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ABSTRACT

Inductive wireless power transfer (IWPT) is rapidly developing as a
convenient, contactless means of delivering power across applications
such as small-scale consumer electronics to large—scale electric vehicles
and vessels. Progressively, IWPT systems have migrated from the use of
a feedback path from the secondary-side to the use of primary-side
identification of the secondary-side output parameters. A central
challenge in this IWPT design and its primary-side control is the accurate
identification of secondary-side parameters, notably load resistance,
output load current and voltage, as these parameters affect power
transfer in the system. In a practical system that eliminates the
communication channel of the feedback of its measurements from the

receiver to the transmitter, parameter identification is performed from the



primary-side quantity measurements alone in order to keep the cost and
complexity low. Unfortunately, primary-side voltage and current
measurements are corrupted by measurement and process noise during
acquisition, and purely analytical-based conventional identification
methods tend to propagate and amplify these noise. Likewise, other
conventional alternatives either disrupt power transfer operation in the
system or require extra hardware implementation. These limitations
create a necessity for a non-disruptive, real-time primary-side

identification strategy that handles noise and dynamic load changes.

This thesis, therefore, aims to develop and experimentally validate
a practical two-step primary-side identification strategy. First, the output
load resistance is recognized analytically as a baseline parameter. Then,
based on the recognized resistance parameter, a state-space dynamic
Kalman model of the system is derived to track the output load voltage as
the second step. This two—step identification strategy has the advantage
of robust estimation in the presence of noise and load variations as it
decouples the nonlinear system via a linear estimator without disrupting
normal power transfer in the system. Also, in order to observe
performance of the proposed identification strategy under off-resonance
operation scenarios, a digital phase detector finite state machine is
implemented to produce the phase angle change between the primary-
side voltage and current. The efficacy of the proposed identification
approach is confirmed through simulation and experimental validation

using a 75 W IWPT hardware test-bench. Under dynamic operation, the



proposed two-step identification approach reduces the estimation error

by 32 % at maximum variation range.
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Chapter 1

Introduction

1.1 Background of WPT Systems Technology

Wireless power transfer (WPT) technology has become increasingly prevalent in today’s
modern world. The advancement of this technology has primarily been facilitated by both
near-field and far-field power transfer techniques, which have been optimized to enhance power
transfer efficiency while addressing the fundamental limitations posed by various operating
conditions. Near-field techniques, in particular inductive coupling, have exhibited significant
strides in commercial viability. Applications range from small gadgets such as wrist watches
to large vessels such as electric vehicles (EVs) [1], [2]. However, inherent restrictions, namely
limited charging range and misalignment, present challenges to the power transfer process.
The charging range in this case is the distance between the transmitting coupler and the
receiving coupler in the system, and as the coupler distance increases, the energy transferring
field depreciates along with the declination of power delivered to the load. Similar hypothesis
is made for misalignment where imprecise alignment of transmitter and receiver affects the

transferred power.



1.1 Background of WPT Systems Technology

Transmitter Coupler Receiver

HF IMN |/ OMN |{Rectifier
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DC f\} —||—>/< ' Load
- /—\ e
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>
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Fig. 1.1 Overall view of IWPT system.

Inductive wireless power transfer (IWPT) system is used as the main scope of reference
since it is well established and widely used. In these systems, an alternating current (AC)
from an inverter flows through a primary-side coil, generating a magnetic field in line with
electromagnetic principles. This magnetic field in turn induces a voltage in the nearby
secondary-side coil. The induced AC is then converted back to direct current (DC), thereby
transferring energy without any physical connection to power devices as depicted in Fig.
1.1 where the compensation circuitry is represented as input matching network (IMN) and
output matching network (OMN).

Under diverse operating conditions, the mutual inductance coupling between the primary-
side coupler and secondary-side coupler, and the load varies, thereby influencing the power
delivery quality. To regulate the power flow under these varying conditions, control system is
essential. Conventionally, this is achieved by measuring output parameters on the receiver
side and transmitting this data back to the primary side via a communication link or feedback
path. This introduces latency, reliability issues due to signal interference, increased hardware
costs, and system complexity. Consequently, there is a growing shift toward primary-side

control strategies that do not use feedback from the secondary-side of the system.



1.2 Objectives of the Thesis

1.2 Objectives of the Thesis

The aforementioned challenges of eliminating feedback path necessitates identification
of secondary-side parameters solely through primary-side parameter measurements. How-
ever, achieving high accuracy in parameter identification is difficult because primary-side
measurements are inevitably corrupted by sensing noise, and purely analytical mathematical
models often propagate this noise, leading to amplified estimation errors. Therefore, the
main motivation of the research carried out in this thesis stems from the limitations that
have been surveyed and observed in conventional parameter identification techniques for
IWPT systems. Following identified limitation associated with analytical-based methods
that offer simplicity, on the other hand they suffer significantly from noise propagation,
where measurement errors in primary-side sensors escalate into large deviations in subsequent
estimated output parameters. To curb this, an effective identification technique is developed
for a dynamic IWPT system. The objectives of this thesis are as follows:

A. Noise sensitivity analysis of conventional analytical method

This involves investigating how sensor noise variances propagate through circuit equations
to degrade the accuracy of load resistance and subsequent output voltage estimation, estab-
lishing a clear motivation for a more effective noise handling-capable approach. The goal is to
mathematically model and demonstrate the impact of noise propagation through conventional
sole-analytical identification techniques where subsequent estimation is performed during
system dynamic operation.

B. Effective identification structure

This objective is to formulate a communication-less identification algorithm that decouples

the non-linear IWPT system into two manageable steps. This involves first establishing an



1.3 Contributions of the Thesis

analytical baseline for the equivalent load resistance and then designing a linear dynamic
state-space model integrated with a Kalman filter estimator. The goal is to develop an
estimator that can track the output load voltage parameter in dynamic load variations
with improved accuracy while effectively handling measurement and model noise, without

disrupting system operation.

1.3 Contributions of the Thesis

In this thesis, theoretical analysis, simulations and hardware testbench implementations
for verification purposes have been carried out following the laid down objectives. Therefore,
the main contributions of this thesis include:

e An extensive literature survey of the various existing primary-side identification methods.
These are discussed and classified in accordance to the principles of operations. These classified
categories include: analytical techniques, signal processing techniques, frequency sweeping
techniques, impedance characteristic-based techniques and auxiliary circuit-based techniques.

e Proposal of a two-step identification method that combines the simplicity of analytical
implementation with the noise handling capability and dynamicity of Kalman estimator.
Unlike conventional methods that rely on a sole-analytical based approach which is prone
to error propagation, this thesis utilizes the analytically obtained AC resistance from first
step as a baseline input for a second step linear Kalman filter. This decoupling allows the
approach to linearize the non-linear dynamics of the IWPT system prior, enabling improved
tracking of the output load voltage parameter.

e To ensure the system performs correctly across different operating scenarios, this work

develops a practical digital phase detector Finite-State-Machine (FSM). This module allows



1.4 Outline of the Thesis

the system to detect the phase difference between primary voltage and current, facilitating
parameter identification not only at resonance but also under detuned conditions with
inductive or capacitive reflected impedances. This expands the applicability of the two-step
identification method to practical scenarios where perfect system operation is not maintained.

e Since the proposed two-step identification method is implemented based only on the
primary-side quantities of voltage and current, the system is uninterrupted during operation.
Compared to conventional methods, such as frequency sweeping techniques, that require
termination of normal system operation to perform identification, this merit enables the

proposed method to be applicable in both static and dynamic charging cases.

1.4 Outline of the Thesis

Chapter 1 Introduction of the background of IWPT technology is shown where the
need for eliminating feedback channels as well as establishing primary-side identification
techniques are presented. In addition, limitations of conventional primary-side identifications
are introduced. Furthermore, the objectives of this work together with the contributions that
have been achieved in this thesis are outlined.

Chapter 2 The overview of IWPT system operation is described based on a series-series
compensated IWPT system. An extensive literature survey on primary-side parameter
identification in communication-less IWPT systems is presented. The study is done by
classifying the numerous methods under an umbrella of five techniques.

Chapter 3 Conventional analytical identification method as the first step is discussed in
this chapter. Firstly, analysis of the limitations associated with conventional sole-analytical

identification approaches for subsequent parameter estimation is given. Then, the noise
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propagation impact of the sole-analytical identification is shown. This is demonstrated via
system simulation for subsequent estimation of equivalent load resistance and output load
voltage following analytical technique.

Chapter 4 An effective load identification approach for primary-side estimation is
presented in this chapter. Analysis and modelling of the dynamic state-space linear discrete
IWPT system is carried out. The linear Kalman estimator which is the second step of the
two-step identification approach is utilized. A digital phase detector FSM for off-resonance
system operation is designed and implemented.

Chapter 5 Validation of the proposed identification approach is performed through
simulation and experiment. A hardware testbench setup is described in detail. Comparative
experimental outcomes for nominal tuned and detuned system cases are presented.

Chapter 6 Conclusion of the work presented in this thesis is given as well as promising

scopes of future research related to this thesis.



Chapter 2

Identification in

Communication-less IWPT Systems

The purpose of the shifting focus to implementation of primary-side parameter identifica-
tion methods is related to the goal of control methods to regulate the power in IWPT systems.
A controller, particularly implemented on the primary-side, has conventionally been applied
where parameters such as load voltage are fed back from secondary-side to primary-side
controller via wireless communication channels. However, delay, high cost and complexity
of the system are limitations that are associated with this implementation. Necessity for
further innovation in primary-side control mechanisms that do not rely on any communication
are crucial for maximizing the adaptability of these wireless systems across both static and
dynamic applications [3]. Here ’static’ pertains to the power transfer when transmitter and
receiver couplers are in still position hence coupling condition is constant while ’dynamic’ is

where the position of the couplers vary.



In literature, [4] as well as [5] have proposed single controller for the IWPT system that
required to only monitor and utilize parameters on the transmitting side of the system.
[6], [7] have also highlighted the importance of developing techniques for primary-side
parameter identification, which can adapt to the conditions of operation, thereby enhancing the
overall efficiency and viability of wireless power transfer systems, especially when traditional
communication methods are impractical or infeasible.

With the goal of simplicity and low cost of the system, front-end identification methods
stand out as innovative solutions that address this challenge in IWPT systems as they play
a role of acquiring information of system parameters to be utilized by the primary-side
controller [8]. However, the trade-off between simplicity and accuracy remains a critical
consideration [9]. Approaches leveraging experimentally obtained system parameters and
advanced analysis techniques have been proposed, allowing for online and offline optimizations
and performance evaluations under a wide range of operational scenarios [10]. Moreover,
these methodologies not only enhance the efficiency of power transfer but also enable more
adaptable control systems, leading to reduced reliance on cumbersome protocols associated
with traditional charging systems, thereby addressing significant challenges of complexity
observed in previous iterations of IWPT technologies [11].

In a general way, control strategies are broken down into double-side control, secondary-
side control and primary-side control, with the goal of handling misalignment condition that
occurs in the system. Misalignment may occur in both static and dynamic applications [12].
In double-side control strategy depicted in Fig. 2.1, both the primary-side and secondary-side
of the wireless power system are tasked with the roles of control mechanisms to optimize power

transfer efficiency, regulate output power, and ensure safe operation [13]. Conventionally, this
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2.1 IWPT Operation

strategy is applied in systems where dynamic conditions affect the power transfer process
[14]. Secondary-side control shown in Fig. 2.2 is associated with regulation and management
of power on the receiving side of the IWPT system [15], [16]. This control is implemented for
ensuring that the transferred power meets the required levels for charging or powering the
load devices, maintaining efficiency, and protecting against overcharging or overheating of
the system whereas primary-side control, as illustrated in Fig. 2.3, refers to the method of
regulating the power transfer from the transmitting side to the receiving side of the system
[17], [18]. This is achieved by either having a dedicated communication channel for feedback
information or indirect parameter identification system parameters without using a feedback
communication channel.

