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ABSTRACT

CONCURRENT OPERATION OF WIRELESS POWER TRANSFER BASED
CONTACTLESS SLIP RING AND MOTOR DRIVE SYSTEM WITH A
SINGLE CONVERTER

Ayaz, Enes
M.S., Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Ozan Keysan

September 2022, I3 pages

This thesis presents a novel approach for concurrent power transfer to wired and wire-
less systems using a single inverter. This proposed approach fits a cost-effective so-
lution to wireless power transfer (WPT) systems used in contactless slip rings (CSR)
applications such as sensors, radars, or wind-turbine pitch controls. In conventional
systems, there are two separate converters: one is for the motor drive, and the other is
for the WPT system. It is proposed that the switching harmonics of the motor drive
can also be utilized to excite the WPT system while the low-frequency component can
still be used to drive the motor. Thus, the converter of WPT systems is eliminated.
In the past, however, conventional Si-based motor drives allow switching frequencies
below 20 kHz, making the WPT system bulky. Nowadays, with the development
of wide-bandgap devices, the switching frequency has considerably increased up to
100 kHz, making the proposed system a feasible size. However, the independent
control of switching and low-frequency components is challenging while utilizing
the conventional motor driving PWM techniques. In this study, novel concurrent
operation methods are developed. In DC motor drives, the bipolar-PWM with the

proposed frequency/duty cycle control is analyzed mathematically, and it is experi-



mentally verified with a series-series (SS) WPT system and a DC motor driven by a
GaN-based full-bridge (FB) converter. In AC motor drives, SPWM with the proposed
carrier-phase-shift / modulation index control is analyzed mathematically. Firstly, the
concurrent operation of the induction motor (IM) and an SS-WPT system for rotat-
ing electronic loads is experimentally verified with a GaN-based inverter. Secondly,
the field winding of the wound-field synchronous motor is excited by the proposed
method. In order to achieve light-weight on the rotor side, a series-none (SN) WPT
system is used, and varying carrier-phase-shift is used to reduce the output capaci-

tance.

Keywords: Wireless power transfer, inductive power transfer, motor drive, slip rings,
rotating systems, concurrent power transfer, dual-band power transfer, carrier phase

shift, field excitation, EVs, wind turbine.
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0z

KABLOSUZ GUC AKTARIM TABANLI TEMASSIZ KAYMA HALKASI VE
MOTOR SURUCU SISTEMININ TEK BiR DONUTURUCU ILE ES
ZAMANLI CALISMASI

Ayaz, Enes
Yiiksek Lisans, Elektrik ve Elektronik Miihendislii Boliimii

Tez Yoneticisi: Dog. Dr. Ozan Keysan

Eyliil 2022 , sayfa

Bu tez, tek bir evirici kullanarak kablolu ve kablosuz sistemlere eszamanli gii¢ ak-
tarim1 icin yeni bir yaklasim sunmaktadir. Onerilen bu yaklasim, sensor, radar veya
riizgar tiirbini hatve kontrolii gibi uygulamalarda kullanilan temassiz kayma halka-
larmin (TKH) kablosuz gii¢c aktarim (KGA) sistemlerine uygun maliyetli bir ¢dziim
sunar. Geleneksel sistemlerde iki ayr1 doniistiiriicti vardir: biri motor siiriiciisii i¢in,
digeri KGA sistemi icindir. Motor siiriiciistiniin diisiik frekansh bilesenin hala mo-
toru siirmek i¢in kullanirken, anahtarlama harmoniklerinin ise KGA sistemini ha-
rekete gecirmek i¢in kullanilabilecegi onerilmektedir. Boylece, KGA sistemlerinin
doniistiiriiciisii ortadan kalkar. Ancak gecmiste, Si-tabanli geleneksel motor siiriiciiler
20kHz’in altinda anahtarlama frekanslarina kadar izin verdikleri i¢cin KGA sistemleri-
nin boyutlar1 biiyiik oluyordu. Giiniimiizde genis bant aralikli cihazlarin gelistirilmesi
ile, anahtarlama frekans1 100kHz’e kadar onemli Ol¢iide artmis ve Onerilen sistem
uygulanabilir hale gelmistir. Ancak, anahtarlama bileseninin bagimsiz kontrolii, ge-

leneksel darbeli genislik modiilasyon (DGA) tekniklerini kullanirken zordur.
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Bu calismada, yeni es zamanli operasyon yontemleri gelistirilmistir. DC motor siirii-
ciilerinde, onerilen frekans/gorev cevrimi yontemi kullanilan ¢ift kutuplu-DGA mate-
matiksel olarak analiz edilir ve yontem, bir GaN tabanli tam koprii (TK) doniistiiriicii
tarafindan siiriilen bir seri seri (SS) KGA sistemi ile deneysel olarak dogrulanir. AC
motor siiriiclilerinde Onerilen tasiyici-faz-kaymasi/modiilasyon indeksi yonteminin
uygulandig1 siniizoidal-DGA analiz edilmistir. I1k olarak, asenkron motor (AM) ve bir
SS-KGA sisteminin eszamanli calismasi, GaN tabanli bir evirici ile deneysel olarak
dogrulanmustir. ikinci olarak, onerilen sistem, bir senkron makinenin alan sargisinin
ikazinda kullanilir. Rotor tarafinda hafiflik elde etmek icin bir seri-hi¢ (SH) KGA
sistemi kullanilir ve ¢ikis kapasitansimi azaltmak icin degisken tasiyici-faz kaymasi

yontemi kullanilir.

Anahtar Kelimeler: Kablosuz gii¢ aktarimi, endiiktif gii¢ aktarimi, motor siiriicii, kayma
halkalari, donen sistemler, ezamanl gii¢ aktarimi, cift-bant gii¢ aktarimai, tasiyici faz

kaymasi, alan ikazi, elektrikli araclar, riizgar tiirbini
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"Twice two makes four without my will. As if free will meant that! "

Fyodor Dostoevsky
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CHAPTER 1

INTRODUCTION

Power transfer to rotating frames is required in many industrial applications, such as
energizing rotating auxiliary loads (used in spindle motors, radar systems, or sensors)
or field excitation of the synchronous motors (used in wind-turbine pitch controls
or electric vehicles’ traction systems) [[Z, B, U, [{0]. However, using direct contact
via a wire is not applicable due to the cable entanglement, so revealing a challenge.
Industry and literature declare several solutions to this challenge. The first solution is
to use slip rings (SRs), made up of conductor rings and carbon brushes rubbed with

these rings, as shown in Fig. [Tl

Electrical brush

Wiring terminal
Slip ring

Figure 1.1: A conventional slip ring [[I].

Although they are simple, cost-effective, and efficient, they require regular main-
tenance and have reliability issues due to the mechanical friction causing physical
wear [[[1]. Another solution is to use brushless exciters (BEs), which are synchronous

generators with rotating rectifiers, as shown in Fig. 2.
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Figure 1.2: A circuit representation of brushless exciter [].

However, BEs power transfer capability decreases as the speed gets lower. Thus, they
are suitable for only constant speed applications such as field excitation of large syn-
chronous generators. Alternative to SRs and BEs, contactless slip rings (CSR) based
on wireless power transfer (WPT) systems, which are shown in Fig. 3, have be-
come prominent since they provide higher reliability and maintenance-free system.
They give flexible transfer distance and higher efficiency. However, they are not cost-
effective and simple to employ. Moreover, WPT systems reveal electromagnetic com-
patibility and interference (EMC/EMI) issues due to leakage of the electromagnetic
field. However, the leakage can be minimized, and the effect on the other devices can
be restricted by flux guides (via ferrite strips) or magnetic isolations (via aluminum

shields). Table Tl presents the comparison between these three methods.

Primary sides,

=
.~
.
..

Passive
shield
.

138 mm

88 mm

Secondary coil-

59 mm

Figure 1.3: An example of contactless slip ring [3].



Table 1.1: Comparison of The Systems Transferring Power to Rotating Frames

Slip Rings Brushless Contactless
Exciters Slip Rings
Reliability -[12] +[R] +
Maintenance - -[I3] + +
Simplicity + + -
Speed Independency + - - +
Cost-Effectivity + + --
Efficiency + -- +
EMC/EMI + + i,

To sum up, slip rings are slightly unreliable and require regular maintenance, which
increases the operation cost. Brushless exciters solve these problems, so they are
reliable and maintenance-free. However, their efficiency is worse than slip rings, and
their power transfer depends on the rotation speed. Besides, they increase the weight
and volume of the overall system, which can be critical in some applications such as
spindle motors. Moreover, extra inductance and resistance of the BEs create a lag
to control, which is significant for some applications such as field excitation. WPT-
based CSRs are superior performance properties compared to SRs and BEs, but they
are expensive and complex due to the requirement of active converters and controller
units. Besides, they can require flux guides or magnetic isolations to avoid EMC/EMI

iSsues.

1.1 Review of Wireless Power Transfer Systems

The wireless power transfer (WPT) system was first revealed in 1886 by the Hertz
experiment, generating and harvesting electromagnetic microwaves. Then, Nikola
Tesla invented an inductive power transfer (IPT) system where the circuit diagram is

shown in Fig. 4.

The system works like a step-up transformer that generates high voltage output. The

spark gap is used to create high-frequency pulsating voltage; then, the voltage is
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Figure 1.4: Tesla’s wireless power transfer system [4].

filtered by a series capacitor. Thus, high-frequency high-voltage power is transferred

wireless by coupled coils.

WPT technologies have been stagnant due to their lower efficiencies and high-frequency
requirements that have made them unfeasible in the past. After a long time, WPT
systems have been popular again thanks to the development of high-power, high-
frequency semiconductor devices and the increase in computational power of micro-
controllers. MIT researchers conducted the first study, showing that 60 W power
could be transmitted over 2 meters using the same working principles as Nikola
Tesla proposed [14]. Numerous studies have been performed in many applications
such as biomedical, EV, and energy harvesting thanks to their advantages, such as a
space-free and cordless system operating in harsh environments like dusty and moist
[I5, 06, T7, I8]. Although there are different WPT methods, such as capacitive power
transfer (CPT), WPT in radio frequency (RF), and WPT in ultrasound, the most com-
mon method is inductive power transfer (IPT), which provides a higher power with a
flexible range of transfer distance and high-efficiency [19]. The comparison between

these methods is presented in Table [2.



Table 1.2: Comparison of WPT Methods

Inductive Capacitive WPT in
Power Power Radio
Transfer Transfer Frequecy
Transfer Type | Varying MF | Varying EF | Varying EF & MF
Power ratings + - -
Frequencies - + +
Efficiency + + -
Distance + - +

MEF : Magnetic field, EF : Electric field.

IPT system is shown in Fig. 5.
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High-frequency

converter

J})) (((:

Recelver

ET

IPT systems generally consist of DC-AC converters, compensation circuits, transmit-

ter (Tx) and receiver (Rx) coils, and AC-DC rectifiers. The block diagram of a simple

High-frequency

rectifier

Figure 1.5: The general block diagram of WPT systems.
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1.2 The Proposed System and Motivation

WPT-based CSRs have been in place of conventional slip rings[20, D1, D72, 73, D4,
?5] thanks to their advantages mentioned before. They are used in many industrial
applications such as radar, sealing rollers, and field excitations. The common trait of
these applications is that they have a motor drive system, as shown in Fig. [, which

rotates the load.

N-Phase Motor Rotating

Input | 1 Load
L1 e If A
L p o\ \

Motor Drive
Input Transmitter Receiver —

T1/ M 4 L

T/ HT g W &=

High-frequency High-frequency

converter rectifier

Figure 1.6: The representation of a conventional WPT-based CSR system.

Conventional systems consist of two separate converters: one to drive the motor and
one to excite the Tx coil. The CSR systems increase reliability and efficiency and
decrease maintenance requirements compared to their competitor but increase cost
and complexity due to this high-frequency converter. In these systems, already ex-
isting motor drive generates high-frequency switching voltage harmonics, but motor
winding filters out these high-frequency components, so these harmonics attenuate
in motor currents. In the proposed system, the Tx coil utilizes these high-frequency
voltage harmonics to transfer power to the Rx coil, while the low-frequency currents
can still be used to generate torque in the motor. Thus, a separate WPT converter is no
longer required, and the motor drives can be used without increasing the power rat-

ings since the WPT system’s power ratings are smaller than the motor drive system.
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Figure 1.7: The block diagram of the proposed WPT-based CSR system.

The proposed system is represented in Fig. 1. The advantages and disadvantages
are discussed in Table 3. The proposed system meets the requirements and solves
the complexity and cost problems of the conventional systems that use two converters:
One for the motor driver and one for the WPT system. Furthermore, eliminating one

of the converters increases reliability and decreases the maintenance requirements.

Table 1.3: Comparison of Various Systems Transferring Power to Rotating Frames

Conventional The Proposed

CSR Systems CSR System
Reliability + +*
Maintenance + +*
Simplicity - +
Cost Effective - +
Efficiency + +

" introduces an additional small advantage.



1.3 Research Motivation

This thesis aims to design a simple and cost-efficient contactless slip ring based on a
wireless power transfer system, which can be directly implemented with conventional
motor drives. Either the proposed system fits to energize rotating auxiliary loads such
as sensors, radars, and 0T devices, or it can be utilized to excite the field windings of
synchronous motors such that used in pitch control of wind turbines or EV applica-
tions. Unlike conventional WPT-based CSRs, excitation of Tx coil varies with motor
operations since they use the same converter concurrently. Therefore, the design and
control of the proposed CSR are challenging. The first goal of the research is to create
a mathematical design methodology so that continuous power transfer of WPT-based
CSRs can be achieved under any motor operation. Novel methods for DC and AC
motor drives are given, and verified experimentally. The second goal is to control
the WPT-based CSR and motor separately, although they share the same converter.
Frequency and carrier-phase-shift control methods are proposed, which do not affect
the motor operation and control the CSR power. Thus, the motor can be controlled by
conventional modulation techniques. The final goal is to upscale the proposed system
and create practical applications. The field of wound rotor synchronous motors in
electric vehicle tractions or wind-turbine pitch control can be energized via the pro-
posed CSR system. Since field excitation requires a low-frequency ripple-free output
current of the proposed system, a real-time carrier-phase shift calculation algorithm
is developed to diminish sidebands and attain just the switching harmonic. There is
a discussion of the cost, complexity, and volume of the proposed system for further

improvements and the feasibility of industrial production.



1.4 The Outline of the Thesis

Chapter 2 presents the basics of a wireless power transfer system. The mathematical
derivation of WPT parameters is examined. The compensation circuits are compared
under application specifications. The selected series-series compensation topology
is analyzed using the first harmonic approach, and its characteristic at the resonant
frequency is calculated. The selection of the design parameters is discussed concern-
ing the bifurcation phenomenon, and the soft switching conditions are investigated.
Finally, multi-frequency IPT systems in the literature are examined to employ within

the proposed CSR system.

Chapter 3 shows the theory of the proposed CSR. Firstly, conventional DC motor
drives are investigated, and their control and PWM techniques are delivered. The
proposed frequency control to decouple the control of the motor and the WPT system
is introduced. Then, similarly, AC motor drives are investigated, and a carrier-phase-
shift control is proposed. Finally, the feasibility of the proposed system with wide-

bandgap semiconductors is discussed.

