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Abstract

This thesis is focused on the modelling and analysis of DC-DC converter
topologies used for bidirectional charging of electric vehicles. Bidirectional converters
are used in vehicle-to-grid (V2G) systems to allow bidirectional power transfer between
the vehicle and the grid. Following the investigation in the literature review of potential
converter topologies used in V2G applications and modelling techniques, this research
proposes the application of the cyclic-averaging method for analysis of the Dual Active
Bridge, 4" order resonant CLLC converter, and series compensated Inductive Power

Transfer (IPT) converter.

First, the cyclic-averaging method is applied for analysis of a phase-shift
modulated Dual Active Bridge converter (DAB). For implementation of the cyclic
analysis, the operation of the converter is first analysed using a Spice simulation to
determine the system’s operation modes and duty cycles. The cyclic-averaging model is
validated against a Spice simulation and employed to predict the converter’s output and

to perform harmonic analysis of the inductor current.

Following the analysis of the DAB, a 4" order CLLC converter is evaluated
considering frequency and phase-shift modulations. The cyclic-averaging model is
derived to model the behaviour of the converter’s output and state-variables in steady
state. Additionally, a Fundamental Mode Approximation (FMA) model and a novel
piecewise-linear state-variable model are also implemented for comparison. The
models obtained are validated using Spice and, for the phase-shift modulated converter,

experimental results.

Finally, the series compensated IPT converter is analysed considering operation
under phase-shift modulation. A FMA model is derived and, using circuit
transformation, the state-variable and cyclic-averaging models previously defined for
the CLLC converter are adapted for the analysis of the IPT converter. A prototype is

built for validation of the cyclic model.

Overall, for all converters analysed in this research, the cyclic-averaging method
showed good performance with considerably fast execution and accuracy similar to

Spice simulations.
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1 Introduction

1.1 Background and motivation

The interest in low-carbon vehicles has been increasing, mostly due to climate
change and environment pollution concerns. In the current scenario, the electric vehicle
(EV) is seen as a clean, environment-friendly transport option due to its reduced
emission levels. The increased government incentives, number of charging stations and
rapid development of EV technology has contributed to the popularization of these
vehicles. In 2017, as a strategy to reduce air pollution, the UK government announced

plans to end the sale of petrol and diesel vehicles by 2040 [1].

Despite the environmental benefits, the prospect of a large EV population in the
future raises concerns about the overload of the grid or possible grid instability. Smart-
grid technologies such as vehicle-to-grid (V2G) have been studied in order to reduce
impacts, improve the current EV technology and consequently contribute to the further

popularization of EVs [2].

Typical EV charging systems are unidirectional, where the power flow direction is
from the grid to the battery. Vehicle-to-grid systems enable a bidirectional power
transfer between the grid and the battery pack of an EV. Since electric vehicles are
usually connected to the grid for long periods of time while charging (during the night
or when the owner is at work), the vehicle’s battery may work as a temporary energy
storage element. If the vehicle-to-grid interface allows bidirectional power flow, the
battery may be available for grid support during peak times, when the energy demand is
high. During off-peak time the battery may also absorb the excess generation. This
way, the battery may work as support for the grid, contributing to the grid stability and
efficient use of energy. All these benefits contribute to a reduction of the impact of

EV’s on the power grid.



In Figure 1.1 a simplified diagram for a V2G system is presented. An AC-DC
converter is connected to the grid for power factor correction and voltage/current AC-
DC or DC-AC conversion, depending on the power flow direction. The DC-DC
converter connects the DC bus at the output of the AC-DC converter to the battery and

it is mainly used for voltage and current regulation and galvanic isolation [3].

. «—> AC-DC «—> DC-DC “—>
AC g"d converter converter Battery

Figure 1.1: Typical V2G system

The majority of EV’s charging systems are plug-in, where a cable is used to
establish a wired connection between vehicle and charging station. However, with the
performance improvement of wireless power transfer (WPT) systems in the recent
years, bidirectional wireless chargers are a great option for use in V2G applications,
especially due to flexibility, reliability and safe operation under harsh environmental

conditions.

This thesis is focused on the analysis of bidirectional DC-DC converter topologies
for V2G applications. The cyclic-averaging modelling method, proposed in [4] to
achieve rapid and accurate analysis of periodically switching systems, will be applied
here to model the bidirectional operation of a Dual Active Bridge (DAB) converter, a
4™ order resonant CLLC converter and a series compensated Inductive Power Transfer
(IPT) converter, three popular topologies used in V2G systems. The cyclic method was
previously applied for analysis of frequency modulated 3™ order LLC converters in [5]

and LCC converters in [6], in both cases only unidirectional operation was considered.

The analysis of high order resonant converters with circuit simulation software
(Spice, Simulink) can be very time-consuming, therefore, research of more
computationally efficient modelling techniques is essential. For validation of the cyclic-
averaging model, simulations of Fundamental Mode Approximation (FMA), state-
variable and Spice models will also be evaluated along this thesis and performance will

be compared.



The main novelty of this thesis is the use of the cyclic-averaging technique to
model the behaviour of the bidirectional DAB, CLLC and series compensated IPT
converters with high accuracy and faster execution compared to more traditional
models, as Spice, FMA and state-variable. Therefore, the models developed in this
thesis are useful during the converter design and control processes, where simulations
are performed multiple times to evaluate the influence of components values or control

variables and, consequently, a reduced execution time is crucial.
The main contribution topics for this thesis are summarized below.

¢ Development of piecewise-linear state-variable description for DAB and CLLC

converters: Equivalent circuits for the converters are defined and a state-variable
description is obtained considering all possible operating modes of the converter.
The DAB converter is analysed when operating under single phase-shift modulation,
while frequency and phase-shift modulation cases are considered for the CLLC

converter.

¢ Development of cyclic-averaging models to DAB and CLLC converters: Based

on the state-variable description and analysis of the converters operating modes, the
cyclic-averaging method is applied. Verification of accuracy of the cyclic-averaging
model is performed using Spice simulation. For phase-shift modulated CLLC

converters, a prototype is built for experimental verification.

e Analysis of the series-compensated IPT converter using the cyclic-averaging

method: Due to similarities between the CLLC topology and the series compensated
IPT converter, circuit transformation is employed to extend the cyclic analysis to the
wireless converter. The cyclic-averaging model previously developed for the CLLC
converter is therefore applied to an equivalent CLLC circuit that models the
behaviour of the IPT converter. A prototype of the series compensated IPT converter
is built and the model results are verified against a Spice simulation and

experimental results.

1.2 Thesis structure

In this section the organization of the thesis in chapters will be discussed.



A literature review is conducted in Chapter 2. Prior research on bidirectional
topologies of DC-DC converters, as Dual Active Bridge, resonant variants of the DAB
(series resonant DAB, LLC and CLLC) and topologies for wireless power transfer
applications, will be analysed. Additionally, potential modulation techniques used for
the converter control are discussed. A review on modelling techniques applied for
converter analysis is also provided, including a detailed equation description and

implementation methodology for the cyclic-averaging method.

In Chapter 3 the cyclic-averaging modelling technique is employed to analyse a
Dual Active Bridge converter operating with single phase-shift modulation. The state-
variable description is obtained considering bidirectional operation and the cyclic-
averaging method is applied for calculation of the converter’s output current and

harmonic analysis of the state-variables.

The cyclic analysis is applied to a frequency modulated CLLC converter in
Chapter 4. Here, Fundamental Mode Approximation (FMA) and state-variable
simulations are also conducted for comparison of accuracy and execution performance
with the cyclic-averaging method. In Chapters 3 and 4 the models are verified using a

component-based simulation (Spice).

The analysis of the CLLC converter operating under phase-shift modulation is
performed in Chapter 5. Models are developed and verified at simulation stage
considering two types of phase-shift modulation (single phase-shift and pulse-phase
modulation). Furthermore, a detailed analysis of the influence of the phase-shift angles

on the converter operation is performed.

Following the simulation study, experimental verification is performed for the
phase-shift modulated CLLC converter in Chapter 6, where the prototype construction

process and experimental results are discussed.

In Chapter 7, the models developed for the phase-shift modulated CLLC converter
in Chapters 5 and 6 are adapted to model a series compensated wireless converter, also
operating with phase-shift modulation. The design and construction of the IPT
converter prototype followed by the experimental verification are also presented in this

chapter.

The thesis conclusions and further work possibilities are presented in Chapter 8.
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2 Literature Review

2.1 Introduction

In the previous chapter an introduction to vehicle-to-grid charging systems was
given and the importance of bidirectional DC-DC converters for this application was
identified. Additionally, the structure and novelty elements of this thesis were
presented. Following the background, motivations and structure of this work previously
discussed, a review on the base subjects for this research will be conducted in this

chapter.

Firstly, bidirectional DC-DC converter topologies suitable for wired vehicle-to-grid
(V2G) charging systems are analysed. The Dual Active Bridge (DAB) and its resonant
variants will be evaluated and compared. These topologies of DC-DC converter use a
conventional tightly coupled transformer for galvanic isolation and voltage regulation,

therefore, they are not suitable for wireless charging systems.

Following the analysis of resonant bidirectional topologies of DC-DC converters
for conventional chargers, a review of the topologies adopted for wireless power
transfer (WPT) systems will be given. A conventional V2G system is shown in Figure
2.1 while a modified system using wireless charging is shown in Figure 2.2. In a
wireless charging system, the DC-DC converter is divided in two parts: a DC-AC
inverter bridge connected to a primary coil and compensation circuit placed in a
charging base on the ground, and a second part placed in the vehicle composed by the
secondary coil and compensation circuit connected to an AC-DC rectifying bridge. The
primary and secondary coil pads are separated by a large air gap (100 to 250 mm).
Different configurations of compensation circuits and coil pad structures will also be

analysed.



< <«—>»| Battery
converter converter Yy

DC bus :
ACgrid |es| ACDC |7 ) DCDC |

Figure 2.1: Typical vehicle-to-grid system
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Figure 2.2: Wireless charging system

Lastly, after the analysis of wireless power transfer systems, a review on the
modelling methods used to describe DC-DC converters will be performed. The main
techniques analysed are Fundamental Mode Approximation (FMA), cyclic-averaging

and methods based on state-variable description.

2.2 Bidirectional DC-DC converters

Bidirectional DC-DC converters are employed in V2G systems to provide voltage
and current regulation and galvanic isolation. Various topologies of bidirectional DC-

DC converters for V2G applications are analysed and compared in [1], [2] and [3].

Potential topologies suitable for high power V2G applications are reviewed in this
section. Due to the safety requirement in V2G systems and consequent need of galvanic
isolation, only isolated topologies are analysed. The converters evaluated are divided in
two main categories: the converters suitable for conventional bidirectional charging
systems, which includes the non-resonant Dual Active Bridge and its resonant variants,

and topologies suitable for wireless charging systems.

2.2.1 Dual Active Bridge



The Dual Active Bridge (DAB) topology was first proposed in 1988 [4]. This soft-
switching DC-DC converter was considered a suitable option for high power
applications and, initially, only unidirectional power transfer was analysed. In [5] the
bidirectional power flow and converter’s performance are analysed and experimental
results are presented. At first, the efficiency of this converter was low due to the
switching technology in the early 1990’s, however, with the evolution of the switching
devices technology and development of new modulation and control techniques, the
efficiency was reported as 92.2% for a 1 kW prototype in 2012 [6]. Also, in 2016, an

efficiency value of nearly 98% was obtained for a 1.6 kW converter [7].

The DAB topology is presented in Figure 2.3, where n is the transformer turns
ratio, v, is the output voltage of bridge 1 and v, the output voltage of bridge 2. The
converter is composed of two full-bridge circuits connected by an isolated transformer
and an additional inductor, Lg. The left-side full-bridge (bridge 1) is connected to a
high-voltage DC bus while the right-side bridge (bridge 2) is connected to an energy
storage device, which can be a battery or ultracapacitor. The converter operates in
“forward mode” when power flows from the DC bus to charge the energy storage
device. When operating in “reverse mode” the power direction is from the energy

storage system to the DC bus, in a process of discharging the battery.
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Figure 2.3: Dual Active Bridge converter
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The main benefits of the topology are: bidirectional power transfer, galvanic
isolation, reduced number of components, symmetric structure, high power density,
soft-switching operation, high-frequency operation and reduced size [5], [6], [8]. The
performance of the DAB converter was previously analysed for aircraft energy storage

applications in [9] and for vehicle-to-grid/automotive applications in [6], [10], [11].



Various modulation techniques were proposed to operate the DAB converter. The
Conventional Phase-Shift (CPS) or Single Phase-Shift (SPS) modulation [5], [12], [13]
is the simplest and easiest method to implement, where the power can be controlled
using a simple PI-based controller. The switching circuit is implemented to generate a
high-frequency square-wave voltage with 50% duty cycle at each bridge terminal
(voltages v; and v, in Figure 2.3), as shown in Figure 2.4-a, and the magnitude and
direction of power transferred is controlled by the phase shift angle between the
primary and secondary bridge voltages (¢), where the power flows from the bridge that

generates the leading square-wave.

Despite the simple and fast implementation, the main drawback of the SPS method
is the limited voltage operation range. As the input or output voltages deviate from the
nominal operation values (v; # nv,) the soft-switching range is reduced, a high
circulating energy between the bridges appears and conduction losses increase,

resulting in significant reduction in efficiency [7], [14]-[16].

To overcome the limitations of the CPS/SPS approach, alternative modulation
techniques with increased complexity were proposed. Improved results could be found
by increasing the control degrees of freedom instead of using only the bridge phase-

shift angle as control variable.

The Extended Phase-Shift (EPS) control technique proposed in [17] adds a degree
of freedom to the control, utilising the inner phase-shift ratio of a bridge (Figure 2.4-b).
The output voltage of one of the bridges is maintained as a square wave with 50% duty
cycle, as in the SPS modulation case. For the other bridge, an inner phase shift angle,
a, for bridge 1 or a, for bridge 2, is introduced between the two legs of the bridge,

resulting in a variable duty cycle that is used as an additional control variable.

The Dual Phase-Shift (DPS) control [18]-[20] is an extension of the EPS method,
where the inner phase-shift of both bridges is modified but maintaining the same value
for both primary and secondary bridges, as shown in Figure 2.4-c, where a; = a,. In
the Triple Phase-Shift (TPS) or Pulse-Phase Modulation (PPM) control, shown in
Figure 2.4-c, the inner phase-shift ratios of the two bridges (@; and a,) may have
different values (a; = a, or a; # a;) [6], [21]-[24]. Therefore, the DPS is a particular

case of TPS modulation that occurs when a; = «,.



It was observed that the use of EPS, DPS and TPS modulation techniques results in
lower peak currents, reduced conduction losses, increased soft-switching range and
improvement of efficiency [25], [26]. Although best results are obtained with the TPS
method, the manipulation of three control variables significantly increases both the

system and control complexity [7].
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Advanced methods are proposed where the switching sequence is manipulated in
order to obtain triangular or trapezoidal waveforms for the transformer current [6], [7],
[27], [28]. Switching losses are reduced with the triangular method (TRM) but this
technique should only be used when input and output voltage are significantly different,
since the triangular current slope is defined based on the input and output bridge

voltages [27]. For v; = nv, the positive slope of the triangular current becomes zero
(erﬂ = O) and the trapezoidal method (TZM) is preferred [28]. Improved efficiency

and lower peak and rms currents are obtained with the trapezoidal method, however, for
low voltage applications, when the input voltage is not sufficiently high, the trapezoidal
current becomes triangular and this technique is no longer recommended [15]. Despite
the reduction of switching losses, the use of trapezoidal or triangular methods results in
higher rms current and a consequent increase of conduction losses when compared to
SPS modulation. A hybrid method combining the triangular and trapezoidal methods
depending on the voltage range is proposed in [28], performance is improved but

increased computational effort on behalf of the controller is required.

The main phase-shift modulation techniques proposed for the DAB topology are
reviewed and compared in [26]. Overall, the improvement of modulation techniques
proposed in the literature results in higher efficiency and optimized operation of the
DAB, but also leads to complex control systems, increasing the difficulty of physical

implementation.

The most recent research on Dual Active Bridge converters is focused on transient
analysis of the converter and development of novel modulation techniques to improve

the operation and efficiency of the DAB [29].
2.2.2 Resonant topologies

The DAB converter presents large peak currents and limited operation range when
operating with simpler modulation and control methods. To overcome the flaws of the
DAB topology, alternative converters were proposed using the DAB topology as a base
but incorporating a resonant tank in the interface between the two bridges. These
resonant topologies can achieve higher efficiency, reduced peak currents and improved
range of soft-switching operation [30]. Various resonant converters are analysed in

[31] for renewable energy applications and in [1] for high voltage gain applications.
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A simple resonant topology is obtained when a capacitor is added in series to the
inductor of the conventional DAB topology, as shown in Figure 2.5. This converter is
named Dual-Bridge Series Resonant converter (DBSRC) or Series-Resonant Dual
Active Bridge (SRDAB) and its operation is analysed in [31]-[35]. The addition of a
capacitor causes reduction of harmonics in the high-frequency transformer current,
resulting in a waveform closer to a sine wave, while in a standard DAB converter the
current has a triangular waveform. The capacitor is also responsible for blocking DC

currents that could lead to saturation of the transformer [36].

Transformer

‘A

Figure 2.5: Resonant tank of Series-Resonant Dual Active Bridge converter

The SRDAB and DAB topologies were compared in [37]. Efficiency improvement
and reduction of rms currents were noticed for the resonant topology. However, both
topologies presented higher efficiency when the primary voltage was close to the
reflected secondary voltage and performance degradation was observed for operation
outside this range. Therefore, both DAB and DBSRC converters are not appropriate to
operate in applications with a wide voltage range when using less complex modulation

techniques.

Similar to the DAB converter, advanced control and modulation techniques may be
applied to improve the operation of the resonant converter. The use of Single Phase-
Shift modulation results in poor efficiency, therefore, various phase-shift modulation
techniques are applied in [32], [35], [36] and [38] to reduce current stress and improve
the efficiency of the SRDAB. Although most research is focused on phase-shift
modulated SRDAB, variable frequency control is analysed in [37] and [39]. A
drawback of the frequency modulation technique is the fact that, for resonant
converters, maximum efficiency is achieved for operation close to the resonant
frequency. Therefore, for converters operating with a wide voltage range, frequency
modulation is not indicated since the switching frequency would significantly deviate

from the resonant point during control.
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The LLC converter [40], [41] is an alternative resonant topology where a shunt
inductor (L,,) is added to the resonant tank of the SRDAB topology, as presented in
Figure 2.6.

Transformer
n:1

ST

Figure 2.6: Resonant tank of LLC converter
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The unidirectional version of the LLC converter is a popular topology for wide
voltage range applications due to its ability of achieving soft-switching over the full
operation range for all switching devices [42]. However, the behaviour of the
bidirectional version is equal to the unidirectional converter only in forward mode
(charging) operation. For reverse mode operation (discharging), the shunt inductor is
clamped and the system behaves as a conventional series resonant converter, resulting
in large losses, especially when switching frequency and resonant frequency are
significantly different. The difference between the forward and reverse mode operations
causes problems of voltage regulation, power control, waveform distortions and large
circulating current, making this topology not suitable for bidirectional wide voltage

range applications [42]-[44].

To overcome the limitations of the 3™ order LLC converter for bidirectional
operation, a 4™ order CLLC converter is proposed in [45]. For this topology, a series
capacitor is added in the secondary side of the LLC converter resonant tank, as shown
in Figure 2.7. Here, soft-switching is achieved for both power flow directions, zero-
voltage switching (ZVS) for the primary side and zero-current switching (ZCS) for the
secondary side, resulting in a minimization of switching losses and an overall
improvement of efficiency. A maximum efficiency of 97.9% is obtained in [44] for a

3.5kW converter.
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Figure 2.7: Resonant tank of CLLC converter

Most of the literature is focused on CLLC converters operating under frequency
modulation [43]-[45], when the output power is regulated using the switching
frequency as control variable. For conventional frequency control, both LLC and CLLC
topologies present problems of performance when the difference between switching
frequency and series resonant frequency significantly increases to regulate variations in
the battery voltage. Operation close to the resonant frequency is desired to achieve high
efficiency, therefore, a maximum efficiency tracking method is employed in [43] to
avoid increased deviation from the resonant frequency, here, instead of using only the
frequency as control variable, the DC bus voltage is also regulated using the front end
control of the AC-DC converter to maintain the required output power level despite
battery voltage fluctuations. Alternatively, phase-shift modulation can be applied to

maintain the operating frequency constant.

A CLLC converter operating under triple phase-shift modulation is analysed in
[46], where the phase-shift angle between primary and secondary bridges (¢) is fixed at
+90° to control only the power flow direction while the inner phase-shift angles of
bridges 1 and 2 (a; and ;) in Figure 2.3 are used to control the output power
magnitude. Here, a maximum efficiency of 95% is achieved at maximum modulation in

a 4kW prototype.

The main drawback of phase-shift modulation applied to CLLC converters is the
loss of soft-switching as the inner phase-shift angles decrease and operation deviates
from the maximum power transfer point. In [47] a solution for the soft-switching
problem is proposed where the phase-shift angle between primary and secondary
bridges is no longer constant at £90°, but adjusted to maintain soft turn-on transitions
with either zero-voltage switching (ZVS) or zero-current switching (ZCS). Reduction
of switching losses is achieved with this technique, however, the circulating current is

slightly increased, consequently increasing conduction losses. Therefore, for systems
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with low switching frequency and high tank currents the method proposed in [46],

where ¢ = +90°, is more appropriate.
2.2.3 Wireless power transfer systems

In the field of V2G systems, the optimization of the bidirectional charging process
is a key point of research and is the basis for several studies focused on improvement of
factors like cost, flexibility, efficiency and complexity of the charging/discharging
system. Wireless Power Transfer (WPT) methods have been used in V2G systems with
the objective to meet these demands avoiding the need of plugs or any physical
connections for the charging process. The use of WPT systems is particularly important
to guarantee the safety isolation between the vehicle and the grid and reliability in harsh
environment conditions, when the systems are exposed to rain, dirt, chemicals or dust
for example. The benefits of WPT make it suitable for different areas, including

aerospace, automotive and biomedical applications.

Inductive Power Transfer (IPT) systems consists of two or more loosely coupled
coils used for wireless power transfer by induction. Although most of research is
focused on unidirectional systems, bidirectional IPT systems for V2G applications were

analysed in [48]-[50].

A conventional IPT system is shown in Figure 2.8. The system is symmetrical and
composed by a primary and secondary (or pickup) side, where the primary side is
placed on the ground and the secondary side is placed inside the vehicle. Similar to the
DAB converter, an active full-bridge (bridge 1) is connected to a DC-link while the
secondary active bridge (bridge 2) is connected to the battery. In IPT systems, primary
and secondary coil pads are separated by a large air gap. According to the Society of
Automotive Engineers (SAE) standard for WPT for light duty EV’s [51], the distance
between the lower surface of the primary coil pad and ground surface must be in a

range from 100 to 250 mm.

The primary and secondary compensation circuits are implemented to minimize the
volt-ampere (VA) rating of the power supply, improve power factor in the primary and
secondary circuits and achieve maximum power transfer capability, with consequent

improvement of efficiency [52], [53].
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Figure 2.8: IPT converter

Various configurations were proposed for the compensation circuit, the series
compensated, LC-series or Series-Series (SS) circuit [54]-[56], shown in Figure 2.9, is
the most popular configuration, where a series capacitor is connected in series to the

inductor in both primary and secondary sides.

C1 /“4‘ C2

|| ||
V1I L1 L2 Tvg

Figure 2.9: LC-series compensation circuit

In the LC-parallel or Parallel-Parallel (PP) compensation circuit, the capacitors are
connected in parallel to the coils, as shown in Figure 2.10. This topology is not often

used due to poor performance when compared to LC-series or LCL compensations.

M
¥ N

V1T C1+ L1 L2 +Cz TVz

Figure 2.10: LC-parallel compensation circuit

The LCL compensation circuit [57], [58], shown in Figure 2.11, is more complex
due to the increased number of components. In this topology, filter inductors (Lg; and
Lg,) are added to the LC-parallel configuration in order to reduce harmonics of the

inverter current.
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Figure 2.11: LCL compensation circuit

For all configurations, the mutual inductance M is defined based on the coupling
coefficient £ and coil self-inductances L; and L,. It is important to note that the
coupling coefficient decreases as the distance between the primary and secondary pads

increases.
M = k L]_LZ

2.1)

The resonant frequency w, is defined based on the coil self-inductances and

compensation capacitors:

_ 1 _ 1
\/L1C1 \/chz

Wy

(2.2)

The most used compensation circuits, LC-series and LCL, are evaluated in [59]
while in [52] and [60] the LC-series, LC-parallel and LCL configurations are analysed
and compared, where it was shown that LCL compensation is less sensitive to
misalignments between the primary and secondary pads. However, better efficiency
and higher power factor are achieved with the LC-series circuit. Due to the presence of
large current spikes, the use of LC-parallel configuration results in the lowest efficiency
and power factor. It was also observed that for an ideal converter, as the coupling
coefficient reduces, the output power of the converter increases when using LC-series
compensation but reduces when using LC-parallel or LCL. Experimental results
obtained in [56] show that this behaviour is only observed for a higher range of
coupling factor, as the coupling coefficient significantly decreases, the output power

also starts to reduce for the series compensated converter.
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For the coil pad design, various configurations have been proposed in the literature
and the most popular structures are compared in [61]-[63]. Finite element analysis is
often employed for the magnetic design process of the pad structures, as in [56], [64],

[65].

Circular pads are simple and extensively researched structures but show poor
coupling and high sensitivity to misalignment. The Double D pad (DDP) was proposed
in [66] as an alternative to the circular pad, improving coupling and tolerance for
misalignments in the Y axis. The charge zone of DDP structures is nearly two times

larger than that of equivalent circular pads.

To improve performance for misalignment in the X axis, the Double D Quadrature
pad (DDQP) was also proposed in [66], where a quadrature coil is added to a DDP
structure. Using a DD coil in the primary and DDQ coil in the secondary results in a
charge zone three times larger than the area obtained using DD coils on both sides,
however, the cost and complexity of the pad structures are increased due to the extra

quadrature coil.

The Bipolar pad (BPP) analysed in [67], has similar performance to a DDQ coil.
The advantage of using this structure instead of a DDQP is the less amount of copper
required for construction, since the third quadrature coil is not implemented and only
two coils are used, as shown in Figure 2.12 where the DDP, DDQP and BPP structures

are compared.

Coil 1 Coil 2 Coil 1 Coil 2 Coil 1 Coil 2
4 I
‘gl
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bars Quadrature coil bars
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Figure 2.12: Pad structures comparison: (a) Double D pad (DDP), (b) Double D
Quadrature pad (DDQP) and (c) Bipolar pad (BPP)

Phase-shift modulation techniques are usually applied for the analysis of IPT
converters instead of frequency modulation, since best performance is obtained when

operating around the resonant frequency.
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Despite the safety, flexibility and reliability benefits, the main drawbacks of IPT
systems are the reduced efficiency compared to the wired systems and the dependency
on the misalignment between primary and secondary coils, which also affects the
system overall performance and efficiency. Still, high efficiency systems were
previously achieved with maximum of 95.4% at 3kW with 150mm gap in [68], 95.3%
for a 6kW prototype with 150mm air gap in [69] and 97.4% for 22kW and gap of
135mm in [70].

2.3 Modelling techniques review

Modelling methods are employed to obtain a mathematical description for
prediction of the converter’s behaviour without the need of construction and
experimental verification. Therefore, the development of a model is an important tool
for the design and analysis process. Modelling techniques are constantly developed and

improved aiming to obtain an accurate and rapid analysis of power electronics systems.

A review of modelling techniques previously applied to analyse DC-DC converters
is presented in this section, showing the basic principles of each technique, advantages

and limitations.
2.3.1 Fundamental Mode Approximation (FMA)

Fundamental Mode Approximation (FMA) [71] is one of the most used frequency-
domain techniques for analysis and design of resonant DC-DC converters due to its
simplicity and fast execution. Following this method, a linear equivalent circuit is
obtained from the analysis of a non-linear converter. The behaviour of the input source
combined with the switching devices is typically modelled as a sinusoidal voltage
source, representing the fundamental component of the resonant tank input voltage,
while the output is modelled as an equivalent resistor, representing the behaviour of
transformer, output filter, output bridge and load. Conventional AC circuit analysis is
utilized to solve the system and a transfer function is obtained to describe the

converter’s behaviour and frequency response [72], [73].

According to the FMA method, only the fundamental component of voltages and
currents is considered. Therefore, despite the rapid and simple analysis, the method

suffers from accuracy problems when the actual resonant tank currents/voltages are
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more distant from perfect sine waves, and harmonics influence must be considered.

Additionally, only steady-state results are obtained when using FMA.

The FMA technique was previously applied for analysis of LCC [73]-[75], LLC
[76], [77] CLLLC converters [44], [78] and CLLC converters [45], [79] operating
under frequency modulation. For the phase-shift modulated variant of the CLLC
converter, the fundamental assumption is employed in [47] for calculation of resonant
tank currents. FMA was also used to analyse wireless power converters in [52], [59],
[80], [81]. In [31] the FMA method is applied to evaluate and compare five popular
DC-DC resonant topologies: the series, parallel, series-parallel, LLC and CLLC

converters.

To improve the accuracy of the FMA method, the Rectifier Compensated
Fundamental Mode Approximation (RCFMA) is proposed in [82] for analysis of a
series-parallel LCLC resonant converter. This method improves the modelling of the
rectifier’s behaviour, but accuracy is reduced for operation around the resonant
frequency and for low output voltage designs, since the rectifier voltage drop is
neglected [83]. To overcome the RCFMA limitations, modifications to this method are
proposed in [73], [83] to analyse a LCC resonant converter, resulting in the Rectifier
Transformed Fundamental Mode Approximation (RTFMA). This method adds an
iterative procedure to incorporate the rectifier voltage drop and the accuracy for

operation around the resonant frequency is improved.
2.3.2 State-variable

The state-variable model is a time-domain description of the differential equations
that represent a system [84]. In conventional converters circuits, the state-variables are
the inductors currents and capacitors voltages, and the derivatives of these variables are
described as a linear combination of the state-variables and inputs of the system, as

shown in (2.3).

dx(t)
dt
y(t) = Cx(t) + Du(t)

= Ax(t) + Bu(t)

(2.3)
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where x(t) is the state-vector that contains all state-variables, A is the state (or
dynamic) matrix, B is the input matrix, C is the output matrix and D is the direct

transmission (or feedthrough) matrix.

The differential equations are solved based on the initial value of the state-
variables and system inputs. From the state-variable description, the transient and
steady state characteristics are obtained, therefore, this method is an important tool to
analyse bidirectional DC-DC converters, serving as base to numerous modelling

techniques.