One of the essential tasks in primary-side control is the estimation of the aforementioned
system parameters to be applied for various control methods [19]. Primary-side control without
any wireless communication channel from the secondary-side approach is key for decreasing
complexity and therefore cost of the IWPT system by having eliminated the receiving side’s
need for control along with communication hardware, particularly, in applications like electric

vehicle (EV) charging, medical implants, and consumer electronics [20].

2.1 IWPT Operation

For the purpose of IWPT system analysis, this work will utilize the series-series (SS)
compensated topology as illustrated in Fig. 2.4. In the equivalent circuit model of a two-coil
SS-compensated IWPT system shown in Fig. 2.5, M is the mutual inductance coupling that
quantifies the interaction between the primary-side and secondary-side coils. This M value

can be expressed as

10
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2.1 IWPT Operation

M =ky\/L,L, (2.1)

where k, L, and L, are coupling coefficient, primary-side self-inductance and secondary-side
self-inductance, respectively. Considering the fundamental components of the voltage and

current, the following analysis utilizing the Kirchhoff’s voltage law can be performed to derive

Upl _ Jwlp+ 55e, + By JwM tpl (2.2)
0 jwM jwLs+ Jw#c +Rs+ R. is1

where w is the operating angular frequency while R,, R, and R, refer to the equivalent series
resistances (ESR) of the transmitting side, receiving sides and the load equivalent resistance,
respectively. Let impedances jwL, + ﬁ +R, =7, and jwLs+ W%s +Rs+Re=2p. In
IWPT system cases where the load resistance Ry, is used to represent a battery equivalent
resistance for example in EV charging, then R, and V; of the rectifier, and output current I,
are inferred as

8 2,/2 2/2
R.= —Rp,V,= —\fvo,g = —\fls. (2.3)
T T T

The V), voltage produced from the full-bridge inverter is a square wave due to phase-shifted
control signals to the switches S1, So, S3 and Sy as illustrated in Fig. 2.6. Since only the
fundamental component is considered at the primary compensation, the amplitude of the

fundamental component, V,1, of the equivalent circuit model in Fig. 2.5 is given as

4
Vo1 = Vbe sin (Z) sin (wt) (2.4)

™

12



2.1 IWPT Operation

where Vp¢ is the system input DC voltage into the inverter and « is the conduction angle
in consistent with the signals of the full-bridge switches. Looking at (2.2), equivalent input

impedance seen from the full-bridge inverter is derived and obtained as

V,

where Ip is the primary-side current and

w2M2(R. + Ry)

Rin = p"’
(Re+Rs)?+ (wLs — &)

_ (2.6)

1 (st—w—lcS>w2M
Xz'n = wLp -

Cp (R6+Rs)2+(WLs_wéS)

7- (2.7)

At resonance, the inductive reactance wl and capacitive reactance i cancel each other
out, hence leaving only the resistive component. This condition is desirable as it allows the
compensation network to operate at maximum efficiency, in addition to minimal energy loss
due to impedance. Managing the impedance to be slightly above resonant frequency is crucial
for the system especially under varying conditions.

From here on, different assumptions and techniques are brought into use. Some works in
literature assume that parasitic resistors 12, and R, equal to zero, some assume the mutual
inductance M does not change during system operation. Some works consider all the factors
and the change of the mutual inductance M. Various parameter identification methods are

now presented in the next section.
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Fig. 2.7 Primary-side identification of system parameters.

Table 2.1 List of general system parameters.

Symbol Parameters Status
I, Primary side current O
Vi Primary side voltage O
M Mutual inductance [
Ry, Load resistance AN

k Coupling coefficient ]
Vs, Output voltage AN
1, Output current A
Ip Primary side resonant frequency O
fs Secondary side resonant frequency U

Note: O = Known, A = Unkown, [1 = Sometimes known

2.2 Identification in Communication-less IWPT Systems

Primary-side parameter estimation techniques are pursued with the effort to do away with
a dedicated communication channel or feedback between the secondary-side and the primary-
side of the IWPT system. This endeavor is accomplished by having the secondary-side
observer implemented onto the primary-side of the system based solely on the primary-side
parameter measurements as demonstrated in Fig. 2.7. In a typical identification process,

data from known values of primary-side current or voltage or both is obtained either via
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Fig. 2.9 Implementation of analytical identification techniques.

sensing or direct measurement and thereafter processed by use of an identification technique.
Following a survey of the existing literature, most generally identified parameters are the
mutual inductance, M, and the load resistance, Ry, of the IWPT system. Although, some
proposed works identify other unknown parameters such as coupling coefficient & [21], output
voltage Vj, [22] and output current I, [23], with assumptions of given system parameter values
such as M. Table 2.1 summarizes the status of system parameters as known (()) , unknown
(A) and sometimes known ([J). Various methods in literature are classified as shown in Fig.
2.8 and discussed regarding the estimation of parameters from the primary-side of the IWPT

system.

2.2.1 Analytical Techniques

Analytical methods rely on combination of mathematical models and circuit analysis
equations that describe the to-be identified parameters in relation to the primary-side
measured quantities. Values obtained, such as voltage or current are analyzed and utilized
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Fig. 2.10 Flowchart summary of analytical technique [24].

to estimate the targeted parameters in the system as shown in Fig. 2.9. Whether primary-
side current only, primary-side voltage only, or a combination of primary-side current and

primary-side voltage, these methods require different measurement information.

(a) Primary-side current measurement

A strategy for load identification is proposed to stabilize coupling-independent output
power over reasonable variations in the system by only sensing the inverter output current
[24]. Fig. 2.10 illustrates the followed process as the primary-side current is captured by a
sensor, passed through a leading compensator to compensate for sensing delay, then converted
to a voltage signal whose zero crossing is detected by a comparator. Their root mean square
(rms) values are now utilized to estimate the load resistance.

With regards to battery charging applications, estimated parameters presented in [25] can
be used to achieve constant-current and constant-voltage (CC-CV) charging of the lithium ion
(Li-ion) battery without the need for a DC-DC converter on the receiver side. State of charge
(SOC) is then calculated by use of the estimated charging current as well as the charging
power is observed as the product of the estimated charging voltage and current. Equivalent
resistance R, of the secondary-side and mutual inductance M are the unknown parameters
to be identified by derivations from fundamental analysis of the system demonstrated by the

schematic in Fig. 2.11 and obtained as shown
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Fig. 2.11 Schematic used for load and mutual inductance identification [25].

Rin—R,) (11— “"%25 wlLg
( p) w
— R,

R, =
w2,
(1 _ >wLp—Xm

2
Rin—R,)) |(Re+R.)2+ (1— %) w2L2
( P w S
w?(Rs— Re)

M= (2.9)

Also, a parameter joint identification of battery charging voltage, charging current, equivalent
resistance and equivalent load impedance method in [26] analyzes linear superposition of
the fundamental wave together with the harmonic model of the system to realize precise
estimations. Here, the input dc current is measured and the phase shift angle from the
controller are utilized for parameter identification. Through analyzing the sensed primary-side
current and extracting its magnitude together with its phase angle, parameter identification of
the equivalent load resistance and the mutual inductance for alignment condition is presented
in [27]. Extraction of the aforementioned values is performed then the estimated parameters
are successively used to estimate the unknown output voltage of the secondary-side. Simple
implementation is regarded as a merit in this method. However, mapping and errors from

detected current signal could propagate to the estimated parameter solutions.
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Fig. 2.12 Schematic with two transmitter coils [28].

(b) Primary-side voltage measurement

On the other hand without the need for current sensors but primary-side voltage mea-
surement only, [28] presents a method for a system with two transmitter coils and one
receiver coil. Fig. 2.12 shows the representation of this system where the secondary-side
is subsequently coupled with the primary-side couplers as it changes position dynamically.
It involves modeling and analysis using harmonics to steer clear of complications brought
about by parameter dependency that identifies the estimation of mutual inductance between
primary-side coil and secondary-side coil by solving for M; as shown

(A= —wLppin+ Rpt Iptn +wMi Is , — wMiolyo — Velin =0 (2.10)

wcpl

where Mia, V1 and (.,,) are the known mutual inductance between two primary-side couplers,
voltage across compensation capacitance and nth harmonic, respectively. Here as well, errors

in measurement equipment could be translated to the identified parameters.
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Fig. 2.13 Schematic of multiple coils system [29].
(c) Primary-side impedance measurement

Here, both the current and voltage are measured and utilized for identification. A
mathematical analysis procedure involving Cramer’s rule in the system matrix in [29] is
employed to evaluate the sampled real time primary-side input current and voltage to derive
the system’s load information such as output voltage and output current of a multiple coil
IWPT system. The schematic in Fig. 2.13 depicts the multiple coil IWPT system with
repeater coil and secondary-side load connected to the nth coupler. The load parameters,

output voltage V, and receiver coil current I, are then obtained as

WwM12)2 1 + Z1 2511 — Z5V,
%:( 12) 1jw]\/}122 1— 22V, (2.11)
V,— 2,1
L= 7%1\41121 (2.12)

where the subscripts represents the receiver coil number and the mutual inductance values are
known. Similarly, a technique involving primary-side equivalent capacitance that is adjusted
and accommodates for secondary-side receivers that have unknown or drifting resonant
frequencies is proposed in [30] and analyzed to attain optimization of the system. This

method requires the input current and voltage collected at fixed frequencies so as to perform
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Fig. 2.14 Implementation of signal processing techniques.

the parameter identification of mutual inductance and actual resonant frequency as well as
the equivalent load resistance. An advantage associated with these analytical technique is
that not only is the implementation straightforward as mentioned prior, but also they provide
insights into the behavior of the IWPT systems. However, the measurement errors incurred
during sensing of current and voltage signals could be amplified in the process, hence large

deviations in the estimated values could be seen.

2.2.2 Signal Processing-based Techniques

Signal processing-based techniques provide a valuable alternative in parameter estimation
such as eliminating the need for additional hardware as they can be implemented together with
the system controller and resort to various signal analysis techniques to extract information
from the signals or waveforms observed on the primary-side. Fig. 2.14 demonstrates a
general implementation of these techniques as the known system quantities are fed to a
signal processing module which is then tasked with identifying the unknown system values.

These techniques come with the advantage of suitability in dynamic operation conditions
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Fig. 2.15 Flowchart of the DQ identification approach [31].

besides noisy data handling capability. Here, the methods are grouped into quadrature

transformation-based and Fourier transformation-based.

(a) Quadrature-based methods

In [31], a direct-quadrature (DQ) transformation technique is utilized to accurately extract
the fundamental and third-order harmonic information from the sampled primary-side voltage
and current waveforms. This is carried out with no restriction on the operating frequency by
transforming the high-frequency signals of input voltage and current into DC signals, after
passing through a DQ transformation module, for identification as illustrated by the flowchart
in Fig. 2.15. Comparably, load identification approach, based on quadrature transformation
(QT) [32], [33] is brought forward. As portrayed in Fig. 2.16, known values are collected, the
active power P, is then calculated and in turn estimation of the equivalent load resistance

R;, of the battery is acquired as shown
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Fig. 2.16 Structure diagram of QT identification method [32].

M)?(Rs+ Re)(wCs)?
Py =12 (w s el 2.1
= o e e (R R+ (1 = 2L C)? (2.13)
7r2< (M1, )
Rp="" 55—, R, (2.14)
8 \ Pact — RpIZ

where I,,; is the rms value of fundamental component of primary-side current. This information
is entered into the proposed controller to realize CC and CV charging modes by adjusting the
charging current I, and voltage V, of the system. Detailed frequency information is availed

through execution using the quadrature methods but requires high sampling rates as well.

