ar
ri
er
2 

P
O
I
N
P
U
T
0
E
X
C
I
T
E
1
 

P
O
I
N
P
U
T
0
E
X
C
I
T
E
2
 

P
O
O
U
T
P
U
T
0
E
X
C
I
T
E
1
 

P
O
O
U
T
P
U
T
0
E
X
C
I
T
E
2
 

180



CP
C 

- M
ul

tip
lie

r F
ilt

er
 B

oa
rd

4/
21

/2
02

3
C

PC
fil

te
r_

bo
ar

d.
Sc

hD
oc

Ti
tle

D
es

ig
ne

r

D
at

e:
Fi

le
:

R
ev

is
io

n
M

ar
isa

 L
ib

en
V1

LU
D

O
IS

G
R

O
U

P

C
20

2
0.

1u
F

A
G

N
D

C
20

3
0.

1u
F

R
21

2

10
0k

R
21

3

20
k

R
21

5
20

k
R

21
8

10
0k

A
G

N
D

A
G

N
D

-5
V

A
G

N
D

5V
V

m
ul

t_
ou

t

D
iff

er
en

tia
l t

o 
si

ng
le

-e
nd

ed
ga

in
 st

ag
e

LP
F 

ga
in

 st
ag

e

A
na

lo
g 

M
ul

tip
lie

r

O
U

TP
U

T

R
22

0

10
k

R
21

9

16
k10

nF

C
20

1

A
G

N
D

58
0p

F
C

20
0

R2
11

5k

A
G

N
D

A
G

N
D

C
20

5
0.

1u
F

A
G

N
D

C
20

6
0.

1u
F

T TP
20

2

C
20

4
0.

1u
F

C
20

7
0.

1u
F

T TP
20

7

T TP
20

4

Ph
as

e 
C

om
pe

ns
at

io
n

T TP
20

1si
gn

al
_t

o_
m

od

si
gn

al
_t

o_
m

od
T TP

20
5

T TP
20

6

-
2

OU
T

1

V+8 V- 4

+
3

O
PA

16
56

ID
U

20
0A

+
5

OU
T

7

V+8 V- 4

O
PA

16
56

ID

-
6

U
20

0B

PV
G

5A
10

3C
03

R
00

10
k

1
3

2

R
21

0

20
k

PV
G

5A
20

3C
03

R
00

1
3

2

R
21

4

-
2

OU
T

1

V+8 V- 4

+
3

O
PA

16
56

ID
U

20
2A

+
5

OU
T

7

V+8 V- 4

O
PA

16
56

ID

-
6

U
20

2B

A
G

N
D

T TP
20

8

Y1
1

Y2
2

VN
3

Z
4

W
5

VP
6

X2
7

X1
8

A
D

83
5A

RZ

U
20

1

R
20

0

R
es

_1
20

6

R
20

1

R
es

_1
20

6

R
20

2

R
es

_1
20

6

R
20

3

R
es

_1
20

6

R
20

4

R
es

_1
20

6

R
21

6
R

es
_1

20
6

R
20

5

R
es

_1
20

6

R
20

6

R
es

_1
20

6

R
20

7

R
es

_1
20

6

R
20

8

R
es

_1
20

6

R
20

9

R
es

_1
20

6

IN
PU

T_
PO

S

IN
PU

T_
N

EG

R
21

7
R

es
_1

20
6

A
G

N
D

A
G

N
D

5V
5V

5V

5V

5V
-5

V

-5
V

-5
V

-5
V

-5
V

T TP
20

0
T TP

20
3

V
EX

CI
TE

D
ec

ou
pl

in
g 

ca
pa

ci
to

rs

U
nu

se
d 

op
 a

m
p 

in
 IC

 se
t a

s 
vo

lta
ge

 fo
llo

w
er

.

PIC20001 PIC20002 
COC

200
 

PI
C2
01
01
 

PI
C2
01
02
 

CO
C2

01
 

PIC20201 PIC20202 
COC

202
 

PIC20301 PIC20302 
CO

C2
03

 
PIC20401 PIC20402 

COC
204

 
PIC20501 PIC20502 

CO
C2

05
 

PIC20601 PIC20602 
COC

206
 

PIC20701 PIC20702 
COC

207
 

PI
R2
00
01
 

PI
R2
00
02
 

COR
200

 
PI
R2
01
01
 

PI
R2
01
02
 

COR
201

 
PI
R2
02
01
 

PI
R2
02
02
 

COR
202

 
PI
R2
03
01
 

PI
R2
03
02
 

COR
203

 
PI
R2
04
01
 

PI
R2
04
02
 

COR
204

 