Based on the state-variable description, state-space averaging [85], [86] is one of
the most commonly used techniques to model switching power converters and obtain
the average values of state-variables. According to this method, a piecewise linear
state-variable model is obtained, and the time-averaged dynamic and input matrices are
determined and used to calculate the average value of the state-variables (for many
converters this method of decomposition is based on a priori knowledge of the
operating modes and their duty/time duration). This method also relies on the small
ripple approximation, where the natural frequencies of the converter and input signal
variations are significantly slower compared to the switching frequency [84]. This
assumption, however, does not apply to resonant topologies, since for these converters

the switching frequency is usually close to the resonant tank frequency [72], [73], [87].

As an alternative to state-space averaging, DQ transformation [88] is used in [87]
to analyse a CLLC converter operating under phase-shift modulation, where the
converter’s equivalent circuit is divided into a high frequency AC subsystem and a DC
subsystem modelled as a voltage source. This analysis, however, uses fundamental
mode approximation for the representation of the AC subsystem, resulting in accuracy

problems when the harmonics influence is significant.

The waveform relaxation method [89], [90] is used in [91] for fast time-domain
analysis of non-linear power electronics systems. According to this technique, a non-
linear model is decomposed into two subsystems (separating the fast and slow
dynamics elements) that are described by a set of linear equations and connected by a
coupling equation, where each subsystem is integrated over its own time-step. The
decoupling of the circuit into subsystems reduces the complexity of the equations to be

solved, resulting in decreased simulation time. This decomposition method is used to
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analyse 3 order LCC resonant converters in [92], 4" order LCLC converters in [93]
and to model LLC converters in [94], in all these analyses the converter’s circuit is
divided into a fast subsystem, representing the power switches and resonant tank
behaviours, and a slow subsystem that represents the output filter and load. The fast and
slow subsystem are then connected by a set of coupling equations that describe the
action of the output rectifier. Similar analysis will be adopted here in the next chapters

to analyse the DAB, CLLC and series compensated IPT converters.
2.3.3 Cyclic-averaging

The cyclic-averaging is a time-domain method proposed in [95] as a more accurate
alternative to state-space averaging for analysis of periodically switching systems. This
modelling technique was previously used in [76] to model LLC converters, in [93] for

LCLC converters and in [96] to model LCC converters.

In this section, the equation description for this method will be presented, this will
serve as basis for the analysis performed in Chapters 3 to 7 to model the DAB
converter, CLLC converter and the series resonant wireless converter using the cyclic

technique.

A system presents cyclic behaviour when the state-vector at the beginning and at

the end of the period are equal, as defined in (2.4).

x(t) = x(t +cT)
2.4)

where T is the period of a cycle calculated based on the operating frequency and ¢

1s an integer representing the number of cycles.

To perform the cyclic analysis, the periodically switched system is defined as a
piecewise linear model. Based on the states of the switches, a cycle is divided into m
operation modes, where m is the number of possible combinations of switches. The
non-linear model is therefore decomposed into a set of m linear state-variable
equations. From circuit analysis, the state-variable description is obtained for each

mode i, wherei = 1,2, ..., m:

dx(t)
dt

= Alx(t) + Bi
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(2.5)

where x(t) is the state-vector, A; is the dynamic matrix and B; represents the

excitation term for the it"* mode.

The circuit operates in each mode for a fixed period, the calculation of this time is
performed by analysing the circuit and input voltages behaviour over a cycle, and will
depend on the type of modulation employed. Considering the system operates in mode i
when t;_; < t < t;, the evolution of the state-vector through mode i is calculated as

follows.

t
x(t) = eilt=ti-Dx(t; ) + jeAi(t‘T)Bidr

ti—gq

(2.6)

The duty cycle d; is defined as the normalized time interval for each operation
mode and 7 is the period of a cycle. Therefore, the length of each mode is defined as

At; = t; — t;_4 = d;T and the following notation is adopted:
bi = p(t;, t;_y) = eAillittiz) = e AidiT
L= ff7 MR dr = (eM4T — DAT'B, if A; is invertible

2.7)

The system can be solved recursively combining the initial condition x(t,) with
equations (2.6) and (2.7). However, due to the complexity of the integral term, this
calculation is considerably complicated, especially when A4; is a singular matrix. To
simplify and speed up the analysis, the integration term in (2.7) can be eliminated by
introducing an augmented vector that combines the dynamic and excitation matrices.

The new augmented matrices are defined as follows.

d_ .« .
Ex(t) —Aix(t)
(2.8)

where:
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f(t) = l@l
1

N A; | B;
i = l i l]
010
(2.9)
The solution for the i*® mode is given by (2.10).
2(t) = eMdTR(t;_,) = §i%(ti—1)
(2.10)

Considering a system with m modes, where i = 1, 2, ..., m, the state-vector at the
end of mode 1, at the end of mode 2 and after a complete period are calculated

recursively as follows.
2(ty) = eM4T(ty) = P, 2(to)
2(ty) = e T2(t)) = §,2(t)) = $,$1%(t)

2(ty) = emImTZ(tm 1) = PmPm1 - P12(t) = Prot X (to)
@.11)

x(t
where X(t,) = [ o)
1

l is the initial condition.

The augmented matrix ¢; is also defined combining matrices ¢; and I} from (2.7).
;= eAidiT — I(ﬁ’jl
011

The periodic solution is obtained using the definition of periodic system in (2.4).

(2.12)

2(to + T) = ProrX(to) = £(to)
(2.13)

where ¢ror = PpPm—q - 1.

The initial condition is calculated using (2.12) to solve (2.13).
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x(to) = (I™ = Pror) ot
(2.14)

where:

dtot = PmPm—-1 - P1

Lot = (dmPm-1 - P2)1 + (PmPm-1 - P3G+ -+ Pl + Iy
(2.15)

Thus, with knowledge of the circuit modes and duration times, the cyclic-mode
initial condition, x(t,), can be precisely calculated. The values of all state-variables

through a cycle are then calculated recursively using (2.9), (2.10) and (2.14).
2.3.3.1 Averaged state-vector

The cyclic method is also used to calculate the average value of the state-variables
over a cycle. The averaged state-vector xg,, is obtained using the periodic solution

previously defined and the average value definition in (2.16).

to+T
Xapg = Tf x(t)dt
t

0

(2.16)
The following system must be analysed to be solved.
x(t) = A;x(t) + B;
: : 1
y(t) = Xavg = Tx(t)
(2.17)

The augmented-vector technique is used once more to obtain a simplified and rapid
solution. The new state-vector is obtained combining the variables x(t) and y(t),

resulting in the following system.

d .
Ez(t) = A; z(t)

(2.18)

where:
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A =0 0
'l o OJ
x(t)
z(t) = 1
Xavg (t)
(2.19)
The initial condition is defined in (2.20).
x(to)
Z(to) = 1
0
(2.20)

The system is solved recursively following the same methodology adopted to
calculate the periodic state-vector over a full cycle and the averaged state-vector is

finally obtained from (2.21).

x (o)
z(ty +T) = GmPm-1 . P12(t) = | 1
Xavg
(2.21)
where:
$; = ehidiT
(2.22)

2.3.3.2 Harmonics analysis

The last application of the cyclic method here evaluated is the harmonics analysis.
Using the Fourier theorem, a periodic function can be decomposed into an infinite sum
of complex exponentials functions. Therefore, the periodic state-vector previously

obtained is decomposed as follows:
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o)

x(t) = z ekt

k:—(X)

(2.23)

where w = 2?”, and c;, is the Fourier coefficient vector for the k" harmonic defined
by:

to+T

1 .
Ck sz x(t)e Iketde

to

(2.24)

Since the system analysed here is piecewise linear, the integral from (2.24) is
separated into a sum of integrals for each mode i and the state-vector x(t) is replaced

by the augmented vector X(t). Consequently, for a system with m modes:

m t;

1 - .
(f;( = TZ eAi(t—ti—ﬂ f(ti_l)e_]kwtdt

i=1 " li-1

(2.25)

Equation (2.25) is reorganized splitting the complex exponential e /% into two

parts, resulting in the following equation:

m
z A I
6;( = j Te_]kwti—le(Ai_]kwI)(t_ti—l) ﬁ(tl—l)dt
t

i=1""i-1

(2.26)

From (2.26) new variables v (t) and wy(t) are defined in (2.27) in (2.28).
Uy (t) = e(Ai_jk('l)l)(t_ti—l)f(ti_l)
t; 1 R
Wk(ti) = f _e—jkwti—1e(Ai—fkwI)(t—ti—ﬂ f(ti—l)dt

ti—1

(2.27)
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U () = (A; = jkwD)v, (1)
i (6) = e Mot (6

(2.28)
where vy (t;_1) = X(t;—;1) and wy(t;_;) = 0 are the initial conditions.

To simplify the solution, a new fictious system is defined combining variables

v (t) and wy (t).

i (t) = Ai,k6k(t)

(2.29)
where:
v (£)
6 (t) = I l
wy (1)
Ai—jkw1| 0
A',k =1 _.
T el o
(2.30)
The system solution is defined in (2.31).
v (&) ;
2| = etearen
Wi (t:)
(2.31)
where
x(ty)
{(t) = [ :
0
(2.32)

Comparing (2.26) and (2.27) it is possible to calculate the Fourier coefficients from

the sum of wy (¢;) for all m modes.
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(2.33)
Ck
where ¢, = [—]
0
Based on the equation description presented in this section, the methodology for
application of the cyclic-averaging method is summarized in the following steps:

1. Definition of circuit parameters, matrices A; and B;, number of modes (i =

1, ...,m) and duty cycles d;.
2. Calculation of 4; using (2.9) and ¢; from (2.12).
3. Calculation of ¢; and [} from (2.12).
4. Calculation of ¢, and I}, from (2.15).
5. Calculation of x(t,) using (2.14).
6. Definition of X(ty), X(t1), ..., X(t,,) using (2.10) and (2.11).

7. The values of the state-variables at the transition of each mode are defined,

X(ti)l

since X(t;) = [
To calculate the average value of the state-variables in a full cycle the following
steps are furtherly taken:
8. Calculation of 4; using (2.19).
9. Calculation of ¢; using (2.22) and z(t,) from (2.20).
10. The averaged state-vector is calculated from (2.21).
For harmonics calculation:

11. Calculation of Ai,k for all modes (i = 1, ..., m) using (2.30).

12. Calculation of the Fourier coefficient vector for the k" harmonic, cj, from

(2.31) and (2.33).
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The cyclic-averaging is an attractive technique due to the rapid and accurate
analysis. As previously shown in [96], the accuracy of the cyclic method is close to
component-based simulations (Spice) but requiring 1/10,000™ of the computation time
when analysing 3™ order LCC converters. The main drawback of this method, however,
is the need for a priori knowledge of the circuit’s behaviour during a cycle for the
determination of the operation modes and calculation of duty cycles [76]. This analysis
is required since the converter’s behaviour and number of modes change depending on
the choice of modulation and various circuit’s variables, as the operating frequency and

bridge/legs phase-shift angles.

2.4 Conclusions

In this chapter a literature review was conducted in fundamental topics for the
development of this research. The most popular topologies of DC-DC converters
applied to wired and wireless bidirectional charging applications were described and
potential modelling techniques used to describe the behaviour of these converters were

evaluated.

Based on the review of the DC-DC converters, the CLLC resonant converter was
selected as a potential topology to be furtherly analysed due to its improved
performance in bidirectional operation. From the modelling techniques described, the
cyclic-averaging method, previously applied to analyse LCLC, LCC and LLC
unidirectional converters, stands out for the accuracy and low execution time.
Therefore, the cyclic analysis will be applied here to model a bidirectional CLLC
converter operating under frequency and phase-shift modulations in Chapters 4 and 5,
respectively. Due to the low complexity of the topology and lack of this analysis in the
literature, the cyclic-averaging method will be applied first to model a Dual Active

Bridge converter in the next chapter.

Considering the wireless topologies, the circuit of a LC series compensated
converter shows a considerable similarity to the CLLC converter, therefore, in Chapter
7 the models obtained for the CLLC converter will be adapted for the analysis of a

wireless converter with series compensation.
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3 Cyclic-Averaging Analysis of Dual Active
Bridge Converter

3.1 Introduction

Following the literature review presented in the last chapter, the cyclic-averaging
modelling method described in Chapter 2 will now be employed to analyse a Dual
Active Bridge (DAB) converter, shown in Figure 3.1. One of the main objectives of this
research is to employ this modelling method for analysis of resonant CLLC converters.
As explained in the previous chapter, the CLLC is a resonant variant of the DAB
converter, therefore the cyclic analysis is performed here first for the DAB converter, a

simpler topology.

Bridge 1 Bridge 2
ey, ——

s s s s
11 1'2§} Transformer “g} 22
L n:1

Vae () cid [ v, - 3 E VQI L o = Vbat

{ Forward {
S1.3 S1.4 Reverse S23 S2.4

Figure 3.1: Dual Active Bridge converter

In this chapter, the DAB converter is considered to be operating under the simplest
type of phase-shift modulation: the Single Phase-Shift (SPS) [1], [2]. The drain-to-
source voltages of switches S1.3 (vsq3) and S1.4 (vs;4) and resulting primary and
secondary bridge voltages (v; and v,) for a converter operating in forward mode are

presented in Figure 3.2.

The bridge waveforms have fixed frequency and duty cycle of 50%. The phase-

shift angle between primary and secondary bridges (¢) is the only variable manipulated
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to control the power flow direction and magnitude. The power flow direction is
determined by the signal of the bridge phase-shift angle, forward operation occurs when
v, leads v, by an angle ¢, while reverse operation is achieved when the bridge voltage
v; lags v, by an angle ¢, with 0 < |¢p| < 90°. Maximum output power is reached

when ¢ = +90°.

AVs13

Vide

Vs14

Vac —|

Ve

180°

Ve |—

Vbat

-Vbat —

Figure 3.2: Single Phase-Shift (SPS) modulation, forward mode

3.2 State-variable description

To apply the cyclic-averaging method, the equivalent circuit of the converter must
first be defined and the state-space representation must be determined. To simplify the
definition of the state equations, the decomposition technique previously used for
analysis of LCC converters in [3] and LLC converters in [4] will also be adopted here.
For this analysis, the diagram of the DAB converter presented in Figure 3.1 is reduced
to the equivalent circuits shown in Figure 3.3. The circuit is divided into two
subsystems connected by a coupling equation, where the fast subsystem represents the
elements with fast dynamics: the inductor and switching devices, while the slow
subsystem is composed by the load and filter capacitor. The behaviour of the output

bridge is represented by a coupling equation.
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Figure 3.3: Equivalent circuits for DAB converter in (a) forward mode and (b)
reverse mode

Here, the two cases of power flow direction (forward and reverse modes) are
analysed separately and an equivalent circuit and equation description are obtained for
each case. In forward operation, the fast subsystem is referred to primary while the
slow subsystem is referred to the secondary of the transformer. For reverse operation,
both fast and slow subsystems are referred to primary. The resistors r; and r¢f, 7¢;
represent the series resistance of the inductor and filter capacitors, respectively. The
resistances of switching devices may be incorporated into the value of r; to increase
accuracy. Resistors 14, and 1, are placed in series with the DC source and battery,
respectively, representing their internal resistances or auxiliary resistances placed in the
circuit for current measurement. These resistors are useful to simplify the calculation of
the output current in the cyclic-averaging simulations and have a low value to prevent

significant influence on the converter’s output.

Considering a converter operating in forward mode, the following equation is

defined from circuit analysis of the fast subsystem:

Ul = Url + UL + nvz

42



(3.1)

Repeating the circuit analysis for the reverse mode circuit, the fast subsystem

equation is also defined for reverse operation:

dip, nv, —ri,—v;

dt L
(3.2)
From circuit analysis of the slow subsystem in forward mode:
Ver + Terlcy = Voar + Toatlout
(3.3)
Isolating I,,,; from (3.3):
Ver — Voar + Tericy
Loyt =
Tpat
3.4
Applying Kirchhoff’s current law for node A in Figure 3.3-a:
ibridge = in + lout
. dver
lep = Cf? = lpridge — Loyt
(3.5)

The state equation for the slow subsystem in forward mode is obtained substituting

(3.4)1in (3.5):

def . Vbat + Tbatibridge — VUcr
dt Cf (Tbat + rCf)

(3.6)

43



Repeating the analysis for the reverse mode circuit results in:

dvei  Vac + Taclpriage = Vei
dt Ci(rac +7¢i)

(3.7)

In forward operation, the input current to the slow subsystem, iprigge, 18
determined based on the operation of the secondary bridge. For converters operating
under SPS modulation, the bridge voltages are perfect square waves, as previously
shown in Figure 3.2. When the secondary bridge voltage is positive the input current to
the output filter and load is equal to the inductor current referred to the secondary, but
when the bridge voltage becomes negative, the input to the slow subsystem changes to
the inverse of the inductor current referred to secondary. Therefore:

ni; (t), when v,(t) >0

ibridge @) = {

—ni;(t), whenv,(t) <0

(3.8)

Similar analysis is performed for reverse operation, now the output bridge is bridge
1 and the input current to the slow subsystem will depend on the state of voltage v, (t).
Note that in this case the slow subsystem is referred to the primary side of the

transformer.

i (t), whenv,(t) >0

ibridge t) = {

—i(t), whenv(t) <0

(3.9)

The differential equations obtained for fast and slow subsystems are now

reorganized resulting in the following state-space representation for forward mode:

vy (t) —nvp(t)

d i, (t) 0 iL(t) I
1 + .
va (t) C— Ver (t) Viae + Thatlbridge (t)
f(Tbat + Ter) Cr(Tpae + Tcr)

(3.10)

Similarly, for reverse mode:
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. Ty _ nv, (t) — vy ()
4| i® A 0 [ i (t) I

Vdc + rdcibridge (t)
Ci(rac + 7ci)

vei(t)

Ci(rac +7¢i)

(3.11)

The coupling equations for forward and reverse operation are given by equations
(3.8) and (3.9), respectively. These are used to define the current iy,;44(t) based on
the polarity of bridge voltage v,(t) in forward operation or v;(t) in reverse operation.
The behaviour of the bridge voltages is evaluated in the next section, where the
converter operation will be analysed and the state-variable description here obtained

will serve as base for application of the cyclic-averaging method.

.3 Cyclic-averaging analysis

Once the state-variable model is defined, the periodic behaviour of the converter
must be analysed in order to apply the cyclic-averaging method. The state-variable
model obtained is a piecewise linear description that depends on the values of bridge
voltages v,(t) and v,(t). The typical bridge voltages waveforms for a converter
operating under SPS modulation are shown in Figure 3.4. It is observed that a cycle is
divided into four operation modes: M;, M,, M3 and M,. The start of a cycle in forward
mode is determined by the transition of voltage v; from negative to positive, while for

reverse operation the first mode starts when the polarity of v, becomes positive.

400 —vH 400 —v [
v v
300 300 2
+¢
200f | - 200 <~—
I~ 100 E 100
Iy M M M M M M M M
E‘ ol 1 2 3 4 E‘ ok 1 2 3 4
= b b [t | |t = S | " | S | SR )
= -100 > -100 F
200 200
300 - 300 -
400 F— 400
5.88 59 5.92 5.94 5.96 5.98 5.88 5.9 5.92 5.94 5.96 5.98
Time (s) x1073 Time (s) x107
(a) (b)

Figure 3.4: Typical waveforms of bridge voltages for DAB converters operating
in (a) forward mode and (b) reverse mode
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The states of variables v;, v, and ipy;qge during each mode are defined in Tables

3.1 and 3.2. Since the resistances 7. and 13,4, are very small, the bridge voltages can be
approximated to v;(t) = £V, and v, (t) = +Vp, for the calculation of the inductor
current in the fast subsystem. Alternatively, the bridge voltage at the output side may
also be approximated to v, (t) = tv¢s(t) (or v4(t) = 2v¢;(t) in reverse mode) when
neglecting the filter capacitor resistance. Initially, the assumption of v, (t) = £V, and
v, (t) = £V Will be considered, later on, the validity of these approximations will be
evaluated in the cyclic-averaging simulations and compared to the assumption of
v, (t) = 2vcp(t) or vy(t) = ¢ (t) to determine how this choice of approximation

affects the results.

Table 3.1: Mode descriptions for DAB converter operating under SPS modulation,
forward mode

Mode v1(b) v, (t) Ipriage(t) (from (3.8))
M, Vac —Vpar —niy(t)
M, Vac Vpat ni(t)
M; —Vac Vbat ni(t)
M, —Vac ~Vbat —ni(t)

Table 3.2: Mode descriptions for DAB converter operating under SPS modulation,
reverse mode

Mode v1(t) v, (t) Ipriage(t) (from (3.9))
M, —Vac Vpat —i,(t)
M, Vac Vpat i (t)
M; Ve ~Vbat i (t)
M, —Vac —Vpat —i,(t)

The values of v4(t), v,(t) and ipyiq4¢(t) defined in the mode descriptions tables

are now incorporated into equations (3.10) and (3.11) to obtain a linear state-variable

description for each mode i as follows.
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dx(t)

dt = AiX(t) + Bi
(3.12)
_ . iL(t)
where i = 1,2,3,4 and the state-vector is x(t) = . for forward mode or
va
iL(t)
x(t) = L for reverse mode.

vei ()

A further requirement for the application of the cyclic-averaging method is the
definition of the normalized time interval for each mode, also called duty cycle d;.
When operating under SPS modulation the values of duty cycle are easily determined
based on the phase difference ¢ between primary and secondary bridge voltages. From

analysis of the waveforms in Figure 3.4, the duty cycle for the first mode is defined as

follows:
(3.13)
where 0° < |¢p| < 90°.
For the remaining modes, the duties are calculated from waveform symmetry:
d,=05-d,,d3 =d;andd, =d,
(3.14)

Summarizing the analysis of the cyclic behaviour of a SPS modulated DAB
converter, the dynamic and input matrices are defined as follows for a cycle starting at
to = 0, where A; ¢, B; ; are the matrices used for forward operation and A; ,, B; , for

reverse operation.

Mode M;: whenty, <t <t, =d;T:

s 0 Vac + Wpat
L L
A = ;' B =
YTl Than B 1 s Viar
Cr(Mpar +7¢r)  Cr(Tpar + 7cy) Cr(That + Tcy)
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51 Vdc + anat

g 0

L L

A= By, =
Lr | Tgn B 1 Lr Ve
Ci(rac +1ci)  Ci(Tac +1ci) Ci(Tae +1¢1)
Mode M,: whent; <t <t, = g:

s 0 ] [ Vac = nVpar ]

L L

A2y :i ThatTt B 1 JI; = :[ Vbat ‘
Cr(Tpar +1¢r)  Cr(Mpac + 7¢y) Cr(Thar + 7¢f)

| -7 I
Azr ‘{ Tacl 1 » Bor _{ Vae ‘
Ci(rac +1ci)  Ci(rac +7ei) Ci(Tge +7¢i)

Mode M3: when t, <t < t; =d;T + g:

_ E 0 _Vdc - anat
L L
Aoy = TpatN 1 » Bap = Vpar
Cr(Toar +7¢cr)  Cr(Tpar +7cr) Cr(Thar + Tcr)
e 0 “Vac = MVoar
L L
Asr = Tgch 1 P Bsy = Vie
Ci(rac +7ei)  Ci(rac +7ci) Ci(Tge +7¢i)

Mode M,: whent; <t <t, =T:

s 0 “Vac + WVpar
L L
A = ;' B =
T mpan B 1 1 Vipar
Cr(Tpar +7¢r)  Cr(Tpar + 7cy) Cr(That + Tcy)
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L] Vdc - anat

_h 0
L L
Aar = Tacl 1  Bar = Vac
Ci(rac +7¢i) Ci(rac +7¢i) Ci(ae +7¢i)

3.4 Simulation results

Once the duty ratios and dynamic and input matrices are defined for each mode
and for both power flow directions, the equation description presented in Chapter 2 for
application of the cyclic-averaging method can now be used, following the
methodology described at the end of section 2.3.3. The simulation of the cyclic-

averaging model is performed in the MATLAB environment.

The validation of the cyclic-averaging model results is performed through
comparison with a Spice-based circuit simulation, using the software LTspice. The
converter is simulated considering the transformer and switches ideal and neglecting
the input and output filter capacitor resistances. The circuit parameters used in the
simulation stage, listed in Table 3.3, are chosen based on the DAB design developed in

[5] for a 7kW converter.

Table 3.3: Simulation parameters

Parameter Value
DC link volt
C link voltage 390 V
Vac)
Batt It
attery voltage 180 V
Vbar)
Transformer 1
turns ratio (n)
L 61.2 uH
ry 0.11 Q
Ydac) Tbat 0.01 Q
C;,C ¥ 3000 uF
f 20 kHz
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Firstly, the average output current is measured considering forward and reverse
operations, Spice and cyclic-averaging results are presented in Table 3.4. The phase-
shift angle range analysed is from 10° to 90° with steps of 10 degrees. For the cyclic-
averaging model implementation, the average value of the output filter capacitor

voltage (state-variable v¢r or vg;) is calculated and the output current is determined

using equation (3.15).

Ve —Vbat .
Lout avg = %, for forward operation
Vci -Va .
Tout avg = ——2—=, for reverse operation

Tdc

(3.15)

Table 3.4: Simulation results for SPS modulation

Average output current (A)
Phase-
. Forward operation Reverse operation
shift angle
Cyclic- Cyclic-
() Spice Spice
averaging averaging

10° 8.655 8.668 3.541 3.531
20° 15.998 16.012 6.927 6.921
30° 22.341 22.355 9.850 9.848
40° 27.687 27.701 12.311 12.316
50° 32.037 32.051 14314 14.323
60° 35.395 35.408 15.860 15.873
70° 37.764 37.774 16.949 16.965
80° 39.145 39.152 17.584 17.601
90° 39.541 39.545 17.767 17.782

The results from Table 3.4, also plotted in Figure 3.5, show that the cyclic-
averaging model could successfully model the behaviour of the converter over the full
range of SPS modulation, with accuracy similar to the Spice model. A maximum error
of 0.28% was obtained when the cyclic-averaging model output current results were

compared to Spice.
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Figure 3.5: Simulation results for SPS modulation (a) forward mode and (b)

reverse mode

The cyclic-averaging method is not only used to calculate the averaged state-vector

and estimate the output current of the converter but can also be employed to measure

the values of the state-variables over a full cycle. Following the verification of the

converter’s output current, the behaviour of the inductor current (i, (t)) is analysed at

the points of transition between the operation modes. The bridge voltages and inductor

current waveforms obtained in Spice are presented in Figure 3.6 considering forward

operation and two cases of modulation angles: ¢ = 90° and ¢p = 45°.
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Figure 3.6: Bridge voltages and inductor current in forward operation for (a) ¢ =
90° and (b) ¢ = 45°
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The magnitude of the inductor current is measured at the times of transition
between modes (t, tq, ty, t3 and t, in Figure 3.6). The comparison between Spice and
cyclic-averaging results is shown in Table 3.5 for full modulation and in Table 3.6
when the modulation angle is reduced to 45°. The high accuracy of the cyclic-averaging
model is confirmed again since results are close to Spice with maximum difference of
53mA in the instant current measurements. Therefore, this method can also be useful to

quickly estimate the peak of the inductor current, which occurs at times ¢, t, and t,.

Table 3.5: Inductor current states across a cycle considering forward operation

and ¢ = 90°
Spice
to 5] L, i3 s

iy (A) [-79.213 | 37.693 | 79.204 | -37.702 | -79.213

Cyclic-averaging

to t t, ts ty

i (A) [-79.230 | 37.653 | 79.230 | -37.653 | -79.230

Table 3.6: Inductor current states across a cycle considering forward operation

and ¢ = 45°
Spice
) (5] L i3 ly

i, (A) [-60.912 | -2.350 | 60.903 | 2.341 | -60.912

Cyclic-averaging

to t t, ts ty

i, (A) |-60.956 | -2.390 | 60.956 | 2.390 | -60.956

The inductor current is also verified for a converter operating in reverse mode. The
Spice waveforms for bridge voltages and inductor current are shown in Figure 3.7.
Similar to forward operation, the current values for cyclic-averaging and Spice models

are very close, as observed in Tables 3.7 and 3.8.
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Figure 3.7: Bridge voltages and inductor current in reverse operation for (a) ¢ =
90° and (b) ¢ = 45°

Table 3.7: Inductor current states across a cycle considering reverse operation

and ¢ = 90°
Spice
to t t, ts ty
i (A) |-35.816 | 80.080 | 35.822 | -80.071 | -35.815
Cyclic-averaging
to ty t; t3 ty
i (A) [-35.864 | 80.056 | 35.864 | -80.056 | -35.864

Table 3.8: Inductor current states across a cycle considering forward operation

and ¢ = 45°
Spice - reverse mode, ¢ = 45°
to 5] L, i3 s
ip(A) | 3.787 | 61.623 | -3.778 | -61.613 | 3.787
Cyclic-averaging - reverse mode, ¢p = 45°
to t, t, t3 ty
ip(A) | 3.732 | 61.575 | -3.732 | -61.575 | 3.732

The cyclic-averaging method is also useful to calculate the Fourier coefficients for

all state-variables. Here, this method will be used to calculate the magnitude of
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fundamental, third and fifth harmonics for the inductor current i;. Due to waveform

symmetry, the even order harmonics are null.

The RMS values of fundamental, third and fifth components obtained from the
Spice and cyclic-averaging simulations are shown in Table 3.9 considering two phase-
shift angles (¢p = 90° and ¢ = 45°) and forward operation. The results for both models
are very close, confirming the accuracy of the cyclic-averaging method for harmonic
analysis. Results also show that the magnitude of the Fourier coefficients decreases as

the harmonic order increases.

Table 3.9: Harmonics analysis of inductor current i;, forward mode

RMS current (A)
¢ =90° ¢ = 45°
Component ) Cyclic- . Cyclic-
Spice ) Spice ]
averaging averaging
Fundamental | 50280 50.279 34.148 34.172
39 harmonic | 5.586 5.587 6.929 6.929
5t harmonic 2.010 2.011 2.495 2.494

Once the coefficients are obtained, the waveform of the inductor current can be

reconstructed following equation (3.16).

(o]

x(t) = z e/t = ¢y + Z(ak cos kwt + by sin kwt)
=1

k=—o0

(3.16)

where a;, = 2Re(cy) and by, = —2Im(cy) and ¢, is the average value of i,

Note that the number of coefficients is infinite, k = 1,2, ..., 0. The higher the
number of coefficients considered, the higher is the accuracy of the reconstructed
function. As an example, the waveform for the inductor current obtained in Spice with
modulation angle ¢ = 90° is presented in Figure 3.8-a and compared to the current
reconstructed considering only the 1% and 3™ components (Figure 3.8-b) and
considering the 1%, 3 5% 7% and 9™ components (Figure 3.8-c). These harmonic

components were calculated using the cyclic-averaging method.
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The shape and peak of the current waveform in Figure 3.8-c, considering 1%, 3™,
5t 7% and 9™ harmonics, is clearly closer to the current waveform measured in Spice.
Therefore, the results shown in Figure 3.8 confirm that accuracy increases as the
number of harmonics accounted in the reconstruction process increases. The
consideration of additional components beyond the 9" harmonic does not significantly

affect the inductor current waveform since the magnitude of the high order coefficients

is reduced.
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Figure 3.8: Inductor current waveform from (a) Spice (b) cyclic method with 1%,
34 and 5™ harmonics considered and (c) cyclic method with 1%, 374, 5th 7th apd 9th
harmonics considered

The cyclic-averaging model results presented in this section were obtained using
the approximation of v,(t) = +V),: in forward mode and v;(t) = +Vy, in reverse
mode. Simulations were also performed considering v,(t) = £vcf(t) (and v4(t) =
+v.;(t) for reverse mode) and no significant difference was noticed. For the

calculation of average output current a maximum difference of 0.001A was observed
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when using v,(t) = 2vcf(t) instead of v, (t) = £Vjq;. A maximum error of 0.081A
for the inductor current values over a cycle, and error of 0.023A for the harmonic
components calculation were also observed when comparing the two possibilities of
approximation. Therefore, it was confirmed that when resistances 13,,; and 7. have
small values, in the order of milliohms, the influence of these resistors on converter
operation is very reduced and either approximation can be used. In a case where the
resistors have high values, the assumption of v,(t) = 2vcf(t) (or v1(t) = v (L))
would give more accurate results. Those resistors, however, represent internal or

measurement resistances which typically have low values.