In Chapter 4, as a proof of concept, a DC motor drive and separately excited DC mo-
tor are utilized to validate the proposed CSR. The design methodology concerning the
motor drive parameters is presented, and the coil design procedure is presented. The
system is modeled, and the iso-power lines are achieved for frequency and duty cycle.
Then, the system is experimentally established to validate the concurrent operation.
The loss and transient load changes are also examined, and the soft-switching con-
ditions are discussed. Finally, the capacitor stress is investigated to test the system’s

feasibility for conventional drives.

In Chapter 35, as a proof of concept, an AC motor drive is utilized to validate the pro-
posed CSR. Firstly, the proposed carrier-phase-shift method with SPWM is validated
experimentally. Then, an induction machine and a rotating electrical load are concur-
rently driven by the motor drive. The design methodology is presented concerning

the system parameters.



Chapter 6 introduces a practical application to excite the field windings of a syn-
chronous motor using the proposed CSR system. A new algorithm is developed,
computing in real-time and eliminating the low-frequency ripples stemming from the
sidebands. A series-none WPT system is designed to achieve a rotation-lightweight
system. The system is validated experimentally, and the field current with a reduced

low-frequency ripple is obtained.

In Chapter 7, the proposed system is summarized, and the advantages-disadvantages
are examined. The proposed system is compared with the literature. The contribution

of this study is briefly explained, and possible future works are discussed.
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CHAPTER 2

OPERATING PRINCIPLES OF WIRELESS POWER TRANSFER SYSTEMS

The inductive power transfer (IPT) system is suitable for CSR’s wireless power trans-
fer system for its power and transfer distance capability [26]. Therefore, in this thesis,
the IPT system is examined. The operation theory of an IPT system is given, and the
compensation type is selected. The bifurcation phenomenon and soft switching con-
ditions are analyzed considering the characteristic circuit parameters such as coupling
and quality factors. Finally, multi-frequency IPT systems in the literature are deliv-

ered to implement with the proposed CSR.

2.1 Inductive Power Transfer Systems

Inductive power transfer (IPT) systems have a similar operation principle to other
isolated power converters where the electrical power is transferred via magnetic in-
duction. They are composed of a converter, compensation circuits, transmitter (Tx)-

receiver-Rx coils, and rectifier, as shown in Fig. D11 [277].

High-Frequency High-Frequency
DC/AC AC/DC
Converter Rectifier
Coupled
Inductors i Load
ITx IrRx IL
[ ] [ n >
+ > v ik + 990 I+
== VDC VTX L1y LRX VRX Vour
=|T. T -
—_ A / T —
Compensation M Compensation
Output Filter

Figure 2.1: The basic representation of IPT systems.
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The DC/AC converter generates a high-frequency AC voltage, which creates varying
magnetic flux at the Tx coil, obeying Ampere’s law. According to Faraday’s law,
the varying magnetic flux generates an induced voltage at the Rx coil, which is then

rectified to achieve DC output voltage.

The magnetic fluxes produced by Tx and Rx coils are not perfectly coupled. The
fluxes can be divided into two main parts leakage and magnetizing. The flux linked

in Rx can be calculated as given in (1)
Or e = Pr_re + Pri—pe + P70 (2.1)

where @, is leakage flux of Rx coil, ®,;_ g, is magnetizing flux generated by Rx
coil, and ®,,_7, is magnetizing flux generated by Tx coil. Then, it can be extended
as (Z2)

Or_pre = NpePrilre + Nro Parlre + Npe PL-RelRe (2.2)

where P, and P_ g, are magnetizing and leakage permanences, and /1, and [y, are
currents of Tx and Rx coils. The total linked flux is calculated by multiplying the turn

ratio and the linked flux, presented in (-3).

A= Npe®Pr_re = NpaNroPrlps + NroNro Pyrlry + Npa Nro Pr—palpa
= (Ly—pe + Li—pe)Ire + MIp, (2.3)
= LRx[Rac + MITx

where L g, is the self-inductance of Rx coil and M is the mutual inductance between
Tx and Rx coil. The induced voltage of the Rx coil can be calculated as given in (IZ4),
assuming the system is linear.

d(A)

dt
2.4
(L Tpe + MIz) 24)

dt

Then, the induced voltage of the Rx coil generated by the Tx coil can be formulated
as in (Z3).
d(MlIr;)

The formulation is converted to the phasor domain as given in (Z-6).
€ =JjwMlIrp, (2.6)

12



Therefore, the induced voltage is proportional to mutual inductance, operating fre-
quency, and magnitude of Tx current. However, the power factor of IPT systems
is lower due to high leakage inductance from inherently loose couplings, as can be

found by comparing (4) and (25).

2.2 Compensation Topologies of IPT Systems

A common problem for IPT systems is the high leakage inductance which decreases
the power factor of the system. When the transfer distance is increased, the leakage
inductance becomes dominant, considerably decreasing the system’s efficiency. Be-
sides, the system requires higher VA ratings to transfer the same power in a higher
leakage inductance. Higher VA ratings also increase the cost and volume of the sys-
tem. In order to mitigate this problem, compensation circuits are used [?8]. They
compensate for the leakage inductance and approach to the unity power factor, result-

ing in higher efficiency and lower VA ratings.

Basically, a compensation circuit is a capacitor that can be connected in parallel or in
series with coils. The transmitter, receiver, or both sides can be compensated. Gen-
erally, the Tx-side is compensated concerning the overall inductance of the system,
including the reflected impedance from the Rx-side. In addition, the Rx side is com-
pensated for the Rx side inductance only. There are four commonly used two-element
compensation topologies, which are series-series (SS), series-parallel (SP), parallel-
series (PS), and parallel-parallel (PP), as shown in Fig. (I2) [29]. They are composed

of series or parallel capacitors connected to both the Tx and the Rx sides.

In addition to these topologies, single-side compensation or hybrid compensations
with capacitors and inductors such as LLCL, LCL, and LCC exist [30, 31]. Each
compensation method has advantages and drawbacks, so compensation selection de-
pends on the system requirements and applications. Primary series connection is used
with voltage source inputs, whereas primary parallel requires a current source input
[32]. Similarly, the output of the receiver parallel system acts like a current source,

while the output of the receiver series system behaves like a voltage source[33].
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Figure 2.2: The circuit representation of basic two-element compensation methods.

Here, analyses and comparisons of these basic topologies will be presented. Firstly,
the receiver capacitor is selected to compensate for the inductance of the receiver side,

calculated as given in (7).

1
CRx =

= 2.7
WTLR:E ( )

However, the transmitter capacitor should compensate for the input inductances, where
the input impedances (with reflected components) are given in (I-8).

wszLTxLRx

7 (2.8)

Zin = Zrx +
Zr. and Zg, are calculated considering the compensation types. For series compen-
sation, they are calculated as given in (ZY), whereas they are calculated as given in

(I10) for parallel compensation.

ZT{E :jWLTx+ .
JwCry (2.9)
1 .
Lpy = jwlpy + —————
f J f ]chx+RL
1 ‘
ZTx = oC ||jWLTx
JWSTe . (2.10)
Zpe = Jwlp, - R
e = s+ (|| )
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Therefore, the transmitter capacitance is calculated as given in (211l to -14)), where

w, 1s the resonant frequency in radians per second.

= 2.11
Cry, = 1 (2.12)
= L (1— F2)) |
C 1 (2.13)
Te = 27472 .
L% L
wz(LTx + wrk Rz Tx)
Ry,
Cry = ! (2.14)
e R2k Ly, '

Wi (Lo (1 = k2)) + ( )

1—k?

As comparison, SS topology gives a coupling and loading independent resonant fre-
quency since their capacitance values are calculated only by the self-inductance of the
Tx and Rx coil [34]. SP topology gives a loading independent resonant frequency, but
the coupling changes its resonant frequency. Both coupling and loading affect the res-
onant frequency of PS and PP compensated topologies. Thus, SS topology is the most
preferred topology. However, SS topology also has a few drawbacks. Their capacitor
sizes are larger than the one used in other topologies since all the Tx and Rx cur-
rent pass through the capacitors. Moreover, it does not allow zero-load operation at
the resonant frequency and will draw short-circuit current under no-load conditions.
The input impedance of the no-load condition (including internal resistance of the

inductance) can be calculated as presented in (ZZ13).

2k2 Ly Ly
ZznZJWLTz+ij + . + ~ 1 Toht
Tx il . - . R
JWlbe & S oE— T TRe T 0L (2.15)
(o) wyk®LrsLrs

Zm(RL—>0) =Tz TR
xT

In this thesis, SS-IPT topology is preferred since it fits CSR applications due to their
coupling and loading independent resonant frequency. The remaining analyses will

be made for the SS-IPT system.
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2.3 SS-IPT Systems

The circuit diagram of a SS-IPT system is presented in Fig. 3. The converter
generates a pulsating output voltage. Since compensation capacitors create a resonant
structure, it allows only the fundamental frequency to pass. So, the currents of Tx
and Rx are purely sinusoidal, and the first harmonic approaches (FHA) can be used

to model and design the system [35].

Converter M Rectifier IL
CTX R >

|

|

+ —|+ e 2 | | 1 * % J_ +
== VbC VTX LTX g g T.RX Vrx| = Vour Ro
< —| = x T _

Figure 2.3: The circuit representation of conventional SS-IPT systems.

The FHA model is represented in Fig. [Z4.

CTx LTX LRX Rx
ITx IRX
_|_
V 1x j(,OMIRx j(DMITx VRx RRX

Figure 2.4: The circuit diagram of an SS-IPT system with first harmonic approach.

The Rx-side resistance (R g, ) is the reflected resistance from the rectifier. Since the

Rx current is sinusoidal, the reflected resistance is calculated as given in (Z-16).

Rr, = <Ry, (2.16)
s

The line impedance (series connected inductance and capacitance) behaves like a

short circuit at the resonant frequency. Then V5, is equal to the induced voltage from
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the transmitter side, as given in (Z-17).

VRz = jwMITI (217)

To find I, the Ry, is reflected to the Tx-side as presented in (_IX).
w2 M?

Rref = RR

(2.18)

Then, I, is found by (Z-19), and so the voltage gain is calculated as given in (Z20)
using (217).
VTJ:

B RRref
_ VTxRR:E
w2 M?

]Tx

(2.19)

VRe
VT:):
_ Rpy
WM

Awpr =
(2.20)

The gain at the resonant frequency is proportional to load resistance and inversely pro-
portional to the mutual inductance. Besides, the gain decreases moving away from the
resonant frequency due to the band-pass structure [36]. However, depending upon the
circuit parameters, the single peak band-pass characteristic may alter to a double peak
structure. The phenomenon is called bifurcation and depends on the system coupling
and quality factors [37]. A single-peak and double-peak structures are presented in
Fig. 3. The single-peak structure is significant in controlling the output power by
frequency since it allows the linear control region to decrease power monotonously
after the resonant frequency. In a double-peak structure, the system does not have
a monotonously increasing or decreasing power after the resonant frequency, which

makes frequency control difficult.

Moreover, the system behaves like a capacitive at frequencies below the resonant fre-
quency, whereas it acts like an inductive at frequencies above the resonant frequency.
However, the bifurcation phenomenon changes the input current phase characteristic,
and there are three transitions between the capacitive and inductive regions, as shown
in Fig. 6. The inductive and capacitive regions affect the soft-switching conditions,

and guaranteeing inductive operations increasing the overall efficiency.
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2.4 The Bifurcation Phenomenon

In the design stage, the coupling and the quality factor determine whether the system
enters the bifurcation. The quality factor is defined as the ratio of reactive and real
power, calculated as given in (ZZ2T).

Preactive
= 2.21
Q Preal ( )

In the double compensated systems, there are two quality factor definitions for the

transmitter and receiver side, respectively, as calculated in (Z222).

w'I‘LTJ?

QT;p = W
R (2.22)

wT‘LRx

O R

The ()7, can be simplified as a function of (), and k, as given in (IZ73).

1

QT&? - k’QQRa;

(2.23)

Therefore, coupling and receiver quality factors can represent the overall system char-
acteristics. If the voltage gain-frequency response is plotted in Fig. 7 for different
Qg and k, it is observed that the bifurcation phenomena occur depending upon the

relationship between them.

For a constant value of ()., the system enters bifurcation after some coupling value

called the critical coupling. In [BX] the k. is formulated as given in (Z24).

1 1

ke = 1— ——

(2.24)

In the design stage, k should be selected concerning this critical coupling to avoid

bifurcation, which makes the control difficult and decreases efficiency.
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2.5 Soft-Switching Conditions

The loss sources of the IPT system can be divided into two main parts: coil losses
and semiconductor losses. In order to reduce coil losses, the copper area is increased,
and litz wires are also used to avoid eddy and proximity losses [3Y]. For semiconduc-
tor losses, conduction losses and switching losses of power switches of the DC/AC
converter and rectifier exist. The switching loss is dominant compared to conduction
loss since the operating frequency of the IPT system is increased to reduce coil sizes.
However, thanks to the resonant structure, the system can make zero voltage or zero
current switching (ZVS or ZCS), considerably reducing switching losses. The ZVS
and ZCS conditions depend on the operation region of IPT (inductive and capacitive

region).

+ +

+
SAJEE: Vosa SBJEE /Ds-B

- Cm
M (BU0) HT It
Ln
Vbe Vo I ! ZRefu = @ﬁu
+ +

I

Figure 2.8: A full-bridge converter with a series-series IPT system.

A full-bridge converter is presented in Fig. '8. The Tx current (/r,) is purely sinu-

soidal, and it leads or lags the voltage (V. ) regarding the operation region.

2.5.1 Capacitive Region

Below the resonant frequency, the IPT system acts like a capacitive load if it is not
in bifurcation. The capacitive load causes the current leads, and so the power factor
is leading. Drain-source, gate-source voltages of S, and the load current are plotted

for this operation region in Fig. 9. In this condition, the switches make a hard
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switching during turn-on. Due to the switching losses mainly stemming from the

turn-on transition, the switching losses are dominant in the capacitive region.

T T T ] I
Hard-switching Vps | Tx
Vs
VDS Ir,
10
A, |
NS\ \/
' : ' - _ITx
0 T 2T
S s

Figure 2.9: The current and voltage waveforms of a FB converter in capacitive region.

2.5.2 Inductive Region

Above the resonant frequency, the IPT system acts like an inductive load if it is not
in bifurcation. The inductive load causes the current lags, so the power factor lags.
Before the gate signals are high, dead time (blanking time) exists to avoid short circuit
the DC-link. During the dead time period, the output capacitance of the switches
discharges by the load current, so the switches make ZVS at the turn-on. A drain-
source, gate-source voltages of S’;, and the load current is plotted for this operation

region in Fig. ZT0.
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Figure 2.10: The current and voltage waveforms of a FB converter in the inductive

region.