(b) Fourier transform-based methods

Another approach is discussed in [34] where pulse density modulation is applied to
generate inter-harmonics in the system. Signal acquisition of the input voltage and current
via sensors is carried out prior. This is followed by a Fast Fourier Transform (FFT) that
identifies the inter-harmonics via equations that are approximated using least square methods.
From these equations, mutual inductance and equivalent load resistance are estimated. In
[35], system operating frequency as well as inverter output voltage and current are utilized

to estimate the load resistance and mutual inductance. Zero phase angle (ZPA) frequency is
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examined and adjusted if the system operates in another frequency as there will be a phase
difference between the voltage and current. These category of techniques are suitable for
variable operating conditions and noise tolerance. However, similar to the DQ methods, they

may require high sampling rates in addition to intensive computations.

2.2.3 Frequency Sweeping Techniques

Mainly referring to attaining estimates of parameter values from multiple frequency sweeps,
monitoring the shifts allows for observation of corresponding changes in these parameters.
The discussed techniques in this section are carried out in either the extreme termination

state or a load-attached state.

(a) Extreme termination sweeping

Fig. 2.17 illustrates extreme termination ways in the IWPT system. This approach
is done by short-circuiting (SC) or open-circuiting (OC) the secondary-side load from the
system. The study in [36] with the aid from Fig. 2.18, the SC and OC actions of the rectifier
are illustrated to propose a monitoring method to estimate the coupling coefficient, k£, and

receiver resonant frequency, f,s of the system as

U= 1) (13- 13) o5
(F3+72) 12— F3r3

24



2.2 Identification in Communication-less IWPT Systems

......

15

>
>

Rectifier short- M fa
circuited fg f

Ls

Ry fa#fs
Ls

R

—

Load open- fop
circuited

s fc = fop

Fig. 2.18 Schematic used with extreme termination [36].
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fos =
V(B 13) 13- 133

(2.16)

where f4, fp are two ZPA frequencies and f,, is the resonant frequency of the primary-side.
Key aspect of this technique is determining the ZPA frequencies of the system when the
imaginary part of the primary-side input impedance is zero through frequency sweeping
process known as frequency shift keying (FSK) modulation with the secondary-side rectifier
kept momentarily either short-circuited or open-circuited. This requires one additional
phase detection sensor for the primary-side current to carry out the estimation. Another
way is proposed in [21] where the authors have analyzed and evaluated several adaptive
frequency step functions that are intended for the coupling coefficient k identification. After
a short-circuit action of the active rectifier in the secondary-side, a sweep of the switching
frequency is carried out to achieve a critical frequency point f(n) when Xj;, =0 by comparing

the power factor (PF) value to a set reference. The process is as illustrated in Fig. 2.19, and
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Fig. 2.19 Identification following extreme termination [21].

considering f, as the resonant frequency k,, calculated at the critical frequency point is

2
ky = EON 1. (2.17)

Mutual coupling coefficient determined through the use of active rectifiers is proposed in [37].
In this work, current information from the current sensor and the output voltage from the
power inverter are utilized to measure the phase difference after momentarily short-circuiting
the rectifier outputs. Hence estimation process is then undertaken. Implemented in a digital
controller, inverter’s frequency scanning is performed within set sweeping boundaries to
deduce the frequency operating points when pulse width transmitter voltage and current
is zero. Although it is an intrusive method to the system operation for frequency sweeps,

real-time identification is needed for estimating the target parameters.

(b) Load-attached sweeping

As summarized in the flowchart of Fig. 2.20, identification is carried out while load is kept
intact which does not halt the system operation unlike the extreme termination approach

carried out prior. For front-end monitoring of multiple loads presented in [38], an n-coil
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Fig. 2.20 Flowchart of identification in load-attached state.
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Fig. 2.21 Schematic of n-coil IWPT system with two attached loads [38].

IWPT system is presented. Fig. 2.21 shows a schematic of an n-coil IWPT system with a
relay coil and two secondary-side loads. Accurate estimates of the value of the loads are
obtained from multiple frequency sweeping scans with load connected to the system and
also least square method is used to overcome effects of noise and tolerance, which makes
it effective in real-time identification. In a like manner to simultaneously estimate load
resistance, mutual inductance, and receiver coil inductance [39], frequency sweep combined

with a gradient descent method is presented. Additional merit to this technique is that the
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inductance identification technique can also serve as a way to detect foreign metal objects
when the mutual inductance estimation results deviate far from the nominal inductance.
Through measuring the input voltage, current, and phase angle at the operating frequency,
the mutual inductance M and load resistance Ry, are identified in [40] through the equations

below.

M= wls — g7 2.18
N\ W [ Zi (jw) — Za(jw) (2.18)
whg——1L
Ry = mkinirie? ~ Zy(jw) (2.19)

| Zin (jw)=Za(jw) | Im| Zin (jw) — Za (jw) 1]

where I'm(.) is the imaginary part operator, and Z,(jw) and Z,(jw) are defined as

. , 1
Za(jw) :]wLp—l—m+Rp (2.20)
Zp(jw) = jwL —i—i—i-R +R (2.21)
b\J =J s ijS ] e: .

This method requires the sweeping frequency to be around the resonant frequency of the
secondary-side for estimation accuracy purpose. As this method dynamically monitors the
coupling conditions of the primary and secondary couplers, their positions can change a bit
freely. An identification method for bidirectional IWPT system is proposed in [41] where
superposition principle is applied for current decoupling, which is described as dividing
the primary-side current into a primary-side voltage-dependent part and a secondary-side
voltage-dependent part, and identification of the mutual inductance is achieved by adjusting
the primary-side converter’s frequency until the reactive power is equivalent to zero. The use

of current decoupling allows the estimation of mutual inductance at start-up and secondary-
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Fig. 2.22 Representation of IWPT system impedances.

side phasor information is scanned continuously making the technique adaptable to varying
operation conditions. However, in case of slight variation this method might be more
sensitive to disturbance during estimation and requires continued monitoring of the system

for frequency information.

2.2.4 Impedance Characteristic-based Techniques

In these techniques, general system impedance as illustrated in Fig. 2.22 are made use of
to infer parameter estimations. As variations in receiver circuit affect the impedance into
the rectifier Z; and/or the impedance Z;, seen from the inverter, these changes are then
taken into consideration in the identification. Impedance variation analysis and primary-side
voltage-current phase angle analysis are two ways found in the proposed techniques that

utilize impedance characteristics.

(a) Impedance variation analysis

Dual impedance identification method is proposed to estimate output parameters R, and
L. through an iterative process using least mean squares (LMS) adaptive filter algorithm to
compute load resistance Ry, [42]. The schematic in Fig. 2.23 shows the equivalent circuit of

the aforementioned system where the Z;, is the input impedance seen from the primary-side
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Fig. 2.23 Equivalent circuit of the dual impedance identification approach [42].

inverter while Z, is the primary-side compensation impedance. The attained equivalent

resistance R, as well as equivalent inductance L. are as shown

Rr(n+1)=Rr(n)+2e(n)|Zp meas!|Zin meas (2.22)

8w2L%RL
7 —8/m)2R? 4+ m2w? L2
" 2

R, = (2.23)

8(m—8/m) L2 R3
L, = 2.24
(m—8/m)2R? +m2w?L3 (2.24)

where n refers to the number of iterations and e is the step size of the iterations. In this work,
the equivalent series inductance L. of the load is also considered to improve the accuracy of
the load identification. Equivalent impedance modulus expressions of Z;, and Z, are obtained
from measurements following which substitutions iteratively solves for parameter estimation.
A study in [43] establishes a system that works under two different sets of parameters because
of the changing of compensation capacitance in the primary-side circuit. Combined with
the reflected impedance equation together with system operating parameters such as the
measured input DC voltage, rms of the detected input current and primary-side resonant

frequency, ultimately achieve the mutual inductance and load identification as depicted by
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Fig. 2.24 Impedance variation-based identification diagram [43].

the diagram in Fig. 2.24. As seen, this method offers direct measurement to obtain values of

known system parameters to valuate system impedances.

(b) Impedance phase angle analysis

Similarly offering a direct measuring approach, [44] proposes a primary-side linear control
strategy to realize constant CC and CV charging for IWPT system, utilizing input impedance
characteristics of the rectifier for improved accuracy of system parameter estimation. Primary-
side voltage and current are sensed, and a linear relationship among input voltage, load
current and load voltage is established. In the case of multiple transmitter coils discussed
in [45], the demonstration in Fig. 2.25 shows a schematic of n primary-side couplers and
one secondary-side coupler of the proposed dynamic wireless power transfer system. Phase
difference between current and voltage of each transmitting coil and the receiving coil as
well as the active and inactive coils is measured, providing an intuitive look into the system
resonances as analysis of the net reflected impedance Zy; to the primary-side from the
secondary-side impedance Z; is carried out. This is then employed to identify the mutual
inductance My with respect to first transmitter as shown

w2 M?
Zs

Zp = (2.25)

31



2.2 Identification in Communication-less IWPT Systems

Ll Cpl R 1
E e .
Vin1 :=Cl Va pl Lpl
Voc @) [DC-AC| |’ : :
L" Cp" R n

+ | I + I
Vinn TCn Ven o Lp"

Fig. 2.25 Schematic of a multiple coil dynamic IWPT system [45].
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Fig. 2.26 Auxiliary circuit implementation in IWPT system.
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M =
T Re(Z,)

(2.26)

where Ry is the real part of Z¢ and Re(Z;) is the real part of equivalent impedance of
the secondary-side. This too is shown to be advantageous in giving insight into impedance
information reflected to the transmitting side. However, the complexity exists here as it may

require a wide frequency range to perform the intended analyses.

2.2.5 Auxiliary Circuit-based Techniques

With the aim to improve responsiveness, auxiliary components such as extra coils or

even whole circuitry are implemented exclusively for identification purposes. This technique
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Fig. 2.27 Auxiliary inverter concept [46].

possesses an advantage where difficult-to-measure values such as coupling coefficient can be
obtained and system uninterruption during identification process. Fig. 2.26 illustrates a
general circuit implementation of auxiliary circuit-based techniques which are realized either

on the primary-side, secondary-side, or both sides of the IWPT system.

(a) Primary-side implementation

Based on an auxiliary inverter (AI) and a main inverter (MI) in [46], an identification
method for mutual inductance and load parameter has been presented. The MI and Al
are designed to operate in resonant and non-resonant modes, respectively, along with two
series-connected transformers, T1 and 72, as depicted in Fig. 2.27. The switch S has
the role of disconnecting the Al during resonant mode when turned on and connecting Al
to the system during non-resonant mode as the operating frequencies of MI and Al are
inconsistent. The magnitude of primary-side current waveform is acquired and utilized to
attain the estimated parameter values of the mutual inductance and equivalent load resistance.