The cyclic-averaging method has an average execution time of 0.755 seconds,
compared to 24.675 seconds obtained with Spice. The simulation time of the Spice
model considered here is 4 ms, where steady-state is reached around 3 ms. When the
harmonic analysis is not performed, the execution time of the cyclic method drops to
0.149 seconds. Therefore, it was observed that the cyclic-averaging model has

significantly faster execution compared to Spice.

3.5 Conclusions

In this chapter the cyclic-averaging modelling method was applied for analysis of a
Dual Active Bridge converter operating under single phase-shift modulation. The
model was employed for verification of the converter’s output current, the inductor
current cyclic behaviour and harmonic analysis. Simulations were performed under
nearly ideal conditions (considering transformer and switches ideal) and results were

verified against a Spice component-based simulation.

It was observed that the cyclic-averaging model could successfully predict the
converter’s behaviour for both power flow directions, showing similar accuracy to
Spice. Additionally, the cyclic-averaging model benefits from significantly reduced

execution time compared to the Spice.

In the following chapters, the cyclic-averaging method will be applied to analyse
resonant CLLC converters operating under frequency and phase-shift modulations and
a series-compensated IPT converter operating under phase-shift modulation. The
cyclic-averaging results will also be compared to other modelling methods, as FMA,

state-variable and Spice.
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4 Modelling of Frequency Modulated
CLLC Converter

4.1 Introduction

The cyclic-averaging method was applied in the previous chapter to model a Dual
Active Bridge (DAB) converter operating under single phase-shift modulation. The
application of this technique resulted in an accurate model of the converter’s behaviour

with the advantage of fast execution time compared to Spice.

Following the review of modelling techniques and resonant converters, performed
in Chapter 2, and the application of cyclic-averaging to the non-resonant DAB in
Chapter 3, a CLLC converter operating under frequency modulation will be analysed in
this chapter. Fundamental Mode Approximation (FMA), state-variable and cyclic-
averaging methods discussed in Chapter 2 will be used here to model the converter. The
accuracy of the methods will be evaluated and compared through simulation.
Furthermore, the execution time will be compared to confirm the rapid analysis
provided by the cyclic-averaging technique. The models are validated against a Spice

simulation and experimental results previously obtained from the literature.

Although this work is aimed at fixed-frequency converters, the models are applied
to frequency modulated CLLC converters as a first step, since it is a more popular
variant and due to a lack of this analysis in the literature. Additionally, since the focus
of this research is on the phase-shift modulation variant, the design process will not be
analysed for the frequency-modulated converter. For model validation, the FMA, state-
variable and cyclic-averaging models will be developed and applied to the specification

and design presented in [1].
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4.2 Operation

The circuit diagram of a CLLC resonant converter is presented in Figure 4.1. The
DC bus is represented by the voltage source V. and the battery is simply modelled also
as a voltage source V... Voltages v; and v, represent the output voltage of each

bridge.

Bridge 1 Bridge 2
— —

51.26} Forward 52_15} S22
T Lsl coq REWEsE o o T

o

v g ] Ler

Figure 4.1: CLLC topology

814

= Vbat

S1.3

For forward operation switches S1.1 to S1.4 form a full-bridge inverter while
switches S2.1 to S2.4 work as a rectifier. For reverse operation the input inverter is
formed by switches S2.1 to S2.4 and the output rectifier by S1.1 to S1.4. The switching
signal is sent to the input stage switches while the output stage switches are always
open, consequently, the diodes associated to the output switches form a rectifier bridge.
Between the two bridges, a CLLC resonant network and a transformer are connected.
The transformer is used to achieve galvanic isolation between input and output sides
and the CLLC resonant tank is composed by inductances Ly, and L,,, and capacitors Cgq
and C,,. The resonant capacitors also serve as blocking capacitors, eliminating DC

voltage offset on voltages v; and v, [2].

The switching signal has a 50% fixed duty cycle and 180° phase-shift between
switches in the same leg. Therefore, the input voltage to the resonant tank is a square
wave with variable frequency. Here, the frequency is manipulated to control the

converter’s output current.

4.3 Fundamental Mode Approximation (FMA)

The first approach for analysis of the converter is the Fundamental Mode
Approximation (FMA), a frequency-domain technique often used to model resonant

converters. For the analysis in forward mode, the converter from Figure 4.1 can be
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simplified to the equivalent circuit shown in Figure 4.2. For the reverse mode analysis,

the equivalent circuit is presented on Figure 4.3. The circuits are referred to primary,
therefore Cg, = Csz/nz, considering an ideal transformer with turns ratio n = Nl/ N,

with N; and N, being the number of turns on primary and secondary windings
respectively. The resistances of switches and resonant tank components are neglected
for simplification of the circuit analysis. The input to the resonant tank is represented as
a voltage source v; and the output filter, rectifier and load are modelled as an equivalent

resistor.

Lsa C:sl Cs2' ip

vy 6) ng %Req_f v,

Figure 4.2: Equivalent circuit for FMA analysis in forward mode, referred to

primary
i .
T Lsi Cs1 Cs2
Y| Il

Vo Req_r's’ %Lm 6_,) nv;

Figure 4.3: Equivalent circuit for FMA analysis in reverse mode, referred to
primary

Based on the converter operation described in the previous section, the input
voltage to the resonant tank is a square waveform v;(t) that alternates between +V;,
and —V;,. According to the Fourier series representation, v;(t) can be expressed as in

(4.1), where i is harmonic number and f; the switching frequency.

4V, <« 1
v;i(t) = nm' Z ?sin(Znifst)
i=1,3,5

(4.1)
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Additionally, the output voltage v,(t) of the resonant tank is also represented as a
square wave phase-shifted from the input voltage and alternating between +V,,; and

—V,ut» as shown in equation (4.2).

W o 1
v, () = —2£, ?sin(ZnifSt — i)

T
i=1,3,5

(4.2)

Notice that according to the topology diagram in Figure 4.1, for forward mode
v; = vy, Vip = V4. and v, = vy, Vyyur = Vpar, While for reverse mode v; = v,, Vi, =

Vhat and v, = vq, Vour = Ve

Following the FMA method, the resonant circuit is analysed assuming the
waveforms of current and voltage can be approximated to its fundamental components
and the load is modelled as an equivalent resistor. Therefore, the input voltage is
reduced to the fundamental harmonic of v;(t). The fundamental component of v;(t)

and the RMS value are shown in equation (4.3):

4v,,
Vi pma(t) = Tmsm(anSt)

. 4V, 242V
LRMS = T T o
4.3)
Similarly, the output voltage v, (t) is reduced to its fundamental component:
_ Vout .
Vo,rma(t) = - sin(2nfst — ¢)
v _ Woue 22,y

oRMS = T 2 -

(4.4)

After the full wave rectifier stage, the average value of the output current, I,,,;, can
be found calculating the average of |ir,FM Al as in (4.5) for forward mode and (4.6) for

reverse mode.
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17, 2n  2V2nl, pys
loye = Tf n|lr,FMA| = mPEAK -~ = 1
0
4.5)
17 2 22l pus
lout = = |lr,FMA| = lLyppak - = ——
T, T T
(4.6)

The equivalent load resistor referred to primary, at the output of the resonant tank,

can be calculated as in (4.7) for forward mode and (4.8) for reverse mode.

_ Worms  2V2nVoye 2¥2 8n%V,, 8n?

R = . = R
eq_f Iy rus T Tl'Iout/n w2 Iy g2 load
4.7)
R _ Vo,RMS _ 2\/Evout 2\/5 _ 8 Vout _ E
e Ir rus - o wly,  w? gy  m? foad
(4.8)
where the output is represented as a load resistor Rjyqq = ‘I/"“t.
out

From circuit analysis, a transfer function can be calculated for forward and reverse
modes, as in equations (4.9) and (4.10) respectively. The inclusion of components’
resistances and parasitic inductances/capacitances would result in an increasingly
complex circuit and transfer function, therefore, for simplification, these elements are

not considered for the FMA analysis here.

Vout _ Vbat _ l Req_f [ZLm//(chz + Req_f)]
Vi Vac 1 Req_f tZesz Zigy + Zes1 + [ZLm//(chz + Req_f)]

(4.9)

Vout _ Vdc Req_r [ZLm//(lel + chl + Req_r)]

= = nNn. .
Vi Vbat Req_r + lel + ZCSl chz + [ZLm//(lel + chl + Req_r)]

(4.10)

From the transfer functions, the DC gain can be calculated as in (4.11) for forward

mode and (4.12) for reverse mode.
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DC _ Vout _ 1
il VaZ B2
(4.11)
DC _ Vout _ 1
R I I
(4.12)
where:
A= 1 +1 1
h. w2
c=1 1
B h.g.w?
1 .(1+h
B=D—Q1<——wn>+Q1( ) Q13
Wy g.h.wy, g.h.wy
Given:
=1 — Psw
Wsr = v Ls1-Cs1 Wn = Wgr
p = Lm _ G2
Lgq Cs1
Lsy
Cs1
Q= Rey

where wy, 1s the series resonant frequency, wy,, is the switching frequency, w,, is

normalized frequency, Q; quality factor, /4 is inductance ratio and g capacitance ratio.

For a frequency-modulated converter, the DC voltage gain versus frequency curve

is an important tool for the design procedure, being previously used for this purpose in

[1], [2]. During design, the voltage gain requirement must be met considering the

specified input and output voltage range and bidirectional operation. Additionally,

components values must be chosen to result in similar curves for both forward and

reverse modes. Through the specified operation range, the gain curves must be
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monotonically decreasing to guarantee a linear control, reducing the complexity for the

controller implementation.

The FMA method allows easy implementation and results in a rapid solution but
suffers from accuracy problems due to the circuit simplifications and the dominant

fundamental harmonic assumption.

4.4 State-variable model

Following the FMA frequency-domain analysis, a non-linear state-variable model
is developed for a time-domain analysis of the CLLC resonant converter. The equation
description obtained by the end of this section will also serve as base for application of

the cyclic-averaging method.

From the converter diagram presented in Figure 4.1, an equivalent circuit for state-
variable analysis in forward mode is obtained, as shown in Figure 4.4. To facilitate the
analysis, the technique previously employed in [3]-[5] for partitioning the converter
circuit into decoupled subsystems will also be used here, with the circuit divided in two
subsystems. The fast subsystem represents the dynamics of resonant tank and switching
devices. The output filter capacitor composes the slow subsystem due to its slow
response. The two subsystems are connected by coupling equations that represents the

non-linear behaviour of the rectifier.

..................................................................................................

I 1lcs2
: VW ir wv—| e '
rim ' . 4 rbat E
: [ ref .
“® CRSINONS
: iLml Lm Clirectl = Cf Viat
' P a N
Fast subsystem D Slow subsystem

Figure 4.4: Equivalent circuit for state-variable analysis, forward mode

The output voltage of the primary bridge is represented by v;(t) and the input
voltage to the rectifier, referred to the primary side of the transformer, is nv,(t), where
n is the transformer’s turns ratio. The primary resistance, secondary capacitance

referred to primary and secondary resistance referred to primary are defined as follows:
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T =11 + Tes1 + 2. Tswircn

Col = Cs,
) ==
S nz
' = n’rg,

(4.13)

From circuit analysis of the fast subsystem the following equations are derived:

dips dijs; 1

. I I
1~ =— W1 —TNips1 — Ves1 — Vesa! — 12 st + 12 ipm — n02)
dt dt Ly

Vi1 = L

(4.14)
. dvesy dves 1
ics1 = Cs1 _dt - T E (iLs1)
(4.15)
diL dlL 1 . I: I

VUim = Lmd_tm - dtm = m(_erLLm + Vespr + 0 + 15"l — 12 )

(4.16)
) dvegy AV 1 .
icsar = Cp' d; - dlf = C_ZI (ips1 — iLm)
S

(4.17)

For the slow subsystem:

dvcf dvcf 1
icp=C—— - = (Tpaclivece) — ver + Voar)
f f dt dt Cf(rbat + rcf) atltrec a

(4.18)

The output voltage and current can be defined as:

Vout = Vey + Tericy
_ Vout - Vbat
T
a

(4.19)
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The rectifier operation must be analysed to define the coupling equations. For
CLLC converters operating under frequency modulation, the rectifier behaviour
depends on the operating frequency. A typical graph of DC conversion gain in function
of switching frequency for a CLLC converter, obtained from FMA analysis, is shown in
Figure 4.5. It was observed in simulations that when the switching frequency, f;,,, is
higher or equal to the frequency at the load independent point, f;;, the rectifier will
always operate in the conduction state. In this case the output voltage of the tank is a
perfect square wave. When the converter operates at frequencies lower than f;;, a non-
conduction mode occurs when the output voltage of the resonant tank is not sufficient
to turn on the diodes (|v,(t)| < Ve + 2V4, where V; is the diode forward voltage), in

this case the bridge rectifier is not conducting and the secondary current is zero.

DC conversion gain versus switching frequency: Forward Mode
3 T T T

Ro = 25
Ro = 30
2.5F Ro = 35
Ro = 45.71
Ro = 60

Load independent point

Vout/Vin

0 05  fii1 15 2 2.5 3
Switching frequency x10°

Figure 4.5: DC voltage gain versus switching frequency for CLLC converter in
forward operation

For the LLC converter the load independent and unity gain points coincide and
always occurs at the series resonant frequency but this premise cannot be applied to the
CLLC converter case [6], [7]. In the example from Figure 4.5, the series resonant
frequency is 73.16 kHz, the load independent point occurs around 91 kHz and the unity
gain point is load dependent and placed in a range of 96 to 98 kHz for forward

operation.

In Figure 4.6 typical inverter and rectifier bridge voltages and rectifier input
current are shown for a converter operating with a switching frequency higher or equal

to the load independent frequency (fs,, = f;;) and with switching frequency lower than
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the load independent frequency (fi,, < fi;). The input voltage of the resonant tank,
v1(t) for forward operation, is always a square wave with amplitude V., but the

behaviour of voltage v, (t) depends on the switching frequency range.

o F — _I‘fl 500 ;\'1
300 _i\rgcrxlﬂ wor _xﬁcum
300 B
% 200 1 :-E ol |
5 w0 ////,//f”’ﬁ /////4 E ool //////fikﬁ\\\\g— |
o] ] N
% or 18 ﬂ;/r— /’/i
=
= -0 f Z a0 \\\\\h_////;
- - -
=200 =200
300 4 300
w4 ™H | | . ; : ; .
1.579 1.58 1.581 1.582 1.583 1.584 1.585 1.586 1.587 1.588 1.602 1.604 1.606 1.608 1.61 1.612 1.614 1.616
Time (ms) Time (ms)
(a) (b)
Figure 4.6: Typical bridge voltages and rectifier current in forward mode (a)
fsw 2fli (b)fsw <fli

For continuous conduction mode operation, |v,| = V,,; + 2V, the coupling

equations are defined as:
nv, (t) = n.sgn(icsy (6)) WVour + 2Vg + 21glirece (D)
lrect(t) = niCsZ’(t) = n(ile () — iLm(t))

(4.20)

where 7, 1s the forward-biased resistance of the diode.

During the non-conduction mode, the equivalent circuit of the fast subsystem
behaves as shown in Figure 4.7. Since the diodes are not conducting in this case, no

current flows through the secondary capacitor.

ics2 =0
—_—
r1 Cs1 Ls1 r2' Cs2'

— A —]—M ]
Lm

v irsl = iLm
©

rlm

Figure 4.7: Equivalent circuit during non-conduction mode, forward operation
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From circuit analysis, the input current and voltage of the rectifier are defined by

equation (4.21).

le

Ly . .
nv,(t) = [m (Ul (t) = Ves1 (B) — 1ipsa (B) + 7 Timlist (0)] — Vs ()

lrect(t) = niCszl(t) = n(iLs () — iLm(t)) =0
(4.21)

The same analysis performed for converters operating in forward mode is now
repeated for reverse mode operation. Here the input of the resonant tank is nv, while v,

now is the rectifier input voltage, the equivalent circuit is shown in Figure 4.8:

.............................................................................................

ics2' r2' Cg2' r1 Ls1 Csl irgs1
R -
g rIm = I g
Ean@ @Vl (TD irc:. :
| S ey Lo
Fast subsystem D Slow subsystem

Figure 4.8: Equivalent circuit for state-variable analysis, reverse mode

From circuit analysis, the equations for the fast subsystem are defined as follows:

diL.S‘l dile 1

_ _ ' , .
Vg1 = Lgg—— - = — (v, — Vg — 12 (s + ipm) — T1lps1 — Vst — V1)
dt dt L¢;

(4.22)
. dvest dvesy 1
ics1 = Cs1 dts - dts = a(lle)
(4.23)
di; di; 1 L ] ]
Vim = Lm d_tm - dtm = E (nvz —VUcesp! — 12 (lle + le) - erLLm)
(4.24)

68



’ desZ' desZ’ 1
ﬁ — T e—

les2’ = Csz dt dr Cey' (st + iLm)
(4.25)
For the slow subsystem:
dei dvci 1
ici = Ci—— = J — v +V,
lci i dt - dt Ci(rCi + rdc) (rdcllrectl Ci dc)
(4.26)
The output voltage is defined as:
Vout = Vei + Teilc
(4.27)

When the converter is operating in reverse mode, and |v;| = V,y + 2V, the

diodes are in a conduction state and the coupling equations are defined as:
vl(t) = Sng(ile (t))(Vout + ZVd + Zrdlirect(t)l)
irect(t) = i1s1(t)

(4.28)

When non-conduction mode occurs |v,| <V, + 2V, and the equivalent circuit is

shown in Figure 4.9.

ics2 = irm irs1 = 0
s~ s
r2' Cg2' ri Cs1 Ls1

—W— |—"W"‘—L
~® 3

rlm Vi

Figure 4.9: Equivalent circuit during non-conduction mode, reverse operation

In this case the diodes are not conducting, the inductor current is constant and
equal to zero and consequently the primary resistor and inductor voltages are also equal

to zero. From circuit analysis the coupling equations are given by:
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v1(8) = nvy(t) — 15" (i1 (6) + ipm (£)) — Vegor (£) — Vst (B)
lrect(t) = ips1(t) =0
(4.29)

4.4.1 Implementation in Simulink

Once the equation description is obtained, the piecewise linear state-variable model
is implemented using the graphical programming environment Simulink for modelling
and analysis of transient and steady-state behaviour of the converter. The block
diagrams for the fast and slow subsystems, coupling equations and rectifier operation

are shown in Figures 4.10, 4.11 and 4.12.

The fast and slow subsystem equations are implemented using mainly sum, gain
and integration blocks. As shown in Figure 4.12, to implement the rectifier, the input
current and voltage to the rectifier are monitored to determine if non-conduction mode

occurs.
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Figure 4.10: Fast subsystem, forward mode
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Slow subsystem

Gain23
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Vbat
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Figure 4.11: Slow subsystem, forward mode
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Figure 4.12: Rectifier and coupling equations, forward mode
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4.5 Cyclic-averaging model

Based on the state-variable description obtained in section 4.4 and cyclic analysis

presented in Chapter 2, the cyclic-averaging model is developed for steady-state
analysis of the converter.

Combining the equations for fast and slow subsystems from the state-variable

model previously obtained, the equation description can be presented also in matrix
form as in (4.30):

d
Ex(t) =A.x(t)+B

(4.30)

Where the state-vector x(t), dynamic matrix A and input matrix By for forward
mode are defined as follows:

[ ile(t) 1
Ves1 (t)
x(t) = I1m(t)
Vegp! ()
[ ver(2)
(r +1") 1 Ty 1 0
le le le le
! 0 0 0 0
Csl
' T + 15 1
Af _ 2 0 _ (Tum 2') 0
L Ly Ly
! 0 1 0 0
Cszl CSZI
1
0 0 0 0 —
Cr(Tpar + 7cy)]
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v1(t) — nv,(t)
Lgy

rbatlirect(t)l + Vbat
Cr(Toar +7cr)

Due to the presence of a non-conduction mode, the analysis is split in two cases:
when the converter is operating in region I (switching frequency is higher or equal to
load independent frequency: f;,, = f;;) and when it operates in region II (switching
frequency is lower than load independent frequency: f,, < f;;). Therefore, the coupling

equations, are defined as follows:
a. Conduction mode (occurs when operating in regions I or I): |v,| =V, + 2V,
nvy (t) = n.sgn(icsy (6)) WVour + 2Vg + 21glirece (D)

lrect (£) = Nigsyr (£) = n(ips1 (1) — ipm(£))

b. Non-conduction mode (occurs only when operating in region II): |v,| < Ve + 2Vy

Lm . le .
nvy(t) = |77\ V1) = Ves1 () — Tilpsa (B) + 7= Timlpsa (L) || — Ves2! (€
© = [ (91O = v ® —riina© + ©)] - v ©

m

lrect(£) = Niggy (£) = n(ips1(t) — ipm(£)) =0

To apply the cyclic-averaging method, the periodic behaviour of inverter/rectifier
bridge voltages and rectifier current must be analysed. The typical voltage sequence in
steady-state for a converter operating in region I is shown in Figure 4.13, where four
modes of operation can be identified based on the state of variables v, (t), v,(t) and
irect (t). The start of a cycle is determined by the transition from negative to positive of

input voltage v, (t).
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Figure 4.13: Typical voltage and current sequence for operation in region I,
forward mode

From waveform analysis and coupling equations, the bridge voltages and rectified

current can be defined for each mode as shown in Table 4.1.

Table 4.1: Mode descriptions for converter operating in region I, forward mode

Mode v1(8) nv;(t) lirect(®)]
M4 Vbe —n(VCf + 2V + Zrdlirectl) —n(iLs1 — ipm)
M, Voc n(ver +2Va + 21glivect|) n(izs1 = izm)
M —Vpe n(VCf + 2V, + Zrdlirectl) n(ips1 — ipm)
M, —Vpe —n(VCf + 2V + Zrdlirectl) —n(iLs1 — ipm)

The values of variables v;(t), v,(t) and i,..(t) for each mode M, are
incorporated into the state-variable equation (4.30) in order to obtain a set of piecewise
linear equations for each mode. A set of matrices A, s and B,  will be used with the
cyclic-averaging method equations from Chapter 2 to solve the system, where n=1, 2,

3,4.

Similar analysis is performed for converters operating in region II. The typical
voltage and current sequence is shown in Figure 4.14, note that non-conduction state
occurs during two modes, M, and M,. Here the start of a cycle is determined by the

transition from negative to positive of input voltage v, (t).
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Figure 4.14: Typical voltage and current sequence for operation in region II,
forward mode

The mode descriptions necessary to define the system over a cycle and apply the

cyclic method equations are presented in Table 4.2.

Table 4.2: Mode descriptions for converter operating in region 11, forward mode

Mode | v4(t) nv,(t) lirece(®)|
Ml VDC n(va + 2Vd + Zrdlirectl) n(ile - iLm)
Ly . Ly .

M, Vpe m V1= Ves1 —Tlps1 + merlle — V¢so! 0
M3 —Vpc _n(va +2Vy + Zrdlirectl) _n(ile - iLm)
M 1% [ Lm (v Vs — iy + 2 )] v 0

4 - T 1~ - T - !

DC Lm + le csl 1'Ls1 Lm Lm'Lsl Cs2

Following the forward operation description, similar analysis is performed for

reverse mode operation. The state-vector and matrices A, and B, are now given by:

[ irs1(0) T
Ves1(t)
x(t) =| im(t)
Vesa! (t)
L vei(t)
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(n+n) 1 o 1 0
le le le le
i 0 0 0 0
Cs1
A = _ Zim 0 _(ang: ") Lin 0
! 0 ! 0 0
Cs2' Cs2'
0 0 0 0 - !
Ci(rei + Tac).

rdclirect (t)l + Vdc
Ci(rei + 7ac)

Given the coupling equations:
a. Conduction mode: |vy| = Vit + 2Vy
vl(t) = Sng(ile (t))(Vout + ZVd + Zrdlirect(t)l)

lrect(t) = 151 (t)

b. Non-conduction mode: |v;| < Vyyr + 2Vy
v1(t) = nvp(t) — 12" (ips1 (t) + ipm (1)) — Vegpr (£) — Vesr ()
irect(t) = ile(t) =0

The voltages and current sequence for a converter operating in regions I and II for
reverse mode are shown in Figures 4.15 and 4.16. Here the start of a cycle is defined by

the transition from negative to positive of the input voltage v,.

Based on the coupling equations and waveform analysis, the mode descriptions for

converters operating in reverse mode are shown in Tables 4.3 and 4.4.
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Figure 4.15: Typical voltage and current sequence for operation in region I,
reverse mode

Table 4.3: Mode descriptions for converter operating in region I, reverse mode

Mode nv;(t) v1(8) lirect (0]
Ml anat _(UCL' + ZVd + Zrdlirectl) _ile
MZ anat (vCi + 2Vd + Zrdlirectl) ile
M3 _anat (Uci + ZVd + Zrdlirectl) ile
M4 _anat _(Uci + ZVd + Zrdlirectl) _ile

400 [ T T T T T T ‘Il;l
V2
g 300 ——— 10.irect |7
E 2001 5
=
2" /N
S
1)
£ -100 .
s
=200 -
=300 - -
-400 -
1.515 1.52 1.525 1.53 1.535 1.54 1.545

Time (ms)

Figure 4.16: Typical voltage and current sequence for operation in region II,
reverse mode
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Table 4.4: Mode descriptions for converter operating in region II, reverse mode

Mode | nv;(t) v41(t) [irect ()]
Ml anat (vCi + 2Vd + Zrdlirectl) ile
M, MWVpat nvy — 1y (ips1 + im) — Veso! — Vest 0
M3 _anat _(vCi + 2Vd + Zrdlirectl) 'ile
M, —1Vpat vy — 13" (ips1 + im) — Ves2! — Vest 0

Once the steady-state operating modes, and state-variable equations for each mode,
are defined for forward and reverse operation, the next step is to determine the duration

of each mode and calculate the duty cycles.
4.5.1 Estimation of duty cycle

In order to define the duty cycle for each mode, the phase-shift between the bridge
voltages must be calculated. As demonstrated in the previous chapter, for phase-shift
modulated converters, both primary and secondary bridges are active and the duties are
easily calculated based on the defined modulation angle. When operating under
frequency modulation, the secondary bridge functions as a diode rectifier bridge and the
duration of each mode depends on the rectifier’s operation and, consequently, the

operating frequency range.

The phase-shift angle between the input and output of the resonant tank can be
estimated based on FMA analysis. From the FMA equation description developed in

section 4.3, the input and output voltage phasors are defined:
2V2
Vi = Vi,RMSLO = TVL 20

2V2
Ve = Vo,RMSL(Ib = Tvout4¢
(4.31)

And based on the transfer functions defined in (4.9) and (4.10), the phase-shift

angle between the input and output voltages can be calculated:

¢ =tan™?! (— %)’ for forward operation
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- D :
¢ =tan! (— E)’ for reverse operation

where A, B, C and D are defined on equations (4.11) and (4.12) .

Considering a converter operating with continuous rectifier current (region I), the
duty for the first mode is calculated from equation (4.32) while the duties for modes

M2, M3 and M4 can be determined by symmetry, from d;.

d1:%, d2=05—d1, d3:dlandd4:d2

(4.32)

When the converter is operating in region II the duties are calculated as in equation

(4.33).

dl = 05+2%, dz = 05—d1, d3 :dlandd4 :dz

(4.33)

Due to accuracy limitations, the FMA analysis only gives an approximate angle
value, therefore, an optimization method must be employed to obtain more precise
values of the duties. From Figure 4.13, 4.14, 4.15 and 4.16 it is observed that the
change from mode M1 to M2 occurs when i, = 0, which corresponds to i;¢; —
irm = 0 for forward operation, or i;¢; = 0 for reverse operation. Numerical analysis
will be used here to find a more accurate duty value that fulfils the above mode

transition conditions.

Based on the equations of cyclic-averaging model, the duty values are used to
calculate the values of i;¢; and i;,, at each mode transition point and therefore depend
on the value d;. For a converter operating in forward mode, a function can be defined

as:

f(d1) = iLs1(d1) - iLm(dl)
(4.34)

The Newton-Raphson recursive method will be used here to find the root of
equation (4.34), that corresponds to the value of d; for i;¢; = i;,,. Using the cyclic

model equations described in Chapter 2 for mode M1, i;s; and i;,, are first calculated
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using the initial guess of d; obtained from the FMA analysis in equations (4.32) and

(4.33).

To calculate the derivative of f(d,), the function is next calculated for a small

increment of & to d;. Here the increment is defined as § = 107,
fdy +8) =ips1(dy +68) —ipm(dy +6)

(4.35)

Therefore, an approximation for the derivative of f(d;) is given by equation

(4.36).

fldy +6) = f(dy)
o

f’(d1) =

(4.36)

Based on Newton-Raphson’s method definition, the new value of d; for next

iteration is given by:

f(dq[k])

dy[k] = di[k — 1] T ik —10)

(4.37)

Where d;[k] is the present time estimate for d; and d;[0] is the initial condition.

At the end of each iteration, the difference between i;¢; and i, is verified to
check if this value is within a small error tolerance. For the converter analysis
performed in this chapter, a tolerance of 0.001, or 1 mA, is considered sufficient to

obtain accurate results.

The analysis for reverse mode is similar, the only difference is that the function is

now defined as in (4.38), since NOW iyecr = i161-

f(d1) = i151(dq)
(4.38)

The recursive method is applied to find the value d, that results in i;3; = 0, which

corresponds to the transition from mode M1 to M2.
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When an acceptable value of duty is found, the recursive calculations are
interrupted and cyclic-averaging equations are applied to calculate the average steady-
state value of state-variables and output current. Since the series resistances of the filter
capacitors are very small, they are considered negligible and the output current is

approximated to:

__Vcfavg—Vbat

loutavg = " , for forward operation
I __ Vciavg—Vdc f .
outavg =, — > forreverse operation
Cc

(4.39)

Using this technique, the initial estimation from the FMA equations is optimized to

obtain accurate values of duty cycle for the cyclic-averaging calculations.