2.6 Multi-Frequency IPT Systems and The Proposed CSR Method

Thus far, conventional IPT systems have been examined. Conventional IPT systems
use a single frequency to transfer power, even though the high-frequency converter
generates a pulsating square wave. However, recent studies have addressed the multi-
frequency power transfer to decrease the switching numbers or increase the utilization
of DC-link voltage. As the proposed CSR system is concurrently excited by the con-
verter of the motor drive that energizes the motor, the multi-frequency approaches
in the WPT literature should be investigated to develop the system. In [40], a sin-
gle inverter is used with multi-resonant circuits amplifying the square wave’s funda-
mental and third harmonic. The third harmonic component increases the transmitted
power without increasing the VA rating of the semiconductor devices. However, it is
not possible to independently regulate the third harmonic component in such a sys-

tem. In [41], a dual-band WPT system is introduced to make Tx compatible with
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two different WPT standards. However, two separate sets of coils and drivers are
used, allowing design flexibility but increasing system complexity and cost. In [47], a
single-inverter-based dual-frequency WPT system is proposed using the programmed
PWM method. The system can regulate the output voltage for multiple receivers. The
programmed PWM adjust the operating frequency of one of the WPT system to the
switching frequency to minimize the switching losses. Nevertheless, the programmed
PWM is computationally complex since it requires switching angle calculation using
offline algorithms. Hence, such a method is not feasible to employ in dynamic sys-
tems. In [43], multi-frequencies are achieved by comparing superimposed sinusoidal
reference signals with the high-frequency triangle carrier signals. In addition, a phase
shift can be given between superimposed reference signals to increase the utilization
rate of the DC-link voltage [44]. Yet, in these methods, the switching frequency is
higher than the operating frequencies of the WPT system, which increases switching
losses. Apart from the aforementioned studies, multi-frequency systems can also be
implemented to combine wireless and wired power transfer concurrently since they

could co-exist in dynamic applications [45, &6].

One of these applications is a contactless slip ring (CSR). In the proposed system,
the CSR is excited by the converter of a motor drive. Thus, eliminating the extra
CSR converter reduces the system’s cost and complexity. However, the conventional
motor drive method should be applied rather than the mentioned multi-frequency ap-
proaches while implementing the proposed CSR since driving a motor requires fast
and dynamic controls. Therefore, this study aims to develop a new multi-frequency

motor and WPT system using conventional motor drive methods.
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CHAPTER 3

THEORY OF THE PROPOSED CONCURRENT WIRELESS POWER
TRANSFER AND MOTOR DRIVE SYSTEM

In this chapter, the multi-frequency approach explained in the previous chapter will be
expanded into a system that is able to transfer concurrent wired and wireless power.
The proposed system fits contactless slip ring (CSR) applications, and the required
multi-frequency converter is achieved just with the existing motor drives. However,
the conventional modulation techniques to drive the motor should be used since the
motor requires dynamic control and fast response. Moreover, achieving continuous/-
constant power transfer with the proposed CSR under modulation techniques used
in conventional motor drives is challenging. In this study, control methods that can
be applied for both DC and AC motors are asserted to transfer concurrent wired and

wireless power with conventional modulation techniques.

This chapter introduces the proposed methods and systematically investigates the the-
ory of their operation. The rest of the chapter is organized as follows. Firstly, the pro-
posed CSR is compared with conventional ones. Secondly, conventional motor drives
are presented, and the voltage source converters are examined. Thirdly, DC motor
drives are reviewed, where their speed/torque control and applied modulation tech-
niques are analyzed. In addition, the proposed control method, which concurrently
drives the motor and excites the proposed CSR, is introduced. Fourthly, AC motor
drives are surveyed similarly to DC motor drives. Fifthly, the other current PWM
techniques are discussed to implement the proposed CSR. Finally, practical consider-
ations of implementing the proposed system with conventional drives are examined,

and the importance of wide-bandgap switches is explored.

25



3.1 The Proposed Contactless Slip Ring System

A conventional CSR is shown in Fig. Bl.a, which consists of two separate converters
to drive the motor and excite the WPT system. The already existing motor drive
in these systems generates high-frequency switching voltage harmonics, which are

not desired, and attenuated in the motor phase currents due to large motor phase

inductances.
Stationary : Rotatory Stationary . Rotatory
T ! \ i
Motor  Tx coil | ; Motor  Txcoill  Rx coil
Shaft 4 ! Rx coil Shaft ' o !
i |
Wireless !
power | R | |
transfer Auxiliary Sinel — Auxiliary
P . electrical load mngle . Wireless electrical load
Motor High frequency motor power
drive “converter drive transfer
Input Input Input
(a) (®)

Figure 3.1: An example representation of CSRs based on WPT systems. a) A con-

ventional system. b) The proposed system.

In the proposed system, the Tx coil utilizes these high-frequency voltage harmon-
ics to transfer power to the Rx coil on the rotating frame, while the low-frequency
modulated current is still used to drive the motor. Therefore, the converter of the mo-
tor drive is used as the single converter by the proposed multi-frequency approaches.
Thus, a separate high-frequency converter of the WPT system is no longer required,
reducing cost and complexity. The proposed system, as shown in Fig. Bl.b, can
be used to energize auxiliary loads in the rotating frame for industrial applications
such as IoT devices, surveillance cameras, robotic actuators, radars, sensors, etc., or
to excite the field windings of the synchronous motors [8, 9, [7, &7, 48, 10]. Since
the power ratings of these loads are lower than the power ratings of the motor, it is
possible to use just the existing conventional motor drive, which will be discussed in

the coming parts, without any extra hardware.
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3.2 Motor Drives

Motor drives are frequently used in industry, such as robotic arms and conveyor belts,
in the consumer products, such as electric vehicles (EVs), and in renewable energy
sources, such as wind turbines [49, 50, 51]. They can be used to drive both DC
and AC motors. DC motor drives adjust the DC voltage/current to control the speed
and torque of motors. Unlike DC motor drives, AC motor drives also adjust the fre-
quency to control the speed of motors; thus, AC motor drives are also named variable
frequency drives (VFDs). Motor drives generally comprise a measurement unit, con-

troller, and DC/DC or DC/AC converter, as shown in Fig. B2.

Motor Drive
DC Converter
S > (cpbc) [———> S Load
ource e
M t
Controller N LR
Unit

Figure 3.2: Block diagram of a conventional motor drive system.

The converter of the motor drives can be a current source converter (CSC) or a volt-
age source converter (VSC). Whereas VSCs commonly use MOSFETs and IGBTs
where unidirectional voltage is blocked, CSCs use diodes and thyristors where uni-
directional current passes. Under constant input voltage, VSCs generate a pulsating
output voltage independent of loading. On the contrary, under constant input current,
CSCs generate a pulsating output current independent of loading. The majority of
motor drives use VSCs due to the natural unidirectional voltage blocking capability
of typical switches[57]. Therefore, in this study, VSC-based motor drives are utilized
to address general usage. Since VSC-based motor drives provide an independent out-
put voltage from the loading of the motor, the proposed CSR (a WPT system) should

be connected parallel to the motor.

27



3.3 DC Motor Drives

There are two main parts in DC motors: field and armature. The field is on the sta-
tionary frame, while the armature is on the rotating frame. In industry, separately
excited DC motors, where the field and armature windings are independently fed, are
commonly used since they provide sensitive speed and torque control compared to
other DC motors such as series, shunt, and compound [53]. Therefore, the proposed
CSR method will be investigated for implementation with separately excited DC ma-
chines, and their control will be analyzed. Instead of separately-excited DC motors,
a permanent magnet (PM) DC motor can also be used, which behaves like a constant
current fed field winding. Also, the methodology can be easily applied to other types

of DC machines.

3.3.1 Speed and Torque Control

The equivalent circuit schematic of a separately excited-DC machine is presented in

Fig. B3.

Lr

Figure 3.3: The electrical equivalent circuit schematic of the separately excited DC

motor.

The induced emf on the armature (£ 4) is proportional to speed, as in (B1l), where K 4

1s the motor back-emf constant.

Ey=Kyw 3.1
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The torque is proportional to the current, as calculated in (322).
T =Kaly (3.2)

Therefore, to achieve the desired speed and torque references, /4 and £, should be
controlled. The control is provided with armature voltage under constant field excita-
tion that implies constant K 4. In addition, the field current, and therefore K 4, can be
adjusted to increase speed performance. The control block diagram of a conventional

DC motor drive is shown in Fig. B4.
Voltage
Source\l,

‘”‘ef( ) ; Speed ( ) Current | D DC/DC R s
& Controller Controller Converter Lo

Figure 3.4: The control diagram of conventional DC motor drives.

3.3.2 The Proposed Modulation Technique

In the last part, the required armature voltage of the motor was found according to
desired speed and torque. This voltage can be generated using a full-bridge VSC,
shown in Fig. B3. The converter is driven by a bipolar-PWM, as given in Fig. B,
which yields an output voltage (V,) having DC but also high-frequency switching
harmonics. In this modulation technique, S4 and Sy ( hence Sp and S’ ) have the
same switching patterns. The switching function of the bipolar-PWM is presented
in (B3), composed of switching frequency (f,), and duty cycle (D). The harmonic
distribution of V, is plotted in Fig. B72.

— 2
= Z k_ n(kwD)cos(2mkfst) (3.3)

k=1

While a positive DC output voltage is achieved for duty cycle (D) values greater than
0.5, a negative DC output voltage is achieved for D values less than 0.5. At D = 0.5,
the DC output becomes zero, meaning that the power transferred to the motor is zero.
Thus, variable positive and negative DC output voltage is produced by changing the

duty cycle.
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Figure 3.5: The circuit diagram of a full-bridge VSC based DC motor drive.

3 TS >3
A S:\ : DTs > - : SB
SB’ SA

Figure 3.6: The switching signals and output voltage of the full-bridge VSC.

3.3.3 Control Methodology of The Proposed CSR System

In the proposed system, the CSR is connected in parallel to the DC motor as presented
in Fig. B8, and a full-bridge VSC, which bipolar PWM drives, is used. The resonant
frequency of the WPT system should be selected close to the switching frequency so

that the harmonics can excite the WPT system.
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Figure 3.8: Circuit diagram of the proposed concurrent motor drive and WPT system

with a single converter.

However, the magnitude of these harmonics varies with the duty cycle, as can be seen
in Fig. BT, so two main problems are revealed. The first problem is the diminish-
ing switching harmonics at duty cycles close to 0 or 1. The problem can be solved
by restricting the duty cycles so continuous/constant power can be cultivated by the
proposed CSR. For example, the duty cycle can be confined between 0.15 and 0.85.
This restriction reduces the DC-link utilization for the motor operation, but a similar

restriction already exists in conventional drives due to the dead times of the switch-
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ing. The second problem is to control the proposed CSR’s power under dynamically
varying duty cycles. This problem can be solved with two different methods. The
first one is to add post-regulation with an active converter to the receiver side rather
than using a passive full-bridge diode rectifier, but it increases the cost, complexity,
and weight of the rotating side. The second method is to detune the switching fre-
quency, commonly used in regular WPT systems. Since the motor winding attenuates
the high-frequency harmonics in motor current, the variable switching frequency does
not affect the motor operation. Thus, the variable switching frequency can be applied

to the motor drives to control the CSR’s power.

Consequently, the overall control diagram for the proposed CSR is given in Fig. B9.
The motor controller decides on the duty cycle, considering the desired speed and
torque references. Then, the controller of the CSR adjusts the switching frequency to

reach the desired CSR’s output power under these different motor operations.

fs High frequency
VRX(ref) —» WPT (CSR) current WPT
controller > (CSR)
T— » DC/DC
»{ Converter [
O(ref) —» Motor N motor
Ten —> controller D DC

Figure 3.9: The block diagram of the control method of the proposed system.

A steady-state expected voltage and current waveforms for an operation point are
presented in Fig. B10 where the gate signals of the top switches of each leg (54
and Sp) are shown. The switching pattern generates a pulsating output voltage (V,),
with DC and switching components. The motor current (/,,) is mainly DC with small
current ripples. The Tx current (/7x) is sinusoidal, assuming that the WPT system
has a high-quality factor. The FB converter current (/zp) is the sum of /,; and I7y.
However, [rp is dominated by /), since the CSR is used for auxiliary systems with

smaller power ratings than the motor.
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Figure 3.10: Asymmetrical PWM signals and its corresponding voltage and current
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3.4 AC Motor Drives

There are two main parts in AC machines: field and armature. According to the AC
machines type, the method of field excitation changes. For induction machines (IMs),
the field on the rotor is fed by induction; thus, external excitation is not required.
Their armature on the stator is fed with AC voltages, and the rotating magnetic field,
generated by the armature current, induces a voltage on the field windings. So, IMs
have a simple structure without brushes or permanent magnets on the rotating frame,
making them robust [54]. Accordingly, the control of IMs is achieved using AC
excitation with variable frequency and magnitude to just the armature windings. In
synchronous machines (SMs), the field winding on the rotor is excited by DC voltage
(or permanent magnets can be used to excite), while the armature winding on the
stator is fed with AC voltage. Unlike IMs, the control of SMs can be achieved by

armature control (AC voltages with variable frequency, angle, and magnitude) or field
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control ( with DC voltage/current). However, the field control does not regulate the
speed of the motor, and it is usually used to increase high-speed performance [55].
Consequently, AC motor drives are supposed to generate variable frequency output
voltages, which feed the armatures of AC machines. There are other types of AC
machines, but in this study, SMs and IMs are investigated to implement the proposed

CSR, and it can also be easily implemented in other AC machines.

3.4.1 Speed and Torque Control

The speed of the stator excitation is called synchronous speed. IMs do not operate at
synchronous speed, so the rotor mechanical speed should differ from the synchronous

speed to achieve net torque.

4
T

/\ /\T/\ />: - Consft)antP

Cqanstant T

[rad/sec]

_—
Increasing s

Figure 3.11: Torque-speed characteristic of IMs. (w; is synchronous speed, P and T’

are power and torque.)

The difference between the rotor and synchronous speed per unit is called slip. This
slip is required in order to excite the field winding by induction. The torque-speed
characteristic of IMs and their electrical equivalent circuit is shown in Fig. BT1 and

Fig. BI2.
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Figure 3.12: The electrical equivalent circuit representation of IMs.

The generated torque can be calculated as given in (B-4)), where R}, and X7 is reflected

resistance and impedance.

2 T
T= T da i (3.4)
(Ri+ 2)2 + (X1 + X7)2 sws
The rotor speed is calculated using s and wg as given in (B3).
wr = (1 — s)ws (3.5

On the contrary, SMs operate at synchronous speed. Therefore, the mechanical speed
is directly controlled by the electrical frequency. The torque is controlled by the
armature current, which is adjusted via the applied armature voltage. Moreover, the
field current can be controlled to obtain high-speed performance. The torque-speed
characteristic of SMs and their electrical equivalent circuit is shown in Fig. and
Fig. B14. The induced emf on the AC motor is proportional to the speed of the
motor, calculated as in (3-6), where K is the motor back-emf constant that depends

on the field excitation.

Ex= Kuw, (3.6)

The armature current in the phasor domain is calculated as given in (B77).

