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1. Introduction

This chapter briefly summarizes past work on inductive power transfer
and the characteristics of AC/AC converters forming the basis of this dis-
sertation. It begins with an explanation of the background and motivation,
leading to the research questions, followed by the objectives and the scien-
tific contributions arising from this research. Finally, the structure of this
dissertation is outlined in the last part of this chapter.

1.1 Background and Motivation

The safety, reliability, and mobility of the power delivery circuit, such as a
battery charger, can be improved by adding an Inductive Power Transfer
(IPT) feature to the circuit. For example, system safety in the power
delivery circuit can be increased by eliminating the need for a power cable
and connectors, thus lowering the risk of sparking and electric shock. IPT
also increases reliability, since the power delivery process involves no
moving parts on the transmitter and receiver circuits, as well as provides
good mobility for the recipient during power transfer. IPT uses a magnetic
induction principle to supply power between two circuits separated by a
certain distance. Both transmitter and receiver circuits are magnetically
connected through a coupled coil to send electric power [1–6].

A typical IPT system that is connected to a three-phase alternating
current (AC) power source consists of multiple power conversion stages
on the primary side to create a magnetic link. The stages are typically
formed by combining a rectifier and an inverter through an energy storage
element (e.g., a capacitor or an inductor), forming a Rectifier-Inverter (RI)
topology. In this topology, semiconductor switches are commonly arranged
in the full-bridge connection on both rectifier and inverter sides, in which
the neutral line is disconnected. In practice, the current commutation
of RI is handled by at least two switches on each side and the energy
storage, where losses occur in each element. One approach to reduce
these losses and the structural complexity is to replace the RI topology
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with a single-stage direct converter, also known as a matrix converter.
The converter can directly connect the power source and an electric load
without using the energy storage element [1,2,7–10]. One such converter
is the three-phase to single-phase Midpoint Matrix Converter using a Free-
wheeling Switch (MMCFS), which only employs four bi-directional switches
[7, 8]. MMCFS only uses two semiconductor switches for the current
commutation during its operation. As a result, the topology of MMCFS
possesses lower structural complexity and conduction losses than those
of the RI. Although this matrix topology generally offers better overall
power transfer efficiency than RI, it relies on the phase-shift modulation
that utilizes a hard-switching strategy to control power transfer. This type
of modulation can introduce a significant switching loss during the turn-
on and turn-off transitions at a partial load, especially when employing
silicon-based semiconductor devices. [8,11].

1.2 Research question and objective

To improve the MMCFS conversion efficiency at the partial load, a soft-
switching-based modulation is needed. A modulation scheme based on
current injection and Free-Wheeling Oscillation (FWO) was presented
in [2] and [12], for a single-phase to single-phase direct AC/AC converter.
This scheme is soft switching in which the Zero-Current Switching (ZCS)
transition is used to reduce the switching power loss. In this scheme, the
direct converter varies the density of current injection with respect to FWO
to control power transfer. Thus, this modulation can be considered as a
variation of Pulse-Density Modulation (PDM) [11, 13]. Additionally, the
complexity of the series-series IPT system with high quality and coupling
factors can be reduced by using the series-none configuration, since this
would remove the secondary side compensation capacitor [6,10,14]. If the
soft-switching approach and the series-none configuration can be utilized
in MMCFS, they could potentially enhance conversion efficiency under
all load conditions and reduce one passive element. To determine the
feasibility of these improvements, this dissertation seeks to find answers
to the following three research questions:

• How could the PDM be used in the MMCFS?

• How could the MMCFS be implemented with PDM in an actual IPT
system?

• What are the system characteristics (e.g., voltage, current and effi-
ciency) of the PDM-based series-none IPT system?

To answer these research questions, the dissertation aims to achieve
three objectives:
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1. Develop a computer simulation for the MMCFS-based IPT (MMCFS-
IPT) system that is driven by the PDM.

2. Quantify the MMCFS-IPT behavior through mathematical models.

3. Build an actual MMCFS-IPT prototype to validate the simulation
and the models.

To narrow the research topic, since the MMCFS is assumed to be con-
nected to a three-phase utility supply through an input filter, input har-
monics analysis will remain outside the scope of this dissertation. Because
the coupling factor between primary and secondary coils is also fixed,
dynamic IPT operation will not be discussed in this work.

1.3 Scientific contribution

This dissertation groups its scientific contributions into three main cat-
egories: modulation strategy, system behavior description, and practical
implementation.

In Publications V and VI, two PDM-based modulation strategies were
proposed and described for the MMCFS-IPT: Non-successive Injection
Modulation (NIM) and Successive Injection Modulation (SIM). NIM only
performs current injections from one of the input three-phase sources. SIM
uses two input phases to perform the injections. In both modulations,
output power is controlled by varying the number of injections with respect
to FWOs. This variation is achieved using an on-off current control. To
analyze the behavior of the PDM-based MMCFS-IPT, an equivalent output
voltage was derived for both modulations.

Publications I and VI describe the series-none and series-series MMCFS-
IPT behavior. For a unidirectional power transfer case, these studies show
that there is a direct relationship between current damping ratio, link
efficiency, voltage gain and the MMCFS-IPT coupling factor. Maximum link
efficiency can be achieved by tuning the MMCFS-IPT load with coupling
factor information. In addition to unidirectional power, the MMCFS-IPT
is also capable of transferring bi-directional power using the series-series
configuration. The ability is demonstrated at the simulation level in
Publication IV.

In practice, a kick-start process is beneficial for the series-none MMCFS-
IPT, which is described in Publications III and VI. The kick-start process
is based on the direct current (DC) resonant charging principle by taking
advantage of the MMCFS-IPT topology. Another practical requirement is a
Zero-Crossing-Detector (ZCD) circuit, which is explained in Publication II.
The ZCD circuit is utilized to approximate current zero-crossing for execut-
ing the injection and FWO. Furthermore, to drive the converter switches,
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Publication VI proposes a multistep switching method for preventing short
and open circuits during the MMCFS-IPT operation.

1.4 Dissertation outline

The rest of this dissertation is organized as follows. Chapter 2 introduces
common methods for three-phase to single-phase AC-AC conversion, includ-
ing indirect and direct approaches. The indirect method is represented by
a Voltage Back-to-Back (VB2B) topology, whereas the direct case presents
midpoint and bridge matrix configurations. The chapter also discusses
the MMCFS and its ZCS-based modulation in detail. Chapter 3 describes
IPT application of the MMCFS in terms of a self-oscillating series-none
IPT system and its electrical characteristics. The characteristics are ob-
tained through derivations of dynamic and steady-state mathematical
equations of the system. The chapter closes by briefly presenting the
bi-directional power transfer concept for a series-series MMCFS-IPT. Chap-
ter 4 elaborates a prototype for unidirectional power MMCFS-IPT, as well
as provides practical requirements for implementing the actual circuit,
such as methods to start the converter and to switch its semiconductor
devices. Experimental data are analyzed and compared with theoretical
calculations and simulation results. Finally, Chapter 5 concludes this
dissertation by recommending areas for future work.
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2. Three-Phase to Single-Phase AC-AC
Conversion

This chapter introduces selected topologies for AC-AC conversion, with
an emphasis on MMCFS. Both indirect and direct approaches are briefly
explained in Section 2.1. Section 2.2 describes the fundamental operation
of MMCFS and its ZCS-based modulation strategies.

2.1 Indirect and Direct AC-AC Conversion Methods

Electric equipment operates using electric power with certain voltage and
current requirements. To power AC equipment from a three-phase AC
utility grid that has different electrical characteristics, an AC-AC converter
circuit is needed for conversion. The conversion method is based on either
an indirect or a direct approach [15–17].

2.1.1 Indirect method using an intermediate capacitor

Three-phase to single-phase AC-AC conversion can be achieved using a
pulse-width modulation (PWM) rectifier and a PWM inverter, connected
through an intermediate capacitor. The arrangement forms a VB2B topol-
ogy, as can be seen from the schematic in Figure 2.1. This VB2B topology
consists of five converter legs in total, in which each leg consists of two
insulated-gate bipolar transistors (IGBT) and its own anti-parallel diode.
Alternatively, the IGBT can be replaced by other types of transistors, such
as a field-effect transistor. For the sole purpose of unidirectional power
transfer operation, all IGBTs and inductances on the rectifier side can be
omitted, thus transforming the VB2B to RI [8,16,18].

The rectifier side is comprised of three input inductors, each of which
is connected to one converter leg. Since each inductor-leg connection
resembles a boost converter, the rectifier has a voltage step-up capability
on the capacitor CDC. Consequently, the capacitor voltage can be greater
than the peak of the three-phase input [18,19]. Some modulation strategies
have been presented for operating the rectifier [17,18,20]. These strategies
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Figure 2.1. Topology of VB2B converter, in which the intermediate capacitor CDC decou-
ples the input and output stages.

utilize the switches on the three legs to produce a desired voltage on the
CDC.