4.6 Case study

To verify the models developed in the previous sections, simulations are performed
based on the 3.5 kW CLLC converter design and operation proposed in [1]. The
converter is designed to operate in the frequency range of 85 to 145 kHz in forward
mode and 40 to 100 kHz in reverse mode. The DC link voltage is fixed at 400V and the
battery operates in a voltage range of 250 to 450V.

For simulation purposes, the transformer and diodes are assumed to be ideal and
capacitors’ resistances are neglected, hence the converter is validated considering
nearly ideal conditions. The converter’s parameters used for all simulations in this

chapter are listed on Table 4.5. Based on the defined parameters, the series resonant

frequency (fs,) for this converter is 73.16 kHz, where wg, = 27mf, = 1 / .
N ST ST m
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Table 4.5: Simulation parameters

Parameter Value
Vae 400 V
Viat 250t0 450 V

Cy, C; 300 uF
34.8 uH

Csq 136 nF
L, 78.28 uH

Cs, 200 nF

n (turns ratio) 0.8333
That, Tdc 0.01 Q
TSWITCH 0.044 Q

Tis1, TLm 0.1Q

The operation specification for forward and reverse modes is shown in Figure 4.17
and 4.18, where the output current is plotted against battery voltage. Here the frequency
is the variable used to control the output current. In forward mode the battery is charged
at a constant current of 10A whilst the battery voltage is lower than 350V. As the
voltage increases beyond this point the current is reduced to maintain the converter

maximum output power of 3.5 kW.

Battery
Acurrent (A)
10
S Y SRS
7.5
Battery
250 350 400 450  voltage (V)

Figure 4.17: Battery current versus battery voltage for forward operation
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In reverse mode the battery is supplying power to the DC bus, hence, the output
voltage is now constant at 400V. While the battery voltage is in the range of 400 to
450V the output power is maintained close to maximum, at 3.4 kW. As the input
battery voltage decreases the output power is reduced to avoid high RMS current in the

resonant tank.

DC bus
current (A)

; 5 i . Battery
250 300 350 400 450 "~ voltage (V)

Figure 4.18: DC link current versus battery voltage for reverse operation

Based on the converter operation just described, five points are chosen for
simulation and model comparison. Using the defined output voltage and current for

each point, the output can be represented as a load resistor for the FMA analysis, where
Ripad = Vout/ Ly The values of R;,,4 for the full range of operation points is shown
ou

in Table 4.6.

Table 4.6: Equivalent output load resistor across operating range

Operation points

Viar=250V | Vae=300V | V=350V | Vo =400V | V=450V

R, 1 (Q
toad () 25 30 35 45.71 60
Forward mode
Riaq ()
foad 80 66.67 57.14 47.06 47.06

Reverse mode
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4.7 Simulation results

Once the test points are defined, the models are simulated and validated using a
Spice circuit-based simulation. The models are used to estimate the switching
frequency necessary to provide the required output current for different values of

battery voltage following the converter’s designed operation.

Based on the FMA equation description from section 4.3, the DC voltage gain
curves are plotted for all load configurations considering forward and reverse operation,
as shown in Figure 4.19. Since the DC link voltage is constant (400V), the gain
requirement for forward mode is in a range of 0.625 to 1.125, based on the battery
voltage range. For reverse mode, the gain operation range is from 0.89 to 1.6. From the
results shown, the gain requirement is accomplished and, for this operation range, the
gain curves are monotonically decreasing which is an important characteristic for

control purposes.

DC conversion gain versus switching frequency: Forward Mode DC cgnversiun gain versus switching frequency: Reverse Mode
3 T T T 1 T T T T T

Ro = 25 Ro = 80.00
Ro = 30 35 Ro = 66.67
2.5 Ro=35 | Ro = 57.14
Ro = 45,71 Ro = 47.06
Ro = 60 3
2
c £ 2.5F
£ 5
3 3
=
3 1.5+ 3 2r
3] ]
> >
1.5-
1h
1h
0.5
0.5+
0 ) I | | 0 . L |
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Switching frequency x10° Switching frequency x10°
(@) (b)

Figure 4.19: DC voltage gain versus switching frequency for converter operating
in (a) forward mode and (b) reverse mode

The observation of the load independent point in the graphs is important to
determine in which frequency range the non-conduction mode starts to occur. For this
converter’s design, the unity gain point is load dependent, close to the load
independent point but not equal. The load independent point occurs around 91 kHz for
both forward and reverse operation, while the unity gain point occurs between 96 and

98 kHz in forward mode and between 80 and 81.6 kHz in reverse mode.
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At first, the results obtained from model simulations are compared to Spice.

Additionally, for the 350V and 450V operation points in forward mode and 250, 350

and 450V points in reverse mode, the results are also compared to the experimental

results previously obtained in [1]. Results are shown in Tables 4.7 and 4.8 and plotted

on Figure 4.20. The frequency at the load independent point, that marks the transition

between regions I and I, is approximately 91.5 kHz in the Spice simulations, a result

close to the value of 91 kHz obtained in the FMA analysis. Therefore, in forward mode,

the converter operates in region II (f;, < f;;) only when V., = 450V. For reverse

mode, the converter operates mostly in region II, switching to region I (fg, = fi;)

when V,q = 450V.

Table 4.7: Operation frequency forward mode

Frequency (kHz)
Vpat=250V | Vpai=300V | V},,:=350V | V}q;=400V | V=450V
FMA 147.80 134.80 118.10 97.77 78.10
Spice 136.10 123.14 109.30 94.81 79.75
State-variable 136.50 123.50 109.90 95.43 80.17
Cyclic-
136.35 123.45 109.83 95.40 80.18
averaging
Experimental
- - 114.39 - 74.34
(literature)
Table 4.8: Operation frequency reverse mode
Frequency (kHz)
Vpat=250V | Vpai=300V | V,:=350V | V}q;=400V | V},,=450V
FMA 44.16 48.57 56.92 80.12 113.10
Spice 47.60 54.26 64.50 81.38 104.27
State-
47.71 54.45 64.88 82.22 105.06
variable
Cyclic-
47.77 54.49 64.91 82.24 105.00
averaging
Experimental
45.27 - 59.85 - 97.75
(literature)
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Figure 4.20: Switching frequency for different battery voltage operation points
for (a) forward and (b) reverse operation

The error between the frequency obtained from FMA, state-variable and cyclic-
averaging models simulation and Spice is calculated and presented on Table 4.9 for

forward operation and Table 4.10 for reverse operation.

Table 4.9: Percentage error between proposed models and Spice, forward mode

Frequency (kHz)
Vpae=250V | Vpa:=300V | V},,:=350V | V0 ; =400V | V}, =450V
FMA 8.60% 9.47% 8.05% 3.12% 2.07%
State-variable 0.29% 0.29% 0.55% 0.65% 0.53%
Cyclic-averaging| 0.18% 0.25% 0.48% 0.62% 0.54%
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Table 4.10: Percentage error between proposed models and Spice, reverse mode

Frequency (kHz)
Vpat=250V | Vpat=300V | V},,:=350V | Vq;=400V | V},,=450V
FMA 7.23% 10.49% 11.75% 1.55% 8.47%
State-variable 0.23% 0.35% 0.59% 1.03% 0.76%
Cyclic-averaging| 0.36% 0.42% 0.64% 1.06% 0.70%

Results from cyclic-averaging and state-variable methods showed reduced errors
compared to Spice, having a maximum error of nearly 1%, considering the whole range
of forward and reverse mode operation. The FMA method shows increased error, a
maximum of 11.75%, due to more significant model simplifications adopted when

compared to the other methods.

The models also showed reduced error when compared to the literature
experimental results, with a maximum error of 8.45% for cyclic-averaging and 15.7%
for FMA. The experimental results are affected by circuit resistances and parasitic
elements while the model simulations were performed under nearly ideal conditions,

resulting in increased error between simulations and practical results.

The closeness of the results for cyclic-averaging method and Spice show that the
technique adopted in section 4.5.1 for calculation of duties, with initial estimation of
duty value using FMA analysis and the Newton-Raphson method for optimization,
gives accurate results. In Table 4.11 the results previously obtained are compared to a
cyclic-averaging simulation where the duties are calculated considering only the FMA
estimation. It is verified that estimation using only FMA is not accurate.

Table 4.11: Comparison of duty estimation techniques for cyclic-averaging
implementation, forward mode

Frequency (kHz)
Vpar=250V | Vpat=300V | V0e=350V | V}0;=400V | V=450V
Cyclic-averaging
149.75 139.07 125.33 108.01 60.21
(only FMA)
Cyclic-averaging
136.35 123.45 109.83 95.40 80.18
(FMA+Newton)
Spice 136.10 123.14 109.30 9481 79.75
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As a further investigation, the waveforms obtained with the proposed state-variable
model are compared to Spice results. The currents flowing through inductors Lg; and
L., the rectifier voltage and the input current to the rectifying bridge, i,..:, defined as
irect = N(ips1 — im) for forward operation, are shown in Figure 4.21 for a converter
operating at V,,,=350V. As confirmed by the current waveforms, the converter is
operating in region I, consequently, non-conduction mode will not occur and the input

and output of the resonant tank are square waves.
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Figure 4.21: Waveforms comparison for (a) State-variable and (b) Spice

simulations in forward mode and V., = 350V

In Figure 4.22 the results are shown for a converter operating in reverse mode, also
at Vpqtr = 350V, when the converter is operating in region II. Here the rectifier’s input

current is equal to i;¢; and, due to non-conduction mode occurrence, the rectifier
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voltage is not a square wave as in the previous case. For the Spice simulation, noise is

observed on the input voltage to the rectifier (v;) during the non-conduction period.

For all cases analysed, waveforms obtained from Spice simulation are very similar

to the state-variable results.
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Figure 4.22: Waveforms comparison for (a) State-variable and (b) Spice

simulations in reverse mode and Vj,,; = 350V

After verifying the accuracy of the models through simulation, the execution time
for each method is compared. The average execution time for each model analysed is
shown in Table 4.12. It is verified that cyclic-averaging is the fastest method, being

nearly 37 times faster than Spice, the slowest method. Both Spice and state-variable
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simulations are performed considering a simulation time of 3ms and maximum step
size of 10 ns. Note that while FMA and cyclic-averaging methods directly calculate
steady-state results, Spice and state-variable are time-domain models that include the
transient response and simulation time must be adequately chosen to allow the system

to reach steady-state.

Table 4.12: Execution time comparison

Modelling technique
State- Cyclic-
FMA Spice
variable | averaging
Execution time (s) 2.045 5.888 0.165 6.084

4.8 Conclusions

In this chapter FMA, state-variable and cyclic-averaging models were developed
for analysis of a 3.5kW CLLC bidirectional converter operating under frequency

modulation.

Models were validated against Spice simulations and compared to experimental
results available in the literature. From analysis of the obtained results, among the
models here compared, cyclic-averaging and state-variable methods provide the most
accurate response. Due to the increased number of simplifications and the
representation of voltages and currents by only the fundamental component, the
application of FMA method results in increased errors. FMA accuracy could be
improved by adding to the model the effects of the resistances and parasitic elements
associated to the resonant tank components and switches, but this would also result in

more complex analysis and equation description.

Furthermore, it was confirmed that the use of cyclic-averaging techniques results in

a rapid analysis, with the fastest execution time between the models tested.

In Chapter 5 the models developed here will be adapted for the analysis of a phase-
shifted modulated variant of the CLLC converter.
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5 Modelling of Phase-shift Modulated
CLLC Converter

5.1 Introduction

In the previous chapter the FMA, state-variable and cyclic-averaging modelling
techniques were applied to analyse a bidirectional CLLC resonant converter operating
under frequency modulation. From comparison of the results taken from each
modelling approach with a Spice-based simulation, it was observed that cyclic-
averaging and state-variable were the most accurate models, with the cyclic-averaging

having the advantage of being the method with fastest execution time.

In this chapter similar analysis will be performed for the phase-shift modulated
variant of the CLLC converter, considering bidirectional power transfer and two types
of phase-shift modulation: Single Phase-Shift (SPS) and Pulse-Phase Modulation
(PPM), also called Triple-Phase-Shift modulation (TPS).

From the results obtained in the previous chapter, it was observed that the FMA
method suffers from accuracy problems, but due to its simple and easy implementation,
this analysis will be applied here again to study the influence of phase-shift modulation
angles on the converter’s behaviour. A low-power converter design is presented and the
state-variable and cyclic-averaging methods will be employed to estimate the average
output current of a converter operating under SPS and PPM modulation. The results
obtained from the aforementioned modelling methods will be verified against a Spice

simulation and the execution time will be compared.

5.2 Phase-shift modulation technique

The bidirectional CLLC converter here analysed is the same topology investigated

in the previous chapter, as presented in Figure 5.1.
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Figure 5.1: CLLC topology
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In this chapter, two types of phase-shift modulation are considered for the
operation of the CLLC converter. The first and simpler method analysed is the Single
Phase-Shift (SPS) [1]-[3], the main advantage of this being easy implementation. In
this configuration the switching frequency is fixed, duty cycle is kept constant at 50%
for all switches, and a phase-shift angle (—90° < ¢ < 90°) is introduced between the
output voltages of bridge 1 and bridge 2 from Figure 5.1. Typical waveforms of bridge
voltages v; and v, for a converter operating in reverse mode are shown in Figure 5.2-a.
The output power magnitude and power flow direction are controlled using only the
phase-shift angle, where positive values of ¢ (primary voltage v; lags secondary
voltage v, by ¢) result in forward operation while negative values (primary voltage v,
leads secondary voltage v, by ¢) are used for reverse mode implementation. The major
drawback of SPS modulation is the high circulating current and, consequently,
conduction losses when operating under partial loading [4], [5]. As the phase-shift
angle decreases, the output current decreases but circulating current increases, resulting

1n increased losses.

As an alternative technique to reduce reactive currents, the Pulse-Phase Modulation
(PPM) [6], [7], also known as Triple Phase-Shift method [8], [9] was proposed. In this
case, the frequency is still constant but an additional phase-shift angle a; is introduced
between the legs of the primary bridge, and angle a, between the legs of the secondary
bridge, where 0 < aq, @, < 180°. These angles are used to control the magnitude of
output power. The phase-shift angle ¢ can also be used as control variable but, as
operation degrades as this angle decreases, in most applications ¢ is fixed at +£90° and
used only to control the power flow direction. The drain-source voltage of switches

S1.3 and S1.4 for a converter operating under PPM modulation and the resulting bridge
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voltages v, and v, from Figure 5.1 are shown in Figure 5.2-b. For a simpler control, a;

is maintained equal to @, in many applications.

For a converter operating under phase-shift modulation, the maximum power

transferred is reached when ¢ = £90° and a; = a, = 180°.

Apart from the FMA analysis, where the influence of the phase-shift angles will be
evaluated, when analysing the PPM modulation case for state-variable and cyclic-

averaging models in this chapter the following considerations are made:
a; =a, =a and ¢ = £90°

Vs1.3

v; (1 [1 1]

Vs1.4

iy
Ll

: (1 [

g
]
]
]
]

J U -
@) (b)

Figure 5.2: Bridge output voltages for (a) SPS modulation, operating in

reverse mode and (b) PPM modulation, operating in forward mode

5.3 Fundamental Mode Approximation (FMA)

As shown in the previous chapter, the FMA technique is not the most accurate but
provides simple and rapid analysis. Here this technique will be employed to quickly
estimate the magnitude of the resonant tank currents and the output power. Based on

the CLLC converter circuit presented in Figure 5.1, a simplified equivalent circuit is

shown in Figure 5.3 for FMA analysis, where C;, = Csz/nz and # is the transformer’s

turns ratio.
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Based on the converter design procedure proposed in [10], inductor L,, resonates
with Ly, Cy; and Cq,, as a result, the reactances in each leg of the T-network in Figure

5.3 are represented using a base reactance X, where X, = X¢1 — X1 = Xpm = X/

I, L

s1 Cs1 Cislz' I,

_—

Figure 5.3: Simplified circuit for FMA analysis, referred to primary

Using the Fourier series representation, the bridge voltages referred to the primary
are defined in (5.1). For the case of a converter operating under SPS modulation, the

angles a; and a, are fixed and equal to 180°.

4Vpc o 1 . . (i“1>
t) = — t e
v41(t) - E Z cos(iwt) sin >

i=1,3,..

Ve O 1 ia
v, (t) = nbat z ?cos(ia)t+iq’>) sin (—2>

. 2
i=1,3,...
(5.1)
Applying FMA, only the fundamental component is considered, and the voltage

phasors are defined as:

Vi ==sin (3)

4anat

vV, = 2 sin (%) (cos(¢) + j sin(¢))

(5.2)
From circuit analysis, the resonant tank currents are calculated.
|4

I, ==

JXn

Vy

I, = ——

JXn
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ViV,
™)X,
(5.3)

The RMS values of currents are obtained calculating the magnitude of the phasors

defined in (5.3). A generic phasor Z is defined, composed of a real component a and

imaginary part b.
Z=a+jb
(5.4)
The magnitude of Z is calculated as follows:
1z| = /a2 + b2
(5.5)

The magnitude of primary and secondary currents are presented in (5.6). Note that
phasor I, is referred to the primary side of the circuit, therefore, the magnitude of the

secondary current (I4,.) must be calculated considering the transformers turns ratio as

in (5.6).

|I1| =

4nV,
T;nl:;% sin (%)

4‘nVDC aq
[Isoc| = n|I;| = sin (—
sec 2 T[Xn\/? ( 2 )

(5.6)

The calculation of the magnetizing current from (5.3) results in a complex
expression. This value is calculated at simulation stage using equation (5.3) and the
MATLAB function abs(), which is employed to calculate the absolute value of a

number X, or complex magnitude (or modulus) when X is a complex number.

For the FMA analysis, parasitic resistances are not considered and, consequently,
the transferred power is calculated using (5.2), (5.3) and the active power equations
P = Re[V,1,"] or P = Re[V11,7], resulting in equation (5.7). Also, it was previously
shown in [10] that, for a phase-shift modulated CLLC converter, most of the power is

transferred by the fundamental component.
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out = %le)—j(‘fmsin(qb) sin (%) sin (%)

(5.7)

From (5.7) it is confirmed that the maximum value of output power is obtained
when ¢ = +90° and a; = @, = 180°, as discussed in the previous section. In section
5.6.2 the equation description here obtained will be implemented using MATLAB and
the output power and resonant tank currents will be calculated for different angles and

compared to a Spice simulation.

5.4 State-variable analysis

The state-variable analysis for converters operating under phase-shift modulation is
very similar to the study performed in the previous chapter for the frequency modulated
variant, the main difference here is that the output bridge (bridge 2 for forward mode or
bridge 1 for reverse mode, from Figure 5.1) no longer operates as a diode bridge
rectifier as in the previous chapter. For the phase-shift modulated converter, both
bridges are actively controlled and the bridge voltages v, (t) and v,(t) are determined

following the SPS or PPM modulation description from section 5.2.

The equivalent circuit for a converter operating in forward mode is shown in

Figure 5.4. The fast subsystem is referred to the primary side of the transformer while

the slow subsystem is referred to the secondary, therefore C,," = Csz/nz_ As previously

discussed in Chapter 3, resistances 13,,; and 71, represent internal or measurement
resistances, having a small value to not significantly influence the output of the

converter. The primary and secondary resistances are defined as follows:

T =11 + Tes1 + 2. Tswircn
r_ .2
1y =n*(r¢2 + 2. Tswircn)

(5.8)
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-------------------------------------------------------------------------------------------

11,51 ry Ls1 Cs1 r5:Cs2 : Tout
(-' | tes2!

i I : lice
Im r That

" @ =, O

i s
1im l Lm Lo bridge Ce Vbat
Fast subsystem Slow subsystem

Figure 5.4: Equivalent circuit for state-variable analysis, forward mode

Similar to the bridge voltage definition performed in Chapter 3 for the DAB
converter, for operation under SPS modulation, the output voltages of the H-bridges are
simplified to square waves with amplitude dependent of the DC bus or battery voltages,
as defined in (5.9). For the PPM modulation case, a zero-voltage level is added

depending on the values of @4 and «,, as previously shown in Figure 5.2.
vy = Vg

vy, = Vet
(5.9

To obtain the state-variable piecewise linear equation description, the fast and slow
subsystems are analysed and the coupling equation is determined based on the
equivalent circuit in Figure 5.4. From circuit analysis, the fast subsystem equations are

given by:

. AN I
dipsy  v1 — (1 +13)ls1 — Vest + Talim — Vesp! — MV

dt le
(5.10)
dvesy _ lL_s1
dt Cs1
(5.11)
digm 12is1 = (Num + 12)ium + Vegpr + 10,
dt L,
(5.12)
dvesy! _ irs1 — lpm
dt CSZ’
(5.13)
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For the slow subsystem:

Avcr  Vpar + Tvatlbriage = Ver
dt Cf (Tbat + rCf)

(5.14)

The coupling equation is given by equation (5.15) and it is determined analysing
the operation of the active bridge on the output side. Note that the case v,(t) = 0 only

occurs when the converter operates under PPM modulation.

n(i sy — ipm), Wwhen vy(t) > 0
ibridge(t) = _n(ile - iLm):When Uz(t) <0
0,whenv,(t) =0
(5.15)

Once the equations for fast, slow and coupling systems are defined, the output

voltage and current are calculated.

Vour = Vg + 1ericy

I _ Vout = Vbar
out —
That

(5.16)

The same methodology adopted to obtain the state-variable description of a
converter operating in forward mode is applied for the opposite power flow direction.
The equivalent circuit in reverse mode is presented in Figure 5.5. The converter’s
output is now on the primary side of the transformer, therefore fast and slow subsystem

are referred to primary.

\ nVa

Figure 5.5: Equivalent circuit for state-variable analysis, reverse mode
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Using basic circuit analysis, the fast subsystem equations are obtained:

. AN I
dipsy vy, — (1 +13)ips1 — Ves1 — T2lim — Vesp! — V1

dt Ly
(5.17)
dvesy _ lL_s1
dt Csq
(5.18)
dipm _ vy — Tolrs1 — (Tum + 72)im — Vesyr
dt L,
(5.19)
dvegy _ 151+ lim
dt CSZ’
(5.20)
The slow subsystem is described as:
dvg; _ Vac + Taclbriage — Vei
dt Ci(Tac + 7¢i)
(5.21)

The coupling equation is now defined based on the state of the output bridge

voltage v4(t), the case of v;(t) = 0 will only happen during PPM modulation.

i1s1, When vy(t) >0
ibridge (t) = —i s, When vy (t) <0

0,whenvy(t) =0

(5.22)
Ultimately, the output voltage and current are given by:
Vout = Vei + Teilci
I _ Vout = Vac
out rdc
(5.23)
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5.4.1 Implementation in Simulink

After the set of piecewise linear equations is obtained for forward and reverse

operation, the state-variable model is implemented in Simulink.

Firstly, the bridge voltages are defined as shown in Figure 5.6. The “pulse
generator” and “variable time delay” blocks are used to implement the waveforms of
v;1(t) and v, (t) with a phase-shift between the legs of each bridge (angles a; and «,)
and between the primary and secondary bridge (angle ¢).

Once the output voltages of the bridges are defined, the fast and slow subsystems

and coupling equation are implemented as shown in Figures 5.7, 5.8 and 5.9.

Bridge voltages

[v2]

::IBanaws-ne .@
DCbus side

Signals3

angle_leg/(I"360)

angle_bridge/(*360)

Figure 5.6: Definition of bridge voltages, forward mode

Coupling equation

[nv2] 1>0
=

{~=0 - [i_bridge]

'bv‘
J_

Figure 5.7: Coupling equation, forward mode
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Slow subsystem

Figure 5.8: Slow subsystem, forward mode

Fast subsystem

>
O L »{ [iim]
L s <
»{ [ves2)
»{ [uest]
(L
»{ list]
r2iLs1 |‘
(r1+r2)iLs1 I‘
@L

H.i
Q v

Figure 5.9: Fast subsystem, forward mode
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5.5 Cyclic-averaging analysis

In the previous section a piecewise linear state-variable model was obtained, which
will serve as base for application of the cyclic-averaging method. The set of equations

for forward mode are reorganized for a matrix form representation:

[ irs1(0) 7 [ ins1(8) ]
Ves1(t) Ves1(t)
L in® |= 47| 1n |+ 5,
Vesa! (1) Vesa! (t)
| ver (1) | vep(E)
(5.24)
where:
_ntrn) 1 Tcz2| _1 0
Lsy Lsy Lsy Lsy
i 0 0 0 0
Cs1
A= 7;16_2’ 0 - (er: 1c2') Li 0
m m m
! 0 - ! 0 0
Cs2' Cs2'
0 0 0 0 — ;
Cr(Tpat + Tcr).
[ (V1(t) —nwa(t)) 7
Ls
0
nv,(t
0
Vbat + Tvatlbriage (t)
Cr(Tpat + 7cr)

Similarly, for reverse mode:
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[ is1(t) T s (t) T
p Ves1(t) Ves1(t)
PT: im(t) A igm(t) |+ By
Ves2! (1) Vesz! (1)
L vei(t) L vei(t)
where:
(ry +13) 1 Te2' 1
CLg Ly Ly La
i 0 0 0
Cs1
1 0 3 1
Cs2' Cs2'
0 0 0 0
[ (nva(t) — 1 (1)) ]
Lsy
0
B, = mzZ n(Lt)
0
Vac + Taclbriage (t)
Ci(Tac + 7ci)

0

1

 Cy(rge +1e0)]

(5.25)

To apply the cyclic-averaging method defined in Chapter 2, the converter’s

periodic behaviour is analysed and the state of variables vy (t), v,(t) and iprigge(t)

through a full cycle are defined.

The typical bridge voltage and current sequence for a converter operating under

SPS modulation is shown in Figure 5.10. The bridge voltages are square waves with

two possible states, +V,;. for v; and V. for v,(t), and the bridge current is

calculated using (5.15) or (5.22) depending on the power flow direction. Four operation

modes are identified for a cycle, considering the beginning of a cycle at the transition of

the output bridge voltage (v, for forward operation or v, for reverse operation) from
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negative to positive. The mode descriptions, containing the state of the bridge voltages

and output current during each mode, is presented in Table 5.1 for forward operation

and in Table 5.2 for reverse operation.
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Figure 5.10: Typical bridge voltage and current sequence for SPS operation in
(a) forward mode and (b) reverse mode
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Table 5.1: Mode descriptions for SPS modulation, forward mode

Mode v1(8) V(1) Ipridge(t)
M, —Vac Vbat n(ips1 — izm)
M, Vac Vbat n(ips1 — ipm)
M; Vac ~Vbat —n(iLs1 — iLm)
M, —Vac ~Vbat —n(iLs1 — iLm)

Table 5.2: Mode descriptions for SPS modulation, reverse mode

Mode v4(t) v,y (t) Lpridge(t)
M, Vac ~Vhat ILs1
M, Vac Vbat ILs1
M —Vac Vbat —lrs1
M, —Vac —Vbat —ls1

For the PPM modulation case, the bridge voltages are no longer perfect square

waves and have three possible states, 0 and +V,;. for v;(t), and 0 and +V},,; for v,(t).

The occurrence and duration of the zero-voltage level depends on the phase-shift angle
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a between the legs of each H-bridge, where a; = a, = a. The phase-shift between the
bridge output voltages, ¢, is kept constant at £90°, where the sign determines the

power flow direction.

To obtain the mode description of a converter operating under PPM modulation,
two cases must be considered depending on the range of phase shift angle a and
whether this angle is higher or lower than ¢. The periodic behaviour of the bridge
voltages and current when 90° < a < 180° is shown in Figure 5.11, while the case

a < 90° is presented in Figure 5.12.
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Figure 5.11: Typical bridge voltage and current sequence for PPM operation
and 90° < a < 180° in (a) forward mode and (b) reverse mode
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Figure 5.12: Typical bridge voltage and current sequence for PPM operation
and a < 90° in (a) forward mode and (b) reverse mode

For both cases, eight operation modes are identified and, considering the beginning

of a cycle when the output bridge voltage (v, for forward and v; for reverse operation)
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becomes positive, the mode descriptions for the full a range are presented in Tables

5.3,5.4,55and5.6.

Table 5.3: Mode descriptions for PPM modulation and 90° < a < 180°, forward

mode
Mode V(1) v2(0) Lpridge(t)

M, —Vac Vbat n(ipsy — ipm)
M, 0 Vbat n(ips1 — ipm)
M; Vac Vpat n(ips1 — ipm)
M, Vac 0 0

M; Vac ~Vbat —n(iLs1 — ipm)
Mg 0 ~Vhat —n(iLs1 — iLm)
M- —Vac ~Vbat —n(izs1 — izm)
Mg —Vac 0 0

Table 5.4: Mode descriptions for PPM modulation and 90° < a < 180°, reverse

mode
Mode v4(t) vy (t) Lpridge(t)

M, Vac ~Vbat ILs1
M, Vac 0 fs1
M Vac Vhat ILs1
M, 0 Voos 0

Mg —Viac Vbat —ls1
Mg —Vac 0 —lLs1
M, —Vac ~Vbat —ls1
Mg 0 —Vbar 0
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Table 5.5: Mode descriptions for PPM modulation and a < 90°, forward mode

Mode v4(b) v, (t) Lpridge(t)
M, 0 Vpat n(iLs1 — ipm)
M, 0 0 0
M, Vae 0 0
M, 0 0 0
Mg 0 —Vbat —n(ips1 — ipm)
M, 0 0 0
M, v, 0 0
M, 0 0 0

Table 5.6: Mode descriptions for PPM modulation and a < 90°, reverse mode

Mode v1(t) v, (t) Ipriage(t)
M, Vac 0 ILs1
M, 0 0 0
M3 0 Vbat 0
M, 0 0 0
M; —Vac 0 —ls1
M 0 0 0
M, 0 —Vbar 0
Mg 0 0 0

Based on the mode descriptions, the values of v, (t), v,(t) and iprigge(t) are
substituted on the state-variable equations (5.24) or (5.25) and the dynamic and input
matrices, A; and B; respectively, are determined for each mode i, where i = 1,2,3,4

for SPS modulationand i = 1, 2,3,4,5, 6,7, 8 for PPM modulation cases.

Once the state-variable description is determined for all modes, the duration of
each mode, d;T, must be calculated based on the period 7 calculated from the switching

frequency and the duty cycle, or normalised time interval, for each mode, d;.

As previously discussed in section 5.2, phase-shift modulated converters operate

with fixed frequency and the two H-bridges are actively controlled by the phase-shift
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angles a and ¢. From waveform analysis, the duty cycles are calculated solely based on
the leg and bridge phase-shift angles. Therefore, the duty cycle calculation here is
significantly simpler when compared to the frequency modulated variant previously

analysed in Chapter 4.

When operating under SPS modulation, as shown in Figure 5.10, the leg phase-
shift angle, a, is kept constant at 180° and the duration of each mode is determined
based on the phase-shift angle between the primary and secondary bridge, where 0° <
|| < 90°. For the first mode:

_lol
17360
(5.26)
The remaining duty cycles are determined by waveforms symmetry:
dz =0.5- dl: d3 = d1 and d4 = dz
(5.27)

For the PPM modulation case, the normalised time duration of each mode is
determined analysing the waveforms from Figures 5.11 and 5.12. The bridge angle ¢ is
now constant and, as a result, the duty values are calculated based on the values of the

leg phase-shift angle a. When 90° < a@ < 180°, the duties are determined as in (5.28).