Correspondingly with no action needed from the secondary-side, phase information of the
secondary-side current is detected by implementation of zero crossing sensor with another
sensing coil pick-up that contains a large resistance Rgensing Which is decoupled from the

primary-side [47]. This is illustrated by the schematic in Fig. 2.28 where the auxiliary
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Fig. 2.29 Auxiliary coil and transformer implementation [48].

sensing circuit is coupled with the secondary-side winding via mutual inductance M epnsing
but decoupled from primary-side winding, with Lgepsing and R, as the inductance and ESR
of the sensing circuit, respectively. Estimation of the coupling coefficient together with
the secondary-side resonant frequency is then performed with only primary-side resonant
frequency and secondary-side resonant frequency is not required to be known prior. In the
work of [48], a primary-side-integrated auxiliary circuit as seen in Fig. 2.29 with a coupler
L, and a primary-side isolated transformer T, to improve the accuracy in charging voltage
and current estimation is proposed to achieve high precision within a reasonable horizontal

misalignment range. Equations derived to estimate the parameters are attained using the
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measured voltage across auxiliary pick-up coil which is denoted as V, as shown in

2v/2 8 a
I, = = ————— — 2.2
7T(UM23V 7T2(LUM12)VDCCOS (2) ( 7)
szlng [0
= 2p — 2.2
V, w2LpCp—1VDCCOS(2) (2.28)

where «, My and Moz are phase-shift angle, known mutual inductance values between
primary-side and secondary-side, and secondary-side and auxiliary coil, respectively. With
the auxiliary circuit having the main role of parameter identification, the system operation is
uninterrupted during the estimation process contributing to less identification errors. On the

other hand, extra circuitry implies system complexity in hardware implementation.

(b) Secondary-side implementation

In [49], as shown in Fig. 2.30, an auxiliary calibration circuit consisting of a switch
Scal, & voltage clipper for protection, a resistor R, and a frequency detector to facilitate
mutual inductance identification is presented. Here, two processes take place sequentially
where mutual inductance M is determined in the first calibration process with the calibration
switch off, which is controlled by information from the frequency detector, then the second
charging process follows to charge the battery in CC and CV modes. The estimated mutual

inductance M as well as the charging current [, and voltage V; are therefore calculated as

4 2
1 = 2(Vorr +2Vp) (2.29)
WWIplsat
2
L= 2.
b rwM Vor (2.30)
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Fig. 2.30 Secondary-side auxiliary calibration circuit [49].

TwM
Vi =
bT Ty

I —2Vp (2.31)

where Vo, Vb, Ipisat, Ip1 and Vj,1 are the specified upper output voltage limit, diode forward
voltages, saturated current of the transmitter side, amplitude of primary-side current and
amplitude of primary-side voltage, respectively. V, g limits the battery charging voltage V;
when Ip15q¢ reaches a set value, and identification is completed as shown above. Seeing as
this secondary-side implementation method mirrors that of primary-side implementation,
it is considered that main disadvantage is added components to one side of the system to

perform the same role of identification.

(c) Dual-side implementation

A dual-side phase-shift implementation is proposed using driving windings on both
primary-side and secondary-side of the system as illustrated in Fig. 2.31 [50]. The subscripts
(P) and (D) represent the main power winding and driving winding in this IWPT system,
respectively. These driving windings are quadruple-D coils with a minimized turn number
such that only small power is present, and are decoupled from the main power windings.

Current in the primary-side driving winding induces a voltage in the secondary-side driving
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Power
windings

windings -

M
 Vbep1 <'|_'> + /_\ *| zZCD
Vor g Driving Loz Vo circuit

pecccee
.
Lecea

Fig. 2.31 Dual-side auxiliary circuits implementation [50].

winding, which act as the zero current detection (ZCD) circuit that detect the zero crossing
of the secondary-side voltage to generate a delayed signal respective to voltage in secondary-
side main winding. Secondary-side current and output power are therefore identified. The
advantage offered by this method is isolation of the auxiliary circuits from the main power
circuit. However, the accompanying downside is that the required additional hardware then

introduces more losses to the overall system.

2.2.6 Comparative Summary

A comparative summary of the discussed front-end system parameters identification
techniques is illustrated in Table 2.2. In conclusion, primary-side system parameter identifi-
cation techniques play a major role when it comes to eliminating any type of communication
between primary-side and secondary-side of the IWPT system. It is essential to determine
the parameter values through estimation so as to understand the system characteristics such
as mutual coupling. Table 2.3 provides a summary of comparative analysis of primary-side

identification techniques proposed in literature and Fig. 2.32 presents a visualization of the
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Table 2.2 Summary of primary-side identification techniques.

Identification

Principl A Di f.
technique rinciple dvantages isadvantages Re
Analytical Mamly( utilize Relatively simple implementation, Errors easily translated‘to solutl(}ns, [24],[25],

. mathematical model F X accurate model assumptions required,  [26], [27],
techniques L . provides insight into system behaviors s .
or circuit analysis sensitive to measurement inaccuracy [28], [30]
Signal Uses signal processing Dynamic condition suitability, Computationally intensive, [31], [32)
processing-based methodologies to extract noisy signal handling capability, higher sampling rates might be required, 3 4]’ Br_]"
techniques and examine parameters detailed frequency information attainable advanced algorithms required )19
Frequency Performs frequency sweeps Adaptable to varying operating conditions, Continuous monitoring required, [36], [21],
tracking-based to track changes effective in real-time identification, sensitivity to noise and disturbance, [37], [38],
techniques and identify parameters non-intrusive to system operation complex implementation [39], [40]
Impedance Measure and analyze Direct measurement approach, Complex impedance calculations, (42], [43]
characteristic-based variations in impedances insight into system impedance information, sensitivity to variations, [44]’ [45]’
techniques of the system non-intrusive to system operation might require a wide frequency range e
Auxiliary Implements auxiliary High identification accuracy, éddltlonal hardware requlAred, [46], [47],
- N . . i increased system complexity,
circuit-based components that are used for applicable for difficult-to-measure parameters, . . . (48], [49]
. . . . . . might introduce additional
techniques identification can be isolated from the main system [50]
losses to the system
<10
. T T T T
AN ® Analytical Em
~ ® Frequency sweeping Pirica) limijgay;
p - . . 10
o ® Signal processing-based 1 boy
= 8r Impedance characteristic-based @ °
8a ® Auxiliarycircuit-based ®

imation
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0
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Fig. 2.32 Maximum estimation error data from literature.
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Table 2.3 Comparative analysis of primary-side identification techniques.

Ref Static/Dynamic ~ Online (On)/Offline (Off) Estimated Maximum estimation Maximum estimation
’ application identification parameters time (ms) error (%)
[10] Static On M - 4
[31] Dynamic On M, V,, P, 7.0 6.9
[25] Dynamic On M, Ry, 10.0 6.8
[23] Dynamic Off Vo, 1o, RL, - 2.6
(28] Dynamic - M, Ry, - 3
[36] Static On k, fs 2.5-8 1.75
[32] Static - Ry - 1.4
[51] Static On M, V,, I, - 6.64
(48] Dynamic - - - 1.6
[40] Dynamic - M, Ry, - <2
[35] Static - M, Ry, - <7
[24] Static On Ry, - 4.26
[22] Static On v, - 2.83
[21] Static - k <7 <1.02
[29] Static - Ry - 1.6
[52] Dynamic On M, I, - 5.6
[53] Dynamic, Static On M, Ry, 5.6 3.1
[37] Static - k 62 <5
[26] Dynamic - Ry, Z1, Vy, I, - <7.9
[46] Dynamic On M, Ry, - <6
[41] Static - M - 0.75
[43] Dynamic On Ry, 50 7.1
[54] Static off M, Ry, - -
[49] Static - M 20 <3
[47] Static off k, fs 59 491
[55] Dynamic Off M - 6.53
[25] Dynamic On M, Ry, - 6.8
[56] Static - Vo, RL - 4.3
[45] Dynamic Off M, Ry, - 8
[27] Static On M, Ry, V, 20 5
[57] Dynamic - M, Ry, - 4.6
[58] Static On k, Qp, Qs - 5.73
[59] Static On Ry, - 2
[30] Dynamic - M, Ry, fr - 7.5
[60] Dynamic On Ry 85 2.25
[34] Static On M, Ry, - 7.4
[61] Dynamic On k, R, 3.8 2.1
[62] Dynamic On M - <4
[44] Static - Vo, I,, R, - 3.6
[39] Dynamic - M, Ry, L - 2
[63] Static - Ry, Lg - -
[42] Static On M, Ry, 817 2.33

Note: Qp = Primary-side quality factor, Qs = Secondary-side quality factor, (-) = Unspecified.
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maximum estimation errors against publication time in years. It can be seen that in the
recent years the maximum estimation error range is clustered approximately between 1 %
and 5 %. The frequency sweeping techniques tend to approach the lower limitation boundary
due to their merit of noise handling capability while proneness to error of analytical tech-
niques and impedance characteristic-based technique dominate the average almost reaching
the upper empirical boundary due to propagation errors in their calculations. Auxiliary
circuit-based techniques as well as signal processing-based techniques involve complexities in
their implementations which reflects to their average trend on the error estimation results
plot. Furthermore, the gathered data reveals a general downward trend of the estimation

error over time, indicating progressive improvement of the proposed techniques.

2.3 Conclusion of the Chapter

This chapter has presented an extensive literature survey into system parameter iden-
tification for primary-side control in IWPT systems. In literature, a huge body of work
has proposed numerous techniques on how to obtain system parameter values and achieve
system optimization in both static and dynamic power transfer applications. Focus has been
placed on exploring and conducting an investigation on the aspect of research in IWPT
system technology without any wireless communication between the secondary-side and
the primary-side. Various proposed front-end system estimation techniques have been clas-
sified into analytical-based, signal processing-based, frequency tracking-based, impedance

characteristic-based and auxiliary circuit-based methods.
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Chapter 3

Conventional Analytical

Identification

As has been discussed extensively in Chapter 2, various topologies have been applied
in the IWPT system operations. For the parameter identification analysis in this chapter,
the SS-compensated IWPT system is utilized as illustrated in Fig. 3.1. Through this, the
limitations associated with conventional sole analytical identification are investigated to

establish the motivation for the proposed identification approach.

3.1 Limitations Associated with Conventional Sole Analytical

Approaches of Parameter Identification

Sole analytical-based conventional identification is based off of the system equivalent
circuit model. The equivalent circuit schematic of the SS-compensated IWPT system is

shown in Fig. 3.2. Assuming fundamental harmonic approximation using the Kirchhoff’s
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Fig. 3.1 Schematic of series-series compensated IWPT system.

L(jo) 140C, joM  1/joCs Iyjo)
— Y —
- ®e +

Vi(jo) @ joL, joLs V(jo)

- —ww MN—

R, R,

Req

Fig. 3.2 Equivalent circuit of SS-compensated IWPT system.
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Parameter Identification

voltage law (KVL) analysis, the equivalent input impedance Z;, seen from the primary side

is obtained to be

_ 1 (wM)?
Zin = L 3.1
in =Byt jwly+ 220+ (3.1)
where Z; is the secondary-side impedance given as
_ 1
Zs=Rs+ jwLs+ —— + Req. (3.2)

JwCs

From (3.1), the real part, R;;,, and imaginary part, X;,, of the equivalent input impedance

are separated as

where
2772
Rin = Ry + MRt Reg) (3.4)
(Rs+ Req)” + (wLs — 1/wCs)
and

I (wLs —1/wCs) w? M?
WOy (Ry+ Reg)? + (WL —1/wCy)*

Xin =wL,— (3.5)

(3.4) and (3.5) are simplified by equating same denominator terms on the right-hand side to

obtain
w?M? (Reg+Rs)  (wLs—1/wCy) (3.6)
Rin — R, "~ Xin—wLy+1/wC, '
and thus, estimated equivalent AC load resistance can be derived as
Rin— R Ls—1/wCy
Req - _ ( P) (W /w ) _ Rs~ (37)

Xin —wly+1/wC,
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Parameter Identification

This R4 is transformed to the estimated load resistance Ry by the power balance of the

lossless full bridge rectifier as

2 (Rin — Rp) (wLs —1/wCs5)
R = 8 <_ Xin—wLy+1/wC, Bs |- (38)

The rms of the fundamental component of the voltage across R, in 3.7 is given by
‘/sl,rms = Isl,rms Req (39)

where I1 yms is the rms of the fundamental component of the secondary-side current given by

JoMIp1rms

2 . (3.10)

Isl,rms =

Hence, the full-wave bridge rectifier produces approximately the average value of the full-wave

rectified output load voltage [25] as

_.T JwMIp1 rms R
2v2 | Rs+jwLs+1/jwCs+ Reg | "

Vo (3.11)

These estimations for load resistance (3.8) and output load voltage (3.11) are executed

with the aid of measured primary-side current and voltage to determine the R;, and X,

terms as
V,
Rip = 21 0056 (3.12)
Ipl,rms
and
V;
Xin = 215 6in g (3.13)
Ipl,rms
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Parameter Identification

where Vp1 rms and Ip1 pms are the rms values of the fundamental components of the primary-
side voltage and current, respectively, and 6 is the phase difference between fundamental
components of the primary-side voltage and current during operation.