= _ V,—Ea

a — ; 37
R+ X, 7

The motor operates at synchronous speed, and its torque is calculated as given in
(B3). R
E;l,

Ws

T. =3 (3.8)
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Figure 3.14: The electrical equivalent circuit representation of SMs

Therefore, in order to achieve the desired speed and torque references, the armature
voltages should be controlled. The control block diagram of AC machines is pre-

sented in Fig. B13.

3.4.2 Proposed Modulation Technique

The armature’s required voltage (magnitude, frequency, and angle) is found as in the

previous part to achieve the desired speed and torque references.
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Figure 3.15: Control diagram of SMs.

These voltages can be produced using a 3-phase VSC, shown in Fig. BT6, using
PWM techniques such as sinusoidal-PWM (SPWM), space vector PWM (SVPWM),
and discontinuous PWM (DPWM).

Ir_m Idﬁ‘ger . - _
+ Tcar S — ‘ .
v AJ S]ﬂ:} SCJ 3-Phase Motor
1 Vis T Vea E; [ 2
Voo - . [ﬂ;o \ M T

Sa S]ﬂ? sc |

L - -

3-Wire 3-Phase Inverter

Figure 3.16: Circuit diagram of a 3-phase 3-wire inverter that drives a 3-phase motor.

SPWM, as proof of concept, will be analyzed analytically, but the principles can also
be utilized for other modulation techniques. SPWM is established by comparing a
high-frequency triangular carrier signal and a fundamental (modulating) signal. This
fundamental signal is the reference signal of the motor, and the operating frequency

of WPT is cultivated using the first harmonic of the carrier signal.

37



The analytical model of SPWM can be obtained as given in (B9), using double
Fourier analysis [56].
1 a
S = —+m7cos <w0t+90>

g, <igma> sin (z%) coS <i(wct + HC)> (3.9)

(o)

cos (z’(wct +0.) + k(wot + 90))

g

2
2
T

_|_
i=1

[
§ o

+
2

1 k=—o00

1

There are four main components of the voltage of each leg: DC, fundamental, switch-
ing harmonics, and sidebands. The switching harmonics and their sidebands cannot
be adjusted independently, and they change along with the modulation index, which
linearly controls the magnitude of the fundamental frequency. Moreover, the phase
angles of these components vary for each leg of the inverter, and they create positive,

negative, or zero sequences, as shown in Table Bl

Table 3.1: The Sequences of Fundamental Frequency, Switching, and Its Sideband

Harmonics for Inverter Legs

Frequency | LegA LegB Leg(C Sequence
f, 0° 120 —120° Positive

fs — 2f, 0° 120°  —120° Positive
fg 0° 0° 0° Zero

fs + 2f, 0° —120° 120° Negative

3.4.2.1 Control Methodology for the Proposed CSR

In the proposed system, a WPT system is connected to a 2-wire of the 3-phase 3-wire
motor drive, as given in Fig. BT,  The normalized line-to-line voltage harmonic
distributions are given in Fig. BIR for different modulation indexes. Since the
switching harmonic is zero-sequence for the conventional SPWM, the harmonic dis-
appears in the line-to-line connection. Therefore, the line-to-line connected WPT

system is excited only by the sideband components.
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Figure 3.18: The harmonic distribution of a line-to-line voltage among different mod-

ulation indices without carrier phase shift.

However, the magnitude of these sideband components changes along with the mod-
ulation index, so the CSR can not guarantee continuous/constant power under various
motor operations. This problem can be solved in different ways. Firstly, to regulate
the WPT system’s power, a post-regulation converter can be added to the receiver,

but increasing cost and complexity. Secondly, frequency detuning can be applied like
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DC motor drives. However, these methods cannot guarantee to transfer of power un-
der each modulation index (m,) since sideband components converge to zero as m,
comes up to 0. Lastly, it is proposed that this problem can be solved by giving a phase
shift between carrier signals of two legs. As can be seen from the double Fourier anal-
ysis in (B9), phase angles of switching frequency and sidebands change as a function
of the phase angle of the carrier signal. In this study, for coherency, formulations will
be made considering that the WPT system is connected between legs A and B, and a

carrier-phase-shift (CPS) is given to leg B, as given in (B10).

¢CA =0
Carrier phases { ¢.5 = dops (3.10)
¢CC =0

The magnitudes of switching frequency and sideband harmonics vary as given in

(B, BT, B13). Thus, we can adjust the magnitude of each component by choosing

a proper CPS.
Valma) = 25 (a3 ) VT = conloops + 1207 G0
Vilma) = 2, (mg) V1= cos(gars) (3.12)
Varlma) = 2. (mg) V1= cos(pops — 120%) (3.13)

These magnitudes can be plotted for variable carrier phase shifts and modulation

indices, as shown in Fig. B-19.

A challenge is to determine the amount of the CPS, which must guarantee a con-
stant / continuous power transfer for any modulation indices. As shown in Fig. B19,
while the magnitude of the switching frequency harmonic increases by increasing
CPS, the magnitude of the sidebands decreases. Considering the quality factor of
the WPT system, the gain of the switching frequency and its sideband harmonics are
nearly equal since their frequencies are close enough. Instead of investigating each
component in the time domain, we can build an equivalent drive voltage assuming all

components to have the same frequency.
The RMS equivalent drive voltage (Vp) can be calculated by using (B-14) since all
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these frequencies are orthogonal to each other.

Vb = \/ (Vs% +Va + V%) (3.14)

Using the equivalent center harmonic approach, a normalized V), is shown for various
CPS and modulation indices in Fig. BZ20. As can be seen, for each m,, we can
guarantee the normalized gain between 0.25 and 0.45 by keeping the CPS between
30° and 60°. While the CPS is approaching 180°, the normalized V}, increases.
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approach.

However, at this point, we cannot fully control the voltage level; for example, the
Vp acquired at m, = 0 cannot be reached at m, = 1. Consequently, the control
diagram for the proposed system is given in Fig. BZ2Z1. The motor controller decides
on the modulation index, considering the desired speed and torque references. Then,
the controller of the WPT system adjusts the C'P.S to achieve the desired CSR output

power for these different motor operations.

High frequency

CPS
VRX(re) —p WPT (CSR) ¢ DC supply current WPT
controller N (CSR)
T— » DC/AC | |
»{ Converter
O(ref) —» Motor »  Motor
Teen—> | controller Ma  switching '-OWCer?‘gﬁf”Cy

frequency

Figure 3.21: The block diagram of the control method of the combined motor and

WPT system.

The key voltage and current waveforms without and with CPS are given in Fig.
and Fig. B23, respectively. While the fundamental signal is determined by modulat-

ing signals, the switching frequency and its sidebands are controlled by CPS.
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(Vap). (c) The waveform of fundamental frequency of (V43). (d) The waveform of
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Figure 3.23: Key waveforms with CPS. (a) Ph-A (purple) and Ph-B(green) carrier tri-
angles and sinusoidal references. (b) Line-to-line voltage of ph-A and ph-B (V). (¢)
The waveform of fundamental frequency of (V45). (d) The waveform of the switch-

ing frequency and its sidebands of (V4p).
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3.5 Current Modulation Techniques of Conventional Drives

Many modulation techniques are utilized in industrial motor drives. While SPWM,
SVPWM, and DPWM are prevalent for AC motor drives, unipolar-PWM and bipolar-
PWM are prevailing for DC motor drives. Each modulation technique has its advan-
tages. For example, while SVPWM effectively utilizes the DC link voltage, DPWM
provides reduced switching losses [57]. Unipolar PWM has lower switching harmon-
ics than bipolar PWM. Although the proposed system is implemented with bipolar
PWM and SPWM, it can also be applied with other modulation techniques.
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Figure 3.24: The normalized inverter voltage (V
DC

) of the switching harmonics over

modulation indexes (m,,).

For example, the change in the magnitude of the switching frequency over modu-
lation indices is presented in Fig. for SPWM and SVPWM. It is observed that
the tendency of the magnitude of the switching harmonic of SVPWM is similar to
SPWM, and it can be controlled by the proposed CPS method.
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3.6 Practical Considerations

For conventional industrial motor drives, the switching frequency is usually below
20 kHz due to the switching losses of silicon (Si)-based transistors [58]. A WPT
system is not feasible in this frequency range since the Tx-Rx coils get bulkier as the
frequency is reduced [59]. The relation between the size of the coils and switching
frequency is shown in Fig. BZ5. However, recent developments in semiconductor
technology pave the way. Silicon Carbide (SiC) or Gallium Nitride (GaN) based
motor drives [b0, 61]] reach higher switching frequencies (up to several hundred kHz),
and they still provide high efficiency [62]. The switching frequencies and power

capabilities of different semiconductor technology are given in Fig. B28.

Consequently, choosing a proper switching frequency is challenging since a high
switching frequency increases the converter losses, and a low switching frequency
increases the coil size and cost. With the development of wide band-gap devices, a
sweet spot could be found, satisfying both requirements: higher efficiency and smaller
coil sizes. Thus, it is now possible to utilize the wide band-gap motor drives as a sin-
gle converter for concurrent operations. In the following chapters, the main consid-
erations and design procedures will be presented in order to implement the proposed

CSR with conventional GaN-based motor drives.
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Figure 3.26: Switching frequency and power capabilities of the semiconductors for

the converters [5].
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CHAPTER 4

THE IMPLEMENTATION OF THE PROPOSED METHOD WITH DC
MOTOR DRIVES

This chapter, as a proof-of-concept, investigates implementing the proposed contact-
less slip ring with a conventional DC motor drive used as a single converter. In the
proposed system, reaching a higher switching frequency is significant to achieve a
feasible size of the WPT coils, but it increases the drive’s switching losses and op-
erating temperature. Therefore, a wide band-gap-based motor drive, rather than its
Si-based counterparts, is required to achieve a switching frequency that is a sweet

operating point.

lin ldriver
> > ®
+
vy Sn g S
¢ PN—m>
Veus - \-}-O Irs
T S
Sa J:} Se J:}
— ® ®
Full-Bridge
Converter

Figure 4.1: Circuit diagram of the proposed CSR system using a conventional motor

drive as a single converter to transfer power concurrently.
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In this study, a separately excited-DC motor with a GaN-based FB converter is used
to implement the proposed CSR method. The electrical equivalent circuit diagram of
the system is given in Fig. Bl In this motor drive, the bipolar PWM technique is
utilized, and no control is applied to the motor’s field winding (i.e. running it like a
PM DC motor). Moreover, the power of the CSR is independently and concurrently

controlled by detuning switching frequency, as mentioned in Chapter III.

4.1 System Design

In the setup, the DC-Bus voltage is selected as 100 V, where the DC motor’s rated
power reaches 500 W. The motor and drive parameters are presented in Table E1. In
the next section, the WPT system will be designed systematically to drive the motor

and the WPT system simultaneously.

Table 4.1: The Parameters of The Experimental Setup

The Rated Voltages and Powers

Input Voltage (Vys) 100 Vpc
IPT Output Voltage (Vrx) 20 Vrus
Motor Output Power (Py;) 500 W
IPT Output Power (F,) 50 W

The Motor Parameters

Armature resistance (R,) 2 )
Armature inductance (L,) 7mH

Motor electrical time constant (7;) 3.5 ms

The Drive Parameters

Duty cycle(D) 0.15—-0.85
Switching frequency ( f) < 100 kHz
Switching period (7%) > 10 ps
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4.1.1 Motor Drive System

The motor drive consists of a GaN-based full-bridge converter, where this converter

is described with details in [63]. The drive parameters are given in Table E1l, and the

experimental setup is shown in Fig. 7.

[Kesonan,

— — — - | Capacitod
Rx-side 1 I
—% . -

Figure 4.2: The illustration of experimental setup.

Although the motor drive allows a switching frequency up to 100 kHz, some consider-
ations specify the lower and upper boundary of the switching frequency. In the aspect
of motor drive, a higher switching frequency increases the drive losses, reducing the
drive’s lifetime, and a lower switching frequency increases the ripples of the motor
current, which makes motor control challenging. In the aspect of the WPT system,
increasing the switching frequency reduces the coil sizes but increases the coil losses.
Therefore, a sweet operation point should be found that gives reasonable losses and

feasible coil sizes.
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4.1.2 The Design of Wireless Power Transfer System for the Proposed CSR

The rated output power of the WPT system is chosen as 50 W with 20 V output volt-
age under the given specifications in Table B1l. Firstly, the topology is selected as a
series-series IPT (SS-IPT) system, which allows a resonant frequency independent of
loading and coupling. Since the motor and the WPT system share a single converter,
a constant resonant frequency makes the control straightforward. For SS-IPT topol-
ogy, in the bifurcation-free operation, the maximum gain is achieved at the resonant
frequency. Then, the gain can be adjusted (decreased) by frequency detuning. There-
fore, the resonant frequency is selected as 65 kHz, and the switching frequency can

be increased up to 100 kHz to decrease the output power by frequency detuning.

In traditional WPT systems, a Tx coil is excited by a square wave voltage (D=0.5)
produced using a full-bridge converter. The WPT system with chosen SS topology be-
haves like a band-pass filter and only allows the fundamental frequency of the square
wave voltage to pass. Therefore, the excitation voltage of the Tx coil is calculated as
in (B).

4
‘/O,ISt (rms) = EVBuS (41)

However, in the proposed system, a single converter concurrently drives the motor
and excites the Tx coil. In order to control the motor speed and torque, the duty cycle
of bipolar-PWM varies. This duty cycle variation also results in the magnitude of
the change in the fundamental frequency of the square wave; therefore, the excitation
voltage of the Tx coil changes. The excitation voltage can be calculated by the Fourier

series and formulated by the duty cycle as in (7).

V, et (rms) = %VBussm(ﬂD) (4.2)

The WPT system should supply the desired output voltage under each duty cycle
between 0.15 and 0.85 in the setup. In these duty cycles range, the first harmonic
component of V, varies between 40 Vgys and 90 Vgys. Therefore, the design of
the WPT system should be capable of delivering rated power over this wide range of
input voltage. A systematic design will be performed for the minimum input voltage
since the frequency detuning provides the ability to decrease power for higher input

voltages [38].
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Firstly, the Rx inductance can be calculated by using (83) where w, is the resonant
frequency in radian per second, and QQrx is the quality factor, Ry, is the load resis-

tance.
QrxRy,

o

Lrx = 4.3)

@ rx should be between 2-10 as a rule of thumb [B8, 64]. The higher (Qrx increases
the size of the Rx coil but decreases the size of the Tx coil. Moreover, the mutual
inductance can be calculated using (&4) where V;, ;s is the first switching harmonic

component of V.
\/RX\/O,lSt

M =
Pows

4.4)

The inductance of the Tx coil can be found using (3). The coupling coefficient (k)

varies between O and 1.