90+«
h="35 ~h=d=d
180 — «

(5.28)

Now considering the case of a < 90°, the duty cycle values are calculated as

follows:

d1_% d; =ds =d;
90 — «
2 = 360 =dy =de = dg

(5.29)
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When a = 90° operation is reduced from eight to four modes. In this case either
set of mode descriptions and duty calculation presented for PPM modulation can be
used, since the extra modes will be eliminated in the calculation of the modes duration.
According to the duty calculation equation (5.28), when a = 90° the values of duties
d,, d3, ds and d, will be equal to zero, cancelling modes M;, M3, M5 and M, from
Tables 5.3 and 5.4. Similarly, from (5.29) modes M,, M,, My and Mg, from Tables 5.5
and 5.6, are cancelled, resulting in the same mode description, as shown in Tables 5.7

and 5.8.

Table 5.7: Mode descriptions for PPM modulation and a = 90°, forward mode

Mode v,(t) v,(t) pridge(t)
M, 0 Vbat n(is1 — iLm)
M, Vac 0 0
M 0 ~Vbat —n(iLs1 — ipm)
M, v, 0 0

Mode v1(t) v, (t) ipriage(t)
M4 Vac 0 ILs1
M, 0 Vbat 0
M; —Vac 0 —lips1
M, 0 —Vpat 0

Table 5.8: Mode descriptions for PPM modulation and a@ = 90°, reverse mode

After the state-variable equations, mode descriptions and duty cycles are
determined for both types of phase-shift modulation, the cyclic method equations from
Chapter 2 are used to model the converter and calculate the average value of the state-
variables. Considering the resistances of the output filter capacitors (r¢y and 7¢;)

negligible, the average output current is calculated.

vcf,avg—Vbat .
loutavg = f#, for forward operation

That

__ Vciavg—Vdc

loutavg = , for reverse operation

Tdc
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(5.30)

5.6 Design and simulation

After the equation descriptions for FMA, state-variable and cyclic-averaging
methods are obtained, the models are applied to a low power converter designed in this

section.

The simulation of the state-variable model is performed in the Simulink graphical
environment, as shown in section 5.4.1, while the FMA and cyclic-averaging equations

are implemented using MATLAB scripts.

The FMA equations will be used to evaluate the influence of phase-shift angles on
the converter operation, while the state-variable and cyclic-averaging models are used
to estimate the converter’s output current based on a predetermined range of phase-shift
angles. The results obtained from the models’ simulations are validated against a

component-based Spice simulation.

In this chapter, at simulation stage the circuit is considered nearly ideal, the
influence of resistances and parasitic elements will only be analysed in the next chapter
with the construction of a prototype and comparison between simulation and

experimental results.
5.6.1 Converter design

A low power converter is designed in this section following the design
methodology developed in [10], where the phase-shift modulated CLLC topology was
proposed and verified using a 50kHz, 4kW converter. Here a different specification is
considered, where the switching frequency is set to 100 kHz, the DC bus voltage (V;.)
has a nominal value of 48V and a variation range of 42—55.2V while the battery voltage
(Vpae) 1s in a range of 10.5—-13.8 V with 12V nominal value. The output power is set to

110W when operating at nominal voltage.

The circuit used for state-variable, cyclic-averaging and Spice simulations is shown
in Figure 5.13. The converter is considered nearly ideal, only a small resistance of 0.1Q
is considered at the input and output of the resonant tank (r; and r,). Resistances 13,4

and 7, are used for measurement of the output current in the cyclic-averaging method
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and have small values (0.01Q2) to not significantly influence the output power
magnitude. Note that, as previously explained in section 5.3, for FMA analysis all

resistances are neglected.

IoE_rev ri Loy G4 Cq2 r2 Ic>\.1i:._fc>r
Tdc — | —I — x|
% I, 1deal 1, bat
v . . H-Bridee 1 transformer H-Bridege 2 .
de ‘|V __Ci g I l 1 n=4 8 cf__ '|' Vbat
m m

Figure 5.13: Final circuit for simulation of CLLC converter

Once the input and output voltages are specified, the DC voltage conversion ratio

is calculated:

Vbat
Vdc

DCrqtio = 1

(5.31)
where 7 is the transformer turns ratio.

According to [10], converters operating under PPM modulation show reduced
sensitivity to the DC voltage ratio value. For SPS modulated converters, however, a
conversion ratio close to unity results in higher efficiency and smaller bridge currents,
especially in low-power applications. For this reason, the DC voltage ratio is set to 1
and, based on the DC bus and battery nominal voltages (48-12V), the chosen value for

the turns ratio is 4.

For the resonant frequency calculation, inductor L,, forms a resonator with Lg;Csq

and Csz/nz’ consequently the resonant network is tuned to the switching frequency as

follows.

2

n
@r ( T[fS) (le + Lm) Csl Lm CSZ

(5.32)

113



Additionally, each leg of the T-network is designed to have the same reactance, as

defined in (5.33).

Xer—Xpn=Xpm = nZXcz

(5.33)

Consequently, a base reactance X,, is defined in (5.34). For the calculation of Lg,
and Cs, there is one degree of freedom, represented by 4. In [10] values of & between 0
and 1 were analysed and it was observed that output power and bridge currents increase
with small values of k. Here this analysis is extended for values higher than unity. In [9]
a value of k = 3.9 is used in the prototype design, but the influence of k£ on the

converter operation is not evaluated.
Xim =n?Xcp = Xp
XCl = (1 + k) Xn

XLl - an
(5.34)

Before the calculation of the resonant components based on different values of &,
the value of base reactance necessary to provide the specified output power of 110W is
calculated. Ignoring circuit resistances and considering the fundamental component
dominant, a FMA-based equation for maximum output power is obtained from (5.7),
when considering the maximum values of phase-shift angles (¢p = 90° and a; = a, =
180°).

p _ 8nVpce1Vpeo
. = -
out_max TL'ZXn

(5.35)

Considering the nominal voltage, turns ratio, and output power previously

specified, the base reactance is calculated from (5.35) and X,, = 16.98 Q.

Substituting the value of X,, in (5.34) and using the reactance definition (X; = wlL

and X, = 1/

w()» the values of inductance and capacitances are calculated considering

k=1,k=2and k =5, as shown in Table 5.9.
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Table 5.9: Resonant tank parameters calculated for different values of k

Parameter k=1 k=2 k=5
Lg1 (nH) 27.02 54.04 135.10
L, (nH) 27.02 27.02 27.02
Cs1 (nF) 46.86 31.24 15.62
Cs, (UF) 1.5 1.5 1.5

Using Spice simulation, the input/output power, efficiency, capacitors voltages
resonant tank and output currents are calculated for each value of k and results are
shown in Table 5.10. As k increases, the efficiency slightly increases but the output
power, and consequently the output current, slightly decreases. The resonant tank
currents also decrease when £ is higher than 1. Additionally, the value of the primary
capacitor (Cgq) decreases as k increases, resulting in higher voltage across Cg; and the
necessity of components with higher voltage rating. A high value of & also results in a
high value of Ly; (from X;; = kX,,) increasing the size of the inductor and occasioning
potential construction limitations. Therefore, in the process of selecting the value of £,
the results show there is a trade-off between efficiency, output power and size to be
considered.

For the present design, an intermediate value of k = 2 is chosen to slightly
increase efficiency and reduce resonant tank currents, while keeping output power
above the specified value of 110W. The inductor L, is also maintained at a reasonable

value of 54.04 pH, not negatively affecting a future construction process.

Once the value of k is defined, all circuit elements are determined and the

parameters obtained at the end of the design process are listed in Table 5.11.
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Table 5.10: Spice simulation results for different values of k

k=1 k=2 k=5
Output Power (P ;) 116.26 W 112.67 W 111.03 W
Input Power (P;,,) 118.03 W 11430 W 112.63 W
Efficiency 98.50 % 98.56 % 98.58 %
Magnetizing RMS current 378 A 364 A 364 A
(I, rms)
Primary RMS current 271 A 260 A 259 A
(I'1,rms)
Secondary RMS current 1121 A 1042A | 1027A
(I2,rms)
Primary capacitor voltage | g9 44y | 13181V | 26379V
(Vest,rms)
Secondary capacitor voltage 1173V 11.66 V 11.65V
(Vesz,rms)
Average output current 977 A 932 A 924 A
(Tout)

Table 5.11: Design parameters

Parameter Value
Vac 48V
Viat 12V

Cy, C; 300 uF
| 54.04 uH
Cs1 31.24 nF
L., 27.02 uH
Cs 1.5 uF

T, T 0.1Q

Tie Th 0.01 Q

Similar to the phase-shift angles, the input and output voltage sources also affect
the output power calculation and could be used as extra control variables. In Table 5.12

it is shown how the output power changes when the DC bus and battery voltages
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deviate from nominal values, where a variation of 15% in the DC bus and battery

voltages, simultaneously, results in a change of nearly 32% in the output power.

Table 5.12: Influence of voltage variations on output power

Maximum output power (W)

Forward mode

Reverse mode

Nominal operation

42V - 10.5V)

112.67 108.76
48V - 12V)
Maximum DC bus/battery voltage 148.68 143.84
(55.2V - 13.8V)
Minimum DC bus/battery voltage 86.072 8327

5.6.2 Simulation results

Equations (5.3), (5.6) and (5.7) obtained during FMA analysis are now used to

calculate the resonant tank currents and output power, evaluating the influence of

phase-shift angles a;, a, and ¢ on the converter operation.

The angles a; and a, are tested for a range from 0 to 180°, with a step size of 5°.

Three values of phase-shift angle ¢ were evaluated: 22.5°, 45° and 90°. The 3D graphs

obtained for a converter operating in forward mode, with maximum (¢ = 90°) and

minimum (¢ = 22.5°) values of bridge phase-shift angle are presented in Figures 5.14,

5.15,5.16 and 5.17.

&
(L5552
Vs %%
2580

Ver o5,
Vs 22545%
NS

Pout (W)

Figure 5.14: Output power versus a; and a, for (a) ¢ = 90° (b) ¢p = 22.5°
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(1] (A)
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Figure 5.15: Primary current magnitude versus a; and a, for (a) p = 90° (b) ¢p =
22.5°

2 <
200 200
(b)
Figure 5.16: Secondary current magnitude versus a; and a, for (a) ¢ = 90° (b) p =
22.5°

200

(b)

Figure 5.17: Magnetizing branch current magnitude versus a, and a, for (a) ¢ =
90° (b) ¢ = 22.5°
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The phase-shift angle between primary and secondary bridges, ¢, functions as a
control variable for the output current since, considering fixed input and output
voltages, the output power decreases as the angle ¢ decreases. From the results
presented it is also observed that the magnitude of primary and secondary currents is
independent of the angle ¢. The magnitude of the primary current only depends on the
phase-shift angle between the legs of the secondary bridge (a,) while the secondary

current is dependent of a4, the phase-shift angle between the legs of the primary bridge.

This behaviour is one of the main disadvantages of the SPS modulation technique,
where a; and a, are maintained at the maximum value (180°) and ¢ is the only control
variable. In this case, for low values of ¢ the converter’s output current decreases but
the input and output currents of the resonant tank are not affected, their magnitude is
always at maximum value, resulting in an increase of the circulating current, system

losses and stress on switching devices.

To evaluate the accuracy of the FMA method, the results obtained are compared to
a nearly ideal Spice simulation. Contrary to FMA, the Spice simulation is not ideal
since this model includes the resistances 1y, 15, 13,4+ and 7., as explained in section
5.6.1. The two models are compared considering the maximum bridge phase-shift (¢p =
90°) and results are shown in Figures 5.18, 5.19, 5.20 and 5.21. Since when a; = 0 or
a, = 0 the output power is nearly zero, the range here analysed is defined based on a

converter operating with angles a; and a, from 18° to 180°, with a step size of 18°.
¢ =90 degrees & =90 degrees

150 <

-
3
=]
/

o
=3
e
=]
L

50

Pout (W), Spice
E

Pout (W), FMA

200 200

(b)
Figure 5.18: Output power for (a) FMA and (b) Spice simulations
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Figure 5.19: Primary current for (a) FMA and (b) Spice simulations
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Figure 5.20: Secondary current for (a) FMA and (b) Spice simulations
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Figure 5.21: Magnetizing branch current for (a) FMA and (b) Spice simulations
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Compared to FMA, the output power in Spice simulations decreases more rapidly
as the phase-shift angles decrease. The magnitude of primary current is very similar for
both models, but Spice results for secondary current are slightly dependent of a,,
especially for low values of @;, while in FMA simulations the secondary current
magnitude is independent of a,. A difference in shape was also noticed between Spice
and FMA results for the magnitude of the magnetizing current in Figure 5.21. The
differences between Spice and FMA are mainly due to the influence of the circuit
resistances and the approximation adopted in the FMA method that ignores the

influence of harmonics.

The relative error between Spice and FMA results was calculated for each point
using equation (5.36) and results are shown in Tables Al.1, A1.2, A1.3 and Al.4, in
Appendix A.1. Note that, in general, reduced error is obtained in the region of a; =
a,, and the discrepancy between Spice and FMA results tends to increase as the
difference between a; and a, increases, especially for output power and magnetizing

current results.

Xspice - Xfma?eq

Relative error (%) =
X fma_eq

(5.36)

where X is the variable under analysis, which can be ||, |Iz|, || or Pyyt-

Overall, FMA is a simple and useful method for fast analysis but, as also observed
in the previous chapter for the frequency modulated CLLC converter, this technique
suffers from accuracy problems due to the fundamental and 1ideal -circuit

approximations.

Following the FMA analysis, to further evaluate the influence of the leg phase-shift
angles a4 and a, on the converter operation, a Spice simulation is used to calculate the
converter’s efficiency for the full operation range of a4 and a,. The 3D plot obtained is

shown in Figure 5.22 and the data points are listed in Table A1.5, in Appendix A.1.

The results show that the highest values of efficiency are obtained near the region
of @; = a, and a considerable drop in efficiency is observed as the difference between

a,; and a, significantly increases. Therefore, for the next step of analysis and
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verification of state-variable and cyclic-averaging models, the converter will be

considered operating with @; = a, = a when applying the PPM modulation technique.

¢ =90 degrees

0.9

Efficiency
=
o
th

=
-]
L

0.75 3
200

200

100 150
100
50

al 0 0 al

Figure 5.22: Efficiency from Spice simulation

Additionally, the efficiency also reduces as the bridge phase-shift angle decreases.
When ¢ drops from 90° to 45°, while maintaining a; = a, = 90°, the efficiency

reduces from 98.56% to 97.83%. At 22.5° the efficiency drops to 95.89%.

At maximum modulation an efficiency of 98.56% is achieved. Note that the
converter here evaluated is nearly ideal but, as the resistances in the circuit increase, an
operation with low values of ¢ or far from the range of @; = a, results in significantly

worse operation.

Following the FMA and efficiency analysis, the state-variable and cyclic-averaging
models, obtained in sections 5.4 and 5.5 respectively, will be implemented and verified
against a Spice simulation. The converter is analysed considering SPS and PPM

modulation techniques and forward and reverse power flow directions.

For the SPS modulation analysis the angle « is fixed at 180° and the output current
is measured as the phase-shift angle ¢ increases from 10° to 90° in steps on 10°. For the
PPM modulation implementation, the angle ¢ is kept at its maximum value (90°) and
the variation of the angle a is implemented using the normalized angle a,.4¢;,, defined
in (5.37), where the range of a4+, evaluated is from 0.1 (¢ = 18°) to 1 (¢ = 180°),

with a step size of 0.1.
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Aratio = ﬁ

(5.37)

The results obtained for the SPS modulation case are shown in Figure 5.23. The
three models have very similar results and differences are hard to identify in the graph,
therefore, for a meticulous analysis, the values of average output current for each value
of modulation angle are listed in Table 5.13. The graphs obtained for PPM modulation

are shown in Figure 5.24 while the data points are presented in Table 5.14.

Overall, it is observed that the application of both state-variable and cyclic-
averaging models produce accurate results compared to Spice. An average error of
0.50% was observed between the Spice and cyclic-averaging models with a maximum
value of 2.01% while, for state-variable, a similar average error of 0.48% was

calculated compared to Spice, with maximum error of 1.06%.
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8 - ir #
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z < 15F
= 6 = &
= [} =
g 2
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2F Cyclic-averaging | Cyclic-averaging
2 #  State-variable #*  State-variable
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Figure 5.23: Simulation results for SPS modulation (a) forward mode and (b)
reverse mode
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Figure 5.24: Simulation results for PPM modulation (a) forward mode and (b)
reverse mode
Table 5.13: Simulation results for SPS modulation
Phase- Average output current (A)
shift Forward operation Reverse operation
angle Cyclic- State- Cyclic- State-
Spice Spice
(¢) averaging | variable averaging | variable
10° 1.3515 1.3556 1.3420 0.3328 0.3395 0.3346
20° 2.8141 2.8188 2.8046 0.6973 0.7053 0.7003
30° 4.2650 4.2706 4.2569 1.0581 1.0683 1.0634
40° 5.6381 5.6449 5.6328 1.3989 1.4119 1.4074
50° 6.8687 6.8765 6.8671 1.7036 1.7198 1.7159
60° 7.8968 7.9054 7.8996 1.9578 1.9770 1.9741
70° 8.6710 8.6802 8.6789 2.1490 2.1707 2.1689
80° 9.1523 9.1618 9.1654 2.2677 2.2911 2.2905
90° 9.3161 9.3256 9.3344 2.3082 2.3320 2.3327

124



Table 5.14: Simulation results for PPM modulation

Average output current (A)
Alpha
. Forward operation Reverse operation
ratio
Cyclic- State- Cyclic- State-
(@Xratio) | Spice Spice
averaging | variable averaging | variable
0.1 0.2593 0.2597 0.2599 0.0648 0.0651 0.0650
0.2 0.9962 0.9971 0.9978 0.2489 0.2497 0.2497
0.3 2.0927 2.0941 2.0957 0.5220 0.5241 0.5241
0.4 3.3776 3.3793 3.3322 0.8410 0.8453 0.8455
0.5 4.6605 4.6628 4.6670 1.1587 1.1660 1.1663
0.6 5.9429 5.9463 5.9518 1.4756 1.4867 1.4871
0.7 7.2264 7.2315 7.2383 1.7925 1.8079 1.8084
0.8 8.3214 8.3285 8.3363 2.0626 2.0823 2.0829
0.9 9.0572 9.0659 9.0744 2.2442 2.2669 2.2676
1.0 9.3162 9.3256 9.3344 2.3082 2.3320 2.3327

For further verification, the behaviour of the circuit variables during a cycle is

analysed and waveforms obtained from the state-variable simulation are compared to

Spice. All state-variables and bridge voltages were verified for different points across

the full range of phase-shift angles, considering forward and reverse operation. The

graphs containing the bridge voltages v; and v,, primary inductor current i;¢; and

magnetizing inductor current i;,, for @,4ti, = 0.25 and ¢ = 90° in forward mode are

shown in Figure 5.25. From the results analysis, it is noticed a very similar behaviour

between Spice and state-variable waveforms, confirming the accuracy of the state-

variable method.
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Figure 5.25: Waveform comparison for a,.,;;, = 0.25 (a) state-variable and (b)
Spice, forward mode

7.63

Based on the cyclic analysis and mode descriptions performed in section 5.5, a
cycle is divided in 8 modes when operating under PPM modulation. To verify the
accuracy of the cyclic-averaging method during a full cycle, the steady-state values of
the resonant tank state-variables (i; g1, Ves1, i and vesp) are calculated at the
beginning of each mode, points t,, t;, t;, ts3, t4, ts, tg and t; from Figure 5.25. The
values obtained from the cyclic-averaging simulation (Table 5.16) are compared to
state-variable (Table 5.15) and Spice (Table 5.17) results considering ;-4¢;o = 0.25
and ¢ =90° in forward mode. This investigation, as well as the state-variable
waveform analysis, were performed for different values of a,4:, and ¢ and results
were similarly accurate across the full modulation range. Part of the error from Spice
and state-variable results compared to cyclic-averaging is due to the dependency on the
simulation step size and consequent difficulty in measuring the current and voltage

values in the Spice and state-variable graphs at the exact point in time each mode starts.
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Table 5.15: State-variable model results for variables states considering
Aratio = 0.25, forward mode

State-variable model

to t ty ts ty ts te t
irs1 (A) |-0.038 | 0.258 | 1.050 | 1.739 | 0.052 | -0.256 |-1.049 |-1.742

Ves1 (V) [-66.970 | -60.630(-31.930| 29.720 | 66.980 | 60.720 [32.070 |-29.560

igm (A) |-2.454 | -0.071 | 0.596 | 1.588 | 2.473 | 0.073 |-0.595 |-1.588

Vesz (V) [-2.098 | 2.851 | 4.459 | 6.021 | 2.203 | -2.858 | -4.465 |-6.025

Table 5.16: Cyclic-averaging model results for variables states considering
Aratio = 0.25, forward mode

Cyclic-averaging model

to t ty ts ty ts te t,
irs1 (A) |-0.047 | 0.254 | 1.049 | 1.744 | 0.047 | -0.254 |-1.049 |-1.744

Vst (V) -66.913 | -60.695(-31.819] 29.383 | 66.913 | 60.695 [31.819 |-29.383

igm (A) |-2.474 | -0.080 | 0.591 | 1.580 | 2.474 | 0.080 |-0.591 |-1.580

Vesz (V) [-2.204 | 2.830 | 4.471 | 6.036 | 2.204 | -2.830 |-4.471 |-6.036

Table 5.17: Spice model results for variables states considering a,.4;;, = 0.25,
forward mode

Spice model

to t ty ts ty ts te t
irs1 (A) |-0.051 | 0.256 | 1.057 | 1.748 | 0.050 | -0.256 |-1.054 |-1.750

Vst (V) |-67.174 | -60.934(-31.837| 29.322 | 67.134 | 60.955 |32.065 |-29.451

iim (A) |-2.476 | -0.076 | 0.598 | 1.584 | 2.477 | 0.075 |-0.593 |-1.584

Vesz (V) | -2.217 | 2.834 | 4475 | 6.033 | 2.201 | -2.829 |-4.463 |-6.040

After the accuracy of the models is verified, the execution time for the three
methods is compared, as shown in Table 5.18. Six measurements were performed for
each method and the average execution time is calculated. Both state-variable and Spice

simulations are performed with simulation time of 8ms and step size of 10 ns. The
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values calculated with the FMA and cyclic-averaging equation descriptions are directly

steady-state, while Spice and state-variable simulations reach steady-state around 7 ms.

The execution time for the FMA and cyclic-averaging methods was measured
considering the first time the code is compiled, to include the memory allocation time.
After the first run, the variables are already defined and stored in memory and
execution time drops to an average of 0.005 seconds for the cyclic method, nearly 4000
times faster than Spice, and 0.238 seconds for FMA. Since the execution of these
methods is considerably fast, this allocation time significantly influences the calculation
of average execution time, while for state-variable and Spice simulations no significant

difference in execution time was observed between the first and subsequent executions.

Table 5.18: Execution time comparison

Modelling technique
lic- -
FMA Cye l? Sts:ute Spice
averaging variable
Average 0.594 0.136 24.583 19.568
execution time (s)

5.7 Conclusions

In this chapter three modelling techniques were employed to describe the operation
of a bidirectional CLLC converter operating under phase-shift modulation. The
equation descriptions for FMA, state-variable and cyclic-averaging models were
obtained, and simulations were performed considering two types of phase-shift
modulation techniques: Single Phase-Shift (SPS) and Pulse-Phase Modulation (PPM).
For accuracy verification, the results were compared to a component-based Spice

simulation.

From FMA analysis, it was shown that for higher values of @; and a, and in a
range around a; = a, this technique shows accurate results compared to Spice. Still,
the FMA method is not as accurate as the state-variable and cyclic-averaging
techniques. For low values of a; and a, and as the difference between these angles

increases the accuracy of the FMA model tends to reduce.
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From Spice results it was also shown that efficiency reduces as the difference
between a; and a, significantly increases and as ¢, the bridge phase-shift angle,
decreases. Therefore, it is concluded that better operation is obtained when using PPM
modulation and with equal values of leg phase-shift angles of the primary and

secondary bridge (a; = a3).

The simulation results also show that state-variable and cyclic-averaging models
could accurately predict the output current behaviour for both SPS and PPM
modulation cases. As also observed for the frequency-modulated variant in the previous

chapter, the cyclic-averaging method had the fastest execution time.

For the next chapter, a bidirectional phase-shift modulated CLLC converter
prototype will be constructed and the models will be verified against experimental

results.
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6 CLLC Converter Design and Prototype

6.1 Introduction

In the previous chapter FMA, state-variable and cyclic-averaging models were
developed for a CLLC resonant converter operating under phase-shift modulation. It
was verified that state-variable and cyclic-averaging are very accurate methods to
model the converter’s behaviour when compared to a Spice simulation. It was also
previously observed that the use of the cyclic-averaging method results in the fastest

execution for both frequency and phase-shift modulated converters.

Following the verification through simulation, the construction process for a low
power prototype will be discussed in this chapter. The converter will be tested
considering bidirectional power flow and operation under Single Phase-Shift (SPS) and
Pulse-Phase (PPM) modulation. The experimental results obtained will be compared to

a Spice and cyclic-averaging simulation.

A simplified diagram for the prototype construction is shown in Figure 6.1. The
switching signals are produced using a microcontroller and inverting circuit. The H-
bridge 1 connects a power supply to one side of the resonant tank while H-bridge 2

connects the other side of the resonant tank to a resistor load.

PCB | | Resonant
tank
Deadtime| |H-bridge
Switching Circuit 1 L | Load
circuit :
Gate driver| |H-bridge
circuit 2 Power
| supply

Figure 6.1: Simplified block diagram for prototype construction
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6.2 Converter design

In this section the design procedure for each prototype subsystem from Figure 6.1

will be explained.
6.2.1 Switching circuit

The block diagram from Figure 6.2 illustrates how the switching circuit is
implemented. The pulse signals are generated using the FRDM-KL25Z microcontroller
development board. Each channel (ChO to Ch3) generates the phase-shifted switching
signals to each leg of the two H-bridges. An inverting circuit is used to implement
phase-shift angles greater than 180°. In Figure 6.3 the inverting circuit is presented in
detail. The development board output has a voltage level of 3.3 V but the input signals
for deadtime circuit in the PCB must be at 15V level. Therefore, before the switching
signals are sent to the deadtime circuits, a voltage level shifter (CD4504B) is added.

\Voltage level
g:? shifter
— \ Switching

Ch2 — .

33to15v |—J Signal

FRDM-KL25Z
Ch3 Inverting
Inv_flag circuit Ch3_out

Figure 6.2: Switching circuit diagram

:)_
}

Ch3 — Inv_flag

:D0h3_out

>

Figure 6.3: Inverting circuit

The FRDM-KL25Z board uses an ultra low-power KL25 microcontroller from the
Kinetis L-series of ARM Cortex MCUs with Processor Expert support. Processor
Expert is a tool with graphical user interface that generates code from embedded

components as building blocks, allowing a fast and simplified development. To
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generate the phase-shifted pulse waveforms the timer units are used in Output Compare
mode, where the output is toggled when the counter matches a set value. To obtain a
100 kHz switching signal the timer frequency is set to 200 kHz. The timer counter goes
from 0 to 104 and resets to zero, therefore, a full count is completed in 5 ps for a

frequency of 200 kHz.

For the four channels used (ChO to Ch3) the output value is zero at start. The
counter starts at 0 and when it reaches the value of variable ChN count the channel

output value is inverted.

To implement a phase-shift angle between the channels, the variable Ch0 count,
for channel 0, is fixed at zero as reference. For channels 1 to 3 the following equation is

employed to obtain phase-shift angles between 0 and 180 degrees:

PS.104
180

ChN_count =

(6.1)
where PS is the phase-shift angle.

For phase-shift angles greater than 180 degrees, the inverting circuit is activated,

variable Inv_flag, from Figure 6.3, is changed from low to high and:

(PS — 180).104
180

ChN_count =

(6.2)

In Table 6.1 the values of Inv_flag, ChN _count and the resulting phase-shift angle
relative to ChO are presented for different modulation cases. Note that variable
ChN_count only accepts integer values, therefore an exact angle of 40° (Ch2_count =
23.11) cannot be implemented. Choosing the closest integer value (23) the phase-shift
angle effectively implemented is 39.81°.

Table 6.1: Values of ChN_count and Inv_flag for different modulation cases,

Modulation case Ch0 _count| Chl _count | Ch2_count | Ch3_count |Inv_flag
a = 180° and ¢ = 90° 0 104 (180°) | 52(90°) | 52(270°) 1
a =90°and ¢ = 90° 0 52 (90°) 52 (90°) | 104 (180°) 0
a = 180° and ¢ = 40° 0 104 (180°) |23 (39.81°) |23 (219.81°) 1
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The pulse waveform diagrams for phase-shift angles of 90, 180 and 270 degrees
are shown in Figures 6.4, 6.5 and 6.6 respectively. This implementation results in a

pulse waveform with period of 10 ps and consequently, a frequency of 100 kHz.

ChO

A count=104
0 0
5us ‘
Ch2, g ot
count=52
2.5 ps: 90°

t
Figure 6.4: Implementation of 90 degrees phase-shift, Ch2_count = 52

Cho;\ count=104
0 0
5 s _
Ch1, ; t
0
5 pis: 180°

-
v

t
Figure 6.5: Implementation of 180 degrees phase-shift, Chl_count = 104

ChO

A count=104
0 0
5 s _
Ch3 ot
count=52 :
Ch3_out A t
7.5 us: 270°

.

Figure 6.6: Implementation of angles greater than 180 degrees phase-shift,
ChO_count = 0, Ch3_count = 104 and Inv_flag = 1

t
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Following the switching circuit implementation, the output signals will be
connected to a voltage level shifter, producing 15V switching signals to the input of the

deadtime circuit.
6.2.2 PCB: Deadtime, gate driver and H-bridge circuits

As shown in Figure 6.7 and from the CLLC topology description in Chapters 4 and
5, the CLLC converter is composed by two H-bridges connected to a resonant tank.
Each leg of the bridge consists of two complementary switches. To avoid the activation
of both switches in the same leg at the same time during transition, and consequently a

short circuit, a deadtime circuit is used to introduce a delay.