The PWM inverter consists of two legs and can convert the DC taken from
CDC to a time-averaged single-phase AC. The output AC voltage vo(t) can
have amplitude and frequency which differ from that of the three-phase
input [15–18]. The square-wave and PWM-based modulations necessary
for driving the inverter have been explained in [17].

The VB2B topology is an indirect approach, since the conversion involves
two circuit stages (rectification and inversion). Therefore, the inverter
input is independent from that of the rectifier, since both stages are de-
coupled to a large extent. However, in practice, CDC can have a relatively
large physical volume. Moreover, if an electrolytic capacitor is used, a poor
lifetime can be expected [18].

2.1.2 Direct method using a matrix converter

To increase system reliability, the number of semiconductor switches in a
converter circuit needs to be low. A reduced component quantity also leads
to increased power density in the system. In the case of AC-AC conversion,
this goal can be achieved using a matrix converter. The converter is
a single-stage force-commutated type for simultaneous amplitude and
frequency transformation. Its switching network comprises an array of
controlled bi-directional switches, which can conduct and block current
in forward and reverse directions. Furthermore, the matrix converter
does not have an intermediate energy storage element as in the VB2B
case [18,19,21]. Two variants of the three-phase to single-phase matrix
converter are shown in Figure 2.2 in which all switches are bi-directional.
The midpoint configuration has a lower number of switches than the bridge,
however the configuration involves a neutral line connection [22,23].

With the matrix topology, each input (va(t), vb(t) or vc(t)) can be directly
connected to the output vo(t). If it is assumed that the output is connected
to an inductive load, two switching states must be avoided during its op-
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(a) (b)

Figure 2.2. Two types of three-phase to single-phase matrix converter topology. (a) Mid-
point configuration. (b) Bridge configuration.

eration, as illustrated in Figure 2.3. These prohibitions can be applied to
either midpoint or bridge configuration. The first prohibition is connecting
two input switches at the same time, since this would cause a short circuit.
The second prohibition is opening all switches connected to the load simul-
taneously when the inductor is energized. To avoid these prohibitions, a
matrix converter requires a multistep commutation strategy [21,24].

(a) (b)

Figure 2.3. Two switching prohibitions of matrix converter. (a) Two input switches are
connected together (short-circuit). (b) Energized inductor is isolated (open-
circuit).

By utilizing high switching frequency in one of the modulation schemes
described in [21] and [24], a matrix converter can generate a time-averaged
output voltage with variable amplitude and frequency. In terms of the
output, the matrix topology does not have an inherent boost capability like
that of the VB2B converter [18,19,21].

Bi-directional switch
The main switching element of a matrix converter is the bi-directional
switch, which can be built by combining discrete semiconductor devices,
such as IGBTs and diodes. Four types of bi-directional switch that can be
constructed from such devices are illustrated in Figure 2.4 [21,25].

For the bridge structure, only one gate driver is needed since it only
contains one transistor. However, it suffers from a larger degree of power
loss than the other configurations, as the current must travel through
three components (i.e., one transistor and two diodes) during conduction.
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(a) (b) (c) (d)

Figure 2.4. Four types of bi-directional switch. (a) Bridge structure. (b) Common-collector
structure. (c) Common-emitter structure. (d) Parallel structure.

The common-collector and common-emitter structures are constructed
from two pairs of transistor with its own anti-parallel diode. In this
case, one transistor and one diode are involved in current conduction.
Finally, a reverse-blocking IGBT can be used to form a bi-directional
switch by connecting two of the IGBT in parallel. This arrangement
enables conduction loss to be minimized in only one IGBT. In terms of
common-collector, common-emitter and parallel structures, the transistors
are controlled using two gate drivers powered by their isolated power
supplies. [21,25].

In the case of three-phase to single-phase AC-AC conversion, a midpoint
or bridge matrix converter employing bi-directional switches using the
parallel structure has a lower number of power switches than those of the
VB2B topology.

2.2 MMCFS Topology

MMCFS topology and its basic working principle are mainly described
in Publications V and VI. Figure 2.5 provides a schematic of the MM-
CFS consisting of four bi-directional switches (with the common-emitter
arrangement) and a network of resistor R, capacitor C, and inductor L
(RCL) as a load. The RCL load is chosen to represent IPT application.
The three-phase input is connected to the inductive load L through the
input-side switches (i.e., {sap,san}, {sbp,sbn} and {scp,scn}). In addition, one
bi-directional switch comprises sdn and sdp is attached in parallel with the
RCL to create a free-wheeling path. This MMCFS topology was previously
proposed by two different authors in [8] and [22] and can also be seen
as an expansion of the direct converter described in [2]. Since the RCL
load is driven at its resonant frequency, the converter load becomes purely
resistive [2,26]. Because of this mode of operation, the resonant tank can
be seen as a part of the topology.

2.2.1 Current commutation

There are two types of current commutation in the MMCFS with RCL
load, as illustrated in Figure 2.6. In each illustration, a bold line with an
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Figure 2.5. Topology of MMCFS constructed by IGBTs and anti-parallel diodes.

arrow marks the flow of primary circuit current ip(t). The clockwise flow is
defined as a positive direction, whereas the counter-clockwise is a negative
one. From Figures 2.6(a) and 2.6(b), it can be seen that injection lets
ip(t) flow between the voltage source (in this case Phase A) and the RCL
network. This commutation concept can also be applied using Phase B
and Phase C, through their respective input switches. In the case of FWO,
since the RCL is isolated from the source, the ip(t) oscillates only in the
free-wheeling path, as shown in Figures 2.6(c) and 2.6(d). Both types of
commutation are used in a modulation strategy to deliver power from the
three-phase input to the RCL load.

(a) (b)

(c) (d)

Figure 2.6. Four possible current commutations of MMCFS when Phase A is used as an
injection source. (a) Positive injection. (b) Negative injection. (c) Positive FWO.
(d) Negative FWO.

2.2.2 Modulation strategy

Two types of ZCS-based modulation strategy were developed for the MM-
CFS in this research work: NIM and SIM. NIM is explained in Publica-
tion VI, whereas SIM is described in Publication V.
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NIM strategy
NIM executes injection and FWO at a maximum absolute value region of
the three-phase input, which can be expressed as

Max(v)=Max(|va(t)|, |vb(t)|, |vc(t)|). (2.1)

Figure 2.7 shows NIM operation for a maximum output power mode in
which the switching period is exaggerated for clarity. As can be seen in the
figure, a three-phase voltage source with an amplitude of Vamp has been
divided into two Max(v) regions (i.e., Max(v)= va(t) and Max(v)= vc(t)). The
injection voltage is marked by bars with diagonal stripes, while FWO is
represented by spaces between the bars along the t axis. The vp(t), which
is a combination of the two commutations appears over the series RCL
load. In the figure, at Max(v)= vc(t), three switching signals are involved
in NIM operation: scn(t), sdp(t) and sdn(t). These signals correspond to the
switch Scn, Sdp and Sdn, respectively (see Figure 2.6). In this case, the Scn

performs negative current injection, whereas FWO is executed by Sdp and
Sdn. The on-off transition of each signal happens at the zero-crossing of
ip(t) to reduce switching loss. To manage power transfer between the input
and the RCL, the density of injections is varied with respect to FWOs.
Lesser injections lead to a lower power transfer, as shown in Figure 2.8.
Due to the variable density, this form of modulation can be classified as
PDM [11].

Figure 2.7. NIM illustration of MMCFS at maximum output power mode. Switching
actions during Max(v)= vc(t) are highlighted.

For a steady-state analysis, vp(t) needs to be approximated by a sinusoidal
voltage vnim(t), which can be accomplished by using the power equality
approach developed in Publication VI. Figure 2.9 illustrates the approx-
imation for the NIM case involving a square voltage vsqr(t). The initial
step is to calculate vsqr(t) that can produce an equal output power as the
vp(t). The final step is a fundamental extraction of vnim(t) from vsqr(t). The
switching frequency of NIM is equal to the ip(t) frequency, and the period
is marked by T0. Additionally, variable Tt indicates two Max(v) regions,
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Figure 2.8. NIM operation of MMCFS at partial load. Switching actions during
Max(v)= vc(t) are highlighted.

which is 2π/3 rad, or 6.667 ms for a 50 Hz input line frequency. The two
Max(v) regions are chosen because vp(t)= vp(t+Tt).