PI
R2
05
01
 

PI
R2
05
02
 

COR
205

 
PI
R2
06
01
 

PI
R2
06
02
 

COR
206

 
PI
R2
07
01
 

PI
R2
07
02
 

COR
207

 
PI
R2
08
01
 

PI
R2
08
02
 

COR
208

 
PI
R2
09
01
 

PI
R2
09
02
 

COR
209

 

PI
R2
10
01
 

PIR21002 
PI
R2
10
03
 

COR
210

 
PI
R2
11
01
 

PI
R2
11
02
 

COR
211

 
P
I
R
2
1
2
0
1
 

P
I
R
2
1
2
0
2
 

CO
R2

12
 

PI
R2
13
01
 

PI
R2
13
02
 

COR
213

 
PI
R2
14
01
 

PIR21402 
PI
R2
14
03
 COR
214

 
PI
R2
15
01
 

PI
R2
15
02
 

COR
215

 

PIR21601 PIR21602 CO
R2

16
 

PIR21701 PIR21702 COR
217

 

PIR21801 PIR21802 COR
218

 

PI
R2
19
01
 

PI
R2
19
02
 

COR
219

 

PI
R2

20
01

 
PI
R2
20
02
 

CO
R2

20
 

PITP20001 CO
TP

20
0 

PITP20101 CO
TP

20
1 

PITP20201 CO
TP

20
2 

PITP20301 CO
TP

20
3 

PITP20401 CO
TP

20
4 

PITP20501 CO
TP

20
5 

PITP20601 CO
TP

20
6 

PITP20701 CO
TP

20
7 

PITP20801 CO
TP

20
8 

P
I
U
2
0
0
0
1
 

P
I
U
2
0
0
0
2
 

P
I
U
2
0
0
0
3
 

PIU20004 PIU20008 COU
200

A 

PIU20004 
P
I
U
2
0
0
0
5
 

P
I
U
2
0
0
0
6
 

P
I
U
2
0
0
0
7
 

PIU20008 
COU

200
B 

P
I
U
2
0
1
0
1
 

P
I
U
2
0
1
0
2
 

P
I
U
2
0
1
0
3
 

P
I
U
2
0
1
0
4
 

P
I
U
2
0
1
0
5
 

P
I
U
2
0
1
0
6
 

P
I
U
2
0
1
0
7
 

P
I
U
2
0
1
0
8
 

COU
201

 