To illustrate noise impact on the sole analytical identification method, the process begins
with raw, noisy sensed quantities of the primary-side voltage and current. These noisy signals,
Up sens(t) and ipsens(f), can be modelled as the sum of the true signal and additive white

Gaussian noise (AWGN) terms

Up,sens(t) = v(t) +10(?) (3.14)
where
ny(t) ~ N(0,07), (3.15)
and
ip,sens (t) == Z(t) —+n; (t) (316)
where
ni(t) ~ N(0,02). (3.17)

Here, the variances o2 and ¢? quantify the noise introduced by the voltage and current
sensors, respectively, with zero mean. These noisy, instantaneous signals are then processed
to calculate their rms values. This step carries the noise from the time domain into the
estimated parameters. The resulting noisy rms values can be approximated as the true rms

value plus an equivalent noise amplitude N,

Vpl,rms,sens ~ Vpl,rms,true + Nv (318)
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and N;

Ipl,rms,sens ~ Ipl,rms,true + Nz (319)

These noisy sensed values are the direct inputs for calculating the input impedance of the
system using (3.12) and (3.13). Consequently, the calculated impedance parts, R}, and X

m?

will also be erroneous, composed of their true values plus noise-induced error terms, d R;,

and 0.X;, as
V51 rms.sens
R, = w cosf (3.20)
pl,rms,sens
and
Vi .
X/ = —plrmssens g g (3.22)

Ipl,rms,sens

The propagation of these intermediate errors influences the estimation of the equivalent

/

load resistance, R,

modifying the formula in (3.7). To explore how, R4 is linearized around

R;, and X, using a first-order Taylor expansion to give

m?

R/eq = f(R/ Xz/n)

of

~ f(Rznu in) +

O Rip, (3.24)
(Rin,Xin)
of

* a)(m

0 Xin.
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Parameter Identification

Hence, the estimation error can be written as

0Req = R.,— Req (3.25)
OReq OReq
k. OBt 5 to (3.26)

Since dR;, and §X;, are assumed to be zero-mean and are uncorrelated, then the variance
of 0 R¢q can be expressed as the weighted sum of the variances of 6 R;, and 0 .Xj,, which are

given by the squared partial derivatives

2 2
Var[R.,] ~ (ggﬂ Var[s Ron] + <§§€q> Var[5 X;]. (3.27)

Noting that the output voltage V, in (3.11) depends on R4, any uncertainty in R, will be

propagated into V. Denoting this dependence as

Vo o g(Req) (3.28)

where g represents the other quantities in the equation, linearizing gives

oV,
" Vo4 —2 R,y 2
|74 V+8Req5Rq (3.29)

Therefore, the variance of the estimated output voltage is

2
) Var[R.,]. (3.30)
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3.2 Noise impact of Sole analytical-based conventional identification

The expression in (3.27) shows that the initial measurement variances, which originate
from o2 and o2, are amplified by the square of the factors inherent in the identification
formula. This explains that the sole analytical approach is structurally prone to noise as it is
propagated in subsequent operations. The error in the estimated load resistance is cascaded
to the final output voltage estimation. The resulting variance of the estimated output voltage,

Var[V]], demonstrates a dependence on the load resistance estimation variance. Hence,

SR, =R} —RL (3.31)

and

V=V =V, (3.32)

are the resulting error terms of the estimated parameters.

3.2 Noise impact of Sole analytical-based conventional identi-

fication

Utilizing the system specifications provided in Table 3.1 and assuming that the system
operation is at/close to resonance condition, load resistance and output load voltage are
estimated using analytical-based conventional identification by utilizing PSIM simulations.
Fig. 3.3 (a) and (b) provides a quantitative demonstration of (3.27) and (3.30), respectively,
plotting the increasing primary-side current noise variance of 0.012 to 0.05% against the
variance of the estimated load resistance Ry and output voltage V,. Also, the signal noise is
considered in the current measurement since because the sinusoidal current is more sensitive

to noise compared to square wave voltage. This is because current sensors, such as current
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3.2 Noise impact of Sole analytical-based conventional identification

Table 3.1 Circuit parameters for simulation and experiment.

Symbol Parameters Value
L, Primary coil self-inductance 155.40 pH
Ly Secondary coil self-inductance 156.56 pH
M Mutual inductance 41.54 pH
Cp Primary-side compensation capacitance 15.88 nF
Cs Secondary-side compensation capacitance  16.30 nF
R, Primary coil equivalent series resistance 0.1434 Q
Ry Secondary coil equivalent series resistance 0.1474 €2

transformers or Hall effect sensors, output a very low voltage signal which is can be corrupted
easily. In Fig. 3.3 (a), the variance of the estimated Ry rises from less than 0.01 Q2 to
approximately 0.24 Q2 while Fig. 3.3 (b) shows that the variance of V, increases from less
than 0.01 Q2 to approximately 0.12 V2. The accelerating growth in the variance of both
estimates demonstrates that the conventional sole analytical method inherently amplifies
measurement uncertainty, leading to unreliable and imprecise results as noise increases.

Fig. 3.4 demonstrates the consequence of this unreliability by plotting the mean percentage
error due to the variance of the resulting terms in (3.31) and (3.32) across the variance range.
It can be seen that the mean percentage error of the estimated Ry, in Fig. 3.4 affects the
estimation of the V, by approximately 0.58% at a noise variance of o2 = 0.0025. This effect is
observed in the deviating estimation error at the same variance for simulation in Fig. 3.5 with
Ry and V, estimations. It is illustrated that the increased variance from (3.27) and (3.30),
translates into reduced estimation accuracy for both the estimated Ry and the subsequent
V, parameters estimation.

Fig. 3.5 (a) demonstrates the Ry, estimation while Fig. 3.5 (b) shows the V, estimation

with 02 = 0.0025 injected noise variance. From this demonstration it can be seen that the
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3.2 Noise impact of Sole analytical-based conventional identification

Variance of estimated RL ( Qz)
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Fig. 3.3 Effect of sensed noise variance on the variance of estimated Ry and V.
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Fig. 3.4 Comparison of mean percentage errors of estimated Ry and V.
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3.3 Conclusion of the Chapter

parameter identification following a load step change on the secondary-side has increased
deviation error from the actual value, that is propagated in V,, which follows Rj, estimation.
Estimation error for Ry estimation is 0.5% and 7.1% before and after load step change,
respectively, while in V,, estimation error is 2.4% and 7.9% before and after the load step
change, respectively. The noise affects prior Ry identification and is amplified in subsequent
V, estimation. The estimated load parameters are erroneous in terms of reduced accuracy

and sensitivity to noise.

3.3 Conclusion of the Chapter

In summary, conventional sole analytical identification method of the IWPT system
without any feedback has major drawbacks. First, the conventional sole analytical method
is ineffective to dynamic adaptability to system changes during dynamic operation. If
variations in the load side occur during system operation, a fixed analytical solution has
been demonstrated as not able to adjust flexibly and accordingly to accurately track the
dynamic output parameters. Second, conventional sole analytical models are susceptible
and vulnerable to noise. Since the conventional model assumes a noiseless system, any
measurement noise from the sensor or uncertainty noise in the practical system can lead
to propagation as well as amplification of error during identification. When sensed values
are used in the model, noise in the sensed quantities will propagate through the analytical
formula to the identified output parameters, being amplified in the process.

Therefore, a conventional sole analytical approach is observed to be vulnerable as it

is not as accurate outside the idealized set of nominal system operation. By contrast, an
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identification method that is insusceptible to noise would robustly enhance the dynamic

system’s parameter estimation.
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Chapter 4

Proposed Load Identification
Utilizing Two-Step Kalman

Estimator Approach

This chapter proposes an effective identification strategy that leverages the strengths of
both analytical identification and a filter-based approach of Kalman estimator to identify
dynamic output parameters. This analysis is under the consideration that the coupling
is defined, as the transmitting and receiving platforms are under guided positioning in
accordance with Qi wireless charging standards [64]. Guided positioning refers to a method
of positioning the receiver on the interface surface of a transmitter base station based
magnetic attraction without any moving mechanical parts whereas unguided positioning
or free positioning refers to movable coil to locate the charging device as demonstrated in
Fig. 4.1 [65]. This positioning enables the charging process to maintain mutual coupling by

avoiding misalignment of transmitter and receiver coils.
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4.1 Dynamic State-Space Model and Kalman Filtering Implementation

Transmitter

4

Guided Positioning Free Positioning
(Magnetic Attraction) (Moving Coil)

y

Receiver

(a) (b)
Fig. 4.1 Demonstration of (a) guided positioning and (b) unguided positioning [65].

The two-step identification strategy of an SS-compensated IWPT system proposed in this
thesis is illustrated in Fig. 4.2. The first step of this strategy is to identify the equivalent
load resistance R, as the baseline parameter. This quantity has been analytically recognized

in the procedure provided as (3.7) in Chapter 3.

4.1 Dynamic State-Space Model and Kalman Filtering Imple-

mentation

Having successfully acquired the baseline parameter, R.,, rather than to analytically
estimate V, sequentially utilizing (3.11), a Kalman estimator is adopted for the output
load voltage V, identification in the second step. To implement the Kalman estimator, a

state-space representation of the system is first established. The state variables defined as
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. Analytical
v identification : R,

Equivalent load Output load AL

resistance i : voltage

VDC

AAAS

Fig. 4.2 Two-step identification of an SS-compensated IWPT system.

Fig. 4.3 Schematic of a magnetically coupled IWPT system.
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4.1 Dynamic State-Space Model and Kalman Filtering Implementation

X = [xl,a:Q,xg,fm]T (4.1)

— Pp,is,vc%,vcg}zj, (4.2)

describe the state in the energy storage elements in the context of the equivalent circuit of
this IWPT system. From Fig. 4.3 which illustrates a magnetically coupled IWPT system
with mutual inductance modelled as current-dependent voltage sources and v, described as

input u, KVL application produces the following state equations:

Mz = Rego + LsTa + Rsxo + 24, (4.3)
u=x3+ Ryx1+ Ly21 + Mas, (4.4)
5= = (4.5)
T3 = —x1, .
3 c, 1
A (4.6)
Ty = —xo. )
4 c. 2

Solving for the state-space equations, first the two KVLs of the primary-side and secondary-

side in Fig. 4.3 are put in 2x2 matrix form

L, M| |71 u— Rpx1 —x3

M Ls .7,"2 —(Rs+Req).7}2 — X4
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4.1 Dynamic State-Space Model and Kalman Filtering Implementation

Inverting the 2x2 system then gives 27 and 5 as

T 1 L, —-M u—Ryr1 —x3

T —M Ly | |—(Rs+ Req)ra— x4

where

Li=L,Ls— M?

term assumes imperfect coupling. Expanding, this two state equations become

oo Loy FoLs  M(Ri+Re) L

. I, T3+ =Ty,

L. LTI

. M R,M  LyRs+Ry,) M L,
XTo = Liu—i— I, €1 I, ch—l—Lixg LZ.:U4.