Figure 2.9. Square voltage approximation of vp(t) for NIM during Max(v) equals va(t) and
vc(t). In this illustration, T0 is exaggerated to Tt/4 for clarity.

The approximation calculation needs the following assumptions: active
power is contributed by only one frequency component of vp(t) and ip(t),
T0 << Tt and Tt = nT0, where n ∈Z. Under these assumptions, the dashed
area of vp(t) and vsqr(t) are equal. If the average power for vp(t) and vsqr(t)
are indicated by Pp and Psqr, respectively, the equivalent voltage deriva-
tions are given as

Pp = 1
Tt

∫ Tt

0
vp(t)ip(t)dt ≈ Psqr = 1

Tt

∫ Tt

0
vsqr(t)ip(t)dt, (2.2)

vp(t)dt ≈ vsqr(t)dt, (2.3)

vp(t)dt ≈Vmag

k0=(N0−1)∑
k0=0

T0

2
, k0 =Z, N0 ≈ Tt −0

T0/2
, Tt = 2π

3ωl
, (2.4)
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Vamp

[ k1=(N1−1)∑
k1=0

sin
(
ωlk1

T0

2
+ π

3

)
+

k1=(N2−1)∑
k1=N1

sin
(
ωlk1

T0

2
+ 4π

3

)]T0

2
≈VmagTt,

(2.5)

k1 = 2Z, N1 ≈ Tt/2−0
T0/2

, N2 ≈ Tt −Tt/2
T0/2

, (2.6)

where Vmag is the amplitude of vsqr(t) and ωl is the input line frequency in
radian. Because of the n assumption, N0, N1 and N2 are rounded. On the
left side of (2.5), two summations correspond to the region of Max(v)= va(t)
and Max(v)= vc(t), respectively. Since both regions can be assumed to have
equal pattern and size, both summations can be combined. The amplitude
Vmag can then be expressed as

Vmag ≈ 2Vamp

[ k1=(N1−1)∑
k1=0

sin
(
ωlk1

T0

2
+ π

3

)] T0

2Tt
. (2.7)

The amplitude of vnim(t) is obtained by extracting the fundamental har-
monic of vsqr(t) as follows:

Vnim =Vmag
4
π

1�
2

. (2.8)

The
�

2 division produces root mean square (RMS) value.
At maximum output power operation, the vsqr(t) amplitude can be ap-

proximated by performing an integration over the two Max(v) regions, and
dividing the result by two. Using this approach, the amplitude can be
expressed as

Vmag(M) ≈
3Vamp

2π
. (2.9)

The “(M)” subscript indicates the maximum output configuration.

SIM strategy
SIM is explained in Publication V, and uses two input phases having an
opposite sign to perform injection. The phases can be obtained from a
minimum absolute value calculation as follows:

Min(v)=Min(|va(t)|, |vb(t)|, |vc(t)|). (2.10)

At this region, when one phase is equal to Min(v), the other two will have
a maximum peak-to-peak range. Figure 2.10 illustrates SIM operation
for maximum output power mode, in which the three-phase input with an
amplitude of Vamp is divided into two Min(v) regions. Injection voltages are
indicated by bars with diagonal stripes, where one injection is followed
by another one with a different polarity. It can be seen from the figure
that there is no FWO in this maximum output mode, hence Sdn and Sdp
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are not operated. At Min(v)= va(t), injections are performed from Phase B
and Phase C through Sbp and Scn, respectively. In common with NIM,
current zero-crossing transition is also used to operate converter switches.
SIM operation at partial load is shown in Figure 2.11. In this case, the
injections are sparser than the case provided in Figure 2.10, and the FWO
is utilized.

Figure 2.10. SIM illustration of MMCFS at maximum output power. Switching actions
during Min(v)= va(t) are highlighted.

Figure 2.11. SIM operation at partial load. Switching actions during Min(v)= va(t) are
highlighted.

The equivalent input voltage of SIM is also needed for steady-state
analysis. Its calculation uses the same approach as in the Vnim case. The
approximation process is illustrated in Figure 2.12. Analogous to NIM,
variable vsqr(t) with an amplitude of Vmag represents a square voltage
equivalent of the vp(t). The switching period is denoted by T0, which
is equivalent to the primary resonant current period. In this case, Tt
indicates the two Min(v) regions, which equals to two Max(v) regions. To
calculate the equivalent voltage at maximum output operation, an integral
approach is used. The approximation assumptions and steps are the same
as those used to calculate NIM, which begins with (2.2). For SIM, Vmag can
be expressed as
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Figure 2.12. Square voltage approximation of vp(t) for SIM during Min(v) equals vb(t) and
va(t). The value of T0 is exaggerated to Tt/4 for clarity.

Vmag(M)Tt ≈
1
2

[∫ Tt/2

0
Vampsin

(
ωlt+

π

2

)
dt+

∣∣∣∣
∫ Tt/2

0
Vampsin

(
ωlt+

7π
6

)
dt
∣∣∣∣

+
∫ Tt

Tt/2
Vampsin

(
ωlt−

π

6

)
dt+

∣∣∣∣
∫ Tt

Tt/2
Vampsin

(
ωlt+

7π
6

)
dt
∣∣∣∣
]

, (2.11)

therefore, the amplitude of vsqr(t) can be written as

Vmag(M) ≈
3
�

3Vamp

2π
. (2.12)

Finally, the equivalent voltage at a maximum output is obtained by ex-
tracting the fundamental of vsqr(t) as follows:

Vsim(M) =Vmag(M)
4
π

1�
2
= 6

�
3Vamp�
2π2

. (2.13)

The value is in the RMS form due to the
�

2 division.
For the maximum output power operation, the ratios of approximated

voltage and average power between NIM and SIM can be calculated as

Vsim(M)

Vnim(M)
=
(

6
�

3Vamp�
2π2

)/(
6Vamp�

2π2

)
=�

3≈ 1.732, (2.14)

Psim(M)

Pnim(M)
= V 2

sim(M)

V 2
nim(M)

= 3. (2.15)

Variable Vnim(M) was obtained by combining equation (2.8) and (2.9). Equa-
tion (2.15) implies that the SIM produces three times more power than
NIM in this case.

Since both modulation methods are a variation of PDM, the power trans-
fer increment or decrement is discrete. A smoother transition can be
achieved by increasing the resonant frequency of the IPT system.
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2.2.3 Galvanic isolation

A coupled inductor/coil can be applied on the RCL load to provide a gal-
vanic isolation and mobility between the MMCFS and the R. The usage
transforms the schematic in Figure 2.5 to that shown in Figure 2.13, in
which the RCL load of the converter is divided into two parts. The first
part is the inductor-capacitor (LC) circuit on the primary side, which is
denoted by the “p” subscript, and the second part is the inductance on the
secondary side indicated by the “s” subscript, which is attached to R. Both
sides are magnetically connected through a mutual inductance, which can
be expressed as

M = k
√

LpLs, (2.16)

where k is a coupling factor between the coupled coil, which depends on
its physical properties [1,26]. Henceforth, the network of capacitor Cp and
the coupled inductor (i.e., Lp and Ls) will be referred to as a LC-L network
in the following chapters.

Figure 2.13. Applying galvanic isolation to MMCFS topology.
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3. Inductive Power Transfer Application
of MMCFS

This chapter discusses the application of MMCFS in a stationary IPT sys-
tem. Section 3.1 briefly introduces a typical series-series IPT configuration
connected to a three-phase power source. The series-none MMCFS-IPT
application is presented in Section 3.2, and the IPT theoretical models
are derived in Section 3.3. These models describe the characteristics of
the series-none IPT system, such as resonant frequency, output power,
link efficiency, voltage gain, and damping behavior. Finally, this chapter
closes with an explanation of the MMCFS application in a series-series
IPT system capable of bi-directionally transferring power.

3.1 Series-series IPT circuit configuration

The circuit diagram of a typical series-series IPT system connected to a
three-phase AC source can be seen in Figure 3.1, in which the primary
side comprises an AC/AC converter that can be either the indirect or direct
type. This AC/AC converter is connected to a series LC network (i.e., Lp

and Cp) on the primary side. The LC network on the secondary side (i.e.,
Ls and Cs) is attached to a pick-up circuit consisting of a rectifier and
a DC/DC converter. The rectifier converts AC to DC for powering the
load (e.g., electric equipment and a battery), while the DC/DC converter
controls the current or voltage delivered to such a load. Both circuit sides
are physically separated and magnetically coupled through Lp and Ls coils.
Such physical separation usually exhibit a low k characteristic. Since the
primary and secondary LC networks are identical, namely Lp = Ls and
Cp = Cs, the networks have equal resonant frequency (ω0) [1,3,5,27,28].