L Vo1 45
™ R 4
Finally, the capacitance values can be achieved using (E-6).
1 2
Crxrx = 7 w; (4.6)
TX,RX

The selection of k£ and ()rx changes the gain characteristics of the WPT system. In
regular WPT systems, the Tx and Rx coils are usually loosely coupled since lower &
avoids bifurcation and guarantees zero voltage switching (ZVS) above the resonant
frequency. However, in the proposed system, the WPT system is used to energize aux-
iliary loads; therefore, the motor current is dominant in the converter current. Thus,
ZVS may already not be achieved even if the system is not in bifurcation and oper-
ates above the resonant frequency (The ZVS conditions will be analyzed later in the
chapter). Hence, a bifurcation-free design is not aimed, and % should be increased to
reduce the Tx coil inductance and size, as shown in Fig. B3.a Besides, the variations
of Tx and Rx inductances as a function of () zx are shown in Fig. B3.b. Higher Qrx
increases the inductance of the Rx coil and decreases the inductance of Tx coil for
a constant k. However, QQgx and k also affect the gain-frequency characteristics, as
shown in Fig. B3.c. Considering all the above, ()rx and k are selected as 2.6 and

0.40 in the finalized design, which parameters are presented in Table B2
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Inductance (pH)
)

1 01 I I I I I I I J
1 2 3 4 5 6 7 8 9 10
Quality Factor
(b) The inductance of the Tx and Rx coils as a function of Qrx.
121

The Selected Design

k=04,

40 50 60 70 80 90 100 110
Frequency(kHz)

(c) The gain-frequency characteristic of several k and Qrx -

Figure 4.3: Effect of the design parameters on Tx coil, Rx coil and gain of the WPT

system.
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Table 4.2: Parameters of the WPT System.

Receiver quality factor (Qrx) 2.6
Resonant frequency (fj) 65 kHz
Coupling factor (k) 0.40
Load resistance (Ry,) 8 )
Receiver coil inductance (Lrx) 51 uH
Mutual inductance (M) 41 puH
Transmitter coil inductance (Ltx) 205 uH
Receiver resonant capacitance (Crx) 115 nF

Transmitter resonant capacitance (Crx) 29 nF

Voltage gain at f, 0.5

4.2 Coil Design

Although regular WPT systems use various coil shapes such as DD pads, DD-Q pads
[6Y, B, 67, BR], coils having rotational symmetry are preffered in CSR applications
[23, D4, 6Y]. Thus, the coupling change in a full rotation, which may decrease the
system’s efficiency, can be minimized. In general, for CSR applications, there are

two main coil shapes: coaxial and face-to-face [f, [7(J], which are shown in Fig. &4.

Secondary
coil,

Primary

Figure 4.4: Coil shapes [6]. (a) Face-to-face coils. (b) Coaxial coils.
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Both coils can be mounted around the shaft of the motor. Due to the magnetic flux
leakage, eddy losses exist on the shaft, made of electrically conductive material.
Therefore, ferrite strips are placed around the coils to decrease the leakage flux and
increase the couplings between Tx/Rx coils. However, in the proposed system, the
amount of the ferrite strips can be reduced to decrease the weight of the rotating frame
since the magnetic field is low, and the eddy losses on the shaft can be ignored. On
the one hand, in coaxial coils, the arrangement of the airgap is challenging. The air
gap cannot be changed after the manufacturing process; thus, tuning the coupling is
difficult. On the other hand, in face-to-face coils, the air gap can be adjusted after the
manufacturing process, implying that the coupling can be fine-tuned. In this study, it
is preferred a face-to-face circular coil shape thanks to its airgap flexibility and easy
manufacturing. The finite element (FE) simulations are presented in Fig. E3. The

coils’ diameters, turns, and airgap are also given in Table E3.

Table 4.3: The simulated results and found parameters of face-to-face Tx/Rx coils.

Tx-coil inner diameter 52 mm
Tx-coil outer diameter 110.6 mm
Tx number of layer 3

Tx conductor diameter 2 mm

Tx-coil total turns/turns per layer 44/15

Rx-coil inner diameter 80 mm
Rx-coil outer diameter 148 mm
Rx conductor diameter 2 mm

Rx-Coil total turns/turns per layer 17/17

Airgap 20 mm
Tx-coil inductance 204 uH
Rx-coil inductance 52 uH
Mutual inductance 41 pH
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Figure 4.5: The FE model of the designed WPT coils. Green-coloured and pink-

colored coils belong to the Tx and Rx, respectively. Ferrite strips are black.

55



4.3 Impedance Modelling and Decoupled Control of The Combined Motor and
WPT system

The impedance modeling of the proposed CSR technique is shown in Fig. BE@. The
converter is modeled as a pulsating voltage source, and lumped parameters are used

to model the WPT system and the motor.

Low frequency  High frequency

current current
4
| |
| I _
: Int L I'rx Crx Ltx Lrx Crx
Lo : La :
| : |
Re | SR joMIrx joMix SR
[ I
VO : Vemf:
: | Rix Rrx
0
Converter i Motor : IPT

Figure 4.6: The impedance model of the proposed CSR system.

Input impedances of the motor and the WPT system are formulated as in (E~7) and

(ER). Then, the calculated impedances for the exemplified setup are plotted in Fig. E72.

Lin-m = jwly, + R, 4.7)
) 1
Zin—1pT =jwLrx + - + Rrx
JwCrx
w?M? 4.8
. (4.8)
jwLpx + = + R; + Rrx
JwCrx
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Figure 4.7: Frequency response of the motor windings and the WPT coils.
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Figure 4.8: Simulation results of WPT voltage gain and power as a function of duty

cycle and frequency.
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V, is a square wave consisting of voltage components of DC and switching harmon-
ics. On the one hand, the WPT system behaves like band-pass filters, where only
frequencies near the switching frequency pass and other components attenuate. On
the other hand, the motor is like a low-pass filter; thus, the switching harmonics are
filtered out, and only DC passes. Consequently, while the motor operates at DC, the
WPT operates at the switching frequency. Thus, controls of the motor and the WPT
system can be decoupled as they behave like high-impedance loads at each other’s

operating frequencies.

The switching frequency only affects the ripples of the motor’s current, and the DC
component is adjusted by varying the duty cycle. However, this varying duty cycle
also changes the magnitude of the switching harmonics’ component, so the WPT sys-
tem’s output voltage alters, as shown in Fig. E8.a. For this reason, the output voltage
should be adjusted by switching frequency to supply constant/continuous power, and
the frequency response of the WPT system is shown in Fig. E8.b The WPT system’s
output power is plotted for different duty cycles and switching frequencies in Fig.
AR.c. Accordingly, the output power can be kept constant by appropriately control-

ling the switching frequency under any motor operations (or duty cycles).
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4.4 Experimental Results

The setup is established to validate the proposed system, as shown before in Fig. B72.
A separately excited DC motor is driven by a GaN-based full-bridge converter, which

concurrently excites the WPT system.

4.4.1 The WPT System Validation

Tx-Rx coils were wound, and measured inductances are given in Table B4. The sys-
tem’s gain-frequency and gain-duty cycle characteristics were compared with simu-
lation results. In Fig. B9, the experimental results are coherent with the simulation

results.

Table 4.4: Parameters of the SS-IPT System

Design values Measured values

Transmitter inductance 204pH 205uH
Receiver inductance o2puH olpH
Mutual inductance 41pH 40puH

4.4.2 Stand-alone and Concurrent Operation of the Motor and the WPT Sys-

tem

Firstly, only the WPT system was connected to the converter. The operation point is
selected as f,,, = 81.3 kHz and D=0.85 to transfer 54 W with 20.8 V. Vgx, Vi, ITx
are shown in Fig. B10.a Secondly, only the motor was connected to the converter
with the same duty cycle and switching frequency. The converter delivers 480 W
to the motor. The V, and I, are presented in Fig. ET0.b. Finally, they both were
connected to the converter to show their concurrent operation. Vi, Iy, V,, and I7x
are given in Fig. ET0.c. Accordingly, it was observed that the motor and WPT system

concurrently operate without disturbing each other.
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Figure 4.9: Simulation and experimental results of WPT voltage gain and power as a

function of the duty cycle and the switching frequency.

4.4.3 Loss and Efficiency Measurements

Since the motor drive is used as a single converter, the high-frequency current of the
WPT system creates additional losses, which may cause thermal stress on the drive.
Thus, the effect of the proposed system on drive losses needs to be examined, but

it is challenging to measure the additional loss components with electrical methods.
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Figure 4.10: Experimental results of the concurrent operation of the proposed system.
a) 67.6 W input power at operating frequency of 81.3 kHz. b) 457 W input power at
operating frequency of 81.3 kHz. c) 522.2 W input power at operating frequency of
81.3 kHz.
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Therefore, a calorimeter setup was established, which is explained in detail in [[ZT].
The input powers, driver losses, converter output powers, and efficiencies for stand-

alone and concurrent operations were measured, as given in Table B3.

Table 4.5: Experimental Results of the Converter’s Loss and Efficiency Analysis with

a Calorimeter

Input Drive Converter

Operation  Power Losses Ouput Efficiency
(W) (W) Power (W) (%)
Only IPT 67.6 7.3 60.3 89.2
Only Motor 457.1 12.8 4443 97.2
IPT and Motor  522.2 14.1 508.1 97.3

The drive losses of concurrent operation increase only 10% compared to the only
motor operation. The motor drives usually have already been slightly over-designed

to stay safe operation. Therefore, the 10% increase is thermally manageable.

4.4.4 The Effect of Transient Load Variations

The effect of transient load changes is investigated under the constant switching fre-
quency and duty cycles. The motor and Rx currents are shown in Fig.BTT], and re-

sponses will be explained for each time interval as follows:

e ty — t1: The motor is loaded with 105 W (I,, =1.9 A), and the WPT system
transmits 35 W (Irx =1.7 Agrurs).

e t;: The power of the motor raises to 171 W.

e {; —t9: I, reaches to 2.9 A while [y is constant at 1.7 Aryss.
e t5: The power of the motor reduces to 105 W.

e {9 — t3: I, reduces to 1.9 A while Ipx is constant at 1.7 Agrarg.

e t3: The WPT system power increases to 63 W.
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Figure 4.11: Experiment results for transient load variations of the motor and the

WPT system.

e t3 —ty: While I, is kept constant at 1.9 A, Irx increases to 2.4 Agryss.
e 14: The WPT power decreases to 35 W.

e {4 —t5: While I,,, is constant at 1.9 A, Irx reduces to 1.7 Aryss.

The transient load changes do not affect the steady-state operation of the motor and
WPT system. However, it was observed that the motor is affected transitory where
the current slightly changes ( by a 5% overshoot or undershoot ). Then, it reaches the
expected steady-state value in a short time as expected. Therefore, these tests prove

the independent and concurrent operation of the motor and WPT system.

4.4.5 Tests Under Different Operating Conditions

The proposed method was tested under seven distinct operation points to validate the
concurrent power transfer and independent control. The duty cycles and switching
frequency were adjusted to achieve the desired power of the motor and the WPT
system. The duty cycles and switching frequency of each operation are given in

Table EA.

The output power of the WPT system can stay constant by frequency detuning, whereas
the duty cycle controls the motor power. These transitions were tested, as shown in

Fig in transitions from operating conditions of A to B (or C to D). Then, it was
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Table 4.6: Concurrent Operation of the proposed CSR system and the Motor under
Different Operating Conditions.

A B C D E F G

Frequency (kHz) 95 90 90 95 90 90 975

Duty Cycle 06 075 075 06 06 06 05
Load Torque (N.m) 0.24 0.27 037 021 021 0.17 -
Motor Power (W) 125 179 244 109 110 89 -

IPT Power (W) 50 51 51 50 90 90 527

- : The load torque and motor power do not exist due to the motor speed being zero
at D = 0.5.
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Figure 4.12: The motor power and transmitted WPT-CSR power for different operat-

ing conditions.

observed that the power of the WPT system stays the same for a constant duty cycle
and switching frequency, while the motor’s load torque changes, as shown in transi-
tions of B to C (or E to F). After that, it was acquired that the motor operation does
not affect by the switching frequency that controls the power of the WPT system,

as given in cases D to E transition. Lastly, even if the motor stops, it was obtained
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that the WPT system still delivers the desired output power using frequency detuning,
as given in cases F to G transition. To conclude, using frequency detuning control,
the power of the proposed CSR can deliver the rated output power under any motor

operation.

4.5 Discussion on the Soft-switching Conditions

The high-frequency current drawn by the WPT system can affect the switch stress.
They create additional losses, divided into two main parts: conduction and switching
losses. The additional stress due to the conduction losses is negligible since the RMS
value of the WPT system’s current is less than the motor current. However, the effect
of the high-frequency current on the switching conditions should be investigated. The
equivalent circuit schematic of the motor drive is given in Fig. BT3. The motor can
be considered as a constant current source or inductive load. If the load current is
positive, the drain-source capacitors ( of SA’ and SB ) discharge during the dead
time, and S A’ and S B make zero voltage switching (ZVS) at the turn-on. In the same
way, if the load current is negative, S A and S B’ make ZVS. Therefore, in a DC motor

drive, two of four switches always make ZVS.

+ + +
SAJEE Vos-a SBJEE Voss
~ N\

/]

S
VBuUs les

+ +
1
ST ver STV

Figure 4.13: The circuit diagram of FB converter with inductive load.
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However, the addition of the WPT system’s high-frequency current may alter the
current’s direction or increase/decrease the converter current at the switching time.
Therefore, the ZVS conditions may change, and it should be investigated considering
the high-frequency current. There are two main situations: the peak current of the Tx

coil (fT x ) 1s greater or less than the motor current (/).

4.5.1 The motor current is greater than the peak current of the Tx coil (7, >

Irx)

When the I, is greater than fT x, the converter current’s direction does not alter.
Therefore, in this condition, two of four switches still make ZVS like in only motor
operation. In order to observe the ZVS conditions, gate-source and drain-source volt-
age are given for leg A and the positive motor current. Thus, SA (and so Sp) make
ZVS.

120 «—— s —» 10
3 5 5
= 0 =
5
120 1 (a) Sa 10
3 =
= 0 =
-5

ZVS ZVS

Figure 4.14: Drain-source and gate-source voltage waveforms at D = 0.8 and f =

80k H z for dominant motor current conditions. ZVS regions are colored in gray.
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4.5.2 The motor current is less than the peak current of the Tx coil (/;; < fT x)

When the [ 7x 18 greater than [, the converter current’s direction alters in a switching
period. This condition behaves like the operation of a regular WPT system, and all
switches may make ZVS at turn-on transition. An example of the ZVS condition is

presented in Fig. ET3 for S4 and S4s switches.
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Figure 4.15: Drain-source and gate-source voltage waveforms at D = 0.8 and f =

80k H z for dominant WPT-CSR current conditions. ZVS regions are colored in gray.

To conclude, when the I, is dominant, the soft-switching conditions do not change
due to the addition of /;x. However, the system can sustain a ZVS on both legs when

fT x 1s greater than the 1.
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4.6 The Stress on the DC-link Capacitor

The DC-link capacitor of the motor drive meets the sudden current requirements at
the switching transients. With the introduction of the WPT system, an additional
high-frequency current exists, which will create stress on the DC-link capacitor. The
increase in the DC-link current should be analyzed to show the feasibility of the pro-

posed CSR’s implementation into a conventional drive.

Firstly, the DC-link capacitor current, (/o 4p), is expressed as in (B9) using switching

functions (54 and Sg), motor current, Tx coil current and input current.