(4.9)

(4.10)

Now, including state equations (4.5) and (4.6), collect into state transition matrix A, input

matrix B, output matrix C and direct transition matrix D, that model the dynamic behaviour

of the IWPT system. These matrices are

—RyLs M(Rs+Req) _p, M
L; L; L; L;
RpM _Lp(R5+Req) M 7Lp
A _ Lz Li L1 Li
. 0 0 0
Cp
1
0 & 0 0

(4.11)

(4.12)

(4.13)



4.1 Dynamic State-Space Model and Kalman Filtering Implementation

D= M . (4.14)

The continuous time model state space representation is
z(t) = Ax(t) + Bu(t) +w(t), (4.15)

z(t) = Cx(t) + Du(t) +v(t), (4.16)

where w(t) is the process noise and v(t) is the measurement noise. To implement the Kalman
filter estimator, forward Euler’s method [66] is applied to obtain a discrete model of the

System as

(1) ~ , (4.17)

where k refers to the iteration index and T} is the sampling time. Substituting and solving

for the state space representation,

x(k)=(I+AT)x(k—1)+ BT,x(k—1)+w(k—1), (4.18)

z(k—1)=Czx(k—1)+D(k)u(k—1)+v(k—1), (4.19)

where discretized matrices Ag = (I + ATs) and By = BT are

1 _ = LZ;L.S TS M(RSLTREQ) Ts —L[;s Ts LM’LTS
—Lp(Rs+Re —
Ag= , (4.20)
1
C—pTS 0 1 0
0 T 0 1
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4.1 Dynamic State-Space Model and Kalman Filtering Implementation

T
Ba= L1, M7, 0 0] - (4.21)
Hence, the discretized model is
x(k) =Agx(k—1)+ Bju(k—1)+w(k—1), (4.22)
z(k—=1)=Czx(k—1)+D(k)u(k—1)4+v(k—1), (4.23)

where x(k) is the four-by-one state vector which in this case is z(k)=[x1 22 23 x4]7, and
z(k) is the one-by-one observation vector that corresponds to observation matrix C' of the
state of x (k).

Since i, is obtained from output result of z(k) and R, has already been identified, the
output DC voltage V,

v, (4.24)

T
= ——Rez(k),
2v2 g2 (k)

is achieved after the lossless full bridge rectification in (4.24). The Kalman estimator operates
in two phases of prediction and correction [67] as follows:

1) prediction (time update)
T(klk—1)=Aqz(k—1|k—1)+ Byu(k—1), (4.25)

P(klk—1)=A4P(k— 1|k —1)AL + Q(k), (4.26)
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4.1 Dynamic State-Space Model and Kalman Filtering Implementation

2) correction (measurement update)

-1
K (k) = P(k|k—1)CT (k) (C(R)P ([l —1)CT (k) + R(k)) (4.27)
& (k|k) = 2(k|k — 1)+ K (k) (2(k) — C (k)& (k|k — 1)), (4.28)
P(k|k) = (I - K(k)C(k)) P(k|k—1). (4.29)

In this Kalman operation, P(k) is the covariance matrix that measures the estimated accuracy
of the state estimate and K (k) is the Kalman gain that optimally balances the trust between
the prediction of the system model and the incoming sensor measurements. Here, a high
gain places more trust in the measurement while a low gain favors the prediction. Q(k) and
R(k) are noise covariance matrices from the uncertainty of the dynamic system model and
measurements obtained through sensors, respectively.

The adaptive update mechanism of the Kalman estimator thereby enhances robustness to
noise and load variations. By recursively minimizing the posteriori covariance, the Kalman
estimator inherently minimizes random measurement noise [67] while remaining responsive to
system load changes through effectively linearizing the nonlinear dynamics of the system for
accurate tracking. As a result, the estimated output load voltage stays stable under sensor
jitters, yet rapidly tracks the actual shifts in the dynamic load. This robustness helps to
improve voltage tracking accuracy by adapting P (k) and K (k) at each step of the prediction
and correction phases.

Computational speed is of importance as well when it comes to real-time implementation
of an identification technique. In regards to the case of load variation in the dynamic IWPT

system, the time for executing the identification algorithm will depend on the complexity of the

61



4.2 Digital Phase Detector Finite-State-Machine Implementation

estimation process. The estimator depends on the number of floating point operations required
and the number of tasks a processor can handle within a specified period. Calculation of the
computation time is done by taking the product of the floating point operations performed
per second and the clock speed which is 200MHz for TMS320F28379D [68] digital signal
processor (DSP). For the proposed two-step identification, approximately 481 arithmetic
operations for (4.20)-(4.23) are executed.

Therefore, assuming 200 million floating point operations per second the estimation
computation time is 481x(1,/200,000,000) ~ 0.002405 s. For the sole analytical-based conven-
tional identification comprising of approximately 167 arithmetic operations performed for
(3.7)-(3.11), the computation time for the estimation is 167x(1,/200,000,000) ~ 0.000835 s.
A trade-off of the proposed identification approach is that the computation time is noted
to be longer compared to the conventional method due to the composition of matrices as

summarized in Table 4.1.

Table 4.1 Comparison of computation time.

Identification method Operations Computation
Conventional analytical method 167 0.000835 s
Proposed identification 481 0.002405 s

4.2 Digital Phase Detector Finite-State-Machine Implementa-
tion

The prior assumption has been that the system is at or close to resonance. Now the system
needs to be considered for the cases that the system operation deviates due to non-resistive
reflected impedance which are bound to occur in a practical real-world IWPT system. At
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4.2 Digital Phase Detector Finite-State-Machine Implementation

this off-resonance states, the angle 6 of the phase between primary-side voltage and voltage
and current is required to carry out the identification of the unknown parameters.

To obtain this, a digital phase detector finite-state-machine (FSM) is implemented as
illustrated in Fig. 4.4. Voltage and current signals are acquired from the primary-side of the
IWPT system and passed through zero-crossing comparators where ref is zero reference signal.
The up-down output signals of both voltage and current are fed into the TMS320F28379D
through designated general-purpose input/output (GPIO) pins. Here, depending on the
current state and the input received, the FSM outputs a value of angle § between the voltage
and current with polarity to indicate leading or lagging depending on the captured zero-
crossing time of both signals. This is then used to calculate real and imaginary impedance
parts in (3.12) and (3.13), respectively, for the equivalent load resistance identification in
(3.7).

The information that needs to be extracted is whether the current is leading the voltage
or voltage is leading the current, and if so by how much. Fig. 4.5 demonstrates the finite
state machine where S is the input signal. Lets consider that ¢; is the zero-crossing time of
the primary-side current signal and ¢, is the zero-crossing time of the primary-side voltage
signal. If the primary-side current leads, S =1 and the state is 1 to show that the impedance
is capacitive,

ti—t, <0:8 1. (4.30)

If the primary-side current lags primary-side voltage, S = 0 and the state is -1 to represent
inductive impedance,

ti—ty>0:5—0. (4.31)
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Fig. 4.4 Digital phase detector implementation.
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Fig. 4.5 Finite-state machine implementation.
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4.3 Conclusion of the Chapter

When the primary-side current and primary-side voltage are in-phase, the state is 0 for
resistive reflected impedance,

ti—ty=0:5—0. (4.32)

Fig. 4.6 shows an illustration of the described process. vy comp and iy comp are the comparator
output signals fed into the phase detector in the DSP . The time difference At between the
primary-side current and primary-side voltage signals then provides the value of the angle 6
as

At

0= ?3600 (4.33)

where T is the switching period of the system, corresponding inversely to the switching

frequency.

4.3 Conclusion of the Chapter

In summary, the proposed two-step identification method strategically decouples the
nonlinear IWPT system to be estimated. The primary goal of the first step is to provide the
identified baseline value of the unknown AC load resistance parameter to be utilized for the
linear state-space transition matrix A. Subsequently, second step employs a linear Kalman
estimator model whose superior ability is to handle measurement and system process noise
as well as track dynamic load voltage changes. Also, a phase detector finite state machine
is discussed and implemented to determine the phase angle value between the primary-side

quantities of voltage and current.
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Chapter 5

Verification

In this chapter, verifications are carried out. The verifications proceeds to test the
performance of the proposed two-step identification approach discussed in Chapter 4. These
are performed via software simulations as well as using a hardware test-bench. This done is
to check the feasibility of this proposed identification method in a practical non-ideal IWPT

system.

5.1 Simulation Verification

Simulation of a SS-compensated IWPT system is conducted in PSIM software [69] as
shown by the simulation schematic in Fig. 5.1 to verify the two-step identification approach
utilizing the specification parameters in Table 3.1. Also, to account for noise in the simulation,
Fig. 5.2 shows AWGN that is injected into the simulation to imitate practical current sensor
that has inherent measurement noise. In the probability distribution plot of the injected noise
amplitudes, shown in Fig. 5.3 of the probability density function (PDF), standard deviation

(o) is set between 0.01 and 0.05, corresponding to nominal noise levels of 1% to 5% of the
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Fig. 5.2 Additive White Gaussian noise injected into the sensed current.
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Fig. 5.4 Simulation result with load step change for output voltage estimation.
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measured value. Interpreted statistically, approximately 68% of the noisy measurements
do lie within 4+, and about 95% lie within +2¢ of the true value. A value of o = 0.05 is
chosen to emulate a worst-case scenario, where the sensor exhibits relatively high variability,
that is, upto 5% for one standard deviation in its acquired measurements. This noise is
injected into the PSIM system simulation via the C-block code function shown in (Appendix)
using a Box—Muller transformation which is a pseudo-random number sampling method
for generating pairs of independent, standard, normally distributed (zero expectation, unit
variance) random numbers [70]. This is employed to provide an algorithm for transformation
to the desired probability distribution. Also, the noise covariance parameters of Q; and Ry

for tuning the behavior of the filter in this simulation are set as

0.03 O 0 0

Fig. 5.4 illustrates the estimate for the output voltage when disturbance is introduced for
the load resistance parameter value to observe the performance of the two-step identification.
From the simulation plot, the two-step identification with Kalman estimator achieves steady-
state errors of 1.8 % and 4.6 % before and after the load step change, respectively, while a
7.9 % error deviation is observed for the conventional analytical identification. The Kalman
estimator is seen to be immune to the sensed noise as well as propagated noise in the output
voltage estimation. The limitation of sole analytical method to change in system dynamics is
observed.
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Theoretically, the estimation error in Chapter 3 Fig. 3.4 and the estimation error from
the system verification are observed to be different with simulation verification outcome seen
higher for the estimated load resistance and output load voltage as seen in Fig. 5.4. This
difference is attributed to by the fundamental harmonic approximation assumption in the
analytical method procedure, while the system circuit simulation contains minor harmonics
content from the inverter switching during operation which compounds minute error that is
not in the theoretical equation. Hence, even though the verification error obtained is not as
purely theoretical, the trend of the identification error propagation is observed in the system.

Overall, the proposed two-step estimation approach improves performance for load
parameter identification in dynamic conditions since the Kalman estimator adaptively filters

noise and tracks dynamic changes with minimized error.

5.2 Hardware Test-bench Setup

An experimental hardware testing platform for a 75 W IWPT with 50V input and 40V
output is setup as shown in Fig. 5.5 to evaluate the proposed identification method using the
specifications provided in Table 3.1. The primary-side power source (ITECH IT-M3413) is a
bidirectional DC power supply. This supply feeds a full-bridge inverter stage that utilizes
high-performance power MOSFETs (CREE C3M0065100K, Silicon Carbide (SiC)) that are
suitable for high-frequency applications.