Figure 3.1. Series-series IPT system.
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The inverter side of the AC/AC converter is operated at ω0 of the LC
networks to cancel leakage inductance of both Lp and Ls. This cancella-
tion minimizes a volt-ampere rating of the converter and improves power
transfer efficiency between the source and the load [1,27,28].

3.2 MMCFS-based self-oscillating IPT system

Descriptions of series-none MMCFS-IPT are provided in Publications V
and VI. In this case, the MMCFS is utilized as an AC/AC converter as can
be seen from the circuit diagram in Figure 3.2. Compared to the series-
series IPT configuration, this series-none removes the capacitor Cs on the
secondary side [1,8,10].

Figure 3.2. Series-none IPT system using MMCFS on its primary side.

3.2.1 Current control

As discussed in Section 2.2.2, the number of injections is varied to control
the power transfer between the primary and secondary sides of the IPT
system. This variation can be produced by an on-off current controller
implemented on the primary circuit side. The flowchart of such a controller
is shown in Figure 3.3. The diagram indicates that when the IPT system is
turned on for the first time (i.e., Ip < Ilim), it must perform an initial stage
to reach a steady-state condition. This stage uses a kick-start block to
trigger ip(t) oscillation in the LC network on the primary side. The control
algorithm is executed after the IPT system passes the initial stage, namely
Ip < Ilim is FALSE. When the ON state is TRUE, the number of FWOs will
be adjusted (i.e., increased or decreased) to maintain the Ip close to the Iref.
As a result, the power transfer between the primary and secondary sides
can be controlled. The MMCFS-IPT is turned off by setting the ON state
to FALSE, during which the converter utilizes only FWO to completely
remove the oscillating current in the primary-side LC network.
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Figure 3.3. The flowchart of on-off current control used in the MMCFS-IPT system.

3.3 Theoretical model of a MMCFS-based series-none IPT system

Simplified circuit models and mathematical equations were developed to
analyze the electrical characteristics of a series-none MMCFS-IPT system.
These models and equations are based on Publications I and VI. In terms
of the models, they are simplified versions of the circuit in Figure 3.2, as
can be seen in Figure 3.4. In the figure, veq(t) replaces the three-phase
input and switching network of the MMCFS-IPT. The amplitude of veq(t)
is determined by the converter modulation method, which can be either
Vnim or Vsim (see Section 2.2.2). The components in the gray area (i.e., a
rectifier, a smoothing capacitor CL and a resistor RL) represents the pick-
up circuit and the load in Figure 3.2. Parasitic resistances of the primary
and secondary coils are shown and denoted by Rp and Rs, respectively.
Additionally, currents that flow in the circuits are denoted by ip(t) and is(t).

Figure 3.4. Two simplified circuit models of a MMCFS-IPT system.

In Figure 3.4, the top schematic can be simplified by representing com-
ponents in the gray area with an AC equivalent load Req [29]. Thus, this
approach produces the bottom schematic that has the following steady-
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state equations:{
Veq = ip

jωCp
+ ipjωLp + ipRp − isjωM,

0= isReq + isjωLs + isRs − ipjωM,
Veq =

{
Vnim if NIM
Vsim if SIM.

(3.1)

The expression of M was given in (2.16), and ω is the frequency of veq(t) in
rad/s. The electrical characteristics of the MMCFS-IPT are derived based
on an assumption that all circuit components are ideal.

In order to determine a relationship between voltage and current, the
equations provided in (3.1) are combined to form

Veq = ipZt1 = isZt2, (3.2)

Zt1 =
ω2M2(Rs +Req)

ω2L2
s + (Rs +Req)2 +Rp + j

[
ωLp − 1

ωCp
− ω3M2Ls

ω2L2
s + (Rs +Req)2

]
, (3.3)

Zt2 =
(Rs +Req + jωLs

jωM

)(
Rp + 1

jωCp
+ jωLp

)
− jωM. (3.4)

These equations are obtained by either eliminating ip or is term through
substitution.

3.3.1 Resonant frequency

The ω0 of the MMCFS-IPT load is used to switch the converter of the IPT
system for resonant operation. At this mode of operation, the imaginary
part of (3.3) is equal to zero, and the equation can be arranged into a
quartic form as

ω0Lp − 1
ω0Cp

= ω3
0M2Ls

ω2
0L2

s + (Rs +Req)2 , (3.5)

Cp(LpL2
s −M2Ls)ω4

0 + [LpCp(Rs +Req)2 −L2
s]ω2

0 − (Rs +Req)2 = 0. (3.6)

Since this quartic equation has a bi-quadratic form, the roots of the equa-
tion can be obtained through the quadratic formula. These roots can be
expressed as

ω0 =±
�
−Θ±Ψ, (3.7)

Θ= 1
2L2

p

[
β1

2(Rs +Req)2 −β2

1−k2

]
, Ψ=

√
Θ2 + β2β1

2(Rs +Req)2

L4
p(1−k2)

, (3.8)

β1 =
Lp

Ls
, β2 =

Lp

Cp
, (3.9)

where their characteristics can be investigated through discriminant cal-
culation that can be found in [30]. Any root that has a positive and real
value is the ω0. In the series-none IPT system case, multiple roots with
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such a value can be avoided to prevent a frequency split at a relatively
high k [14].

At the resonance, the expressions of ip and is become

ip(res) =Veq/
[

Rp +
ω2

0M2(Req +Rs)
ω2

0L2
s + (Req +Rs)2

]
, (3.10)

is(res) =Veq/
{

RpLs

M
+ ω2

0LsM(Rs +Req)
(Rs +Req)2 +ω2

0L2
s

+ j
[

ω3
0L2

s M
(Rs +Req)2 +ω2

0L2
s
− Rp(Rs +Req)+ω2

0M2

ω0M

]}
, (3.11)

which are derived by inserting (3.5) into (3.2).

3.3.2 Link efficiency and voltage gain

Link efficiency is a measure indicating the effectiveness of the transfer of
power between the primary and secondary sides. Since the MMCFS-IPT is
operated at the ω0, this efficiency is calculated during the resonance as

ηlink = Ps

Pp
, Ps = |is(res)|2Req, Pp =Veqip(res), (3.12)

where Ps and Pp are the power consumed by Req and the primary LC
circuit, respectively. The link efficiency can be further derived by inserting
(3.10) and (3.11) into (3.12) as follows:

ηlink =

[
ω2

0M2(Rs+Req)
ω2

0L2
s+(Rs+Req)2

]
[

Rp + ω2
0M2(Rs+Req)

ω2
0L2

s+(Rs+Req)2

] Req

(Rs +Req)
(3.13)

= ω2
0M2Req

ω2
0M2(Rs +Req)+Rp

[
(Rs +Req)2 +ω2

0L2
s
] , (3.14)

= 1
1+ 1

Qsγ
+ γ

k2Qp
+ 2

k2QpQs
+ 1

k2QpQ2
sγ

+ 1
k2Qpγ

, (3.15)

k = M√
LpLs

, Qp = ω0Lp

Rp
, Qs = ω0Ls

Rs
, γ= Req

ω0Ls
. (3.16)

Primary and secondary side quality factors are denoted by Qp and Qs,
respectively, while γ indicates the load matching factor [5].

The optimum value of Req that corresponds to the maximum value of
ηl ink is derived in Publication I. Such value of Req, namely Ropt is expressed
as

Ropt ≈ω0Ls

√
k2 +1. (3.17)
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Therefore, the maximum value of ηl ink in a series-none IPT system mainly
depends on ω0, Ls and k.

In an actual stationary IPT application, variable k may change due to
several reasons, such as the aging of electrical components and the position
inconsistency of the primary and secondary sides. Such k variation requires
continuous tuning of Req to Ropt to maintain the maximum value of ηl ink

at steady-state operation. This tuning can be achieved using a secondary
side DC-DC converter [5,11].

Voltage gain is a ratio between Vs (the output voltage over Req) and Veq,
which can be expressed as follows:

G = Vs

Veq
=

√
PpηlinkReq

Veq
=

ω0MReq

√
(Req +Rs)2 +ω2

0L2
s

ω2
0M2(Req +Rs)+Rp

[
(Req +Rs)2 +ω2

0L2
s
] , (3.18)

=
ηlink

√
(Req +Rs)2 +ω2

0L2
s

ω0M
= ηlink

k

√
1
β1

[(
γ+ 1

Qs

)2

+1
]

. (3.19)

3.3.3 Current damping mechanism

Under-damped behavior of ip(t) is preferred in a series-none IPT system
based on ZCS. This is because such behavior prolongs the current oscil-
lation for a certain period of time. The behavior is determined by the
damping ratio of the MMCFS load in the IPT system, which is a ratio
between the exponential decay frequency and the resonant frequency. This
ratio is calculated from a set of dynamic equations based on the bottom
schematic of Figure 3.4 as follows:⎧⎪⎪⎨

⎪⎪⎩
.

vcp(t)= ip(t)
Cp

,

vp(t)= vcp(t)+ ip(t)Rp +Lp
.
ip(t)−M

.
is(t),

0= is(t)(Rs +Req)+Ls
.
is(t)−M

.
ip(t),

vp(t)=
{

Max(v) ,0< t ≤ T0
2 ,

0 , T0
2 < t ≤ T0,

(3.20)
where M was given in (2.16), vp(t) is the voltage over the primary LC
network, and vcp(t) is the voltage over Cp.