Bridge 1 Bridge 2
— —
51.1 S1.2 a1 s
o)) /M Forward 0 22600\
e Y Lsl cg, Reverse o, (£_/ Nisy)
Fanaag! IL . |
Cij ) :—"— .
Vdc (,) 'L ‘Vl ;Lm §|| vzw ==Cf - Vbat
S1.3 S1.4
BN { S23 S2.4 ?_
@ e @@
N1 HH HO1 - His 1o
Deadtime d?‘ﬁftgr l: Deadtime d?ﬁfeer

Hi4

Deadtime [ Hi | dGr|aJ:§r

HI2

IN2 " Gate
l_| Deadtime IE' driver |
Switching circuit

Figure 6.7: Implementation of CLLC converter

The deadtime circuit is shown in Figure 6.8, one circuit is used for each leg of the
two bridges. From experimental tests, a deadtime of approximately 100 ns is sufficient
to avoid short circuit. To obtain that delay, resistors R; = R, = 3.3 k() and capacitors

C; = C, = 2.2pF were chosen for this application.
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. 15,
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Figure 6.8: Deadtime circuit

The input signals for the deadtime circuit are provided by the switching circuit
(microcontroller board + inverting circuit + voltage level shifter) described in the
previous section. The output signals from the deadtime circuits are low power,
therefore, a gate driver circuit must be used before connection to the MOSFET

switches.

The IR2011 high power MOSFET driver is used to control the MOSFET switches.

The output of the deadtime circuit is used as input to the gate driver circuit, as shown in

Figure 6.9.
470 uF
15V [ Ve
IR2011
v IRFP250
CcC
% i com[—L 100
V
470 pF HO /W™
iy SRR F 100
] Lo WM
HI and LI signals HI
from deadtime circuit \{ —_] LI
IRFP250

Figure 6.9: Gate driver circuit

For the implementation of the H-bridges, IRFP250 Power MOSFETs are chosen
with 200V maximum drain source voltage, 30A maximum continuous drain current and

Rps(ony = 0.085Q. A high voltage/current rating was chosen with the intention of

perform future tests at higher power levels after the validation of the 100W case. To

reduce conduction losses, a device with low value of Rpgepn) must be chosen.

136



Therefore, to further improve efficiency, devices using wide bandgap materials as
Silicon Carbide (SiC) and Gallium Nitride (GaN) could be used due to their reduced

on-resistance [1], [2].
6.2.3 Resonant tank design

The resonant tank circuit for a CLLC converter is shown in Figure 6.10.
Considering the operating frequency of 100 kHz, ETD cores with ferrite material 3C90
are used for the construction of inductors and transformer. This material is

recommended for applications with a frequency limit of 200 kHz.

The voltage and current values used in the design equations in this section are
chosen based on the simulation results of the ideal converter presented in the previous

chapter and considering a converter operating under maximum modulation.

Lsl Cg1 Cs2

" — T

—_—TYYY *
i
TVJ_ Ll'l'l
For the inductors construction, the minimum number of turns is calculated based

Figure 6.10: Resonant tank

on equation (6.3).

Ll

max“<icore

(6.3)

where L is the inductance, B,,,, 1s the saturation flux density, A, is the effective

area of the core and [ is the inductors’ peak current.

The inductor gap [ is calculated from equation (6.4).

l — NZAcore//LO
g L

(6.4)

where p is the permeability of vacuum and N is the chosen number of turns.
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The inductor Lg; is built with 10 turns in an ETD-34 core while for L,, an ETD-29
core is used with 8 turns. To reduce the skin depth effect, a litz wire composed of 19
strands of 0.4mm diameter, with total diameter of 2.5mm, was chosen to build the
inductors and transformer. The inductance is measured with an LCR meter and the air

gap lg is adjusted to obtain a value of inductance closer to the design value.

The equivalent circuit for a real inductor is shown in Figure 6.11. Once the
inductors are built, the inductance and parasitic components values are measured using
the Bode 100 Vector Network Analyzer. The measurements were performed based on
the Bode 100 application note for power inductor modelling [3]. The parameters values
measured for inductor Ly, are shown in Table 6.2 while the values for inductor L,, are

shown in Table 6.3.

Il
-

Figure 6.11: Inductor non-ideal model

Table 6.2: Ly, (design value: 54.04 nH)

Parameter Value
L 51.620 uH
R, 0.25Q
R, 1.9 kQ
C, 2.52 pF
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Table 6.3: L,,, (design value: 27.02 nH)

Parameter Value
L 32.089 uH
R 0.073 Q
R, 1.96 kQ
¢, 2.394 pF

The inductor’s series resistance represents the winding losses. From the
measurements performed with the Bode 100, shown in Figure 6.12, it is possible to
observe that this resistance value is frequency-dependent, significantly increasing as the

frequency increases. The series resistances were measured at the operating frequency,

100 kHz.
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»
T

Resistance (£2)
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T
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1 2 3 4 5 6 7 8 9 10
Frequency (Hz) x10°

Figure 6.12: Series resistance of inductor in function of frequency

For the resonant tank capacitors, the values of capacitance were calculated in
Chapter 5 considering the ideal values of inductance with the resonant circuit tuned to
100kHz. Based on the measured values of inductance, the values of capacitors Cy; and
C,, are recalculated to keep the resonant frequency at 100kHz. The value of Cg; drops
from originally 31.24 nF to 29.70 nF, and C,, changes from 1.5 pF to 1.25 puF.
Polypropylene film capacitors were used due to the low-ESR, high power and

frequency characteristics.
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Here the real capacitor is modelled considering only the capacitance and an
equivalent series resistance (ESR), as shown in Figure 6.13. The values of capacitance
and series resistance are measured with the Bode 100 vector analyser, based on the
Capacitor ESR measurement application note [4]. The results obtained are presented in

Table 6.4 for the primary capacitor and in Table 6.5 for the secondary capacitor.

C ESR
|
WA

Figure 6.13: Capacitor non-ideal model

Table 6.4: C41 (recalculated design value: 29.70 nF)

Parameter Value
ESR 0.044Q
Cg 28.354 nF

Table 6.5: C, (recalculated design value: 1.25 pF)

Parameter Value
ESR 0.004 Q
Cg 1.326 uF

For the transformer design, the minimum number of turns in the primary coil is

calculated from equation (6.5).

V.6
f' 2 Bmax-Acore

N, >

(6.5)

where V' is the primary RMS voltage, f is the switching frequency and & is the

maximum duty cycle.

The transformer is built using an ETD-44 core and 20 turns on the primary winding
and 5 turns on secondary, resulting in a turns ratio of 4. A short circuit test is performed
with the Bode 100 to measure the leakage inductance and total winding resistance

reflected to the primary at 100kHz. The open circuit test is employed to measure the
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primary inductance, L,. A gain measurement is used for calculation of the turns ratio

and based on this value the secondary inductance, Lg, can be estimated for the Spice
simulation as Ly = n—z. The transformer equivalent circuit is shown in Figure 6.14 and

the parameters measured are presented in Table 6.6.

Licax Rt

Figure 6.14: Transformer non-ideal model

Table 6.6: Measured transformer parameters

Parameter Value
Gain 0.2501 (n = 3.998)
R, 0.92 Q
L, 1.374 mH
Licak 13.28 uH

6.2.4 Load

The main objective in this chapter is to verify the accuracy of the models
developed in Chapter 5 using an experimental set-up. Therefore, to simplify the model-
prototype comparison, a load resistor, which is simpler to model, is used in place of the
output battery. In Chapter 5 the battery is simply modelled as a voltage source. Using a
resistor as load, the simulation and prototype results can be accurately compared
without the need of developing a more accurate battery model for the simulations. The
equivalent resistor is defined based on the output voltage and current for the maximum
modulation case (@qtjp = 1 and ¢ = 90°). From Spice simulation results obtained in
Chapter 5, the output resistors are calculated for forward (Ry,,) and reverse (Ryeyp)

operation:
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Vour  12.093

Reor = = = 1.2980Q
for = .. 93162
Vour 48.023
TV Jue  2.3082

(6.6)

Based on commercial availability, a HS100 (100W) 0.5Q resistor is used in series
with a 1Q resistor for forward operation, resulting in a measured resistance value that
varies between 1.5 and 1.9Q. Therefore, the average value of 1.7Q is attributed to the
output resistor in the simulation stage. In reverse operation, a HS100 12 Q resistor and
a 10 Q resistor are connected in series, the multimeter measurement for resistance is in

a range of 22.10 Q to 22.65 Q, resulting in an average value of 22.3 Q.

The HS100 series are aluminium housed resistors designed to be used with
heatsink for maximum performance, hence, as shown in Figure 6.15, the resistors are
directly mounted in a heatsink with thermal compound. Wirewound resistors have a
small inductance associated, however, it was observed in simulation that the inclusion

of this value in the model did not significantly affect the average output current value.

"~ ARCOL t5-22
X0

HS100 RS

Figure 6.15: Load resistor for forward operation

6.3 Experimental results

In this section experimental results are presented and compared to cyclic-averaging
and Spice models. In Chapter 5 simulations were performed considering a battery as

output and an ideal model for the resonant tank. For comparison with the prototype, the
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models are modified to include the output resistor load and the real values of the
resonant circuit components (capacitors, inductors and transformer) measured in the

previous section.

The cyclic-averaging model is derived from the state-variable model and
consequently, as observed in Chapter 5, both models show very similar results and
accuracy level. Therefore, only the cyclic-averaging and Spice model are now modified
and compared to the experimental results. The state-variable equation description for
the cyclic-averaging implementation, using equations (5.24) and (5.25), in the previous
chapter was modified to place the equivalent load resistor (Rro Or Ryey) at output in
substitution of voltage source V,,; (or V. for reverse operation). The updated matrices
Af, A, and By, B, used for implementation of the cyclic model in this chapter are
described in equations (6.7) - (6.10). The bridge voltages v,(t) and v,(t) are defined
based on the modulation technique adopted (SPS or PPM) and, consequently, the

modulation angles.

(ry +13) 1 Teo' 1 0
le le le le
! 0 0 0 0
Csl
iy Tim + Teo' 1
Af _ i 0 _ ( Lm Cc2 ) = 0
- L Ly,
! 0 1 0
CSZI CSZI
0 0 0 0 1
CrRror
[(v1 (1) — nv, ()]
le
0
nv,(t)
Bf = L.
0
ibridge (t)
Cy

(6.7)
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where:

where:

v1(t) = £V4. or 0 and v, (t) = tvcp(t) or 0

n(i e; — ipm), when v,(t) > 0
ibridge = _n(ile - iLm)’ when U3 (t) <0

0,whenv,(t) =0

(6.8)
(ry +13) 1 Teo' 1 0
le le le le
! 0 0 0 0
Csl
"y Tim + 7 1
_Tez 0 _( 1m +7¢2") L 0
L L L
1 0 1 0 0
CSZI CSZI
0 0 0 0 !
CiRrev—
[(nvy(t) — vy(¢))
Ly
0
nv,(t
5 10
Lm
0
ibridge(t)
C;
(6.9)
v1(t) = v or 0 and v,(t) = 2V, 0r 0
i1, Whenvy >0
ibridge = —i;¢1, Whenv; <0
0,whenv; =0
(6.10)
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Once the experimental set-up is built, as shown in Figure 6.16, the system is tested

using a 0-60V, 100A power supply as input.

ol o oo " .
Deadtime, gate driver

and H bridge circuits 2 4 =

Figure 6.16: Experimental set-up

As shown in the previous section, the real inductor equivalent circuit comprises a
series resistance, parallel resistance and capacitance. For the cyclic-averaging model
developed in the previous chapter, the only loss element considered in the resonant
circuit was the series resistance and the transformer was assumed to be ideal. To avoid
further modifications in the model equations with the addition of these parallel and
leakage elements, the cyclic averaging simulations are initially performed not
considering the parallel capacitances and resistances, and the transformer’s leakage

inductance.

Since the modifications on the Spice model are easily implemented, simply adding
the new components blocks, the Spice simulations are performed considering all
measured parasitic elements. The resonant tank circuit diagrams used for Spice and

cyclic-averaging simulations at this stage are presented in Figure 6.17.
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Figure 6.17: Resonant tank circuits employed for (a) Spice simulation and (b)
cyclic-averaging simulation

Simulation and experimental results are compared in Figures 6.18 and 6.19, where

the output DC current is plotted as function of the alpha ratio for PPM modulation and

in function of the bridge phase-shift angle for SPS modulation.

146



Pulse-phase modulation - Forward mode 0 Single phase-shift modulation - Forward mode

O Spice O Spice
Cyclic-averaging | 9r Cyclic-averaging | 7
*  Prototype | #*  Prototype

Output current (A)
th
Output current (A)
tn =
oo%
o%

o® L s L

. L L L I 0 L . L L L L
0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1 10 20 30 40 50 60 70 80 90

Alpha ratio Phase-shift angle ¢ in degrees
(@ (b)

Figure 6.18: Spice, cyclic-averaging and prototype results comparison for (a)
PPM modulation and (b) SPS modulation in forward operation
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Figure 6.19: Spice, cyclic-averaging and prototype results comparison for (a)
PPM modulation and (b) SPS modulation in reverse operation

For a converter operating under SPS modulation, as the bridge phase-shift angle
decreases, the error between prototype and Spice results significantly increase. During
experimental validation it was observed that implementation of small values of phase-
shift angle ¢ are subject to reduced precision from the microcontroller and higher
influence of deadtime and delays, contributing to increased errors between simulation
and prototype results. Also, the operation of a converter under SPS modulation
degrades as the phase-shift angle reduces and as the voltage mismatch between primary
and secondary increases resulting in high circulation current, hard switching operation

and large current spikes. For a converter operating under PPM modulation results were
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not significantly affected by the reduction of leg phase-shift angles, even when testing

small values of @,4¢i0-

The simulations were performed considering the bridge phase-shift angle value set
by the microcontroller, thus to improve the accuracy of the simulations, the difference
between the phase-shift angle of the switching signals and the real phase-shift at the
output of the bridges must be incorporated into the models. The drain-source voltages
Vgs13 and vgs3 from Figure 6.20 are analysed with the oscilloscope, as shown in
Figure 6.21. The phase-shift is measured for different SPS modulation cases and an
average difference of 90.28ns is obtained between the set and real time difference,
which corresponds to a 3.24° phase difference. Therefore, Spice and cyclic-averaging
simulations are performed again adding 3.24° to the phase-shift angle ¢ previously

used.

Bridge 1 Bridge 2
S“T_} S1.2§ 32.1§ 32.2§
K \ d
Ve Q) Ci Vaes Resonant Vasz Lcf $Rout

B

Figure 6.20: CLLC converter circuit
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Figure 6.21: Drain source voltages for 10° phase-shift test case in forward
mode
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It was also observed in the first set of results in Figures 6.18 and 6.19 that the
cyclic-averaging model was not as accurate as Spice, especially for high modulation
angles. To further improve the accuracy of the cyclic-averaging method without
changing the equation description, the non-ideal inductor circuit can be reduced to an
equivalent inductive reactance in series with a resistor, as in Figure 6.22, and the
leakage inductance of the transformer is incorporated to the reactance value of the
secondary capacitor, Figure 6.23. This way, all parasitic elements considered in the
Spice simulation are now also incorporated to the cyclic method, improving the

comparison between the models.

L
LS RS eq R]_eq
LYY NN — YL AN
p
Il
|

Figure 6.22: Inductor equivalent circuit for cyclic-averaging implementation

R

Lieax Rs C q ceq

S Ce
Figure 6.23: Secondary capacitor equivalent circuit for cyclic-averaging
implementation

The equivalent impedances for the inductor, Z;,,, and for the secondary capacitor,

Z ceq» are defined in equation (6.11).

1

Zleq = Rleq +j(‘)Leq = 1

1 .
R_p+—RS+ja)L+]pr

Z.og =R j =R fwL J
ceq — ceq_]ﬁeq_ s Tjw leak_Fszr

(6.11)

where, in the equivalent circuit for the secondary capacitor, R is obtained adding

the capacitor’s ESR to the transformer resistance, all referred to primary.
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The calculated values for the equivalent circuit parameters, referred to the primary

side of transformer, are shown in Table 6.7.

Table 6.7: Inductors and capacitor equivalent parameters referred to primary

Parameter

Inductor Lgq

Inductor L,,

Capacitor C,,'

Req (for inductors) or

R4 (for capacitor)

0.8033 Q

0.2804 Q

0.9839 Q

L., (for inductors) or

Ceq (for capacitor)

51.592 uH

32.084 pH

146.76 nF

After the phase-shift angle correction and cyclic-averaging accuracy modifications

are implemented, simulation results are compared to experimental once again, as shown

in Figures 6.24 and 6.25. The tables containing the numerical data for all tests

performed can be found in Appendix A.2. After the model optimization the accuracy of

the cyclic-averaging model was significantly improved, and results are very close to

Spice for all modulation cases.

For maximum modulation in reverse mode, a difference of 200 mA (12.9%) is

measured between Spice and prototype results of output current, while 150 mA (2.21%)

difference is measured for forward mode.
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Figure 6.24: Optimized Spice, cyclic-averaging and prototype results comparison
for (a) PPM modulation and (b) SPS modulation in forward operation
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Figure 6.25: Optimized Spice, cyclic-averaging and prototype results comparison
for (a) PPM modulation and (b) SPS modulation in reverse operation

The results for the SPS modulation case improved compared to the previous set of
results, especially for small phase-shift angles. The simulation results are now closer to
experimental due to the phase-shift angle compensation implemented. No significant
difference is observed for the PPM modulation case from the addition of the
compensation angle. Even with the basic delay compensation implemented on
simulation models, errors are still higher for SPS modulation when operating with small

values of phase-shift angle ¢.

As a further verification, the waveforms obtained in the Spice simulation were
analysed and compared to the experimental measurements. The results for a converter
operating in reverse mode under maximum modulation (&« = 1 and ¢ = 90°) are shown
in Figures 6.26, 6.27, 6.28 and 6.29. Measurements were made using an oscilloscope

and a Rogowski current waveform transducer (CWTUM/ 015/B).
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Figure 6.26: Comparison between (a) Spice and (b) experimental results for
the primary current
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Figure 6.27: Comparison between (a) Spice and (b) experimental results for
the secondary current
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Figure 6.29: Comparison between (a) Spice and (b) experimental results for
the secondary capacitor voltage

Overall, the experimental waveforms are also close to the simulation results. The
values of rms voltages and currents obtained with the Spice and experimental
measurements are compared in Table 6.8. From the waveforms results, it is observed
that the peak value of the secondary current is higher for the experimental case,
however, the experimental rms current value is lower. Furthermore, the experimental
waveform for the secondary capacitor voltage shows increased noise, while in

simulations this waveform is cleaner.

Table 6.8: Difference between Spice and experimental results in waveform

analysis
Parameter Spice Experimental
Primary RMS current (A) 1.85 1.96
Secondary RMS current (A) 6.63 6.54
Primary capacitor RMS voltage (V) 101.19 110.49
Secondary capacitor RMS voltage (V) 7.84 7.63

The difference between simulation and experimental waveforms and average
output current results are attributed to instrument error and additional loss elements in
the circuit, as wire resistances and inductances, that were not previously included in
simulation models. To analyse the influence of increased resistances on the output

current results, new simulations are performed considering an addition of 100 mQ on
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the primary or secondary side of the resonant tank. Results are presented in Table 6.9,

where the percentage error is calculated as follows:

value after addition—base value

.100%

Percentage error =
base value

(6.12)
Table 6.9: Influence of additional resistances on output current
Forward mode Reverse mode
Parameter Iyu: (A) Error (%) Iyu: (A) Error (%)
Addition of 100 mQ
) 6.7483 -0.53 1.5454 -0.15
on primary
Base value 6.7844 - 1.5477 -
Addition of 100 mQ
6.7229 -0.91 1.4618 -5.55
on secondary

The secondary is the low voltage/high current side of the circuit, therefore,
increased resistances on this side results in higher current drop. From the results it is
also verified that reverse mode results are more significantly affected by additional
resistances in the secondary side of the resonant tank, in this case the resistor is

introduced in the high current side which is also the input side.

Simulations are also performed to evaluate the circuit sensitivity to fluctuations in
the values of circuit components and frequency. For the capacitors’ analysis shown in
Tables 6.10 and 6.11 a maximum variation of 5% was considered, since the
components used have 5% tolerance. The inductors and frequency results are shown in

Tables 6.12, 6.13 and 6.14 considering variations of +10%.

From the results obtained it is noticed that results are slightly affected by variations
in the primary capacitor, inductors and frequency while variations on the secondary
capacitor do not significantly affect the output current, with a difference in current

inferior to 1% for a change of 5% in the capacitor value.
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Table 6.10: Influence of capacitor Cyq on output current

Forward mode Reverse mode
Parameter I, (A) Error (%) Loyt (A) Error (%)
+5% 7.1717 5.71 1.6074 3.86
Cs1 Base value 6.7844 - 1.5477 -
-5% 6.3605 -6.25 1.4840 -4.12

Table 6.11: Influence of capacitor Cy, on output current

Forward mode Reverse mode
Parameter Iou: (A) Error (%) Iou: (A) Error (%)
+5% 6.7339 -0.74 1.5362 -0.74
Cs, Base value 6.7844 - 1.5477 -
-5% 6.8408 0.83 1.5602 0.81

Table 6.12: Influence of inductor Ly; on output current

Forward mode Reverse mode
Parameter Iout (A) Error (%) Iout (A) Error (%)
+10% 7.1930 6.02 1.6151 4.35
Ly Base value 6.7844 - 1.5477 -
-10% 6.3615 -6.23 1.4826 -4.21

Table 6.13: Influence of inductor L,, on output current

Forward mode Reverse mode
Parameter Ioue (A) Error (%) Iyu: (A) Error (%)
+10% 6.5169 -3.94 1.4874 -3.90
L, Base value 6.7844 - 1.5477 -
-10% 7.0852 4.43 1.6247 4.97
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Table 6.14: Influence of frequency on output current

Forward mode Reverse mode
Parameter I, (A) Error (%) Loyt (A) Error (%)
+5% 7.2262 6.51 1.6108 4.08
Frequency| Base value 6.7844 - 1.5477 -
-5% 6.4297 -5.23 1.5288 -1.22

Simulations were previously performed considering the average value measured
for the load resistor, therefore, the influence of this parameter is also examined through
simulation considering the maximum and minimum values measured. As shown in
Tables 6.15 and 6.16, fluctuations in the measurements of the value of the output

resistor do not significantly affect the output current.

Table 6.15: Influence of output resistor on output current in forward mode

Forward mode
Parameter Iyu: (A) Error (%)
Maximum (1.9 Q) 6.7244 -0.88
Rfor | Average (1.7 Q) 6.7844 -
Minimum (1.5 Q) 6.8454 0.90

Table 6.16: Influence of output resistor on output current in reverse mode

Reverse mode
Parameter Iyu: (A) Error (%)
Maximum (22.65 Q) 1.5443 -0.22
R,., | Average (22.30 Q) 1.5477 -
Minimum (22.10 Q) 1.5497 0.13

Another factor that contributes to differences between simulation and experimental
results is the MOSFET simulation model. The MOSFET switches are modelled in
Spice considering the datasheet value of Rpgon), but during operation this value
changes depending on parameters as temperature, gate-source voltage and drain

current. Simulations results could be improved adopting a more accurate model for the
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MOSFET including parasitic elements, instead of only Rpg(on) and associated body

diode, but this would also increase the complexity of the system, especially for cyclic-

averaging implementation.

6.4 Conclusions

In this chapter a prototype for the CLLC converter was built to verify the accuracy
of the Spice and cyclic-averaging models. The results show that both models analysed
could successfully predict the converter’s behaviour, with the confirmation that the
phase-shift angles of the two H-bridges can be used to control the output current.
Therefore, it is possible to use this converter as a charging/discharging system when

connecting a battery to the output.

The models adopted in this chapter for representation of real inductors, capacitors,
transformer, the associated resistances and parasitic elements are approximations and
cannot perfectly represent the real system behaviour. Also, measurement errors,
parameters variation and environment factors, as temperature, affect the results.

Therefore, discrepancies between the models and experimental results still occur.

Errors between simulation and practical results are lower for the PPM modulation
case, due to the increased sensitivity to delays and performance deterioration as the
value of bridge phase-shift angle decreases when operating under SPS modulation, and
finally, the difficulty to accurately incorporate the system’s delays and all parasitic

elements to the simulation models.

Furthermore, the influence of inductances and resistances associated to wires with
considerable length connecting the resonant tank to the load and power supply was not
considered in this chapter. The inclusion of these elements to the simulation model will
be performed in the next chapter for the analysis of the wireless power transfer

converter.

The influence of parasitic elements and transformer leakage inductance affects the
resonant state, where a high value of transformer leakage inductance could result in a
deviation from the point of resonance. Therefore, to improve performance, in [5] a
construction process is suggested where the transformer is designed to incorporate the

values of the resonant inductors. Consequently, to reduce the influence of the non-ideal
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transformer to this system, the transformer could be designed to have leakage

inductance equal to Lg; and magnetizing inductance equal to L,,. In the next chapter, a

wireless variant of this converter will be analysed, where the resonant tank inductors

originate from the wireless transformer equivalent circuit and no extra inductor is

needed.
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7 Analysis of Series Compensated IPT
converter

7.1 Introduction

The cyclic-averaging analysis approach was successfully applied in the previous
chapters to model the bidirectional CLLC resonant converter. Here, this analysis is
extended to evaluate an Inductive Power Transfer (IPT) wireless system. In the
literature review conducted in Chapter 2, three topologies of compensation circuits
were compared. The series compensated topology, shown in Figure 7.1, is chosen due
to its simplicity, good performance and similarity to the previously analysed CLLC
converter. FMA, state-variable and cyclic-averaging methods will now be applied to
this circuit and verified against a Spice simulation. To simplify the analysis and
construction processes, the IPT converter analysed in this chapter has a turns ratio, n,
equal to one, therefore L; = L.

Bridge 1 Bridge 2
— —

S S S
1.15} 1.25} M 2.15} S22
Csi N Cs2
1L . . 1l
I 1l
Vdc C_) Ci= ‘Vl ng §L2 Vz‘[
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Figure 7.1: Series compensated IPT converter
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Similar to the analysis performed in Chapters 5 and 6, Single Phase-Shift (SPS)
and Pulse-Phase (PPM) modulation techniques will be adopted here for the analysis of
the IPT converter.
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The conventional transformer utilized in the previous chapters is now substituted
by primary and secondary IPT coils, separated by a large air gap of 150mm. The values
of inductance and coupling coefficient depends on the coil pad dimensions, material
and the distance, or misalignment, between the pads. Using a 3D finite element analysis
(FEA) simulation tool, the Double D coil pad structures will be designed and the
influence of construction parameters and misalignment will be evaluated. The coil
structures are built, tested for misalignment conditions, and results are compared to the

FEA simulation.

Once the coil structures are validated, the pads are connected to the compensation
capacitors and the prototype of the IPT converter is tested for experimental verification

of the cyclic-averaging and Spice simulations.

7.2 Fundamental Mode Approximation (FMA) applied to
inductive power transfer

The FMA analysis will be used in this chapter for calculation of the converter’s
output power and primary and secondary currents in the resonant tank. The converter
diagram from Figure 7.1 can be simplified to the equivalent circuits shown in Figure
7.2. Circuit resistances and parasitic elements are not considered in the FMA analysis

for simplification.

c c

I sl s2 1 1 Ci1 Iy;-M L,-M C_,

Y A )2 o “_rwv\_TrYW\_"_jzz
Im

@ 3 fn % wE o @v

(a) (b)
Figure 7.2: Equivalent circuits for series compensated IPT converter with (a)

coupled inductors representation and (b) T-model representation

The mutual inductance M is calculated based on the value of self-inductances and

the magnetic coupling between primary and secondary coil pads, as in (7.1).
M = k\/ LlLZ

160



(7.1)

where £ is the coupling coefficient, also called coupling factor.

The resonant frequency is defined in (7.2) based solely on the values of self-
inductance and compensation capacitors, therefore, this frequency is independent from

the coupling coefficient.

1 _ 1
\/L1 Cs1 \/Lz Cs,

wo = 21fy =

(7.2)

From analysis of the equivalent circuit, Figure 7.2-b, the circuit impedances in the

T-network are defined as follows:

Z1 =jw(lL; —M)—j

wCyq

1
wCs,

Z, =jw(Ll, = M) —j

Zm = joM

(7.3)

Since the converter operates under phase-shift modulation (SPS or PPM), the
bridge voltages waveforms and the phasor voltages are defined the same way as in
Chapter 5 (equations (5.1) and (5.2)), applying the fundamental approximation to the

Fourier representation of functions v, (t) and v, (t). Therefore, the voltage phasors are

given by:
_ A4Vpe (g
1= 5 sin ( 5 )
_ 4'Vbat . (A2 ..
V, = 2 sin ( > ) (cos(¢p) + jsin(¢))

(7.4)

Once the voltage phasors are defined, the following equations are obtained

analysing the circuit in Figure 7.2-b.
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V1 = lel +Zmlm
L=I+1I,

ZmIm = Zzlz + VZ

(7.5)
After solving the system of equations, the currents are obtained, as in (7.6).
ViZy+Zy) — Vo
Y 207+ 242y + 2570,
_ViZn = Va(Zs + Zy)
27 217y + ZyZmm + ZoZm
[ ViZ, +V,Z,

M 747y + 212y + ZoZ

(7.6)

At simulation stage, MATLAB “abs()” function will be used with (7.6) to calculate

the rms value of the primary and secondary currents.

No resistive losses are considered in the FMA model, therefore, the magnitude of
the output active power is obtained calculating Re(V1I7) or Re(V,I3), resulting in the

following equation:

. (g . (&
8V VpatXm sin(¢) sin (71) sin (72)
w2 (X1 Xy + X1 X0 + X0 X))

Pout =

(7.7)
where Z, = jX1,Z, = jX, and Z,,, = jX;.
The power equation can be simplified by substituting equation (7.2), which defines

the resonant condition, into (7.7). The final expression for active power calculation is
given by (7.8).

: . (0 . (& . . () . (&
8V Vpae sin(¢) sin (71) sin (72) 8V Vpae sin(¢) sin (71) sin (72)

T*wM m2wky[L,L,

Pout =

(7.8)
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The converter operates at resonant frequency w = w, and maximum output power
is achieved when ¢ = £90° and a@; = a, = 180°. The output power equation is often
used in the design process to dimension the inductors based on a defined range of

input/output voltages, coupling coefficient and operating frequency.

7.3 State-variable and cyclic-averaging analysis

The equivalent circuit of the series compensated IPT converter, shown in Figure
7.2-b, is a CLLLC network that resembles the CLLC converter analysed in Chapters 5
and 6. As shown in [1], a CLLLC network can be reduced to an equivalent CLLC
network. The transformation equations derived in [1] will be applied here to find the
CLLC equivalent circuit for the resonant tank of the IPT converter. The circuit

transformation is shown in Figure 7.3.

Figure 7.3: Equivalency between series compensated IPT converter and
CLLC converter

Given L, =Ly — M and L, = L; — M, with M defined in (7.1), the inductances
L, Ly, and transformer turns ratio n for the equivalent CLLC circuit are calculated

using the following equations:

_ Lg+ MLy + M) — M?

* (L, + M)
MZ
Ly = ———
(L, + M)
_ M
Ty

(7.9)

Once the equivalent CLLC converter is defined, the state-variable and cyclic-

averaging models obtained in Chapter 5 for phase-shift modulated converters are
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applied to describe the behaviour of the IPT converter. At simulation stage, the models
will be used here to calculate the converter’s output current, however, both state-
variable and cyclic-averaging simulations can also be employed to analyse the
behaviour of the primary and secondary currents and voltages across the primary and
secondary capacitors, since the primary and secondary currents (/; and I,) in the IPT

resonant tank and CLLC resonant tank are equal.