P
I
U
2
0
2
0
1
 

P
I
U
2
0
2
0
2
 

P
I
U
2
0
2
0
3
 

PIU20204 PIU20208 COU
202

A 

PIU20204 
P
I
U
2
0
2
0
5
 

P
I
U
2
0
2
0
6
 

P
I
U
2
0
2
0
7
 

PIU20208 

COU
202

B 

PIC20202 
PIC20302 

PIC20402 

PIU20008 

P
I
U
2
0
1
0
6
 

PIU20208 

PIC20502 
PIC20602 

PIC20702 

PIU20004 

P
I
U
2
0
1
0
3
 

PIU20204 

PIC20001 

PIC20201 
PIC20301 

PIC20401 
PIC20501 

PIC20601 
PIC20701 

PI
R2
10
01
 

PIR21601 
PIR21701 

PIR21801 PITP20501 

PITP20801 

P
I
U
2
0
1
0
2
 

P
I
U
2
0
1
0
4
 

P
I
U
2
0
1
0
7
 

P
I
U
2
0
2
0
3
 

P
I
U
2
0
2
0
5
 

PIC20002 

PI
R2
14
01
 

P
I
U
2
0
0
0
5
 

PI
C2
01
01
 

PI
R2
19
01
 

PI
R2
20
02
 

P
I
U
2
0
2
0
2
 

PI
C2
01
02
 

PI
R2
19
02
 

PITP20701 
P
I
U
2
0
2
0
1
 

P
O
O
U
T
P
U
T
 

PI
R2
00
01
 

P
O
I
N
P
U
T
0
P
O
S
 

PI
R2
00
02
 P
IR
20
10
1 

PI
R2
01
02
 P
IR
20
20
1 

PI
R2
02
02
 P
IR
20
30
1 

PI
R2
03
02
 P
IR
20
40
1 

PI
R2
04
02
 

PI
R2
13
01
 

PIR21702 

PITP20001 

PI
R2
05
01
 

P
O
I
N
P
U
T
0
N
E
G
 

PI
R2
05
02
 P
IR
20
60
1 

PI
R2
06
02
 P
IR
20
70
1 

PI
R2
07
02
 P
IR
20
80
1 

PI
R2
08
02
 P
IR
20
90
1 

PI
R2
09
02
 

PI
R2
15
01
 

PIR21602 

PITP20301 

PIR21002 
PI
R2
10
03
 

PI
R2
11
01
 

P
I
U
2
0
0
0
6
 

P
I
R
2
1
2
0
1
 

PI
R2
13
02
 

P
I
U
2
0
0
0
2
 

P
I
R
2
1
2
0
2
 

PIR21402 
PI
R2
14
03
 

PITP20201 
P
I
U
2
0
0
0
1
 

PI
R2
15
02
 PIR21802 

P
I
U
2
0
0
0
3
 

PITP20401 

P
I
U
2
0
1
0
8
 

P
O
V
E
X
C
I
T
E
 

P
I
U
2
0
2
0
6
 

P
I
U
2
0
2
0
7
 

PI
R2
11
02
 

PITP20101 
P
I
U
2
0
0
0
7
 

P
I
U
2
0
1
0
1
 

NL
si
gn
al
0t
o0
mo
d 

PI
R2

20
01

 
PITP20601 

P
I
U
2
0
1
0
5
 

NL
Vm
ul
t0
ou
t 

P
O
I
N
P
U
T
0
N
E
G
 

P
O
I
N
P
U
T
0
P
O
S
 

P
O
O
U
T
P
U
T
 

P
O
V
E
X
C
I
T
E
 

181


	Abstract
	Contents
	List of Tables
	List of Figures
	Introduction and State of the Art
	The Importance of Wound Field Synchronous Machines
	Types of WFSM Rotor Excitation
	Slip Rings
	Brushless Exciter
	Harmonic Injection
	Transformers and Inductive Power Transfer (IPT) 
	Capacitive Power Transfer (CPT)

	Capacitive Position Sensors
	Capacitive Sensors Overview
	Capacitive Encoder and Resolver Topologies

	Conclusion
	Research Opportunities


	Resonant System Design
	Resonant System Overview
	Resonant System Modeling

	Resonant Inductor Design
	High Frequency Inverter Design
	High Frequency Rectifier Design
	Voltage Stiff Design
	Current Stiff Design

	Example 6.78MHz CPT System Design Calculations
	Concluding Remarks

	Resonant System Testing
	Overall System Description
	Inverter Testing
	Resonant Tank System Testing
	Rectifier Testing
	Voltage Stiff Rectifier
	Current Stiff Rectifier

	Concluding Remarks

	Integrated Capacitive Resolver and Rectifier Design
	Magnetic Resolver Transformer Action
	Capacitive Resolver Analysis
	Resolver Capacitance Matrix

	Capacitive Resolver FEA
	Concluding Remarks

	Capacitive Resolver Testing and Evaluation
	Full System Overview
	Initial Resolver Prototype
	Final Resolver Prototype with Integrated Rectifier
	Filtering and Demodulation circuits
	Analog Multiplier
	AD2S1210 Evaluation Board

	CPC-Integrated Resolver Testing
	Concluding Remarks

	Contributions, and Recommended Future Work
	Contributions
	Contribution #1: Eliminating Rotor-Side Buck Converter
	Contribution #2: Achieved 2.3kW Output Power with Air-gap CPT and Current-Stiff Rectifier.
	Contribution #3: Closed-form solution for Ltank
	Contribution #4: Integrated capacitive resolver with rotating rectifier for any WFSM excitation method
	Contribution #5: Conventional Resolver Excitation and Demodulation Compatibility with Error <0.5
	Contribution #6: CPT System Integrated Resolver with Error <10

	Future Work
	Future Work #1: Evaluation of Capacitive Power Transfer EMI
	Future Work #2: CPT Rectifier Cooling
	Future Work #3: Aluminum Substrate PCB for Resolver Rectifier
	Future Work #4: CPC Resolver with Variable Filter Gain
	Future Work #5: Characterize Resolver under Dynamic Power Changes
	Future Work #6: Ground Plane for Circuitry on Resolver Stator Board


	Bibliography
	Appendix: Alternate Design of a Salient Capacitive Resolver
	Integrated Position Sensor Topology
	Resolver Capacitance Calculations and Simulations
	Resolver Performance
	Capacitive Position Sensor Design Limitations

	Appendix: Schematics
	Inverter Schematic
	Current-Stiff Rectifier Schematic
	Resolver Filter Schematic
	CPC-Integrated Resolver Filter Schematic