The process to achieve the damping ratio expression of the series-none
IPT system requires discriminant and dominant pole (the closest pole to
the imaginary axis in a complex plane) assumptions, and involves several
steps. First, the following state-space form is constructed based on (3.20):⎡
⎢⎢⎢⎢⎣

.
vcp(t)

.
ip(t)

.
is(t)

⎤
⎥⎥⎥⎥⎦=

⎡
⎢⎢⎢⎢⎣

0 1
Cp

0

− Ls
LpLs−M2 − RpLs

LpLs−M2 −M(Rs+Req)
LpLs−M2

− M
LpLs−M2 − MRp

LpLs−M2 −Lp(Rs+Req)
LpLs−M2

⎤
⎥⎥⎥⎥⎦

︸ ︷︷ ︸
A

⎡
⎢⎢⎢⎢⎣

vcp(t)

ip(t)

is(t)

⎤
⎥⎥⎥⎥⎦+

⎡
⎢⎢⎢⎢⎣

0

Ls
LpLs−M2

M
LpLs−M2

⎤
⎥⎥⎥⎥⎦vp(t).

(3.21)
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Secondly, determinant is calculated to obtain the eigenvalues of matrix A:

|sI−A| = s3 +
[

RpLs +Lp(Rs +Req)
LpLs −M2

]
s2

+
[

Rp(Rs +Req)Cp +Ls

Cp(LpLs −M2)

]
s+ (Rs +Req)

Cp(LpLs +M2)
.

(3.22)

The eigenvalues are the roots of the cubic equation in (3.22), which are
also the poles of the series-none IPT system [31]. Since the under-damped
behavior is preferred, the system must have a pair of complex conjugate
poles. Therefore, the discriminant of the cubic equation must be D > 0 [32].
By assuming such discriminant value is fulfilled, the poles of (3.22) become

s1,2 =−ζω0 ± jω0
√

1−ζ2, s3 = c3, (3.23)

where ζ is the damping ratio, and c3 is a real constant. Additionally, by
assuming c3 is sufficiently far from the real axis on the negative side, the
complex conjugate poles become dominant. Under this assumption, the
behavior of the cubic equation can be approximated by that of its second
order part comprising the dominant poles. Finally, the ζ can be calculated
as follows [14,31,33]:

ζ= |Re{s1}|
|s1|

= |Re{s2}|
|s2|

. (3.24)

3.4 Bi-directional power transfer of a MMCFS-based IPT system

The bi-directional power transfer capability of a MMCFS-based IPT system
is explained in Publication IV, and the circuit diagram of such system is
shown in Figure 3.5. The figure demonstrates that the secondary side
consists of a LC network (i.e., Ls and Cs) and an active bridge topology (i.e.,
Sf1, Sf2, Sg1 and Sg2) connected to a voltage source vo(t). The compensation
configuration of this IPT system is series-series due to the existence of Cp

and Cs. Both circuit sides are magnetically coupled, and their controllers
communicate through a wireless communication channel.

For transferring power from the primary to the secondary (PTS) side,
the IPT system only operates the MMCFS switches while utilizing the
passive rectification of the diode bridge on the secondary side. Therefore,
electric power flows from the three-phase voltage source to the vo(t) on the
secondary side. In this scenario, the current commutations and modulation
strategies of the MMCFS are identical to those explained in Section 2.2.1
and 2.2.2, respectively. In the case of power transfer from the secondary to
primary (STP) side, the electric power flows from vo(t) to the primary circuit
through an inversion process using the active bridge on the secondary side.
The switches of the MMCFS are simultaneously operated to transfer this
power to the three-phase input.
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Figure 3.5. Topology of a bi-directional IPT system using MMCFS on the primary side
© 2018 IEEE.

3.4.1 Current commutation in STP power transfer

On the primary side, the current commutations of the MMCFS are equal
to those described in Section 2.2.1. However, vp(t) is shifted 180◦ with
respect to ip(t). In addition, the current commutations on the secondary
side are depicted in Figure 3.6, in which the flow of is(t) are marked by
bold lines. Analogous to the MMCFS, injection and FWO commutations
are also applied by the bridge. In the STP case, the switching states of the
bridge are described in Table 3.1 in which a value of “1” marks the on state,
while “−” indicates the off state. This table shows that two modes of FWO
can be used for the STP.

(a) (b)

(c) (d)

Figure 3.6. Current commutations of the full-bridge converter on the secondary side. (a)
Negative injection. (b) Positive injection. (c) Negative FWO. (d) Positive FWO.
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Table 3.1. Switching states of secondary-side converter

is(t)< 0 is(t)> 0

Sf1 Sf2 Sg1 Sg2 Sf1 Sf2 Sg1 Sg2

Injection 1 − − 1 − 1 1 −
FWO (1) 1 − − − − − 1 −
FWO (2) − − − 1 − 1 − −

3.4.2 Modulation of secondary-side converter

For STP, a PDM similar to that of NIM and SIM is used in the inversion
process of the bridge converter, thus power flow is also regulated by varying
the number of injections with respect to FWOs. The modulation process
is illustrated in Figure 3.7, in which injections are marked by bars with
diagonal stripes and FWOs are indicated by zero on the time axis. In
this modulation, the injection source is vo(t), which has an amplitude of
Vo. Analogous to NIM and SIM, transition between the commutations is
performed at zero-crossing of is(t). This type of modulation is similar to
the square-wave operation using unipolar and bipolar voltage switchings
described in [15].

Figure 3.7. The modulation of inversion process with controlled power flow © 2018 IEEE.
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4. Implementation and Data Analysis

This chapter analyzes ideal and actual system behaviors. Section 4.1
presents the simulation results of MMCFS-based IPT systems. These
results contain both unidirectional and bi-directional power transfer opera-
tions. Section 4.2 describes an actual prototype of the series-none MMCFS-
IPT system. This section also elaborates the electrical and electronic
components used in the actual prototype as well as practical requirements
(e.g., a kick-start method and a multistep strategy). Finally, the experi-
mental data of the prototype are analyzed and compared with theoretical
calculations in the last section of this chapter.

4.1 Ideal System Characteristics

The operations of MMCFS-IPT are demonstrated at the simulation level,
in which the electrical components of the IPT system are assumed to
be ideal. In both unidirectional and bi-directional power transfer cases,
the simulation is configured for maximum output power operation. As
a result, the varying sparseness of injections is not demonstrated. The
electrical parameters of the MMCFS-IPT in this ideal condition are shown
in Table 4.1, where fl denotes the line input frequency in Hertz. The
parameter values were chosen based on the damping ratio and the resonant
frequency of the LC-L and equivalent AC load. These values do not conform
to a standard for a certain application.

Table 4.1. Ideal system parameters

fl (Hz) Cp (nF) Lp (μH) Rp (Ω) Cs (nF)* Ls (μH) Rs (Ω)

50 200 200 0.3 200 200 0.3

*Capacitor Cs is only used in bi-directional power transfer simulation.
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4.1.1 Unidirectional power transfer operation

In the unidirectional power transfer case, the LC-L network and load
configurations are based on the bottom schematic of Figure 3.4. The Vamp

of the input three-phase was set to 100 V, the k of the coupled coil was fixed
to 0.55 and Req was set to 38.698 Ω. This resistance value is the Ropt (see
Section 3.3.2) for the given parameters in Table 4.1, and was calculated in
Publication I.

The voltage and current waveforms of NIM and SIM operations are
presented in Figure 4.1, which are based on Publication V. From the input
voltage graphs, NIM uses only one input phase (in this case Phase A) for
performing injection, while in contrast, SIM utilizes two input phases (in
this case Phase A and Phase C). Consequently, the current amplitudes of
SIM are larger than those of NIM.
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Figure 4.1. Simulation results of unidirectional power transfer operation. (a) NIM utiliz-
ing Sap and Sdn switches. (b) SIM utilizing Sap and Scn switches.