[CAP:SA([M+[TX) —SB([M+[TX)_[zn (49)

Then, the switching harmonics of the motor current can be ignored (/,/4.), and the
first harmonic approximation (FHA) can be applied to the WPT current (I7x¢) as
shown in (E10).

IM = [Mdc (4 10)

[TX = [TxfCOS(Zﬂ'fst - (I)>

Thus, the DC-link current harmonic distribution can be obtained as in (ZI1) and

Emw)}

o

4l nde .
Leapvr = Z kMd sin(kmwD)cos(2mk fst) 4.11)

™
k=1

IcapTX = — ITxCOS(QTFfSt — (I))

2y
+> ker sin(kmD)cos(2m(k + 1) fit — @) (4.12)
k=1

— 2I7x
+ Z ]{;X sin(knD)cos(2m(k — 1) fst + D)
k=2

Since the capacitor current is affected by the I, and D, a worst-case scenario is
analyzed for simplicity. In this scenario, the motor power is initially zero at D = 0.5,

and the motor power is linearly increased to achieve 500 W at D = 0.85.
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For all these operations, ), is at the rated value. When the motor is connected, the
DC-link current can be calculated as in (BIT). Then, the WPT system is connected
parallel to the motor. The WPT system supplies continuous S0W power while the
D varies between 0.15 and 0.85. Therefore, the capacitor current, which stems from
the WPT system, is calculated using (217). As a result, the capacitor currents for

stand-alone and concurrent operation modes are shown in Fig. BT6.

Icap (Aprums)
Icap (Apms)

0 —V NN 0
0.1 02 03 04 05 0.6 0.7 0.8 0.9 0.1 02 03 04 05 06 0.7 0.8 0.9
Duty Cycle Duty Cycle

(a) DC-link current under single motor operation. (b) DC-link current under concurrent motor and

WPT-CSR operation.

Figure 4.16: First, second, third and fourth harmonics of the DC link currents as a

function of duty cycle.

It is observed that the capacitor current increases from 1.45 Agys to 1.8 Agys, re-
sulting in a 24% rise. A conventional motor drive can still overcome this rise with
its slightly over-designed DC-link capacitance for safe operation. Even so, this may
require minor capacitance modifications to avoid reducing the drive’s lifetime. More-
over, the type of the capacitor may be required to change since high-frequency cur-
rent ripples are increased. Film or ceramic capacitors have lower parasitics (ESR and
ESL); therefore, their high-frequency ripple capability is better than the electrolytic
capacitors. If the majority of capacitors in the motor drive are electrolytic, they may

be altered to their film or ceramic counterparts.
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4.7 Conclusion

In this chapter, the proposed CSR is implemented with a DC motor drive. Unlike
conventional systems, the proposed method does not require an extra converter, and
the existing motor driver is used to run the motor and transfer wireless power con-
currently. Hence, the complexity and cost are decreased. However, implementing the
system with a conventional drive is challenging due to choosing a proper switching
frequency. Whereas a higher switching frequency increases the drive losses, a lower
switching frequency increases the coil sizes and cost. Thanks to the development of
wide band-gap devices such as GaN and SiC, a sweet spot in the switching frequency
could be found, satisfying both requirements. Thus, the wide band-gap-based motor
drives can be used as a single converter to drive the motor and transfer wireless power

concurrently.

In order to validate the proposed system, an experimental setup was established with
a GaN-based motor drive. A bipolar- PWM technique was employed, and the vari-
able switching frequency was utilized in addition to the PWM technique. Firstly, the
motor drive operated with and without the WPT system, and it was observed that it
does not affect the motor operation. Then, in order to control the powers of the WPT
system and the motor separately, variable duty cycle and switching frequency were
engaged. Under any motor operation, the rated output power of the WPT system was
achieved by adjusting the proper switching frequency. Besides, the transient varia-
tions of the motor or WPT system’s load were performed, and it was acquired that
the load variation does not affect steady-state operation. Furthermore, a calorimeter
setup was established to examine the effect of the additional WPT system’s current
on the motor drive in a thermal manner. The loss increase of the motor drive was
measured as a 10% increase of the loss of only motor at rated operation. Therefore,
the increase is manageable since the system is already designed with a safety limit in

such a range.

Furthermore, soft-switching conditions are analyzed. According to the loading con-
ditions of the motor and the WPT system, it was concluded that the motor drive could
make soft-switching at turn-on time. Then, the increase in the DC-link capacitor

stress due to the additional WPT system’s current was analyzed, and it was con-
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cluded that the proposed CSR could be implemented with any wide band-gap-based
conventional motor drive with maybe a slight modification of the DC-link capaci-
tance. Although the proposed system was tested on a separately excited DC motor
with bipolar- PWM technique, it can be expanded systematically to other DC motors
and PWM techniques. Besides, the proposed CSR can be implemented with AC mo-
tor drives, which will be explained in detail in the following chapter as mentioned in

this chapter.
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CHAPTER 5

THE IMPLEMENTATION OF THE PROPOSED METHOD WITH AC
MOTOR DRIVES

AC motors are more commonly used in the industry than DC motors; therefore, im-

plementing the proposed CSR method with an AC motor drive creates a more impact.

This chapter investigates implementing the proposed CSR method with a conven-

tional AC motor drive, similar to the implementation with DC motor drives discussed

in the previous chapter.

3-Wire 3-Phase Inverter

siEy siEt siRy

cese [T —»

Carrier Phase Shift (DB —|

A —»]
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Figure 5.1: The circuit diagram of a single inverter system, which drives concurrently

3W-3® motor and WPT system.

In this chapter, an experimental setup with a 3-wire 3-phase GaN-based inverter

where sinusoidal-PWM (SPWM) is established. The electrical equivalent circuit dia-

gram of the setup is given in Fig. B1l. The proposed system is connected between any
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two legs of the inverter, and its power is controlled by introducing the carrier phase
shift (CPS) between them. In this setup, an induction machine (IM) and auxiliary
rotating electric loads (placed over the shaft), such as sensors, and radars, are driven
concurrently. In such systems, the loads usually require constant voltage, whereas
their power demand changes in time. Therefore, the WPT system has variable output
resistance. The design of the WPT system will be made to have a constant output
voltage under variable output resistance. Since the WPT system is connected to any
two legs of the motor drive, an unbalance of current distribution is revealed. However,
the WPT system rated current is less than the motor rated current, and this unbalance

can be disregarded.

5.1 The Motor Drive System and Experimental Validation of the SPWM with
Carrier-Phase-Shift

The motor drive consists of a GaN-based 3-wire 3-phase converter, whose half-bridges
are the same as in Chapter III. In AC motor drives, the frequency detuning control is
not exploited to adjust WPT system power. Instead, a carrier-phase shift, previously

explained in Chapter I11, is introduced. For CPS method, the normalized magnitude
Vi

( %4
dc
lated as given in (BT to 54).

) of the fundamental frequency, switching frequency, and its sidebands is calcu-

Vi(me) = \/;ma (5.1)

Va(ma) = %JQ (mg) V1= cos(¢cps + 120°) (5.2)
Vi(myg) = %Jo (mg) V1 = cos(cps) (5.3)
Vaslme) = 2.1 (mg) VI~ cos{bors — 120°) (5.4
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Experimental measurements were taken to validate the CPS method with SPWM. The
variation in the magnitudes of the fundamental frequency, switching frequency, and
its sidebands are investigated. The inverter output voltages are shown in Fig. for
the phase shift of 5 = 0° and ¢ = 47.5°. The normalized inverter output voltages,
achieved by theoretical and experimental results, are compared in Table 1. The
experimental results agree well with the theoretical results with less than 10% error.
It was verified that the CPS method controls the magnitude of the switching frequency
component and its sidebands while the modulation index controls the magnitude of

the fundamental component.

0

Voltage (V)
(@)

0 0.25 0.5 0.75 1
Time (ms)
(@) pcps =0°
Vdc [
g L
o
& 0
©
>
_Vdc | | | |
0 0.25 0.5 0.75 1
Time (ms)

(b) pcps = 47.5°

Figure 5.2: Inverter output voltage (V;_;) (or called as drive voltage Vp) at m, = 0.6
for ¢CPS = (° and ¢CPS = 47.5°.
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Table 5.1: Theoretical and Experimental Results of Inverter Output Harmonic Distri-

bution for ¢popgs = 0° and ¢pcpg = 47.5°

Arnv (‘711/ Vie)
atf, atf) atfy, atfy

0.6 Theoretical 0519 | 0.113 | O 0.113

m, = 0.
Experimental | 0.532 | 0.110 | 0.011 | 0.115

pcps =0

Error 25% | 2.6% | - 1.7%
0.6 Theoretical 0.519 | 0.130 | 0.405 | 0.077

m, = 0.
Experimental | 0.537 | 0.127 | 0.414 | 0.084
Error 34% | 23% | 2.2% | 9.1%

5.2 Induction Motor with Auxiliary Rotating Electric Loads

In industrial applications, induction motors are used thanks to their robust and simple
structures. The auxiliary rotating loads (such as 10T devices, surveillance cameras,
robotic actuators, radars, and sensors) are frequently delivered by a contactless slip
ring over the shaft of this motor. In this section, an setup is established with a 3-wire
3-phase IM and a WPT system for an auxiliary rotating load. The circuit diagram
of the system and the expected voltage and current waveforms are shown in Fig.
where the SPWM with CPS is utilized. The input-output specifications of this system

are given in Table B7.

Table 5.2: The Input-Output Specifications of the WPT System

Ratings

DC-link voltage (Vp¢) 100V
Modulation index (my,) 0—-1
Motor rated power (F,ot0r) 500 W

Carrier-phase-shift range (P pg) 30° — 60°
WPT-CSR output voltage (Vour) 15 Vrus
WPT-CSR input voltage (Vp) 30 Vrus
WPT-CSR rated power (Pypr_csr) 24 W
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Figure 5.3: The circuit diagram of a single inverter system, which drives concurrently

3W-3® motor and WPT system.

The control range of the CPS is selected between 30° and 60° since this range pro-
vides constant/continuous excitation voltage at the switching frequency under any
modulation index, as can be presented in Fig. B4. In this range of CPS, the normal-
ized input voltage of the WPT system varies between 0.25 and 0.45. In this setup, the
normalized excitation voltage is selected as 0.3, which gives 30 Vg, for a 100 V

DC-link.
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Figure 5.4: Normalized inverter output voltages |“ZZT‘CZ| using the center harmonic ap-

proach.

5.2.1 WPT System Parameters Specification

The WPT system is series-series (SS) compensated, the circuit diagram of which is

shown in Fig. B3, and the operating frequency is selected between 85 kHz.

gt

Vsl Cr  Lx Crx Lrx n
V-t =Vb @ JoMIrx <\’ JoMIx R < Vour
VD-fsh B

Figure 5.5: The first harmonic approach circuit diagram of the WPT system.
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In general, auxiliary systems such as sensors and IoT devices have varying loads with
a constant voltage (CV). Thus, the WPT system is designed to supply CV output with
variable resistive loads. In SS compensation, CV operation can be achieved at two

frequencies, which are called lower and higher resonant frequencies (w,., w;p).

Firstly, the output voltage (V1) and voltage gain (Ayy pr) system are calculated as

in (B5) and (B6).

jWM]T:c
ZRx
jWM< Vin )
= 27 /2 RL 5.5
ZRJ: wzii + ZTz ( )
_ JwMViy
_w2M2 + ZT;BZRQc

Vour = Ry,

Ry,

Vour
Vin

Awpr =

oM (5.6)

T WM + Zrx Zrx

Ry

The frequencies providing a load-independent voltage gain can be found by equating

the load resistance derivative of the voltage gain, which is presented in (57), to zero.

dAwpr
dRyp,

=0 (5.7

Then, the frequencies (in radian/sec) are calculated in (58) as a function of the cou-

pling factor (k) and angular resonant frequency w,..

1
Wyl =Wy P
1+4 (5.8)
1
Wyl =Wyt | ——
h 1—k

The minimum load resistance that delivers the rated power can be calculated as in
(B9).

V2
R, = 27T (5.9)
g Prated
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The operating frequency is selected as w,,. Receiver inductance is calculated us-
ing the load resistance and the chosen quality factor of Rx (()g.) (at this operating

frequency) as provided in (B10).

Wrh L pa
QRx = ;L% i
L
(5.10)
Wrh

The voltage gain of the WPT system is given in (&11]), and adjusted by Tx inductance.

Thus, Tx inductance is selected using (5-12).

/LRy
AWPT(wrh) = ‘ L: (5.11)
Lpy
Lrs = - f (5.12)
W PT (wrp)

Then, the mutual inductance is calculated as given in (513).

M = k«/Lyp,Lp, (5.13)

Finally, the compensation capacitances are adjusted as given in (514).

1
I
W T (5.14)
O = 1
Rx szRm

The initial/chosen and derived parameters are presented in Table B73. The voltage
gain-frequency graphs of the designed WPT system for different load resistances are

shown in Fig. 64.
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Table 5.3: WPT System Parameters

Initial/Choosen Values Derived Values
Parameters Parameters

Prated 24 W | Awpr 0.5

Vb 30 Vems | R 9.3Q

Vout 15 Vems | Lrx 50 pH

frn 85kHz | Ly 200 uH

QR 2.9 M 40 uH

k 0.4 f, 65.85 kHz
Cryx 29.2 nF
Crx 117 nF

S -
4r N\ | I
\ .
3k \ ' Operation ,
Increasing ' Region |
o 2f Ry = ! b
= : '
O /'/ N ' :

1

SR 3 i :
& 09 - ! cv
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Frequency (kHz)

Figure 5.6: The voltage gain of the WPT system for different load resistances.

5.2.2 Experimental Validation

The experimental setup is shown in Fig. 7. The AC motor is loaded using a DC
generator. The WPT system is connected to the motor’s shaft, and load resistances

are placed on the rotating Rx side.
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Figure 5.7: Experimental Setup.

5.2.2.1 Stand-alone and Concurrent Operations of the Motor and the WPT
System

In order to confirm the concurrent operation, the WPT system and the motor operated
respectively stand-alone and simultaneously. Carrier phase shift was adjusted to 40°
with m, = 0.8, and they were kept the same for three operations. The I, and I,
are plotted in Fig. B8 for these operations. Firstly, for stand-alone motor operation,
the motor current was measured as ~ 1.75 A. Then, the WPT system is connected to
the motor drive and draws ~ 0.35 A. Finally, the inverter runs the motor and WPT
system concurrently. It was observed that the systems draw almost the same current

for the identical m, and ¢cpg.

5.2.2.2 Control Method Validation

The motor’s speed and torque are controlled by SPWM that adjusts fundamental fre-
quency via m,. However, changing m, varies the WPT system’s output voltage under
a constant ¢popg. Therefore, in order to keep output voltage constant, variable ¢opg

should be applied.
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Figure 5.8: The motor phase and the WPT system’s Tx currents.

The normalized power was experimentally acquired for constant and variable ¢¢cpg,
which are shown in Fig. B9. If the normalized power reduces due to the change in
ma, @cps should be increased to reach the desired power. Likewise, if the normalized
power rises due to the change in m,, ¢cps should be reduced to reach the desired
power. Further, ¢cpg used in the experimental setup to keep constant power are

compared with theoretical calculations in Table 54, and the error stays below 4%.
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Figure 5.9: Powers of the WPT system for constant and variable carrier phase shift.