The simulation results for the FMA, state-variable and cyclic-averaging models

are discussed in the next section.

7.4 Simulation results

In this section, the FMA model defined in section 7.2 will be used to design a low
power IPT converter, with 110W output power. Afterwards, the accuracy of the FMA
method will be verified using a Spice simulation. Following the FMA analysis, the
state-variable and cyclic-averaging models will be applied to a CLLC equivalent circuit
of the IPT converter. For model verification, the results will be compared to a Spice

simulation of the IPT converter and a simulation of the CLLC equivalent circuit.
7.4.1 Converter design based on FMA model

As discussed in the previous chapters, the FMA method is often used in the design
process due to its simple and fast analysis. The design process here performed consists

of the following steps:

1. Definition of circuit parameters as battery voltage, DC bus voltage and

operating frequency;
2. Definition of coupling coefficient range and desired output power;

3. To simplify analysis and construction, the primary and secondary inductances

are assumed to have the same value (L; = L5).

4. The power equation (7.8) is used to calculate the value of inductances
necessary to obtain the desired output power under maximum modulation

condition;
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5. The equation for resonance condition (7.2) is used to calculate the values of the

compensation capacitors C; and Cs;

Here, the converter is designed considering the same operating frequency and
voltage specification adopted for the verification of the CLLC converter in Chapters 5
and 6. Based on literature analysis and the previous work performed on loosely coupled
transformers in [2], the design value of 0.3 was chosen for the coupling coefficient. The
parameters used for the design process, as the inductors and capacitors calculated in

steps 4 and 5, are listed in Table 7.1.

Table 7.1: Design parameters

Parameter Value
Pout 110 W
Ve 48V
Vpat 12V
f 100 kHz
k 0.3
Ly, L, 21 uH
Cs1, Cs2 120 nF

For the FMA simulations all resistances are neglected. The Spice, state-variable
and cyclic-averaging simulations are conducted under nearly ideal conditions and the
only resistances considered are the input and output resistances associated with the
voltage sources (14 = 74 = 0.01 () and series resistances of primary and secondary

inductors (r; = 1, = 0.03 Q).
7.4.2 Verification of FMA model

In the previous section the converter was designed to operate with coupling
coefficient of 0.3 and primary and secondary self-inductances (L = L; = L,) equal to
21 uH in order to obtain output power close to 110W. Now the FMA model is used to
estimate how the output power, primary and secondary currents behave with variations
in the coupling coefficient and self-inductance. The results obtained will also be

compared to a Spice simulation to verify the accuracy of the FMA model.
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Figure 7.4 shows the primary current results obtained with the Spice and FMA
models considering forward operation and maximum modulation. In Figure 7.4-a, the
self-inductance of primary and secondary coils is kept constant at 21uH while the
coupling coefficient varies in a range from 0.05 to 0.6, in steps of 0.05. In Figure 7.4-b,
to analyse the effect of variations in the inductance value, the results were obtained
maintaining the coupling coefficient constant at 0.3 and inductance values from 10uH
to 50uH were tested in steps of SuH. For the results shown in Figure 7.4-b, the
capacitances are changed according to the values of inductances tested to maintain the

resonant frequency constant.
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Figure 7.4: Spice and FMA results for RMS value of primary current in
function of (a) coupling coefficient and (b) self-inductance

From the results analysis it is observed that, as the values of coupling coefficient
and self-inductance increase, the magnitude of the primary current decreases,
confirming the previous analysis of series compensated IPT converters performed in
[3], [4]. Additionally, the error between Spice and FMA results is higher for lower
values of coupling coefficient and inductance. However, when the coupling coefficient
and self-inductance start to increase, the difference between the models reduces and
results become very close. As stated in the previous section, the Spice model is
simulated considering low values of circuit resistances, while in FMA these resistances
are completely neglected. Therefore, the errors may be due to the fundamental
approximation in the FMA model and to the increased resistances considered in the

Spice model.
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To identify the main source of error in the lower range of coupling coefficients and
self-inductances, the Spice simulation is performed again reducing the values of
resistances to get closer to an ideal circuit, 13,4, and 7,4, are reduced from 0.01 to 0.001
and r; and 1, are reduced from 0.03 to 0.0003. Results are obtained for the first point of
each graph (k = 0.05 in Figure 7.4-a and L = 10 puH in Figure 7.4-b), where the error
is the highest. Additionally, the fundamental component of the primary current is also
measured in the Spice simulation to verify the contribution of the remaining harmonics.

The results obtained are presented in Table 7.2.

Table 7.2: Comparison between Spice and FMA models for primary current (I,)

RMS Value (A)
Test case Current measurement Low Nearly zero
resistances resistances
Case A Spice: I; 20.509 22.659
(Figure 7.4-a) Spice: I - fundamental 20512 16370
k = 0.05 and
L =21uH FMA: I - 16.330
Case B Spice: I 6.331 6.096
(Figure 7.4-b)  "q & e T, - fundamental 6.044 5.790
k = 0.3 and
L=10uH FMA: I, - 5.732

After analysing the data in Table 7.2 it is possible to conclude that when using low
resistances the RMS value of the primary current is very close to the magnitude of the
fundamental component. Once the circuit resistances were reduced to nearly zero, the
difference between the magnitude of the primary current and its fundamental
component significantly increases, indicating that other harmonics have higher
contribution to the current waveform. Note that the value of the fundamental
component in Spice when the resistances are closer to zero is now very close to the
FMA result. Therefore, it is confirmed that the errors observed in Figure 7.4 are due to
not only the increased resistances in the Spice model, but also to the lack of accuracy of
the fundamental approximation to represent the primary current when the circuit
resistances are very close to zero. This behaviour, however, was only significantly

observed in the lower range of coupling coefficients and self-inductances analysed.
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Following the analysis of the primary current, the Spice and FMA results for the

secondary current are shown in Figure 7.5. In this case, FMA model shows good

accuracy for the full range of coupling coefficients and inductances analysed.
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Figure 7.5: Spice and FMA results for secondary current in function of (a)
coupling coefficient and (b) self-inductance

A similar investigation previously performed for the primary current is repeated to
the secondary current. The results obtained are presented in Table 7.3. The secondary
current waveform is always close to a perfect sine wave, therefore, the difference
between the current values for Spice simulation with low resistance and FMA is

reduced.

Table 7.3: Comparison between Spice and FMA models for current I,

RMS Value (A)

Test case Current measurement ,LOW C-ll‘CUIt
resistances resistances
considered nearly zero

Case A Spice: I, 64.184 67.218
(Figure 7.4-a)  I"g e 1, - fundamental | 64.195 65.313
k = 0.05 and

Case B Spice: I, 22.789 22.986
(Figure 7.4-b) Spice: I, - fundamental 22.777 22.935

k = 0.3 and
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The results for output power are shown in Figure 7.6. Contrary to the parallel or
LCL compensation topologies, for the series compensated converter ideal behaviour, an
increase in the output power is observed as the coupling coefficient decreases,
confirming the previous analysis found in the literature [3], [S]. For a practical
converter, however, experimental results show that the power increases with the
reduction of coupling coefficient until a certain point, but as the coupling furtherly

decreases the output power starts to significantly drop, as discussed in [5].

300

T

300

*  FMA * FMA
7007 O Spice | O  Spice
250% ]
600
200
. 500
z 3 “
= 400 = 150
= El
3 W =
[ [ []
300
8 100 L
| ]
200 F r 1 e
L ]
L . S0+ L -
100 L 1
b b L L [ ]
0 ) . | ) 0 | . . . . . |
0.1 0.2 0.3 0.4 0.5 0.6 1 1.5 2 25 3 3.5 4 4.5 5
Coupling coefficient (k) Self inductance (H) x107%

(@ (b)
Figure 7.6: Spice and FMA results for output power in function of (a)

coupling coefficient and (b) self-inductance

7.4.3 Verification of state-variable and cyclic-averaging method

As discussed in section 7.3, for the application of state-variable and cyclic-
averaging models, a CLLC equivalent circuit is derived from the IPT converter.
Therefore, results will be verified against two Spice simulations, the first model
represents the series compensated IPT converter (Figure 7.7-a) and a second simulation

is performed considering the equivalent CLLC circuit (Figure 7.7-b).
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Figure 7.7: Equivalent circuits for Spice simulation (a) series compensated

IPT converter and (b) CLLC equivalent circuit

The Spice simulation of the IPT converter is performed considering the circuit

parameters from Table 7.1, obtained at the end of the design stage described in section

7.4.1. Substituting the IPT converter parameters in equation (7.9), the parameters for

the CLLC equivalent circuit are calculated and listed in Table 7.4. The simulations are

performed considering nearly ideal conditions, using ideal switches and low values of

resonant tank resistances.

Table 7.4: Simulation parameters for IPT and CLLC-equivalent converters

Parameter Value
Cs1,Cs 120 nF
Ly 19.11 uH
L, 1.89 uH
n 0.3
T, 72 0.03 Q
That» Tdc 0.01 Q
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The results obtained for SPS and PPM modulation are shown in Figures 7.8 and

7.9, respectively.
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Figure 7.8: Model comparison SPS modulation (a) forward operation and (b)
reverse operation
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Figure 7.9: Model comparison PPM modulation (a) forward operation and
(b) reverse operation

From results analysis it is possible to observe that the transformation of the IPT
converter into a CLLC equivalent converter was accurate, where, between the two
Spice simulations performed, the maximum difference in the output current was in the
order of 30 mA. Furthermore, both state-variable and cyclic-averaging simulations
could accurately model the behaviour of the converter’s output current. The maximum
error between the cyclic-averaging and the Spice simulation of the IPT converter is
2.23%, between state-variable and Spice, the maximum error is slightly lower, at

1.61%.
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7.5 Magnetics design of coil pad structures

After the simulation analysis, a prototype is built for further verification of the
cyclic-averaging and Spice models. The first step in the prototype construction process
is the magnetic design of the primary and secondary coil pad structures. This design is
performed using Ansys Maxwell, a simulation software that uses finite element analysis

(FEA) to solve the electromagnetic field.

Based on the literature review conducted in Chapter 2, the Double D coil topology
was chosen due to its simplicity and reduced sensitivity to misalignment compared to
circular coils. The 3D model of the structures simulated in Ansys Maxwell is shown in
Figure 7.10. The pad structure is shown in Figure 7.10-a and it is composed by two
coils connected in parallel and mounted in an aluminium base. Rows of ferrite I cores
(Figure 7.10-a, in black) with dimensions of 93x28x16 mm are used below the coil to

increase the transferred power and direct the magnetic flux [6], [7].

Each coil has 6 turns and uses a 2.6 mm diameter litz wire (Figure 7.10-a, in
green), therefore, in the current excitation settings the option of stranded wire was
chosen for the conductor type. The aluminium plate (Figure 7.10-a, in grey) is used as
an electromagnetic shield and it also serves as support for the coil and ferrite bars. The
aluminium shield is effective reducing leakage magnetic fields, however, the electrical
performance will be affected since circulating eddy currents will be induced in the
aluminium plate. The negative effects of the metallic shielding are minimized when
using a ferrite layer between the coil and shield, with a metal shield thickness superior
to the skin depth [8].

Following the SAE standard J2954 [9], the primary and secondary pads are
designed to operate separated by a distance of 150 mm (Figure 7.10-b), this
corresponds to a Z2 class, where the vertical distance between ground surface and the
furthest coil is between 140 and 210 mm. The axis orientation for the 3D model
implemented is shown in Figure 7.10-b.

In Fig 7-c the region of simulation surrounding the coil pad structures is shown.
The material of the region is set to air and the size of the region must be large enough to
not impact the calculation of the electromagnetic fields near the structures
implemented, here, accurate results were obtained using a region with volume around

seven times the volume of the coil pad structures separated by 150mm air gap.
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Figure 7.10: 3D model of double D coil (a) top view of coil pad (b) primary and
secondary coil pads (c) coil pads + region
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Once the 3D finite element model is implemented in Ansys Maxwell, the FEA
analysis is employed to calculate the coupling coefficient and self-inductances using the
eddy current solver, which gives a steady state solution for AC magnetic fields at the
operating frequency of 100kHz. A sinusoidal current with peak value of 7A and
100kHz is assigned as excitation for each coil. Contrary to the magnetostatic solver, the
operation frequency and skin effect are taken into consideration when using the eddy
current solver. The solver also uses adaptive mesh refinement, where the mesh is
automatically refined at each pass. Over-defining mesh can lead to long execution times
without significant improvement of accuracy, therefore, accurate solutions can be
obtained with adaptive mesh with faster execution. Here, two types of tests were
performed, first using adaptive mesh and, secondly, manually defining the mesh. The
solution using adaptive mesh showed good accuracy and improved execution time,
therefore, this technique was chosen for the simulations presented in this section. The
final mesh plot in the ZX plane obtained after the adaptive mesh refinement is shown in
Figure 7.11. It is possible to observe how the mesh size is optimized along the region,
where finer mesh is attributed to smaller elements and in the areas closer to the pad

structures.
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Figure 7.11: Mesh plot for coil pad structures, cross section area perpendicular to
Y axis

Simulation is conducted using the initial pad dimensions listed in Table 7.5. The
influence of each construction parameter on the inductance and coupling coefficient
values will be evaluated for an optimization process to achieve the values of inductance
and coupling coefficient defined in the converter specification, 21 uH and 0.3

respectively.
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Table 7.5: Initial parameters for Double D coil in the FEA simulations

Parameter Value
Coil width (W .,i1) 300 mm
Coil length (L,i1) 300 mm
Number of ferrite cores per row 6
Distance between rows of ferrite cores 20 mm
Pitch 10 mm

The first parameters analysed are coil length and width, as shown in Figures 7.12
and 7.13. For each parameter variation, the remaining variables are kept constant
following the values in Table 7.5. From the coil length and coil width results, it is
possible to observe that inductance increases almost linearly as these parameters
increase. The coupling coefficient is nearly constant for coil length higher than 375 mm
and for coil width in a range of 275 to 375 mm. To maximize the coupling coefficient
and increase the inductance, the values of 425 mm and 325 mm are chosen for coil

length and coil width respectively.
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Figure 7.12: Coupling coefficient and self-inductance in function of coil length

175



Coupling coefficient - k
=l =l
b f i R
n s n un
—T T
\‘
\
1
1
=
y - =
= = o0 =]
Inductance - L (uH)

=
fd
n
\
\
\
1
—
S

=
9
\
—
~

=
= £
n ~
= %

e
.

0.05 F 12

0 L L L L s 0
200 250 300 350 400 450 500
Coil width (mm)

Figure 7.13: Coupling coefficient and self-inductance in function of coil width

The simulation is updated with the optimized coil dimensions and the influence of
the number of ferrite cores per row and the distance between these rows is evaluated in
Figures 7.14 and 7.15, respectively. The ferrite material is used in wireless power
transfer applications to increase the power transfer capability and, as observed in Figure
7.14, the number of ferrite cores per row considerably affects the coupling coefficient,
where the peak value is reached at 6 bars of ferrite cores per row. Therefore, this is the
optimal number of bars, resulting in a total ferrite length of 558 mm per row, nearly
86% of the double D coil total width. When the total number of bars is increased to 7,
the total ferrite length starts to surpass the double coil width and the coupling
coefficient slightly decreases. As observed in Figure 7.15, the space between the rows
of ferrite bars does not significantly influence the values of inductance and coupling
coefficient, however, the peak value for both coupling coefficient and inductance
occurs around 25mm, therefore, this value is preferred for the construction instead of

the initial estimation of 20 mm.
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Figure 7.14: Coupling coefficient and self-inductance in function of number of
ferrite cores per row
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The last parameter analysed is the pitch. As shown in Figure 7.16, the coupling

coefficient is not significantly influenced by the pitch value, however, the inductance

notably increases as the pitch decreases. The pitch value of 8 mm is chosen to keep the

coupling coefficient close to the maximum value and achieve a value of inductance that

meets the specification, resulting in pad structures with self-inductance of 21.792 uH

and coupling coefficient of 0.398. Therefore, after the optimization process, the

specification values of 21 uH for inductance and coupling coefficient of 0.3 are met. A

comparison between the initial estimation and the optimized parameters is shown in

Table 7.6.
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Table 7.6: Parameters for Double D coil in the FEA simulations

Parameter Initial value Optimized value
Coil width (W .,i1) 300 mm 325 mm
Coil length (L.,i1) 300 mm 425 mm
Number of ferrite cores per row 6 6
Distance between rows of ferrite cores 20 mm 25 mm
Pitch 10 mm 8 mm

Another factor analysed in the magnetics design is the misalignment in the X and
Y axis and influence of distance between the pads in the Z axis. Offsets in the X, Y or Z
axis (Figure 7.10) do not have large influence in the inductance but the coupling

coefficient is substantially affected.

First, the results for an offset in the X axis (Figure 7.17) are presented in Figure
7.18. It is possible to observe that, for an offset higher than approximately 80 mm, the
coupling coefficient steeply drops. As previously discussed in Chapter 2 during the
literature review, the Double D coil has improved performance for misalignment in the
Y axis. To improve the behaviour of the coupling coefficient for misalignments in the

X axis, Double D Quadrature or Bipolar coils should be used.

Offset X axis

A

l

Figure 7.17: Implementation of offset in the X axis
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Figure 7.18: Coupling coefficient in function of distance between pads in the X
axis

An offset in the Y axis (Figure 7.19) also influences the coupling coefficient, as
shown in Figure 7.20, but not as significantly as in the X axis. For an offset of 200 mm
in the Y axis, the coupling coefficient drops from 0.398 to 0.272. The same offset in the

X axis causes a drop in the coupling coefficient from 0.398 to 0.124.
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Figure 7.19: Implementation of offset in the Y axis
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The converter is designed to operate at a fixed distance of 150 mm between the
primary and secondary coil pads. The influence of a variation of this distance (Figure
7.21) is shown in Figure 7.22. As expected, the coupling coefficient is increased when
reducing the distance between the primary and secondary pads and, as this distance

increases, the coupling coefficient decreases.

Distance between pads
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Figure 7.21: Implementation of offset in the Z axis
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Figure 7.22: Coupling coefficient in function of distance between pads in the Z
axis

When analysing the occurrence of misalignments, the behaviour of the coupling
coefficient and inductance observed in the FEA simulation in this section is very

similar to the results previously published in the literature.

In the construction process, due to market availability and price, ferrite plates with
dimensions 43x28x4.1 mm and 3C95 material were used instead of the 193x28x16
cores used in the previous simulations. Since the new ferrite plates have reduced length

compared to the I core, a higher number of cores per row (13 cores) is necessary to
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obtain a length closest to the equivalent of using 6 I cores (558mm). Furthermore, due
to availability in the university lab, the litz wire used in the construction stage has
diameter of 4 mm (with strands of 0.4 mm). Consequently, the 3D FEA model was

readjusted for the new dimensions of the ferrite core and wire.

The updated simulation also includes additional construction parameters that were
not previously considered, as the thickness of a 1mm polycarbonate (PC) sheet that
serves as a holding structure for the coil and the thickness of tape used to attach the

ferrite cores and coil to the PC sheet.

The pitch value was readjusted to 4mm in order to maintain the inductance close to
21 pH, resulting in an inductance of 21.49 uH and coupling coefficient of k = 0.366 in
the final simulation. The updated construction parameters are shown in Table 7.7. In
case the values of inductance or coupling coefficient are too distant from the desired
values (inductance of 21 puH and coupling coefficient of 0.3) during experimental
verification, an extra layer of ferrite plates could be added increasing the thickness of
the rows of ferrite bars or the pitch could be readjusted in order to get values closer to

the specification.

Table 7.7: Parameters used in Double D coil construction

Parameter Value
Coil width (W .,i1) 325 mm
Coil length (Lyi1) 425 mm
Number of ferrite cores per row 13
Distance between rows of ferrite cores 25 mm
Pitch 4 mm

From the updated FEA simulation, the magnetic flux density distribution is
analysed along the XZ plane as shown in Figure 7.23. The results for the updated model
based on the construction parameters is shown in Figure 7.23-a, while in Figure 7.23-b
the aluminium shield is removed from the model to verify its influence. It is possible to
observe that the aluminium shield is effective supressing the leakage magnetic field,
since the flux density is significantly reduced in the areas below and above the inferior

and superior shields, respectively.
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Figure 7.23: Flux density distribution in the cross-section area perpendicular to Y
axis (a) with aluminium shield (b) no aluminium shield placed

The current density distribution for the coils and aluminium shields in a cross-
section area in the XZ plane is shown in Figure 7.24, where it is verified the presence
induced currents in the aluminium shields (in green/yellow). Despite the eddy current
occurrence in the shield structures, the metal shield is a simple and popular solution that

still results in good performance when used in conjunction with a ferrite layer.
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Figure 7.24: Current density distribution for primary and secondary coils and
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The pad structures built will be further analysed in the next section, where the
experimental results obtained for inductance and coupling coefficient will be compared

to the FEA simulation.

7.6 Experimental results

In this section, results obtained with the built Double D coil pads will be compared
to the FEA simulation. Once the coil structures are validated, they are connected to the
compensation capacitors, H-bridges and switching circuit to test the IPT converter. The
switching circuit and PCB containing the deadtime circuit, gate driver and H-bridges
used for the implementation of the IPT converter in this chapter are the same as the
circuits used for the CLLC converter, previously described in Chapter 6. At the end of
this section the IPT converter prototype performance will be evaluated and

experimental and simulation results will be compared.
7.6.1 Construction of coil pad structures

After the FEA simulations performed in section 7.5 for the magnetics design, the
construction and experimental verification of the coil pad structures are evaluated in
this section. The primary coil pad structure built is shown in Figure 7.25. The

secondary pad is built with the same dimensions as the primary.
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To maintain a fixed distance of 4 mm between each coil turn, the structure shown

in Figure 7.26 was built using a 3D printer.

Figure 7.26: 3D printed structure to implement 4mm pitch

Before the coil pads are connected to the switching circuit, compensating
capacitors and load for experimental verification of the converter, the coupling
coefficient and primary and secondary inductances are measured to check if the coil

pads parameters are close to the design values.

First, the self-inductance is measured using the Bode 100. The distance between
the pads has a slight influence in the measured self-inductance as consequence of the
proximity to the metal and magnetic material of the opposite pad. When the inductance
is measured with primary and secondary pads considerably distant from each other, the

value of inductance for the primary pad is 17.748 pH and for the secondary is 18.251
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pH. Placing the primary and secondary pads at the position the system is designed to
operate, separated by 150mm, the primary and secondary inductances raise to 18.462

pH and 18.952 pH respectively, resulting in a increase of nearly 0.7 pH.

For measurement of the coupling coefficient, three methods will be used and
compared. The first and simplest method consists of measurement of the secondary-
primary voltage ratio using the gain measurement in the Bode 100. The implementation
of this technique was based on a Bode 100 article [10], where the equipment set-up
information and derivation of the coupling factor equation are described. A typical gain
curve measured with the Bode 100 is shown in Figure 7.27 and the following steps are

undertaken for definition of the coupling coefficient using this method:
1. Placement of the coil pads at specified distance;
2. Measurement of self-inductances L; and L,;

3. Measurement of gain magnitude for operating frequency (100kHz);

4. Use (7.10) to calculate the coupling coefficient £.
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Figure 7.27: Gain curve measured with Bode 100
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The second technique employed for measurement of coupling factor is the series-
aiding series-opposing method, previously described in [11], [12]. The following

methodology is used for the coupling coefficient calculation.
1. Placement of the coil pads at specified distance;
2. Measurement of self-inductances L; and L-;

3. Inductance (L,;;) is measured when primary and secondary windings are

connected in a series-aiding configuration, as in Figure 7.28-a;

4. Inductance (L,p,) is measured when primary and secondary windings are

connected in a series-opposing configuration, as in Figure 7.28-b;

5. Mutual inductance and coupling coefficient are calculated according to equation

(7.11).
Laid == L1 + Lz + 2M
LOP :L1+L2_2M
_ Laid - Lop
4
M
k =
LiL,
(7.11)
L1 L2 Li L2
L Laid —1 I Lop S
(@ (b)
Figure 7.28: Inductance measurement in (a) series-aiding and (b) series-opposing
configurations

The third and last method is the short and open circuit technique, previously

analysed in [11], [12]. The coupling coefficient is calculated taking the following steps.

1. Placement of the coil pads at specified distance;
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2. Measurement of open circuit inductances in the primary (L,) and secondary (L)

sides;
3. Inductance of primary coil is measured when secondary coil is shorted (Lgpor¢);

4. The coupling coefficient is calculated from (7.12).

(7.12)

Considering the pads separated by 150mm, the coupling coefficient values
measured using each method are shown in Table 7.8. The average coupling coefficient
value obtained is 0.296, very close to the design value of 0.3. Furthermore, the
inductance values measured when pads are placed at 150 mm distance (18.462 pH and
18.952 pH) are also close to the design value of 21 pH. Therefore, no further
modifications were made to the prototype in order to improve the inductance or

coupling coefficient values.

Table 7.8: Coupling coefficient when primary and secondary pads are separated

by 150 mm
Method Coupling coefficient
1. Gain method 0.2959
2. Series method 0.2938
3. Open/short circuit method 0.2988
Average 0.2962

Following the measurements for the standard, aligned placement of the pads, the
influence of misalignment on the coupling coefficient is analysed. Experimental results
considering the three measurement methods previously described are shown in Figure
7.29 for misalignment in the X axis, in Figure 7.30 for misalignment in the Y axis and

in Figure 7.31 for the Z axis influence.

The open/short circuit method is the only measurement technique that gives only

the absolute value of the coupling coefficient. Therefore, to facilitate the comparison
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between the methods in Figure 7.29, the results for the open/short circuit method are

plotted incorporating the sign information acquired with the gain and series methods.
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Figure 7.29: Experimental measurement of coupling coefficient in function of
misalignment in the X axis
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Figure 7.30: Experimental measurement of coupling coefficient in function of
misalignment in the Y axis
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Analysing the misalignment graphs it is possible to conclude that results are very
close between the three methods. Also, the behaviour of the coupling coefficient when

subject to misalignment was similar to what was observed in the FEA simulations

conducted in section 7.5.

From the experimental results obtained with the three methods, an average value of
coupling coefficient was calculated and compared to results obtained in the updated

FEA simulation, as shown in Figure 7.32. The data for each test point is presented in

Tables 7.9, 7.10 and 7.11.

For the designed operation point, with no misalignment and distance of 150mm
between pads, the difference between simulation (0.366) and experimental results
(0.296) for coupling coefficient is 0.07. An average absolute difference of 0.078 is

observed for Z axis measurements, 0.067 for Y axis and 0.080 for X axis misalignment.
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Figure 7.32: Coupling coefficient in function of (a) offset in X axis (b) offsetin Y
axis and (c) distance between pads in Z axis
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A few practical factors contribute to the difference between simulation and
experimental results. Overall, due to instrument and human errors in the construction
process, the elements of the prototype will not have the exact same dimensions as in the
FEA model. In simulation, the Double D coils have the shape of perfect rectangles, as
previously shown in Figure 7.10, however, due to difficulties to reproduce that shape
with a thick wire, the corners of the coils are slightly curved in the practical set-up
(Figure 7.25). Also, during the misalignment tests, there is an error associated to the
placement of the pads; in simulation the misalignment implemented is an exact value
but in a practical situation there are small errors in the measurement of these distances

that may influence the results.

Table 7.9: Coupling coefficient (k) in function of misalignment on X axis

Misalignment k k
X axis experimental | FEA simulation

0 0.296 0.366
50 0.269 0.345
100 0.205 0.283
150 0.118 0.198
200 0.031 0.104
250 0.057 0.017
300 0.109 -0.048
350 0.129 -0.082
400 0.119 -0.089
450 -0.099 -0.079
500 -0.075 -0.062
550 -0.054 -0.044
600 -0.035 -0.029
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Table 7.10: Coupling coefficient (k) in function of misalignment on Y axis

Misalignment k k
Y axis experimental | FEA simulation

0 0.296 0.366

50 0.271 0.355
100 0.248 0.329
150 0.210 0.293
200 0.174 0.251
250 0.129 0.205
300 0.088 0.160
350 0.056 0.120
400 0.035 0.089
450 0.023 0.066
500 0.019 0.051

Table 7.11: Coupling coefficient (k) in function of distance between pads

Dist
betviiea:lnc:ds k k
.p experimental |[FEA simulation
Z. axis
100 0.442 0.513
125 0.361 0.433
150 0.296 0.366
175 0.232 0.315
200 0.190 0.272
225 0.155 0.237
250 0.128 0.209
275 0.103 0.186
300 0.086 0.167
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7.6.2 Evaluation of converter operation

Once the coils are tested and inductances and coupling coefficient are measured,
these structures are ready to be connected to compensation capacitors, H-bridges and

the switching circuit for the converter validation.

Since the experimental values of the inductors were slightly lower than what was
calculated in the design stage, the value of compensation capacitors is recalculated
using equation (7.2) to maintain the resonant frequency at 100 kHz. Consequently, the
design value increases from 120 nF to approximately 134 nF. The measured values for
total compensation capacitance (Figure 7.33) are 133 nF for primary and 132 nF to the

secondary side.

Figure 7.33: Primary and secondary compensation capacitors

For the converter experimental validation, resistances and parasitic elements are
measured with the Bode 100 and incorporated to the circuit used for Spice and cyclic-
averaging simulations. The equivalent circuit for the resonant tank is shown in Figure
7.34-a. The equivalent circuit for the inductor, described by equation (7.13), is the same
used in the experimental analysis of the CLLC converter in Chapter 6, considering an
inductance connected to a series resistance, parasitic capacitance in parallel and parallel

resistance.

The capacitor is modelled by a capacitance connected to a series resistance (ESR).
Additionally, in this chapter the resistances and inductances of the wires (R,,1, R, and

Ly1,Ly,) that connect the resonant tank to the H-bridges are measured and
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incorporated to the simulation model for comparison. As shown in equation (7.14),
these values are incorporated into the equivalent circuit of the capacitor. Simplifying
the equivalent circuit for the inductors to a Zj4, as in (7.13) and capacitors to a Z.4, as
in (7.14), the resonant tank circuit can be reduced to the equivalent shown in Figure
7.34-b. In this circuit, the equivalent resistances are obtained adding the resistance of
the equivalent inductor (Rjq) to the resistance of the equivalent capacitor (Rceq), as
shown in equation (7.15). Once this reduced IPT resonant circuit is defined, equations
(7.1) and (7.9) can be used to obtain the CLLC equivalent circuit for the cyclic-

averaging simulation.