The extracted electrical quantities of voltages and currents in Figure 4.1
at steady-state are presented in Table 4.2. These values are based on the
resonance operating point, which is 26.835 kHz. The ratios of Vsim(M)/Vnim(M)

and Psim(M)/Pnim(M) are approximately 1.626 and 2.643, respectively. The
first ratio was obtained by dividing Vp of SIM by that of NIM, while the
second ratio was calculated by dividing Pp of SIM by that of NIM from
the Table 4.2. These ratios are in close agreement with the theoretical
predictions outlined in Section 2.2.2.

Table 4.2. Electrical quantities at the resonant frequency

Vp (Vrms) Ip (Arms) Is (Arms) Pp (W)

NIM 39.036 7.29 2.622 284.541

SIM 63.458 11.849 4.263 751.922
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4.1.2 Bi-directional power transfer operation

The application of MMCFS-IPT for bi-directional power transfer is ex-
plained in Publication IV. In this case, the simulation model is based on
the schematic provided in Figure 3.5. The configuration has a three-phase
amplitude of 230 V, k = 0.1 and Vo = 388.2 V . The amplitude of vo(t) (Vo) on
the secondary side was chosen to produce Vs = 2.5Vp.

Primary to secondary power transfer
Simulated waveforms of PTS power transfer are shown in Figure 4.2.
The MMCFS switching frequency is approximately 158.291 ·103 rad/s or
25.193 kHz, and the average power on the input side is 15.897 ·103 W.
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Figure 4.2. Simulation results of PTS power transfer, in which (b) is the magnification of
(a) on the time axis © 2018 IEEE.

Secondary to primary power transfer
In STP power transfer, the simulation waveforms are shown in Figure 4.3.
In this case, the phase difference between the voltage and current in
both primary and secondary sides is 180◦, as can be seen in Figure 4.3(b).
The MMCFS switching frequency is approximately 166.53 ·103 rad/s or
26.504 kHz, and the average power on the input side is −48.89 ·103 W.

4.2 Experimental setup

The experimental setup of a series-none MMCFS-IPT system is shown
in Figure 4.4. Each printed circuit board (PCB) in MMCFS of the IPT
system was designed by the author of this dissertation, and the board
manufacturing process was outsourced from a private PCB company. The
entire circuit was built in a modular form with multiple test points for
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Figure 4.3. Simulation results of STP power transfer, in which (b) is the magnification of
(a) on the time axis © 2018 IEEE.

debugging purposes.

Figure 4.4. The experimental setup of a series-none MMCFS-IPT system.

Figure 4.5 depicts a general block diagram of the IPT system in which
thick arrows indicate power flow, whereas thin arrows mark control sig-
nals. The three-phase voltage is a programmable AC power source (i.e.,
Regatron TC50.480.72-ACS-14026). The source is connected to three input
capacitors to reduce the influence of the input line inductance. Each input
capacitor (i.e., Epcos 12 μF) is connected in parallel between one input
phase and a neutral. The switching network comprising eight discrete
IGBTs (i.e., Infineon IKW40N120H3) is attached between the input capac-
itors and the primary capacitor Cp. The Cp was built by connecting ten
2 μF film capacitors (i.e., KEMET C4B MKP) in series. The coupled coil
is connected between the capacitor bank and the AC load. This AC load
represents the components in the gray area in Figure 3.4, which consists
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of a full-bridge rectifier (i.e., SemiQ GHXS030A060S-D1E), a smoothing
film capacitor of 66 μF, and a variable resisitive load (i.e., Terco MV1100).

Figure 4.5. The block diagram of a series-none MMCFS-IPT system.

Figure 4.5 also displays a voltage processor being used to determine a
phase of the input voltage. This processor employs resistor dividers as well
as a phase-locked loop circuit. Additionally, the current processor is used
to monitor amplitude and zero-crossing of ip(t). This current processor
consists of a current transducer (i.e., LEM CASR-6), a precision rectifier,
and a ZCD circuit. A field-programmable gate array (FPGA) circuit (i.e
Terasic DE10-Nano) is used to perform a modulation method, which in-
volves logic operations and utilizes the outputs of both voltage and current
processors. This modulation produces gate signals to control the switching
network. The gate drivers (i.e., Texas Instruments UCC21521) convert
these signals to suitable voltages for switching IGBTs in the switching
network. Each driver is powered by an isolated power supply (i.e., CUI
VQA-S15-D15-SIP). The gate resistances for turning-on and turning-off
the IGBTs have a value of 10 Ω, which were randomly selected from the
IGBT manufacturer’s datasheet.

4.2.1 Coil configuration

To simplify the coil manufacturing process, a flat spiral coil with an air core
was chosen for the series-none MMCFS-IPT setup. The coil dimensions
were calculated using the Wheeler approximation formula to achieve a
self-inductance of 200 μH [34,35]. Both primary and secondary coils were
constructed from a litz wire that contains 1000 strands of 38 gauge (i.e.,
American wire gauge) isolated wire to reduce the skin effect. The number
of strands and gauge size were selected based on the ip(t) requirement and
the ω0 of the IPT system, respectively. A supporting platform for each coil
was built from plywood and plexiglass materials, which were cut using a
laser cutter in the Aalto Fablab. Each coil was manually assembled by
hand.

The illustration and dimensions of the single coil are provided in Fig-
ure 4.6. Additionally, an illustration of coupled coil consisting of Lp and Ls

in the experimental setup is shown in Figure 4.7. In the setup, both Lp and
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Ls are placed facing each other at a distance of dc with no misalignment.
The coil design is not optimized since it is not the focus of this dissertation.

Symbol Meaning Value

di Inner diameter 163 mm
do Outer diameter 532 mm
ds Wire separation 3 mm
dw Wire diameter 4.7 mm
Nt Number of turns 24

Figure 4.6. Diagonal and lateral illustrations of a single IPT coil. Circles with diagonal
stripes represent the wire cross section.

Figure 4.7. Diagonal view of the primary and secondary coils in a practical application.

4.2.2 Practical passive component values

In practice, passive components forming the LC-L network have a degree
of accuracy and contain parasitic elements. Therefore, it is beneficial to
measure the actual values of the components using a RCL meter and a
multimeter. In addition, to calculate the mutual inductance of Lp and Ls,
a series-connected measurement is required as can be seen in Figure 4.8.
In this figure, the measurement current is denoted by im(t) and each coil
polarity is marked by a dot. The series measurement using opposite and
identical polarities produces two additional inductances, namely L1 and
L2 [26]. Thus, the mutual inductance of the coupled Lp and Ls can be
obtained by the following equation:

M = L1 −L2

4
. (4.1)
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Figure 4.8. Two connection types of Lp and Ls for M calculation.

4.2.3 Kick-start method

A kick-start method is elaborated in Publications III and VI. Since the
MMCFS in the IPT system uses a modulation strategy based on ZCS, an
oscillating current in the LC-L circuit is needed at the initial stage for
triggering a steady-state operation. This kick-start method charges Cp to a
certain voltage level, then release the accumulated energy in the capacitor
using the free-wheeling switch of the MMCFS. To charge the capacitor, an
approach based on the DC resonant charging is used by benefiting from
the series-none MMCFS-IPT topology. Figure 4.9 shows a current injection
path extracted from the MMCFS-IPT schematic, which resembles the DC
resonant charging circuit. Since the MMCFS has three input channels, the
converter can charge the capacitor from three different sources.

Figure 4.9. Injection path of the series-none MMCFS-IPT using Phase A.

The injection sequence of the charging process is illustrated in Fig-
ure 4.10. The figure shows that the switching network of the MMCFS
generates pulses of positive and negative voltages sequentially from three
different inputs at the beginning of Max(v) regions. These applied pulses
with a duration grater than T0/2 increase the capacitor voltage (i.e., vcp(t))
and energy to certain levels. When this energy is released by the MMCFS-
IPT free-wheeling switch, an oscillating current in the primary LC circuit
is produced. The amplitude of this current is directly proportional to the
final charging voltage of the capacitor, which can be calculated using the
dynamic equation provided in Publication III.

The steady-state operation of the MMCFS-IPT can be triggered at dif-
ferent combinations of input voltage amplitude, coupling factor and load
condition using the kick-start method.
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Figure 4.10. Injection voltage sequence of vp(t) in the kick-start process.

4.2.4 Multistep switching

A practical semiconductor device with three-terminal configuration is not
an ideal switch due to parasitic elements. As a result, actual switching
transition in a power converter is not instantaneous. To overcome this
limitation, a multistep switching strategy based on current zero-crossing
was developed for operating the MMCFS switching network. This strategy
allows the converter to use the non-ideal switch while simultaneously
preventing two switching prohibitions described in Section 2.1.2. How-
ever, this approach prevents the actual MMCFS from performing the ZCS
operation.