The transmitter and receiver coils are constructed using 3.5mm diameter Litz wire to
mitigate skin and proximity effects at high frequencies. The primary coil has an inner radius
of 130.7 mm and an outer radius of 175.8 mm, while the secondary coil has an inner radius

of 126.9 mm and an outer radius of 171.0 mm. For this study, the coils were maintained
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5.2 Hardware Test-bench Setup

at a separation distance of 130.4 mm which provide a mutual inductance value of 41.54
uH. These loop coils are mounted on 40mm by 40mm ferrite square plates on both sides to
provide magnetic flux shaping and shielding. On the secondary-side, a full-wave rectifier is
implemented using Schottky diodes (CREE C3D16060, SiC) and a DC electronic load serves
as a variable load for this testing purpose.

A current sensor (LEM LA 55-P) is used to obtain current readings of the primary-side.
Differential probes (SI-9002) and current probes (LeCroy CP030) are used to measure voltage
and current waveforms, respectively, onto the oscilloscope (LeCroy WaveSurfer 64Xs-A).
The parameter identification is implemented by utilizing microcontroller unit (MCU) (Texas
Instruments TMS320F28379D) [68]. Sensed current signal is fed into the MCU via configured
12-bit analog-to-digital conversion (ADC). The identified parameters are then converted
analog output signals of the MCU using 12-bit digital-to-analog converter (DAC) whose

output conversion value of Vp ¢ is [71]

D

Vbac = Vref277 (5.3)

where V,..r is the reference voltage which in this setup is 5 V, D is the digital code decimal
value, n is the number of bits (resolution) used to quantify the output and 2" is the total

combination which for 12-bit resolution is 4096.
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5.3 Test Cases for Tuned and Detuned System

5.3.1 Tuned System case

Fig. 5.6 displays the experimental waveforms of the inverter and the rectifier of the IWPT
system setup in Fig. 5.5. The i, slightly lags v,, which indicates the desired inductive input
impedance for achieving Zero Voltage Switching (ZVS) and minimizing inverter switching
losses. On the secondary side, the voltage vs and current i are in phase, signifying that the
secondary presents a purely resistive load, ensuring efficient real power delivery.

Fig. 5.7 shows the load resistance identification obtained analytically under dynamic
nominal system operation with varying load resistance. For observability within the DAC
range [71], the output is transformed by 10:1 ratio. As the load resistance is gradually
increased, dynamic estimation of Ry, is also observed in real time. Ry, is varied from 20 € to
40 Q. At nominal 20 Q, the estimated Ry, is has about 1 % error and at 40 Q the estimation
error increases to about 6.9 %. It can also be seen that with increasing load resistance, the
primary-side rms current decreases gradually as well, which decreases the current sensing
accuracy thus affecting the estimation of Ry. As such, the best identification with least
errors occurs when Ry, is between 20 2 and 25 Q. Fig. 5.8 demonstrates the deviation trend
of the estimated load resistance. Similar to the simulated outcome of the estimated load
resistance, the Ry ¢stimate is able to follow the actual load resistance value with about 6.9 %
deviation at the maximum load resistance variation range of 40 2.

Fig. 5.9 shows the comparison of the estimated output load voltage V, between the
conventional sole analytical method and the proposed two-step identification method. The
output voltage is plotted after computation via DAC [71]. For observability within the DAC

range, the output is transformed by 40:1 ratio. At nominal voltage of 40 V the estimation
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5.3 Test Cases for Tuned and Detuned System

is seen to have small errors in both estimation approaches. The estimation of the two-step
Kalman estimator tracks 71.2 V which has approximately 5 % error while conventional
estimation is 69.4 V which is approximately 7.4 % error at maximum load change. This is
because with increasingly varying load resistance, the error in the prior estimated parameter of
Ry estimate increases as well impacting output voltage estimation. This increase is illustrated
with the increasingly varying load resistance in both methods in Fig. 5.10. However, the
conventional method is increasingly more erroneous as it is noisy.

Compared to conventional estimation the proposed identification approach mitigates the
noise as it reduces the error by approximately 32 % at maximum load resistance variation.
Hence, the two-step identification proves to mitigate the noise and error as load continuously
varies. Additionally, Table 5.1 shows the nominal performance comparison among conven-
tionally proposed primary-side identification techniques for IWPT system considering several

trade-offs in the implementation process.

5.3.2 Detuned System case

To test for the detuned system case, the phase detector discussed in Chapter 4 is
implemented. For this, a comparator module is integrated to capture the primary-side voltage
and current signals as shown on the simulation schematic of Fig. 5.11. A voltage divider
is added to adjust the input voltage swing into the comparator from 50 V to within 3 V
and a 3.3 V supply is connected to the pull-up resistors since open drain comparators are
considered. Ground reference is given to the inverting inputs for both voltage and current
comparators for zero crossing comparison. The outputs of the respective voltage and current

comparators are shown on the waveform of the schematic as the desired up-down signals.
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5.3 Test Cases for Tuned and Detuned System

The additional comparator module hardware is as shown in Fig. 5.12. Both current and
voltage comparator integrated circuits (ICs) (Texas Instruments TLV2352) [72] are provided
with 3.3 V supply and a 5.1 k) pull-up resistors. For the primary-side current, a ferrite core
current transformer (CT) is used to safely measure the AC current. The CT is used with a 1
 burden and 2:5 transformation ratio for the primary-secondary windings, respectively.

Fig. 5.13 shows the primary-side voltage and primary-side current zero crossing comparator
outputs. It can be seen that the up-down comparator outputs correspond to the positive zero
crossing of the input voltage and current. In this figure the primary-side voltage and primary-
side current are approximately 10° based on the difference of their zero crossing instants.
The finite-state-machine obtains this value from the output signals of the comparator module
which goes ahead to produce the phase angle for the system output voltage identification.

Comparison is shown in Fig. 5.14 of the estimated output load voltage V, between the
conventional sole analytical method and the proposed two-step identification method for
off-resonance inductive case. Similar to nominal resonance case, discrepancies are minimal
at nominal voltage, brief spikes at each load voltage transition and slightly larger variance
at extreme loads. The estimation of the two-step Kalman estimator identifies 70.2 V with
approximately 6.4 % error while conventional method estimates 68.8 V output voltage with
approximately 8.2 % error at maximum load change. Compared to nominal resonance
performance, the identification in this case is more erroneous as the change in voltage and
current phase angle effect reduces the equivalent load resistance of the reflected impedance.

For the capacitive reflected impedance case, Fig. 5.15 shows the comparison of the
estimated output load voltage V, between the conventional sole analytical method and the

proposed two-step identification. Notably, identification in this off-resonance case resembles
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5.4 Conclusion of the Chapter

Table 5.1 Performance comparison of primary-side identification methods.

Reof Online Additional Maximum Computation System
Identification Hardware Estimation Error Speed Complexity
[19] X O < 6.6% Not mentioned Medium
[73] X 0] < 1.7% Within 8 ms High
[74] 0] X < 7.4% 2s Low
[25] O X < ™% Not mentioned Medium
[75] 0] X < 2% Within 10 ms High
This work O X < 5% Within 3 ms Low

Table 5.2 Comparison of load identification error for detuned system cases.

Detuned case Conventional analytical method Proposed identification method
Inductive resonance 8.2% 6.4%
Capacitive resonance 10.0% 8.4%

the trend observed in the nominal and inductive cases. As the load varies, the two-step
estimation approach output voltage estimation occurs at 68.7 V with approximately 8.4 %
error while comparably the conventional method estimates 66 V with approximately 10 %
error at maximum load change. A summary of the performance comparison between the
conventional analytical method and the proposed method is shown in Table 5.2. As noted,
even though the IWPT system is operating at off-resonance scenarios, the tracking of the

proposed two step identification is achieved more effectively.

5.4 Conclusion of the Chapter

In this chapter, the proposed identification strategy combining analytical modeling with
a state-space Kalman estimator has been validated by estimating output parameters in
feedback-free dynamic IWPT systems. By use the two-step identification method, it has
been shown that the approach minimizes propagation of noise and tracks load variations

with improved accuracy without disrupting system operation. It has been demonstrated that

85



5.4 Conclusion of the Chapter

it significantly reduces estimation errors under noisy conditions and load changes compared

to conventional sole analytical identification methods.
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Chapter 6

Conclusion and Future Works

6.1 Conclusions

As discussed in this work, conventional identification methods in inductive wireless
power transfer (IWPT) systems have long faced challenges in achieving accurate, stable,
and real-time estimation of key secondary-side parameters using only primary-side acquired
information. A state-of-the-art literature survey has explored various proposed conventional
works regarding front-end identification techniques. These conventional approaches, with their
simplicity and complexity trade-offs, have their limitations as they either require additional
hardware, interruption of normal power transfer during system operation, or introduction of
significant complex implementations, making them unsuitable for cost-sensitive or compact
IWPT applications.

This thesis, therefore, presents a two-step identification strategy combining analytical
modeling with a state-space Kalman estimator to identify output parameters in dynamic IWPT
systems without feedback channel from the secondary-side to the primary-side. Limitation of

conventional sole analytical estimation is identified where noise propagation and amplification
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affects the estimation output load parameters in dynamic IWPT system operation. By first
deriving a baseline equivalent load resistance analytically and then applying a linear Kalman
estimator dynamic model to track the output load voltage, the method minimizes propagation
of noise and adapts to load variations without disrupting power transfer. Furthermore,
feasibility of the proposed identification approach in off-resonance system operation scenario
has been investigated by the implementation of a digital phase detector finite state machine
to obtain non-resistive reflected impedance performance.

Simulation as well as experimental validations has been carried out to demonstrate
significantly reduced estimation errors under noisy conditions and load changes in the system.
The non-disruptive merit of this approach and its primary-side-only implementation makes it

effective for real-time deployment in battery charging applications where output load varies.

6.2 Future Works

Besides the work that has been done in this thesis, more unexplored scopes can be
considered to better the IWPT system. The potential topics are suggested as:

e Identification under misalignment condition of a dynamic IWPT system in addition to
the proposed method.

e The sensitivity of the identification method to parameter uncertainties during system
operation.

e Implementation of primary-side control technique utilizing proposed front-end identifi-
cation.

e Investigation of anomaly protection mechanism in the occurrence of issues such as

over-current or overheating on the secondary-side.
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Appendix

A. Analytical estimation code

// PSIM C block code

#include <Stdlib.h>
#include <String.h>
#include <math.h>
#include <random>
#include <Psim.h>

#ifndef M_PI
#define M_PI 3.14159265358979323846
#endif

// GLOBAL VARIABLES

static int count = 0;
static int Ncount = 0;
static int flagSample = 1;
static double Ts ;

// Parameters

const double R p = 0.1474; // Ohms
const double R s = 0.1434; // Ohms
const double L p = 155.4e—6; // Henrys
const double L s = 156.56e—6; // Henrys
const double C_p = 15.88e—09; // Farads
const double C_s = 16.30e—9; // Farads
static double M = 41.547e—6; // Henrys
static double f = 114000; // Hz
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static double Ts = 1/f; // Hz
static double w =2 x M Pl « f ; // rad/s
static double theta = 0.0; // Phase angle

double V_pl rms, I pl_ rms;

double R_in, X in, alpha_rad;

double w_op, w_os;

double numerator_Req, denominator_Req, R_eq;
double numerator_Isl, denominator_ Isl, I sl;
double I _o, V_s1, V_o, R L;

// Noise (AWGN) parameters
static double noise_mean = 0.0;

static double noise_sigma = 0.05;

// Box—muller transform for noise injection
double generateGaussianNoise (double noise_mean, double noise_sigma) {
static int haveSpare = 0;
static double spare;
double u, v, s;
if (haveSpare) {
haveSpare = 0;
return mu + sigma x spare;

}

do {
u = ((double)rand() / RAND MAX) x 2.0 — 1.0;
v = ((double)rand () / RAND MAX) % 2.0 — 1.0;
S = u*u + V*Vv;

} while (s >= 1.0 || s = 0.0);

s = sqrt(—2.0 % log(s) / s);

spare = v * s;

haveSpare = 1;
return noise__mean + noise_sigma * (u * s);

.
// FUNCTION: SimulationStep

// This function runs at every time step.