5.2.2.3 Transient Load Changes of Motor and the WPT System

The effect of transient load changes is analyzed under the constant control parameters
such as m, and ¢cpg. The 1), and I, are shown in Fig BT0. Firstly, the motor load
torque is changed while control parameters are kept constant. It was observed that
the WPT system is not disturbed by the transient load changes of the motor, as shown
in Fig B10.a. Then, the WPT load resistance is altered using the same procedure. As

expected, the motor phase currents do not change, as shown in Fig. BT0.b.
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Figure 5.10: Transient load changes. a) Motor load changes. b) WPT system’s load

changes.

5.3 Conclusion

In this chapter, the proposed CSR was implemented with an AC motor drive. As

similar to DC motor drives, a wide band-gap-based motor drive should be used to
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reduce coil size with lower switching losses; therefore, a 3-wire 3-phase GaN-based
inverter was used. An experimental setup was established where the motor drive is
governed by SPWM with a carrier phase shift. Firstly, the harmonic distribution of
SPWM is experimentally acquired and compared with theoretical calculations. It was
observed that introducing a CPS controls the switching components while the mod-
ulation index adjusts the fundamental frequency. Secondly, an setup is established
for induction machines with auxiliary rotating electric loads. A WPT system with
constant output voltage was designed, and concurrent operation of the proposed CSR
was procured. Then, the system was tested under various modulation indices, and the
power of the proposed CSR was kept constant using the proposed CPS method. After
that, the transient variations of the motor or WPT system’s load were performed, and
it was acquired that the load variation does not affect steady-state operation. Con-
sequently, with the CPS method, the proposed CSR has been verified for induction
machines driven by SPWM. It can be expanded systematically to other AC motors
and PWM techniques by applying similar design steps as mentioned in this chapter.
In the following chapter, the proposed CSR will be implemented in a synchronous

motor to excite its field winding.
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CHAPTER 6

IMPLEMENTATION OF THE PROPOSED METHOD FOR THE FIELD
EXCITATION OF SYNCHRONOUS MOTORS

In recent years, electric vehicle (EV) applications have become widespread since they
give more efficient and clean energy. The main part of EVs is the traction system,
which is based on electric machines (EMs); therefore, an efficient, reliable, sustain-
able, and cost-effective system design of EMs is significant. Permanent magnet syn-
chronous machines (PMS) have been frequently preferred in traction systems since
they provide high torque density and high efficiency compared to their contenders,
such as induction motors (IMs), switched reluctance motors (SRMs), and wound-
field synchronous motors (WFSMs)[[72]. However, rare-earth magnet materials such
as neodymium (Nd) and samarium (Sm) used in PM motors have high prices and
an unstable supply chain due to the monopoly of China. Therefore, literature and
industry have addressed less-PM or no-PM motors, so they turned back to mature
technologies, especially WFESMs [[73, 74, [75]. Although WFSMs have lower-torque
density and lower efficiency than PM machines, they decrease the total cost and in-
crease control schemes such as loss minimization by externally exciting fields [76].
Moreover, demagnetization due to thermal issues is out of the question in WFSMs,
increasing reliability. However, the power transfer to WFESMs’ field winding is chal-
lenging, and contactless slip rings should be used. In this study, the proposed CSR is
implemented to excite the field winding of WFSMs. Thus, a cost-efficient and simple

solution is proposed as an alternative to PM traction motors.
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6.1 Small-Scale Prototyping

A small-scale experimental prototype is established to validate the field excitation by

the proposed CSR. The block diagram of the proposed system is presented in Fig. b1

Motor Drive _ TField
A WESM o
(DC/AC) Winding
DC Main
7 Y YY)
@‘ @ E

—
=)
+
Vour

' Rectifier
(AC/DC)

¥ ITX Coupled
Inductors
A IRX
- 2 >
= =
VDI . VRX
Compensation Compensation

Figure 6.1: Block diagram of the proposed CSR based on WPT system for field
excitation of WFSMs.

The same inverter described before is used, and SPWM with carrier phase shift is
employed. In this setup, the normalized input voltage is selected as 0.40, which gives

40 Vgps for a 100 V DC-link. The synchronous motor specifications are presented
in Table BTl
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Table 6.1: The Input-Output Specifications of the SM

Ratings

DC-link voltage (Vp¢) 100 V
Modulation index (m,) 0-1
Field current (/) 5A
Field resistance (R) 1.2Q)

The WPT system’s rated output voltage (Voyr) 6V

The WPT system’s input voltage (Vp) 40 Vrums
The WPT system’s rated power (Py pr_csr) 30 W
Switching frequency (f) 60 kHz

6.2 The Design of the Wireless Power Transfer System

The WPT system is series-none (SN) compensated to reduce the weight of the rotating

side. The transformer modeling of the SN-WPT is shown in Fig. B2,

Iy H (B0 Irx
Vo Crs Lz n:1 N
Vb —Vo @ | DY g RR:‘; Vrs
Vo ‘ N

Figure 6.2: The first harmonic approach circuit diagram of the WPT system.

The field resistance is reflected from the diode rectifier, and receiver side resistance

(Rg,) and voltage (Vz,.) can be calculated as given in (B1,672).

2V2

Vi = TVOUT (6.1)
8

Rpe = <Ry (6.2)
v
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Then, the transformer turns ratio can be calculated using the voltage gain as given in

(B3).

Vb

= 6.3
n=g (6.3)
The turns ratio depends on the Tx/Rx inductances, and coupling factor (k) between
L
them, presented in (b-4) where Ly, = 1—R]€2.

LTz
= ky/ 4
n T (6.4)

The Rx inductance is selected using the quality factor (), R, and resonant angular
frequency (w,), as given in (b3).

RRx

Wy

Lp. =@ (6.5)
Then, the Tx inductance is calculated using the required n, selected k, and Lg,, as
presented in (B-6).

n2

Lp. (6.6)

After that, the Tx compensation capacitance (C7,) is tuned as given in (B2).

1

\/W%LR

The initial/chosen and derived parameters are shown in Table B2.

Crz = (6.7)
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Table 6.2: WPT System Parameters

Initial/Choosen Values Derived Values Experimental
Parameters Parameters Measurements
Pated 30W | Vi 54 -
Vp 40 Vrms | Rex 0.97 Q -
Vour 6Vpe | n 7.4 -
frn 65 kHz | Ly 1500 unH 1510 uH
QR 275 | Lgy 6.5 nH 6.5 uH
k 0485 | M 47.8 uH 48 uH
Ry, 1.2Q | Oy 6.11 nF 5.9 nF

6.3 Experimental Validation

The experimental setup is shown in Fig. 3.

©

Figure 6.3: Experimental Setup. a) Motor drive. b) WPT coils. c) Synchronous

machine.

In order to confirm concurrent operations, the WPT system is connected in parallel
to the synchronous motor to excite the field winding. Firstly, ¢cps was adjusted to
55? with m, = 0. The motor phase and field currents are shown in Fig. B-4.a for this
operating point. Then, m, and ¢cpg were brought to 0.3 and 58°. It was observed
in Fig. B4.b that while the motor phase current increases, the field current stays the

same. After that, m, and ¢c-pg were brought to 0.5 and 64°.
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It was observed in Fig. B4.c that while the motor phase current increases, the field

current stays the same. Since no speed and the current controller are applied, increas-

ing the modulation index also speeds up the motor. Thus, the fundamental frequencies

at m, = 0.3 and m, = 0.5 are different, but it does not affect the carrier-phase-shift

algorithm and the mean value of the field current. Moreover, it was observed that

the field current has a low-frequency ripple, and the magnitude of the ripple becomes

more dominant while increasing the modulation index. Thus, ripple at rectified side-

band harmonics has twice the frequency of the fundamental frequency. The low-

frequency ripples (with the subtracted mean value) are plotted in Fig. B.
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Figure 6.4: Concurrent operation of the synchronous motor’s phases and field wind-

ing for different modulation index. a) m, = 0 b) m, = 0.3 at 185 RPM. c) m, = 0.5

at 246 RPM.
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Figure 6.5: Low frequency field current fluctuations. a) m, = 0 b) m, = 0.3 at 185
RPM. ¢) m, = 0.5 at 246 RPM.

6.4 A New Algorithm to Minimize the Current Fluctuation

The low-frequency ripple at the field current should be mitigated since it may cause
torque ripples and speed oscillation, which can be critical in some applications. The
low-frequency current fluctuation stems from the rectified sideband harmonics, and
for a larger modulation index, the sideband harmonics become considerable, and the
fluctuation increases. The fluctuation can be reduced by increasing the output capac-
itance. However, increasing capacitance causes a rise in weight and creates an extra
point of failure. It also can be reduced by active control methods, which take the
field current and update the carrier phase shift values. However, the field current lags
due to field inductance, so a phase compensation is required. Besides, the control
bandwidth hits a boundary of the wireless data transfer systems because the field is
on the rotating side. Thus, controlling the carrier phase shift via current feedback is
challenging. This section proposes a new algorithm that controls the switching har-
monics and side bands in the modulation step. Therefore, the sideband harmonics can
be eliminated even before they are created. Accordingly, additional circuits or pas-
sive filters on the rotating side or digital filters are not required, reducing the system’s

weight and cost.
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6.4.1 Harmonic Investigation for a Switching Interval

For each switching interval, the duty cycle of the motor phases varies, and their av-
erage values equal the corresponding reference voltages at each time interval. An

example of SPWM with reference, carrier, and PWM signals is shown in Fig. B@.

Qa QB

Al 10
X ‘~~W_M T
111 = AR

Fundamental Phase (°) Fundamental Phase (°)

Figure 6.6: Sinusoidal-PWM along with a fundamental frequency. For visual clarity,

the switching frequency is decreased.

Thus, varying duty cycles follow a reference signal. However, the change causes a
fluctuation in the magnitude of the switching component. Therefore, due to this fluc-
tuation, the input voltage of the WPT system changes over the fundamental period.
PWM signals for a switching interval are given for two operation points ()4 and
@B), as given in Fig. B71.  Using the Fourier series at the switching interval, the
harmonic distribution is calculated as given in (%) where k is the harmonic order, D
is the duty cycle, f; is the switching frequency, ¢¢ is the phase angle of the carrier

signal.

= 2
= Z k_ n(kwD)cos(2rkfst + ko) (6.8)

k=1

The duty cycle follows the reference signals and can be calculated as given in (b9).

1+ mgsin(6y)

Dy = 5

Dy, 1+ masm2(0f — 120) 6.9)
1 4+ mgsin(fy + 120)

D¢ = 5
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Figure 6.7: Reference and PWM signals for () 4 and () .

Then, the switching harmonic can be calculated as presented in (b-10) where ¢¢_ 4,

¢c_p and ¢o_¢ are the carrier phase angles of each reference signal.

Sa(t) :zsm(ﬂDA)cos(ZWfst + dc_a)

T
Sp(t)’ :%Sin(ﬂ'DB)COS(Qﬂ'fSt + ¢o_p) (6.10)
Se(t) :%sm(ch)cos(wast + oc_c)

Conventionally, only one carrier signal is used to compare the reference signals, ex-
cept in phase-split machines and modular motor drives, the carrier signals are given as
a phase-shifted ( or named interleaved ) to reduce the input/output current ripples and
capacitor stress. Using one carrier signal in the system causes voltage fluctuations at

the switching harmonics, as shown in Fig. B8.
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Figure 6.8: The magnitude of the switching components (between phase-A and

phase-B) for different modulation indexes and fundamental phase angles. a) Contour

of the magnitude of the switching component for a fundamental period and modula-

tion index. b) The magnitude of the switching component over a fundamental period

at that the modulation index is 0.9. ¢) The magnitude of the switching component

over a fundamental period at that the modulation index is 0.5.

The magnitude of the switching component is calculated as given in (&1T).

SAB(t)fS =SA(t)fs _ SB(t)fs

2
=—sin(mDa)cos(2m fst + do_a)
T

2 gin(rDy)cos(27 fut + don)

™
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Since the carriers are the same, a scalar subtraction can be applied, and the peak value

of the switching harmonic is calculated as presented in (B12).

Sap,, = %(sm(wD ne sin(ﬂD3)> (6.12)

On the one hand, as discussed before, for all modulation indexes and all phase an-
gles, a constant voltage (and so constant power) is not achieved without carrier phase
shift. On the other hand, finding carrier phase shift using the frequency domain to
achieve constant voltage also cause a low-frequency fluctuation. Instead of using the
frequency domain, it is proposed that the carrier phase-shift can be calculated for
each switching period; therefore, side-bands, created by the magnitude variations of
the switching harmonic over a fundamental period, are eliminated. This solution does
not affect the average value, which follows the reference signal while regulating the

switching harmonic.

While a carrier phase shift is introduced, a phasor sum is required to calculate the
peak value of the switching harmonic. Considering (bIT), it is calculated as given in

(B13).

. 9 sin(rDa)*+sin(rDp)?
Sus, = 2 6.13)
T\ —=2(sin(mDy)(sin(rDg)cos(ps — ¢B)

Concerning the phase shift between carrier signals, it is clear that the magnitude can
be adjusted. However, the maximum and minimum values of the magnitude are cal-

culated by triangle inequality, as can be found by (6-14).

9 .

—|sin(mD4) — sin(rDp)| <Saz,,

m 5 (6.14)

< —l|sin(nrDa) + sin(nDp)|
m

The maximum and minimum values are plotted for different modulation indexes, as
shown in Fig. B9. The maximum value over a fundamental period is decreased while
increasing the modulation index, whereas the minimum value increases. At some

fundamental phase angles, the maximum value becomes less than the minimum value.
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Figure 6.9: Minimum and maximum values of the magnitude of the switching fre-

quency and allowed operating regions for different modulation indexes.

At this condition, a triangle inequality breaks down, which means that a constant
value cannot be achieved over a fundamental period. The limit of the modulation
index, which can give a constant voltage, is found that 0.85. Above the m,, is 0.85,
the maximum value alters to the minimum value, so a constant voltage is not achieved
over a fundamental period. Still, it can continue transferring desired power, but a low-
frequency fluctuation exists in this condition. Thus, in order to apply the proposed
system to achieve a constant voltage at the switching harmonic, the modulation index
is restricted to 0.85. Although this decreases the DC-link utilization rate, conventional

motor drives can also have modulation restrictions.
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A WPT system is connected between phase-A and phase-B. To keep Sap ;, aconstant
value, the required carrier-phase-shit is calculated using (51T, and found as given in

(BI9).

¢C—A—¢C—B =
sin(rDa)? + sin(rDp)? — (£Sap,. ) (6.15)

acos 2sin(wDy)sin(mDpg)

Sap ;. should be selected as 0.43, which is guaranteed any modulation under 0.85.
Therefore, we have a constant voltage at the switching harmonic. The proposed sys-
tem does not regulate the WPT system output voltage; it just keeps the input voltage

constant. If output voltage regulation is required, frequency-detuning can be used.