The multistep switching strategy for positive and negative injections
from Phase A is illustrated in Figure 4.11. The variable Td denotes the
injection duration and Tb denotes the blanking time. Both time variables
must be chosen to ensure a continuous oscillation of ip(t) in the IPT system.
Additionally, Tasc and Tdes denote delays of the Sap signal with respect to
ip(t)= 0. Similarly, the same switching transitions can also be applied to
injections from Phases B and C.

The non-ideality of the semiconductor device and the implementation of
the multistep switching strategy in the MMCFS affect the input voltage
approximation provided in Section 2.2.2. As a result, corrections are
required to accommodate the influence. For NIM, the corrected version of
(2.7) is explained in Publication VI, which has a form of

Vmag ≈ 2Vcorr

[ k1=(N1−1)∑
k1=0

sin
(
ωl

[
k1

T0

2
+Tasc

]
+ π

3

)]Tcorr

Tt
, (4.2)

Vcorr =Vamp −Vdt −Vdd, Tcorr = T0

2
−Tasc −Tdes. (4.3)
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(a) (b)

Figure 4.11. Multistep switching strategy. (a) Positive injection case. (b) Negative injec-
tion case.

The Vdt and Vdd denote corrections due to the voltage drops of IGBT and
its own anti-parallel diode, respectively.

4.2.5 Zero-crossing detector circuit

In the context of MMCFS, a ZCD circuit approximates zero crossing of
ip(t) corrupted with Gaussian noise for assisting the FPGA controller to
produce gate signals. The ZCD circuit used in the experimental setup of
a series-none MMCFS-IPT system are described in Publication II. The
circuit diagram and voltage characteristics of this ZCD are shown in
Figure 4.12 and Figure 4.13, respectively. The circuit is composed of a
passive low-pass filter constructed by Rf and Cf, a dynamic hysteresis
comparator (DHC), and an edge-triggering circuit. The detection process
of the zero crossing involves several steps: conversion of ip(t) to vdis(t) by a
current transducer (i.e., LEM CASR-6), partial filtering of vdis(t) to produce
vfo(t), polarity marking of vfo(t) by the DHC using square voltage vco(t),
and zero crossing marking by the edge-triggering circuit using vz(t). In
the prototype of the series-none MMCFS-IPT system, this edge-triggering
circuit is implemented in the FPGA.

Figure 4.12. ZCD circuit diagram © 2017 IEEE.

The DHC circuit is an essential component of the ZCD. The schematic
and voltage waveforms of such a circuit are presented in Figure 4.14, which
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Figure 4.13. The voltage characteristics of ZCD circuit © 2017 IEEE.

displays that the circuit is formed by combining an op-amp and a passive
differentiator consisting of Cd and Rd. The input signal vfo(t) is expected
to be sinusoidal with a period of Tfo, and may have DC offset. In the
MMCFS-IPT application, the period is equal to the resonant frequency
period (i.e., T0). The differentiator transforms square voltage vco(t) to
decaying voltage vh(t) that is used as hysteresis by the op-amp. The decay
time of vh(t) depends on the values of Cd and Rd, whereas the offset of vh(t)
is determined by Voff. Since this offset shifts the peak of vh(t) to Vtot, the
op-amp input must be able to handle such voltage increment. Note that
the Voff in Figure 4.14 is the same as that of Figure 4.12.

Figure 4.14. Schematic and voltage waveforms of the DHC circuit © 2017 IEEE.

For a ZCD application in MMCFS-IPT systems, Voff must be identical
to the offset of vfo(t). In addition, the decay time of vh(t) must be slightly
lower than Tfo/2 to prevent the lagging of vco(t). In the actual prototype of
the series-none MMCFS-IPT system, the LT1711 from Analog Devices is
used as the op-amp.
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4.3 MMCFS-IPT Data Analysis

The behavior of an actual series-none MMCFS-IPT system is analyzed by
comparing theoretical calculations and experimental data. The analysis
presented in this section is adapted from Publication VI and limited to the
case of unidirectional power transfer in which MMCFS is driven by NIM.
The electrical quantities of the actual IPT system and its auxiliary circuits
are provided in Table 4.3. These values were measured by the Fluke 28-II
multimeter and the PM6306 RCL meter. In the ZCD and DHC table, the
quantities originate from the nominal values of the components. Since the
sinusoidal input of the ZCD (i.e., CASR-6 output) is shifted by 2.5 V, the
Voff of the DHC is supplied by the same voltage level using the LM4030
voltage reference from Texas Instruments.

Table 4.3. Actual electrical characteristics

MMCFS-IPT:

Vamp fl Cp Lp Rp Ls Rs CL RL dc k

(Vrms) (Hz) (nF) (μH) (Ω) (μH) (Ω) (μF) (Ω) (cm) -

70.8 50 203.7 196.7 0.08 196 0.1 66 49.9 5.5 0.53

ZCD and DHC:

Rf (Ω) Cf (pF) Rd (Ω) Cd (nF) VCC (V) VEE (V) Voff (V)

51±0.1% 220±5% 231±0.1% 4.7±10% 5 -5 2.5

Experimental data for visualization purpose were measured and recorded
using two oscilloscopes (i.e., Tektronix TPS 2024B and TPS 2014B). These
data were then re-plotted by MATLAB for clarity. Additionally, the Tek-
tronix MDO4104C oscilloscope were used to measure and record high
resolution waveforms for data extraction.

4.3.1 Coupling factor limitation

The eigenvalues plot of the actual series-none MMCFS-IPT system is
shown in Figure 4.15, which is based on the parameters provided in Ta-
ble 4.3. In addition, the calculated values of D and ζ with respect to dif-
ferent k numbers are shown in a table under the graph. The table reveals
that high k corresponds to high ζ, which can shorten the free-wheeling du-
ration of ip(t) oscillation. Consequently, the timespan of successive FWOs
becomes limited for the continuous operation of the IPT system.

4.3.2 Practical kick-start process

The waveforms of the actual MMCFS-IPT system during the kick-start
process are presented in Figure 4.16. As can be seen from the plot of
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k

0.33 0.53 0.73

D 5.21 ·1030 7.88 ·1030 2.3 ·1031

ζ 0.03 0.08 0.19

Figure 4.15. The plot of eigenvalues with respect to k and their corresponding D and ζ.

vp(t), three injections were utilized to charge the voltage over Cp to a level
around 500 V. The accumulated energy in the capacitor is then released at
0 ms to trigger the steady-state operation. The current swell of ip(t) at the
beginning of the steady state is due to the charging process of an empty CL

on the load side.
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Figure 4.16. The experimental waveforms of kick-start process during which injections
are performed sequentially from Phase A, C, and B.
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4.3.3 Maximum output power operation

In terms of maximum output power operation, the experimental waveforms
of the actual series-none MMCFS-IPT system during steady state are
presented in Figure 4.17. The left half of this figure has a longer time scale
than the other half. In the figure, circuit impedance causes a time-shift
between ip(t) and is(t) with a value of around 12.6 μs. In addition, the
frequency domain plots of voltage and current in Figure 4.17 can be seen
in Figure 4.18, which were calculated using the fast Fourier transform.
The y-axis of each plot marks the peak value of frequency components. In
these plots, there is only one frequency component that yields the largest
contribution to power transfer, which is 26.675 kHz. This frequency is the
switching frequency of the MMCFS-IPT system, which is equal to the ω0

of the series-none IPT system.
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Figure 4.17. The electrical waveforms of the series-none MMCFS-IPT system using NIM.
(a) Long time scale. (b) Short time scale.

Multistep switching transitions of the actual series-none MMCFS-IPT us-
ing NIM are presented in Figure 4.19. Although this figure only shows the
switching transitions of positive injection from Phase A, these transitions
are also valid for injection using input switches connected to Phase B or C.
To prevent short circuit of the actual MMCFS, sap and sdn must not conduct
at the same time, therefore Tb was applied with a duration of 1.1 μs. Since
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Figure 4.18. The frequency spectra of the MMCFS-IPT system waveforms. Two separate
frequency axes are used to highlight dominant amplitudes.

Td value is fixed in the prototype, the IPT system cannot accommodate
variable-frequency operation. From the characteristics table adjacent to
the figure, Rg denotes gate resistance in turn-on and turn-off cases. The
other variables in the table were previously described in Section 4.2.4.
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Characteristics:

Rg (Ω) 10

tasc (μs) 3.5

tdes (μs) 3.9

tb (μs) 1.1

td (μs) 11.6

Figure 4.19. Switching transitions of MMCFS during positive injection of NIM.