// strcpy (szErrorMsg, "Error message here...");

// DO NOT CHANGE THE NAME OR PARAMETERS OF THIS FUNCTION
void SimulationStep (

double t, double delt, double xin, double xout,

int xpnError, char *x szErrorMsg,

void #*x reserved_ UserData, int reserved Threadlndex,
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void #* reserved_AppPtr)

{
// ENTER YOUR CODE HERE. ..

// Calculate the no. of counts in one period
Ncount = Ts / delt;

// Check if the counter reaches end of the period. If yes,
// set the sampling flag to 1.
if (count >= Ncount) {

flagSample = 1;

// Reset the counter to 0.

count = 0;

// If the sampling flag is 1, sample the inputs

if (flagSample = 1) {
// Reset the sampling flag
flagSample = 0;

if (t >= 1le=3) {

V_pl _rms = 50 ;
I_pl_rms = in[0] ;

noise = generateGaussianNoise (noise_mean, noise_sigma );

I pl_rms_ n =1 pl _rms 4+ noise;

// primary side

R_in= (V_pl rms / I pl rms n) * cos(theta);
X_in = (V_pl_rms / I_pl rms n) x sin(theta);

w op=1/ sqrt(L_p * C_p); // Primary angular freq
w_os =1 / sqrt(L_s % C_s); // Secondary angular freq

// Load resistance
Req=— (((w*xLs—1/ (w=x* C_s)) * (Rin — R_p)) /
(Xin — (w « L_p) + (1 / (w % C_p)))) — R_s;

R L = (pow(M_PI, 2)/8) * R_eq ;

// Secondary

numerator_Isl =w * M x I_pl _rms_n;
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denominator_Isl = sqrt(pow((R_s + R_eq), 2) +
pow((w * L_s % (1 — pow(w_os, 2) / pow(w, 2))), 2));

I s1 = numerator_ Isl / denominator_ Isl;

// Output current
I o= (M_PI/ 2 % sqrt(2)) = I_sl;

// Secondary vol
V_sl =1 sl x R _eq;

// Output voltage

V_o= ((M_PI/ 2 % sqrt(2)) * V_sl ;
}

}

/!

out [0] = R_eq;

out [1] = R_L;

out [2] = V_o;

Yy,
// FUNCTION: SimulationBegin

// Initialization function. This function runs once at the beginning
// of simulation
// For parameter sweep or AC sweep simulation,
// this function runs at the beginning of each simulation cycle.
// Use this function to initialize static or global variables.
// const char xszId: (read only) Name of the C-block
// int nParameterCount: (read only)
// Ignore nParameterCount and pszParameters
// int spnError: (write only) assign s*pnError = 1;
// strepy (szErrorMsg, "Error message here...");
// DO NOT CHANGE THE NAME OR PARAMETERS OF THIS FUNCTION
void SimulationBegin (
const char xszId, int nInputCount, int nOutputCount,
int nParameterCount, const char % pszParameters,
int xpnError, char *x szErrorMsg,
void #*x reserved_ UserData, int reserved Threadlndex,
void % reserved_AppPtr)
{
// ENTER INITIALIZATION CODE HERE...
}
s
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// FUNCTION: SimulationEnd

// Termination function.

// simulation

// For parameter sweep or AC sweep simulation ,

// runs at the end of each simulation cycle.

This function runs once at the end of

this function

// Use this function to de—allocate any allocated memory or to save

// the result of simulation

// Ignore all parameters for C-block
// DO NOT CHANGE THE NAME OR PARAMETERS OF THIS FUNCTION

void SimulationEnd (const char xszId, void xx reserved_UserData,

in an alternate file.

int reserved_ ThreadIndex, void % reserved AppPtr)

B. Kalman estimator code

// PSIM C block for Kalman_estimator

#include
#include
#include
#include
#include
#include

<random>
<stdio .h>
#define M_PI 3.14159265358979323846

<stdlib .h>
<string.h>
<math.h>
<Psim . h>

#define STATE DIM 4
#define OUTPUT DIM 1

// System parameters

static
static
static
static
static
static
static
static
static
double
static
static
static
static

static

double
double
double
double
double
double
double
double
double

ip = 1.

double
double
double
double
double

Rp = 0.1474;
Rs = 0.1434;
Cp = 15.88e—9;
Cs = 16.30e—9;
Lp = 155.4e—6;
Ls = 155.56e—6;
M = 41.547e—6;
Req = 1.0;
vp = 50.0;
0;
f = 114000;
Ts = 1/f;
Tout = 1.0;

= 1.0;
Vout = 1.0;
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// Noise (AWGN) parameters
static double noise_mean = 0.0;

static double noise_sigma = 0.05;

// Kalman matrices

static double A[STATE DIM][STATE DIM];

static double B[STATE DIM];

static double Cmat[OUTPUT_DIM][STATE DIM] = {{1,0,0,0}};
static double P[STATE DIM][STATE DIM];

static double z[OUTPUT_DIM];

static double PO[STATE DIM][STATE DIM]| =
{{0.5,0,0,0},{0,0.5,0,0},{0,0,0.5,0},{0,0,0,0.5}};
static double Q[STATE DIM][STATE DIM] =
{{0.03,0,0,0},{0,0.03,0,0},{0,0,0.03,0},{0,0,0,0.03}};
static double Rcov[OUTPUT _DIM][OUTPUT DIM] = {{le—8}};
static double Identity [STATE DIM][STATE DIM];

static double K[STATE_DIM][OUTPUT DIM];

static double x_hat[STATE DIM| = {1.0,1.0,1.0,1.0};

// counters

static int count = 0;

static int Ncount = O0;

static int flagSample = 1;
static double ts_kf = 8.77e—T,

double noise ;
double ip_noisy ;
// Box—muller transform
double generateGaussianNoise (double noise_mean, double noise_sigma) {
static int haveSpare = 0;
static double spare;
double u, v, s;
if (haveSpare) {
haveSpare = 0;

return noise_mean + noise_sigma * spare;

}

do {
u = ((double)rand() / RAND MAX) * 2.0 — 1.0;
v = ((double)rand () / RAND MAX) * 2.0 — 1.0;
S = u*u + VvV,

} while (s >= 1.0 || s = 0.0);

s = sqrt(—2.0 x log(s) / s);

spare = v x* s;
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haveSpare = 1;

return noise_mean + noise_sigma * (u % s);

void mat_identity (double M[STATE DIM]|[STATE DIM]) {
int i, j;
for (i = 0; i < STATE DIM; i++) {
for (j = 0; j < STATE DIM; j++) {
M[i][j] = (i=j) ? 1.0 : 0.0;

void mat_copy(double dst [STATE DIM][STATE DIM] ,
double src [STATE DIM][STATE DIM]) {
int i, j;
for (i = 0; i < STATE_DIM; i++) {
for (j = 0; j < STATE DIM; j++) {

dst[i][j] = src[i][]j];

// Kalman phases
void kalman_predict(double vp) {
int i, j, k;
double x_temp [STATE DIM| = {0};
for (i = 0; i < STATE DIM; i++) {
for (j = 0; j < STATE DIM; j++) {
x_temp[i] +=A[i][]j] * x_hat[j];
}
x_temp[i] += B[i] * vp;

}
for (i = 0; i < STATE DIM; i++) x_hat[i] = x_temp[i];

double AP[STATE DIM][STATE DIM] = {{0}};
double APA_T[STATE DIM][STATE DIM] = {{0}};
for (i = 0; i < STATE_DIM; i++) {
for (j = 0; j < STATE _DIM; j++) {
for (k = 0; k < STATE DIM; k++) {
AP[1][]] 4= A[1][K] * P[K][}];
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}
for (i = 0; i < STATE DIM; i++) {
for (j = 0; j < STATE_DIM; j++) {
for (k = 0; k < STATE DIM; k++) {
APA T[i][j] 4= AP[i][k] * A[j][k];
}
Pli][j] = APAT[i][j] + Q[i][Jj];

// Kalman measurement update
void kalman_update(double ip_noisy) {
int i, j, k;
double z_est = 0;
for (i = 0; i < STATE DIM; i++)
z_est += Cmat[0][1] = x_hat[i];

double innovation = ip_noisy — z_est;
double S = Rcov[0][0];
for (i = 0; i < STATE DIM; i++) {
for (j = 0; j < STATE_DIM; j++) {
S += Cmat[0][i] = P[i][j] * Cmat[0][]];

}
}
for (i = 0; i < STATE DIM; i++) {
double sum = 0;
for (j = 0; j < STATE _DIM; j++)
sum += P[i][j] * Cmat[0][j];
K[i][0] = sum / S;
}

for (i = 0; i < STATE DIM; i++)
x_hat[i] 4= K[i][0] * innovation;

double I KC[STATE DIM][STATE DIM] = {{0}}:
double newP [STATE DIM|[STATE DIM] = {{0}};
for (i = 0; i < STATE DIM; i++) {
for (j = 0; j < STATE_DIM; j++) {
LKC[i][j] = Identity [i][j] — K[i][0] = Cmat[0][j];

}

for (i = 0; i < STATE DIM; i++) {
for (j = 0; j < STATE DIM; j++) {
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for (k = 0; k < STATE_DIM; k++) {
newP[i][j] 4= L KC[i][k] * P[k][j];

}

mat_ copy (P, newP);

// initialize kf , Discretize A and B matrix
void initialize kf() {
int i, j;
double den = Lp * Ls — M x M;
for (i = 0; i < STATE DIM; i++) {
for (j = 0; j < STATE DIM; j++) {
A[i][§] = 0;

= —(Rp * Ls) / den;
= (M % Rs) / den;
= —Ls / den;
M / den;
(Rp M) / den;
= —(Lp * (Rs + Req)) / den;
= M / den;
= —Lp / den;
= 1.0 / Cp;
= 1.0 / Cs;

e
NN
SouMm o v m o

// Discretize AA =1 + ts_kfxA, BB = ts_kfxB
for (i = 0; i < STATE DIM; i++) {
for (j = 0; j < STATE DIM; j++) {
if (i =17j) A[i][j] = 1.0 + A[i][j]*ts_kf;
}
B[i] *= ts_kf;
}
mat_identity (Identity );
mat_ copy (P, P0);
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void SimulationBegin(const charx szId, int nln, int nOut,
int nParam, const charxx pszParam,
intx err, charx errMsg,
void** userData, int thldx, voidx appPtr) {
srand (0);
initialize kf ();

void SimulationStep (double t, double delt, doublex in, doublex out,
intx err, charx errMsg,
void** userData, int thldx, voidx appPtr) {
int i;
Ncount = Ts / delt;
if (count >= Ncount) { flagSample = 1; count = 0; }
if (flagSample) {
flagSample = 0;
Req = in [0];
ip = in[1];

noise = generateGaussianNoise (noise_mean, noise_sigma);

ip_noisy = ip + noise;

if (t >= 1e-3) {
kalman_predict (vp);
kalman_update (ip_ noisy );
¥
z = z_est ;
}
// estimates
Tout = (M_PI/ 2 % sqrt(2) ) * z;
Vout = (M_PI/ 2 % sqrt(2)) * z xReq;

out [0] = Vout ;
out [1] = Req;
out [2] = Iout;
count—+4-+;

}

void SimulationEnd (const charx szId, voidx* userData, int thIdx,
void* appPtr) {
// cleanup
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