6.4.2 Experimental Verification

The same WPT system is used in this experimental setup, and the field current de-
creases to 3.3 A. The input voltage (of the WPT system) at the switching harmonic has
a 0.43 (peak) gain over DC-link, which creates 30 Vz,ss; however, the WPT system
is designed for 40 Vy),s before. The change in the field current does not affect the
proposed system’s operation, but the motor’s speed becomes different for the same
modulation index. Firstly, m, is brought to 0, and the carrier phase shift is given by
calculating for each switching interval to give Sap s = 0.43. The motor phase and
field currents are shown in Fig. B10.a for this operating point. Then, m, is brought
to 0.3, and the carrier phase shift is updated in real-time. It was observed in Fig.
BT0.b that while the motor phase current increases, the field current stays the same.
After that, m,, is brought to 0.5 as well. It was observed in Fig. 6B10.c that while the
motor phase current increases, the field current stays the same. Since no speed and
current controllers are established, increasing the modulation index also speeds up
the motor. Thus, the fundamental frequencies at m, = 0.3 and m, = 0.5 are differ-
ent. Moreover, as expected, the fluctuation stemming from the rectified sidebands is
remarkably reduced concerning the former system. Only low-frequency ripples (with
the subtracted mean value) are plotted in Fig. B3. The peak value decreases by the

quart at m, = 0.5.
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Figure 6.10: Concurrent operation of the synchronous motor’s phases and field wind-

ing for different modulation index. a) m, = 0 b) m, = 0.3 at 200 RPM. ¢) m, = 0.5
at 230 RPM.
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Figure 6.11: Low frequency field current fluctuations. a) m, = 0 b) m, = 0.3 at 200
RPM.. ¢) m, = 0.5 at 230 RPM.
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6.5 Conclusion

In this chapter, the proposed CSR was implemented with a synchronous motor drive
to excite the field current. A 3-wire 3-phase GaN-based inverter was used, and an ex-
perimental setup was established where SPWM governs the motor drive with a carrier
phase shift. In order to reduce the weight of the rotating frames, secondary compen-
sation is eliminated, and the SN-WPT system is established. Firstly, the same carrier-
phase-shift method explained in Chapter IV is applied; however, a low-frequency
ripple is observed in the field current, which may torque ripple that is not desired. If
the rotating side is wanted to be light-weight, the low-frequency ripple is not filtered
out by increasing DC-link capacitance at the output. Since the low-frequency ripple
stems from the sidebands, it can be eliminated during modulation. The sidebands
are the magnitude fluctuation of the switching harmonic over a fundamental period.
Therefore, if the magnitude of the switching harmonic is kept constant during each
switching interval, the low-frequency ripple is diminished. Secondly, a real-time al-
gorithm is developed to calculate the carrier phase shift, which brings the magnitude
of the switching harmonic to the desired value and does not disturb the reference
signal. However, for each modulation, the same constant value is not achieved. For
SPWM, it is observed that the normalized (over DC-link voltage) magnitude of the
switching harmonic is kept at 0.43 while m,, is below 0.9. The disadvantage of the
proposed system is to reduce the DC-link utilization rate. The proposed CSR with the
real-time algorithm is utilized to excite the field winding of WFSM, which has gained
popularity with the growth of EVs and wind turbines. While the proposed system led
to the constant voltage WPT system, additional frequency-detuning control is added

to regulate the field current.
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CHAPTER 7

CONCLUSION

In this thesis, a novel, cost-effective, and simple-to-implement CSR system is pro-
posed. The system fits to energize rotating loads such as IoT devices, surveillance
cameras, or sensors or excite the field windings of the wound-field synchronous mo-
tors. An extra high-frequency converter is not required as in conventional systems,
and the converter of the motor drive is utilized as a single converter with multi-
frequency outputs. Although multi-frequency approaches are studied in the literature
on WPT systems, the conventional PWM techniques should govern the converter in
CSR applications. The reason is that motors require dynamic and fast control, which
these multi-frequency approaches could not provide. However, conventional PWM
methods should be supported with an independent control parameter to concurrently
control the CSR power and torque-speed of the motor. The switching frequency and
carrier-phase shift are introduced as independent control parameters for DC and AC
motor drives. Although an independent and concurrent power control is guaranteed
using these parameters with conventional PWM techniques, other concerns, such as
physical dimensions and practical implementation, should be considered. The oper-
ating frequency, or the switching frequency, directly affects the coil sizes of the WPT
system. However, in conventional Si-based motor drives, the switching frequency is
around 20 kHz, which makes the WPT system bulky. Recently, with the development
of wide-bandgap devices, the switching frequency of the motor drives increased up
to 100 kHz, so the proposed system became feasible. Consequently, the system can
be applied to conventional motor drives with conventional PWM techniques, making

the proposed CSR cost-efficient and simple to implement.
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7.1 Implementation with DC Motor Drives

There are some considerations and consequences of implementing the proposed CSR
with DC motor drives. Firstly, it is significant to use a wide-bandgap-based DC motor
drive since the WPT system of the CSR becomes feasible for higher switching fre-
quency. Secondly, the WPT system is connected in parallel to the motor and uses the
switching harmonic of the motor drive. The duty cycle (or phase-shift ) controls the
motor’s power by adjusting DC voltage. However, the duty cycle variation with re-
quired motor operations also affects the magnitude of the switching harmonic, which
changes the WPT system’s power. In order to achieve an independent power control
of motor operations, frequency-detuning can be applied to adjust the WPT system’s
power. Since the switching frequency variation does not influence the motor opera-
tion, it can be used as an independent control parameter. Thus, the concurrent oper-
ation of the WPT system and motor is achieved, and they do not disturb each other
operation by applying an appropriate duty cycle and switching frequency. Thirdly,
transient load changes of the WPT system and motor can occur. In these conditions,
it is observed that there is no change in the steady-state operation since the output
of the voltage source converter is independent of loading conditions. Fourthly, con-
necting the WPT system in parallel to the motor affects the drive losses. Although
the current of the WPT system is much less than the motor current, it creates an ad-
ditional conduction loss. Besides, it also changes the switching conditions, and it is
achieved that the high-frequency current can decrease the switching losses by giving
rise to soft-switching. Consequently, it is deduced that the proposed CSR method is
a cost-effective and simple-to-implement alternative to conventional CSRs and can
be applied to conventional wide-bandgap-based DC motor drives. However, there are
also a few concerns. The first concern is a restriction of duty cycles. The WPT sys-
tem’s power decreases to zero while the duty cycle approaches O or 1. Therefore, the
range of duty cycles should be restricted, but it also reduces the utilization rate of the
DC-link voltage. Another concern is the additional stress on the DC-link capacitance
due to the high-frequency current. In order to reduce the stress, capacitor types can

be altered to film or ceramic capacitors, and the capacitance can be increased.
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7.2 Implementation with AC Motor Drives

There are some considerations and consequences of implementing the proposed CSR
with AC motor drives. Firstly, it is significant to use a wide-bandgap-based AC motor
drive since the WPT system of the CSR becomes feasible for higher switching fre-
quency. Secondly, the WPT system is connected in parallel to the motor with any two
phases (legs) of the motor drive and uses the switching harmonic of the motor drive.
An SPWM (or other PWMs: SV-PWM, DPWM, etc.) controls the motor’s power
by adjusting fundamental frequency and magnitude. However, the magnitude of the
switching harmonic varies over a fundamental period due to the SPWM. In order to
control a WPT system’s power independent of motor operations, a carrier phase shift
is applied between motor drive phases (legs). Since the carrier phase shift does not
influence the motor operation, it can be used as an independent control parameter.
Thus, the concurrent operation of the WPT system and motor is achieved, and they
do not disturb each other operation by applying an appropriate SPWM and carrier-
phase shift. Thirdly, transient load changes of the WPT system and motor can occur.
In these conditions, it is observed that there is no change in the steady-state operation
since the output of the voltage source converter is independent of loading conditions.
Consequently, it is deduced that the proposed CSR method is a cost-effective and
simple-to-implement alternative to conventional CSRs and can be applied to con-
ventional wide-bandgap-based AC motor drives. However, a low-frequency ripple
exists in the rectified voltage of the WPT system due to the sideband harmonics. The
low-frequency ripple can reveal a problem in applications such as synchronous mo-
tor’s field winding excitation, where this ripple causes speed and torque fluctuation.
Therefore, a novel real-time algorithm is developed to keep the switching frequency
component at a constant value for each switching interval to avoid low-frequency
fluctuation. In this way, the proposed CSR method utilizing the real-time algorithm

can be used in WFSMs, which have become alternatives to PM machines.
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7.3 Comparison with Existing Studies in the Literature and Contributions of

the Proposed System

Performance comparisons of the conventional slip rings are presented in Table [
Due to the maintenance requirements, the literature focuses on brushless topologies
rather than slip rings. Although brushless exciters do not require regular maintenance,
their size is large, which may not be feasible to place. Besides, they are inappropriate
for variable speed applications since their power transfer capability changes with the
rotation speed. Therefore, the trend passes to inductive and capacitive couplers. As
inductive couplers, rotary transformer (RT) and inductive power transfer (IPT) sys-
tems are used. The capacitive power transfer (CPT) systems are used as capacitive
couplers. Such systems require external power sources, which increases the system
cost and complexity. The proposed system eliminates the external AC source using a

novel multi-frequency approach with a motor drive system.

Table 7.1: The Performance Comparison of the Proposed System and Conventional

Counterparts.
Performance Retrieved from [77] The Proposed
Metrics Slip Brushless | Inductive | Capacitive System
Rings Exciters | Couplers | Coupler
Maintenance Yes No No No No
Speed ] )
Yes Possible No Possible No
Sensitivity
Scalability | Diffucult Easy Possible Possible Difficult
Power
DC DC AC AC AC
Output
Power External External External Internal
Shaft
Source DC AC AC AC
Size Small Large Medium Medium Medium

Various studies of brushless systems in the literature are compared in Table 2.

RTs are used to transfer power for small airgaps (below 1 mm), but they have some
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drawbacks such as converter losses, lower switching frequencies, and bulky systems
[Z8, 79]. CPTs are suitable to transfer power with higher frequency, and medium
power requirements over an even shorter airgap [[77, 21/]. IPTs can be used in a broad
range of air gaps between 2mm to 70mm and can provide power ratings from 10W
to 3kWI[20, D2, 23, 24, 69, 5, BO]. In summary, such systems have a wide range of
frequency, power, airgap, and size regarding the applications, and they usually have
transfer efficiencies higher than 80%. However, such systems always require an addi-
tional converter (external AC source) to create high-frequency AC excitation. In the
proposed system, the main advantage is utilizing the already existing motor drive for
wireless power transfer, and it is shown that the frequency, power, and air gap range

are comparable with the existing studies.

Furthermore, the proposed system utilizes a new multi-frequency approach; there-
fore, existing multi-frequency studies for WPT systems should be compared. The
multi-frequency studies are given in Table [[3. The proposed method provides inde-
pendent control of the dual-band output voltage. Unlike [47], offline calculations are
not required where it is impossible to apply dynamic applications like motor drive
systems. In addition, the operating frequency of the WPT system is matched with
the switching frequency compared to [43, 44]. If WPT operates at the modulated fre-
quency rather than the switching frequency, the switching losses increase to achieve
the same coil sizes. Thus, directly utilizing the switching frequency is significant to
make the system feasible. Furthermore, a single converter is presented rather than
using two separate converters as in [41], which helps to reduce the system cost and

complexity.

Table 7.3: Comparison with Existing Studies in the Literature.

Transfer Converter Offline Operating
Channels | Numbers (Tx) | Algortihm | Frequency
[40] 1 1 Not Required > fs
[a1] 2 2 Not Required fs
[42] 2 1 Required < fs
[44] 4 1 Not Required < fs
This work 2 1 Not Required = fs
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The main contributions of the proposed system to the literature are listed as follows:

o A cost-efficient and simple-to-implement contactless slip ring is introduced.

e For DC motor drives, a novel multi-frequency approach is presented to imple-

ment with a conventional DC motor PWM technique.

e A new independent control scheme, which comprises frequency and duty cycle
control, is proposed for concurrent DC and high-frequency AC power transfer

to the motor and rotating loads, respectively.

e For AC motor drives, a novel multi-frequency approach is presented to imple-

ment with a conventional AC motor PWM technique.

e A new independent control scheme, which comprises carrier phase shift and
modulation index control, is proposed for concurrent low-frequency AC and

high-frequency AC power transfer to the motor and slip rings.

e For field excitation of the synchronous motors, a new contactless slip ring is

proposed, which can be integrated into the motor drive.

e A novel real-time carrier-phase-shift calculation algorithm embedded in the
motor control loop is developed. Thus, the low-frequency ripple stemming
from the sideband harmonics is avoided, which reduces the DC-link capaci-

tance at the output and so the weight.

7.4 Possible Improvements and Future Works

7.4.1 Coil Design

In the coil design, there are several parameters that affect inner/outer diameters,
weight, coupling factor, and losses, such as core shapes and types, coil shapes and
types, turn ratio, and current density. The proposed system’s coil is not optimized
and is designed with a face-to-face shape using ferrite strips. However, ferrite strips
and coil shapes can be optimized to achieve smaller sizes and coil losses. Besides, the

coil is wound via the Litz wires to minimize eddy current losses. In order to achieve
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an easy-manufacturing, PCB coils can be designed. Moreover, the system can be

designed to use off-the-shelf coils, making the implementation simple.

7.4.2 Mass Reduction at the Rotating Side

In the proposed system, the SN compensation topology is used to excite the field
winding. This topology requires a capacitive output filter. In order to reduce mass
on the rotating frame, the capacitive output filter could be eliminated using different
compensation methods, which allow inductive filtering. In this situation, an extra

inductance is not required since the field winding already has a high inductance.

7.4.3 Multi-phase WPT systems

In the proposed system, the first harmonic of the switching frequency is used to excite
the WPT system. The higher order harmonics can be used to achieve multi-output
WPT systems. Moreover, the system is connected between two lines in AC motor
drives. These connections can be changed. For example, three-phase coils of the
Tx side can be utilized to increase power capability. Besides, two Tx coils can be
connected to a different combination of the phases. Thus, a two-independent carrier-
phase shift can be applied, and a two-output system can be achieved with independent
regulations. Moreover, the connections can be used to avoid the limitation of the

modulation index.

7.4.4 Analytical Modelling

In AC motor drives, frequency domain and time domain analysis are used to investi-
gate the switching frequency and its sideband harmonics. The effect of dead-time and
parasitic elements of the motor drives are ignored, and the limitation of the WPT sys-
tem’s input voltage can be recalculated considering the parasitic effects. Moreover,
analytical modeling is developed for a single-Tx system. It can also be expanded for

multi-phase WPT systems.
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7.4.5 Challenge in Control Algorithms

In this thesis, open-loop DQ frame voltage references were directly given to the mo-
tor. Therefore, the speed and current of the motor are not regulated. The closed-loop
speed and current control can be established in future works, and its effect on the
field current can be investigated. Also, the field current was measured by a mechan-
ical slip-ring for experimental verification. The field current can be calculated by
the power factor of the motor and phase currents, or an estimation algorithm can be

employed by only measuring the Tx-current.
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