Theoretical calculations (Calc.) and experimental data (Exp.) are pre-
sented side by side in Table 4.4. Variable f0 in this table is the resonant
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frequency of the series-none IPT system in Hertz. As can be seen in
the table, the electrical characteristics of the actual IPT system can be
approximated by the theoretical models given in Chapters 2 and 3. The dis-
crepancy between theoretical and experimental results can be attributed to
an approximation error and limited measurement accuracy. Nevertheless,
the overall system efficiency, which is measured from the input three-phase
to the resistive load RL is approximately 81.68 %.

Table 4.4. Electrical parameters from calculation and experimental results

Veq Ip Pp f0 Vs Is Ps ηlink G

(Vrms) (Arms) (W) (kHz) (Vrms) (Arms) (W) (%)

Calc. 24.96 5.42 135.18 26.671 73.21 1.81 132.5 98.02 2.93

Exp. 23.72 6.53 154.81 26.675 78.39 1.82 142.95 92.34 3.31

Since the corrections that were presented in Section 4.2.4 were used
to calculate vp in Table 4.4, voltage drops of the IGBT and its own anti-
parallel diode (i.e., Vdt and Vdd) were needed. The Vdt and Vdd in this
case are 1.52 V and 1.78 V, respectively, which were estimated from the
IGBT manufacturer’s datasheet using the collector current amplitude and
junction temperature of the IGBT. The amplitude and temperature were
10 A and 25◦ C, respectively, which are the approximated values from the
MDO4104C oscilloscope and a thermal camera (i.e., Fluke Ti110) closest
to those available in the datasheet.

In the IPT system, a high voltage gain corresponds to the low amplitude
of circulating current in the secondary coil, which can lead to low power
loss in the coil [36].

4.3.4 Partial load operation

The partial load operation of the actual series-none MMCFS-IPT system
using NIM was implemented by applying the on-off current control ex-
plained in Section 3.2.1. The experimental waveforms of such an operation
are provided in Figure 4.20. Additionally, electrical quantities extracted
from the waveforms are presented in Table 4.5. In this mode of operation,
the number of injections and FWOs are adjusted automatically to limit Ip

to around 6 Arms. Consequently, the average power transferred to the load
on the secondary side is lower than that of the maximum output case. The
overall efficiency in this particular case is 79.23 %.

Table 4.5. The electrical characteristics of the actual MMCFS-IPT system using NIM and
on-off control

Veq (Vrms) Ip (Arms) Pp (W) Vs (Vrms) Is (Arms) Ps (W)

12.76 5.74 117.5 72.04 1.9 102.16
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Figure 4.20. An on-off control implementation of the actual MMCFS-IPT system.

In partial load operation, the control accuracy is determined by the total
number of injections within the Max(v) region. Therefore, the accuracy
depends on the value of f0. In other words, the higher the frequency, the
higher the accuracy. Since the free-wheeling duration of ip(t) is short at
high k, a long sequence of FWOs must be avoided to prevent an abrupt
stoppage of the MMCFS-IPT operation in a steady-state condition.
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5. Conclusion and Future Work

This last chapter concludes the MMCFS-IPT research presented in this dis-
sertation. It also provides some additional findings, as well as recommends
areas for further investigation.

5.1 Conclusion

This dissertation has presented research on MMCFS and its application
in an IPT system. The proposed converter can be used as an alternative
to the RI or VB2B topology, for reducing system complexity, size and cost.
To predict MMCFS-IPT behavior, mathematical models and computer
simulations were developed based on an ideal configuration. Additionally,
an experimental setup was built to demonstrate the capability of the
MMCFS in power conversion, as well as to validate results of the ideal
approach. The outcomes of both the ideal and practical approaches are in
close agreement with each other.

The research produces multiple contributions in the area of direct con-
verter and IPT systems:

• It presents two approaches for combining PDM and MMCFS, namely
NIM and SIM, based on either a maximum or minimum absolute
value, respectively.

• It derives an equivalent voltage for the two proposed modulations
using power equality analysis. This voltage derivation approach can
also be applied to other types of ZCS-based PDM operations.

• It presents a bi-directional power transfer capability for a series-
series MMCFS-IPT configuration at the simulation level.

• It introduces three practical requirements for implementing an actual
series-none IPT system based on the MMCFS: a kick-start method, a
multistep switching method, and a zero-crossing detector circuit.
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• It describes the characteristics of the PDM-based series-none IPT
system based on dynamic and steady-state mathematical models.
These characteristics include damping behavior, resonant frequency,
voltage and current amplitudes, as well as link efficiency and voltage
gain.

In high k and quality factors application, the series-none configuration
simplifies the secondary side of an IPT system, due to the absence of a
secondary side compensation capacitor. Since the series-none configuration
is not restricted by frequency split, it allows a self-oscillating operation
with PDM to be applied to the IPT system.

In practice, using a rectifier and a smoothing capacitor on the load may
eliminate the need for the kick-start method based on the DC resonant
charging principle, since a single injection may produce a readable initial
amplitude of ip(t), as a consequence of the empty smoothing capacitor. In
regard to multistep switching, the blanking time Tb is determined by the
type of material used in the semiconductor switch for the MMCFS. There-
fore, a wide-bandgap semiconductor, such as silicon carbide and gallium
nitride can accommodate a higher value of f0 than would be feasible when
using a silicon product. Additionally, the operation of MMCFS-IPT with
varying k would require a more accurate ZCD than the one developed in
this dissertation.

5.2 Future Work

Due to time constraints, it was not possible to use the developed MMCFS-
IPT prototype for validating all of the theoretical calculations and simula-
tion results related to SIM operation and the bi-directional power transfer.
Therefore, future work should focus on developing software and hardware
for implementing these two operations in the prototype. For SIM, attention
should be devoted to investigating the transient period occuring at the
beginning of a steady-state operation, since the primary circuit current
may increase beyond the current rating of the IGBT when charging the
empty smoothing capacitor with successive injections.

A further extension of this research could include analyzing the harmon-
ics and neutral current of the MMCFS. When the converter is connected to
a utility supply, it must follow strict harmonics guidelines. Thus, the device
may require a sophisticated input filter design to suppress the harmonics
in its three-phase input. In addition, to avoid overloading of a nearby
transformer, it is imperative that a neutral line DC current must not
be produced by the MMCFS-IPT system during a steady-state operation.
Unfortunately, it was not possible to analyze the DC current when the
prototype was connected to the Regatron power supply. This was due to
the existence of another DC current in the prototype.
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B. FPGA Layout Flowchart
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Errata

Publication I

On page 3, Vs should be
Vs = 4VA/π. (2.1)

In Equation (6), Variable A should be

A= 1
2L2

p

[
m2(Req +Rs)2 −n

1−k2

]
. (2.2)

Publication III

In Equation (17), Variable Vs should be Vin.

Publication IV

Equation (11) should be

ip =
Vp

[
R2

s +
(
ω0Ls − 1

ω0Cs

)2
]
+Vsω0M

[
jRs +

(
ω0Ls − 1

ω0Cs

)]
Rp

[
R2

s +
(
ω0Ls − 1

ω0Cs

)2
]
+Rsω

2
0M2

. (2.3)

Equation (12) should be

P =Re{Vpip
∗}=

Vp
2
[
R2

s +
(
ω0Ls − 1

ω0Cs

)2
]
+VpVsω0M

[
jRs +

(
ω0Ls − 1

ω0Cs

)]
Rp

[
R2

s +
(
ω0Ls − 1

ω0Cs

)2
]
+Rsω

2
0M2

. (2.4)
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Errata

PTS power transfer:
Variable Vs should be

Vs = 2
�

2
π

Vo∠−90◦, (2.5)

therefore, Equation (13) is incorrect. The expression comes from an equivalent
AC voltage over the secondary LC circuit.

STP power transfer:
Variable Vs should be

Vs = 2
�

2
π

Vo∠−193.5◦, (2.6)

where the phase angle was obtained from the computer simulation.

Results:
The resonant frequency and average power of theoretical and simulation results
are shown in Table 2.1. As can be seen in the table, the corrected values are closer
to the simulation results than the original values. The difference of fo between
PTS and STP cases indicates the existence of the frequency split phenomenon.

Table 2.1. A comparison table between theoretical and simulation results (k = 0.1 and
Vo = 388.261V )

PTS power transfer STP power transfer

fo (kHz) P (W) fo (kHz) P (W)

Original 25.165 15.329 ·103 26.52 49.084 ·103

Corrected 25.165 15.899 ·103 26.52 −48.017 ·103

Simulation 25.192 15.897 ·103 26.5 −48.946 ·103

Publication V

Table 2 should be

Vs (Vrms) Ip (Arms) Is (Arms) Pout (W)

NIM 39.036 7.29 2.622 284.541

SIM 63.458 11.849 4.263 751.922
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