Ryl ILwl Rcl csll Clsz Rc2 Lw2 Ry2
JF‘AN\_MY\_‘NV\_II Il_m_{YW‘\_\AN\j_\
Rs1 Rs1
Vi Cp1== Rpl Rp2==Cp» V2

L, L,
A
k
(a)

Ceql Reql Reqg2 Ceq2
W —wW—
N
Vi Leql g Leq2 V2
(b)

Figure 7.34: Experimental and theoretical coupling coefficients in function of (a)
offset in X axis (b) offset in Y axis

_ 1
Zleq = Rleq +](‘)Leq = 1 1 .
R_p+—Rs+ij+]pr
(7.13)
Leog = R ] =R R jwL J
ceq — ceq_]ﬁeq_ ct w+]ww_m
(7.14)

Reql = Rceql + Rleql
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Rqu = Rceqz + Rleqz

(7.15)

The measured values for all elements of the circuit from Figure 7.34-a are listed in
Table 7.12. The elements of the simplified circuit from Figure 7.34-b and CLLC

equivalent circuit for the cyclic-averaging simulation are listed in Table 7.13.

Table 7.12: Equivalent circuit parameters measured with Bode 100

Parameter Value
Primary Cs1 133 nF
Capacitor R4 0.06 Q
Secondary Cs, 132 nF
Capacitor R, 0.04 Q
L4 18.42 uH
Primary Rgq 0.155Q
Inductor Ry 2.1kQ
Cp1 205.88 pF
L, 18.87 uH
Secondary Rg, 0.166 Q
Inductor R, 2.75 kQ
Cp2 201.44 pF
Wire L1 1.09 uH
primary Ry, 0.140 Q
Wire L, 1.12 uH
secondary R, 0.120 O
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Table 7.13: Equivalent circuit parameters for reduced IPT converter and CLLC

converter
Parameter Value
Leg1 18.44 uH
Req1 0.420 Q
IPT ) 18.90 uH
circuit Req2 0.378 Q
Ceq1 141.07 nF
Ceq2 140.18 nF
CLLC = 16.83 uH
equivalent L., 1.62 uH
circuit n 0.292

For the experimental verification, the output of the converter (battery in forward
operation or DC bus in reverse operation) is modelled as an equivalent load. As in

Chapter 6, these values are calculated using the simulation results at maximum

v, . . . .
I"“t. The design and practical values of resistance obtained
out

modulation, where Rj,qq =

are shown in Table 7.14.

Table 7.14: Load definition for forward and reverse tests

Method Load - theoretical | Load - measured
Forward operation (48V — 12V) 1.14 Q 1.20 Q
Reverse operation (12V — 48V) 31.26 Q 30.20 Q

Once all parameters are defined, experimental results are compared to Spice
simulations of the IPT converter and cyclic-averaging simulations of the equivalent
CLLC converter. Results for SPS modulation are presented in Figure 7.35 while the
PPM modulation case is analysed in Figure 7.36. The data for each test point is

presented in Tables 7.15 and 7.16.

From analysis of the results, it is possible to conclude that both Spice and cyclic-

averaging methods can accurately represent the converter’s behaviour. At maximum
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modulation, the error between Spice and experimental results is 50 mA, or 0.47%, for
forward operation and 70 mA, or 5.43%, in reverse operation. Comparing experimental
to cyclic-averaging results, also at maximum modulation, the error is equal to 40 mA,

or 0.38%, in forward operation and 70mA, or 5.43%, in reverse operation.

Overall, the errors between simulation and experimental results are lower when
operating with PPM modulation. As the modulation angle decreases in operation with
SPS modulation, the difference between simulation and experimental results increases.
It was observed in simulation that this is not solely due to the influence of delays in the
system, as observed in Chapter 6. When using SPS modulation, the output current is
more sensitive to the resonant tank components, and consequently the primary and
secondary wire inductance values. For a phase-shift angle of 10 degrees, the output
current in forward mode would drop from 2.68 to 2.01 (670 mA difference) if the wire
inductance was not considered in the Spice simulation. For the PPM modulation case,

the same comparison, at the lowest modulation angle, would result in a difference of

only 25 mA.

The error between experimental and simulation results in this chapter was reduced
compared to the analysis made in the previous chapter for the CLLC converter. This is
mainly due to the addition of the primary and secondary wire resistances and
inductances to the simulation of the IPT converter, while in Chapter 6 the influence of

long wires was neglected.

S'ingle pl‘lase-shi‘ft modllllation - Forwsfrd mm:lle Single phase-shift modulation - Reverse mode

15 3
O  Spice O Spice
Cyelic-averaging Cyclic-averaging
125F #  Prototype - 25+ # _ Prototype
—_ ] L _
< 1wt ¥ 1 < 21
: : &
g § :
g 5[ ¢ 515
E E Q ¢ b4
£ : £ . 8 F
& 5 ] S ! g T
* *
¥
258 1 05F §
0 1 1 L 1 1 1 I 0 . . . . . . .
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 20
Phase-shift angle ¢ in degrees Phase-shift angle ¢ in degrees
(@ (b)

Figure 7.35: Experimental and simulation results for 48-12V SPS modulated
converter operating in (a) forward and (b) reverse modes
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Figure 7.36: Experimental and simulation results for 48-12V PPM modulated
converter operating in (a) forward and (b) reverse modes

Table 7.15: Results for SPS modulation (48 — 12 V)

Demanded Average output current (A)
phase-s!lift Forward operation Reverse operation
angle in
degrees Cycli?- Spice |Prototype Cycli-c- Spice |Prototype
() averaging averaging
10.04 2.77 2.68 2.38 0.34 0.33 0.28
20.77 4.61 4.52 4.16 0.56 0.55 0.49
29.42 5.98 5.90 5.55 0.73 0.72 0.65
39.81 7.46 7.38 7.07 0.91 0.90 0.83
50.19 8.69 8.63 8.35 1.06 1.05 0.98
60.58 9.64 9.60 9.38 1.18 1.17 1.08
69.23 10.19 10.16 10.00 1.25 1.24 1.15
79.61 10.54 10.53 10.43 1.29 1.29 1.19
90 10.54 10.55 10.50 1.29 1.29 1.22
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Table 7.16: Results for PPM modulation (48 — 12 V)

Demanded Average output current (A)
alpha ratio Forward operation Reverse operation
(o) a\i}ll';l;;g Spice |Prototype a‘ii:ll;;g Spice |Prototype
0.096 0.25 0.25 0.30 0.06 0.06 0.06
0.202 1.09 1.09 1.17 0.25 0.24 0.23
0.298 2.26 2.25 2.29 0.46 0.46 0.44
0.404 3.85 3.84 3.83 0.70 0.69 0.67
0.5 5.39 5.39 5.35 0.88 0.87 0.84
0.596 6.91 6.92 6.96 1.03 1.02 0.98
0.702 8.44 8.44 8.45 1.15 1.15 1.09
0.798 9.53 9.54 9.50 1.23 1.22 1.16
0.904 10.30 10.31 10.28 1.28 1.27 1.19
1.0 10.54 10.55 10.50 1.29 1.29 1.22

During experimental verification it was observed that output power and efficiency
were significantly reduced when operating in reverse mode. At maximum modulation
in forward mode, the measured output power is 130.206 W with efficiency of 56.6%,
while in reverse mode the output power dropped to 44.65 W with efficiency of 40.6%.

While in a nearly ideal simulation both forward and reverse operations have similar
output power and high efficiency, when the resistances and parasitic elements from the
real circuit are added to the simulation model, the output power and efficiency in
reverse mode are considerably reduced. Tests were performed using the Spice
simulation with voltage sources at input and output sides, to verify the influence of the
input-output voltage ratio in the converter’s behaviour. According to the simulation
results shown in Table 7.17, when the input and output voltage match, the results for
forward and reverse operation are very similar and the efficiency is increased. As the
difference between input and output voltages increase, the output power in reverse
mode is considerably lower than in forward mode and the efficiency drops, more

significantly for reverse operation.
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Table 7.17: Influence of converter voltage ratio in the output power and efficiency
of the system at maximum modulation

Output Power (W) Efficiency (%)
Voltage
Forward Reverse Forward | Reverse
Vi =48V, Ve = 12V 126.910 45.115 594 32.5
Vi =48V, Ve = 48V 437.720 443.340 71.2 71.6
Vac =12V, Vo = 12V 27.303 27.643 70.6 70.9
Ve = 24V, Vo = 24V 109.210 110.570 70.6 70.9

In this research project, the converters were not built to achieve maximum
efficiency. The primary objective here is to verify the accuracy of the models in the
representation of the converter behaviour. Therefore, provided that most of the losses
are incorporated into the simulation and the models give accurate results, it is
acceptable to have a low efficiency converter. For converters built with optimized
efficiency, the voltage mismatch would not be a problem, since when the losses are
significantly reduced both forward and reverse modes perform well. Improved
efficiency can be achieved reducing the quantity and length of wires in the circuit,
using SiC or GaN MOSFETs with reduced on-resistance and prioritizing efficiency in

the inductor design and construction process.

To verify the case of unity voltage conversion ratio, maintaining a maximum
output of approximately 110 W at maximum modulation, the input and output voltages
of the converter are changed to 24 V. The new values of equivalent load used for these

tests are shown in Table 7.18.

Table 7.18: Load definition for forward and reverse tests for 24-24V tests

Power flow direction Load - theoretical | Load - measured
Forward operation (24V — 24V) 4.97 Q 5.39Q
Reverse operation (24V —24V) 4.97 Q 5.39Q

Experimental and simulation results are compared, as shown in Figures 7.37 and
7.38, and the values of output current for each test point are presented in Tables 7.19

and 7.20. Now the graphs for forward operation are nearly identical to the reverse
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operation results. At maximum modulation in forward mode, the current error between
experimental and Spice and cyclic-averaging simulations is 60 mA (1.32%), while in
reverse mode the difference is 30 mA (0.65%) to Spice results, and 40 mA (0.87%) to

the cyclic-averaging results.
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Figure 7.37: Experimental and simulation results for 24-24V SPS modulated

converter operating in (a) forward and (b) reverse modes
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Figure 7.38: Experimental and simulation results for 24-24V PPM modulated
converter operating in (a) forward and (b) reverse modes
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Table 7.19: Results for SPS modulation (24 — 24 V)

Demanded Average output current (A)
phase-s?ﬁft Forward operation Reverse operation
angle in
degrees Cycli?- Spice |Prototype Cycli.c- Spice |Prototype
() averaging averaging
10.04 1.19 1.15 1.07 1.21 1.16 1.06
20.77 1.98 1.94 1.83 2.00 1.96 1.83
29.42 2.57 2.53 242 2.60 2.56 2.44
39.81 3.21 3.17 3.06 3.24 3.20 3.09
50.19 3.74 3.71 3.60 3.78 3.75 3.65
60.58 4.15 4.12 4.02 4.19 4.16 4.08
69.23 4.39 4.36 4.28 4.43 4.41 4.34
79.61 4.53 4.52 4.46 4.58 4.57 4.50
90 4.53 4.53 4.47 4.58 4.57 4.54

Table 7.20: Results for PPM modulation (24 — 24 V)

Demanded Average output current (A)
alpha ratio Forward operation Reverse operation
(o) a\i};:\l;l-lg Spice |Prototype avCe)l,':l;;g Spice |Prototype
0.096 0.13 0.13 0.13 0.13 0.13 0.13
0.202 0.54 0.53 0.55 0.54 0.53 0.55
0.298 1.09 1.09 1.11 1.09 1.09 1.11
0.404 1.82 1.81 1.83 1.82 1.82 1.82
0.5 2.49 2.48 2.50 2.50 2.50 2.50
0.596 3.12 3.12 3.16 3.14 3.14 3.17
0.702 3.73 3.73 3.73 3.76 3.76 3.77
0.798 4.16 4.15 4.13 4.19 4.19 4.19
0.904 4.45 4.44 4.39 4.49 4.48 4.45
1.0 4.53 4.53 4.47 4.58 4.57 4.54

The input and output signals measured at maximum modulation and forward

operation are shown in Figures 7.39 and 7.40. Due to inaccuracies inherent of
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experimental tests, as instrument errors, influence of the temperature in the
measurements, and the fact the measured load value (5.39 Q) is not exactly the same as
the theoretical load value (4.97 Q), the experimental voltage conversion ratio is not

equal to one, but still very close, as shown in (7.16).

Vour _ 24.559
Vi,  23.795

conversion ratio =

(7.16)

In the experimental tests, an output power of 109.78 W was measured in forward
mode at maximum modulation, while 109.69 W was the power for reverse mode
operation. An efficiency of 67% was obtained for both forward and reverse modes.
Therefore, operation with a voltage conversion ratio close to unity resulted in an

improvement of efficiency and nearly equal output power for both forward and reverse

operations.
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Figure 7.39: Prototype tests: input voltage and current
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7.7 Conclusions

In this chapter a series compensated IPT converter was analysed. A FMA model
was derived and employed in the converter design. From simulation results, it was
observed that FMA still suffers from accuracy problems due to the fundamental
approximation, especially when analysing the primary current. For the secondary

current and output power analysis in a low loss circuit, the FMA model performed well.

For the application of state-variable and cyclic-averaging methods, an equivalent
CLLC circuit was obtained and the modelling equations from Chapter 5 were used to
predict the IPT converter output. At simulation stage, it was confirmed that both state-
variable and cyclic-averaging methods could accurately model the IPT converter’s

behaviour.

For the design of the primary and secondary coils, a finite element analysis (FEA)
simulation was performed and the influence of construction parameters and
misalignment was analysed. In both simulation and experimental results, it was verified
that the Double D coil is more sensitive to misalignments in the X axis. To achieve
good performance for misalignments in both X and Y axis, more complex coils can be

used, as Double D Quadrature or Bipolar coils.

The parameters of the experimental set-up were measured, incorporated to the
simulation models and results obtained were compared to Spice and cyclic-averaging
simulations. The simulation model for the prototype verification in this chapter was
improved compared to Chapter 6, with the addition of wire resistances and inductances
(for long wires connecting primary and secondary side of resonant tank to the
remaining circuit), resulting in better accuracy for both Spice and cyclic-averaging

models.

Finally, the influence of the voltage conversion ratio in the output power and
efficiency of the converter was evaluated. It was observed that, when the converter has
increased loss, performance in reverse mode deteriorates as the conversion ratio
diverges from unity, with reduced output power and efficiency compared to forward
mode results. The prototype was then tested with an input-output voltage ratio close to
one, which resulted in better performance in reverse mode and overall improvement of

efficiency.
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8 Conclusions and Further Work

8.1 Conclusions

In this thesis the cyclic-averaging method was successfully applied to model a
DAB converter, a 4" order CLLC resonant converter and a series compensated IPT
converter. The technique showed good performance, accuracy and significantly faster
execution time compared to more traditional methods of analysis as FMA, state-
variable and Spice. Here the novel cyclic-averaging model was mainly used to evaluate
the influence of the control variables (phase-shift angles in Chapters 3, 5, 6 and 7 or
frequency in Chapter 4) on the converter’s behaviour. However, the models developed
in this thesis can also be applied to analyse the influence of the circuit components in

order to obtain a faster design process.

In Chapter 2 popular topologies of DC-DC converters for V2G applications and
modelling techniques were analysed. Despite the requirement of complex modulation
techniques to maintain good performance, the DAB is still a popular topology for
bidirectional chargers and serves as base for various resonant converters. Among the
converters analysed, the CLLC resonant topology had the best features for conventional
bidirectional chargers, while IPT converters with series or LCL compensation were the
best options for wireless systems. Based on previous research on converter modelling,
the FMA method is the most popular due to its simple and fast implementation, but the
fundamental approximation may cause accuracy problems when the resonant tank
voltages/currents are not sinusoidal. The cyclic-averaging method, despite requiring a

more complex analysis, stands out due to its fast execution and good accuracy.

The Dual Active Bridge converter operating under Single Phase-Shift (SPS)
modulation was analysed in Chapter 3, considering bidirectional operation. The
operation modes of the converter were defined and the cyclic-averaging method was
applied for calculation of the converter’s output current in function of the phase-shift

angles, resulting in a rapid analysis with accuracy similar to Spice. The cyclic method
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was also successfully employed to perform a harmonic analysis of the state-variables,
where harmonic components were calculated and used for waveform reconstruction.
The waveforms obtained from the harmonic analysis were very close to the Spice
simulation results. The main benefit observed for the cyclic-averaging method was the
fast execution, being nearly 33 times faster than Spice for calculation of the converter’s
output and the state-variables harmonics or nearly 166 times faster when the harmonic

analysis and waveform reconstruction are not performed.

In Chapter 4 FMA, state-variable and cyclic-averaging techniques were applied to
model a frequency modulated CLLC converter. Among the models analysed, state-
variable, with maximum error of 1.03%, and cyclic-averaging, with maximum error of
1.06%, showed the best accuracy compared to Spice. For the cyclic analysis of the
phase-shift modulated DAB converter the duty cycle values were easily calculated from
the modulation angle. For the frequency modulated CLLC converter, however, FMA
equations are used for the angle estimation followed by a numerical optimization with
the Newton-Raphson method. It was observed during simulation that results obtained
when using only FMA for duty calculation were not sufficiently accurate, therefore, the
optimization method proposed in Chapter 4 is essential to achieve accurate results with
the cyclic-averaging method. A drawback of cyclic-averaging applied to frequency
modulated topologies is the complexity in the analysis and duty calculation, with the
necessity of auxiliary methods to obtain an accurate solution. Furthermore, the
converter operating modes and switching frequency must be carefully analysed, since
non-conduction mode occurs when operating in a frequency range lower than the load

independent point frequency.

A phase-shift modulated CLLC converter was analysed in Chapter 5. The
operating modes were defined considering two types of modulation: Single Phase-Shift
(SPS) and Pulse-Phase Modulation (PPM). The influence of phase-shift angles on the
converter operation was analysed and results showed that efficiency is higher when
operating with equal leg phase-shift angles (a; = a,) and bridge phase-shift angle (¢)
fixed at +90°. Similar to the previous chapter results, the FMA model has reduced
accuracy when compared to cyclic-averaging or state-variable methods. Here, the
cyclic-averaging technique applied to calculation of the output current has an average
error of 0.5% compared to Spice, with execution 180 times faster than the state-variable

simulation and nearly 144 times faster than Spice.
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Following the validation of the CLLC converter models through simulation, the
prototype construction of a phase-shift modulated CLLC converter and experimental
verification were described in Chapter 6. Since the simulations in Chapter 5 were
performed for a nearly ideal converter, the cyclic-averaging and Spice models were
modified to include loss elements from the experimental system and increase the
accuracy when comparing the models’ simulations and prototype results. Overall, both
Spice and cyclic-averaging models had a good performance modelling the behaviour of
the bidirectional CLLC converter considering SPS and PPM modulation. Higher output
current error was identified for operation using SPS modulation with reduced phase-
shift angles due to the increased sensitivity to delays and to variations in the resonant

tank elements observed when implementing this modulation method.

In Chapter 7 the design, construction and validation of a series-compensated IPT
converter were evaluated. Using circuit transformation to obtain an equivalent CLLC
circuit, the state-variable and cyclic-averaging models developed for the CLLC
converter in Chapters 5 and 6 were used to model the IPT converter. The models were
validated against a Spice simulation and could accurately predict the behaviour of the
IPT converter, with maximum error of 2.23% for cyclic-averaging and 1.61% for state-

variable.

For the experimental verification conducted in Chapter 7, additional elements from
the real circuit (resistances and inductances of long wires connecting the resonant tank
to the H-bridges) were considered in the simulation models, improving the accuracy of
both Spice and cyclic-averaging models compared to the results obtained in Chapter 5,
especially for operation with small phase-shift angles in SPS modulation. A study of
the influence of the conversion gain on the bidirectional operation was also performed
in this chapter, showing that, for high efficiency converters, the variation of conversion
gain has no significant effect. For higher loss converters, however, performance in
reverse mode and overall efficiency degrade when the converter gain is not close to
unity. From the experimental verification performed, increased efficiency and improved

reverse operation were achieved when operating with voltage gain close to unity.

Analysing the cyclic-averaging implementation for the DAB and CLLC converters,
it was possible to conclude that the complexity of the cyclic-averaging model increases

for higher order resonant networks and is highly dependent of the modulation technique
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chosen. More complex modulation techniques will result in more variables affecting the
converter’s behaviour and, consequently, more operating modes to be analysed.
Therefore, despite the benefits of rapid and accurate analysis, the implementation of
this method may become too complicated for converters with significantly more

complex resonant networks or when intricate modulation methods are used.

In this thesis the models were validated with the construction of a small-scale
prototype (100 W converter). The application of cyclic-averaging models for converters
operating at higher power levels was verified only through simulation in Chapter 3, for
a 7kW converter, and in Chapter 4, for a 3.5 kW converter, also resulting in an accurate
analysis. The cyclic-averaging models here developed are still valid for converters used
in EV charging applications that operate at higher power levels as long as the loss and
parasitic elements are measured and incorporated into the equivalent circuits following

the same methodology used to verify the low power prototypes in Chapters 6 and 7.

8.2 Further work

Based on the research conducted in this thesis, possibilities of further investigation

were 1dentified and will be discussed in this section.

In this thesis the cyclic-averaging method was applied for the simplest type of
phase-shift modulation for the DAB converter and for the most popular modulation
techniques for the CLLC and IPT series compensated converters. Depending on the
modulation technique utilized, the converter operation must be reanalysed for the
definition of the operating modes and duty cycles. Therefore, the cyclic analysis here
developed has the potential to be adapted for various modulation techniques and

converters topologies that were not considered in this research.

In Chapters 4, 5, 6 and 7 the cyclic-averaging method was employed mainly for
calculation of the converter’s output current and instant values of state-variables at each
operating mode transition, while in Chapter 3 the technique was also used to perform a
harmonic analysis of the DAB converter. Therefore, further work can be conducted to
extend the harmonic analysis to the more complex CLLC converter and, with the

application of circuit transformation, to the series compensated IPT converter.

Despite being a popular method for analysis of resonant converters, accuracy

limitations were identified for the FMA model in this thesis. To obtain an improved
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frequency-domain analysis, the RTFMA method [1], [2], that propose modifications to
the conventional FMA technique to achieve increased accuracy, can be investigated for

the converter topologies here analysed.

Since one of the challenges of wireless topologies is the efficiency improvement,
an efficiency study can be conducted to the series compensated IPT converter prototype
in order to improve operation. As shown in Figure 8.1, the coil AC resistance
significantly decreases with reduction of frequency. A change in frequency, however,
also affects other systems parameters, as the size of magnetic components. Therefore,
the influence of the operating frequency and magnetic materials in the overall system’s
losses can be furtherly investigated for an improvement of the converter’s efficiency.
Additionally, the reorganization of the system for reduction or elimination of wires, use
of SiC and GaN switching devices with reduced on-resistance and use of litz wire with

thinner strands should also result in an improvement of efficiency.

~

— [
- =) o
T T T

%Y
T

Resistance (2)
= =3 >
2 o % =

S
S}
T

>

1 2 3 4 5 6 7 8 9 10
Frequency (Hz) x10°

Figure 8.1: Coil resistance versus frequency
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Appendix A.l

The relative errors between FMA and Spice simulations from chapter 5, for the
following variables: output power, primary current, secondary current and magnetizing

current, are shown in Tables A1.1 to A1.4.

The efficiency as function of leg phase-shift angles a; and a, obtained from the

Spice simulation is presented in Table A1.5.

Table Al1.1: Output power relative error (%) between FMA and Spice
considering ¢ = 90°, where: Green: <5%, Orange : 5-10% and Red: >10%

a
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Table A1.2: Primary current (|I1|) relative error (%) between FMA and Spice,
considering ¢ = 90°, where: Green: <5%, Orange: 5-10% and Red: >10%

a;
a, 18 36 54 72 90 108 126 144 162 180
18 | 889 | 537 | 375 | 248 | 143 | 0.67 | 0.41 0.47 | 0.64 | 0.72
36 |1297 | 7.14 | 528 | 3.90 | 2.65 1.57 | 097 | 0.88 1.04 | 1.16
54 1363 | 7.19 | 5.64 | 456 | 3.46 | 2.38 | 1.60 1.27 1.33 1.46
72 [12.10 | 624 | 5.15 | 447 | 3.71 | 2.85 | 2.14 1.71 1.58 1.63
90 | 11.78 | 595 | 4.77 | 423 | 3.69 | 3.08 | 256 | 222 | 2.01 1.88
108 | 1438 | 744 | 539 | 446 | 385 | 3.33 | 298 | 2.79 | 2.66 | 247
126 | 1498 | 9.17 | 6.57 | 5.12 | 422 | 3.61 | 3.32 | 328 | 3.30 | 3.20
144 | 14.02 | 927 | 734 | 581 | 466 | 3.88 | 354 | 3.57 | 3.74 | 3.81
162 | 12.78 | 7.94 | 6.87 | 5.95 491 | 4.04 | 3.62 3.63 | 3.88 | 4.11
180 | 10.35 | 5.66 | 531 | 5.09 | 460 | 391 | 3.49 347 | 3.73 | 4.05

Table A1.3: Secondary current (|I,|) relative error (%) between FMA and Spice
considering ¢ = 90°, where: Green: <5%, Orange: 5-10% and Red: >10%

a;
a, 18 36 54 72 920 108 126 144 162 180
18 [26.34 | 64.23 | 86.17 | 84.81 | 60.22 | 21.39 | 6.77 | 34.65 | 73.61 | 93.84
36 | 6.38 | 18.76 | 28.61 | 30.64 | 23.50 | 9.851 | 1.04 | 7.61 | 22.73 | 32.97
54 | 1.78 6.80 | 11.88 | 13.90 | 11.51 | 5.49 | 0.46 1.31 8.23 | 14.53
72 |1 039 | 248 | 498 | 6.20 | 529 | 241 |-0.15 | -0.15 | 2.76 | 6.30
920 035 | 141 | 248 | 2.87 | 2.18 | 0.58 | -0.58 | -0.24 | 1.43 3.00
108 | 0.81 | 1.86 | 238 | 2.17 | 1.26 |-0.004 | -0.56 | 0.18 1.72 | 2.65
126 | 0.85 | 231 | 295 |2.523 | 1.36 | -0.01 | -0.49 | 0.41 2.06 | 3.04
144 | 0.65 | 2.14 | 322 | 3.04 | 1.80 | 0.22 | -0.48 | 0.28 1.98 | 3.18
162 | 044 | 1.64 | 2.83 | 3.15 2.17 | 0.52 |-0.489 | -0.04 | 1.52 | 2.86
180 | 031 | 1.17 | 2.14 | 2.63 | 2.16 | 0.72 [-0.458 | -0.36 | 0.91 2.21

211



Table A1.4: Magnetizing current (|1,,]) relative error (%) between FMA and Spice
considering ¢ = 90°, where: Green: <5%, Orange: 5-10% and Red: >10%

a;

ay

18

36

54

72

90 108

126

144

162

180

18

6.28

12.49

13.62

13.44

13.11 | 13.05

13.36

13.96

14.65

15.16

36

-3.48

4.70

11.04

14.75

17.09 | 18.89

20.56

22.22

23.79

25.07

54

-8.31

-4.18

3.39

9.90

1491 | 18.92

22.34

25.41

28.15

30.44

72

-10.88

-11.12

-5.02

2.39

9.17 | 15.02

20.11

24.60

28.56

31.92

90

-12.42 | -16.28

-12.71

-5.79

1.73 | 8.83

15.26

21.02

26.11

30.46

108

-13.48 | -20.24

-19.46

-13.86

-6.36 | 1.42

8.82

15.62

21.72

26.99

126

-14.30 | -23.43

-25.41

-21.59

-14.67 | -6.66

1.39

9.02

15.99

22.11

144

-14.99 | -26.18

-30.83

-29.05

-23.07 | -15.16

-6.71

1.56

9.28

16.18

162

-15.60 | -28.62

-35.92

-36.40

-31.62| -24.01

-15.34

-6.55

1.81

9.41

180

-16.13 | -30.85

-40.80

-43.79

-40.46 | -33.28

-24.46

-15.234

-6.30

1.94

Table A1.5:

Orange: 0.95-0.98 and Red <0.95

Efficiency in Spice considering ¢ = 90°, where: Green: >0.98,

a

241

18

36

54

72

90 108

126

144

162

180

18

0.9812

0.9777

0.9721

0.9654

0.9564 | 0.9481

0.939

0.9195

0.878

0.7562

36

0.9801

0.9838

0.9827

0.9806

0.9774 | 0.9741

0.9706

0.9647

0.9531

0.9302

54

0.9744

0.9836

0.9849

0.9845

0.9832 | 0.9815

0.9795

0.9767

0.9717

0.9631

72

0.9655

0.9809

0.9846

0.9855

0.9853 | 0.9845

0.9834

0.9815

0.9788

0.9745

90

0.9519

0.976

0.9826

0.9849

0.9856 | 0.9856

0.985

0.9838

0.9819

0.9794

108

0.9382

0.9695

0.9793

0.9833

0.985 | 0.9857

0.9857

0.985

0.9837

0.9819

126

0.9265

0.9636

0.9756

0.9811

0.9839 | 0.9853

0.9858

0.9856

0.9848

0.9835

144

0.9074

0.9572

0.9718

0.9785

0.9823 | 0.9844

0.9856

0.9858

0.9854

0.9846

162

0.8705

0.9464

0.9671

0.9756

0.9802 | 0.9832

0.9849

0.9857

0.9858

0.9853

180

0.774

0.9217

0.9591

0.9718

0.9762 | 0.9814

0.9839

0.9852

0.9857

0.9856
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Appendix A.2

The experimental results obtained for the CLLC resonant converter operating
under SPS and PPM modulation are presented in Tables A2.1, A2.2, A2.3 and A2.4.
The input voltages applied to the system for each test point are shown in Tables A2.5
and A2.6.

As explained in chapter 6, to verify the accuracy of the models, evaluating the
influence of loss elements and time delays, three test cases are considered for the

simulations:

Test A: real component loss elements not fully considered and deadtime not

considered (test case exclusive to cyclic-averaging simulations);

Test B: all measured loss elements incorporated into model, deadtime influence not

considered;

Test C: all measured losses elements incorporated into model, deadtime

compensation implemented.

Table A2.1: Results for single phase-shift modulation forward operation

Demanded Average Output Current (A)

Phase-shift Cyclic-averaging Spice

Angle (¢p) | Test A Test B Test C Test B Test C Frototype
10.04° 0.86 0.89 1.22 0.95 1.30 1.77
20.77° 2.08 1.99 2.32 2.11 2.46 2.88
29.42° 3.07 2.87 3.20 3.03 3.37 3.77
39.81° 4.22 3.90 4.20 4.07 4.37 4.72
50.19° 5.28 4.83 5.09 4.99 5.25 5.51
60.58° 6.17 5.61 5.82 5.75 5.95 6.11
69.23° 6.76 6.12 6.28 6.24 6.39 6.39
79.61° 7.24 6.53 6.61 6.63 6.70 6.61

90° 7.45 6.70 6.69 6.79 6.78 6.63

213



Table A2.2: Results for single phase-shift modulation reverse operation

Demanded Average Output Current (A)

Phase-shift Cyclic-averaging Spice

Angle (¢p) | Test A Test B Test C Test B Test C Prototype
10.04° 0.19 0.21 0.29 0.22 0.30 0.37
20.77° 0.47 0.46 0.54 0.48 0.55 0.58
29.42° 0.69 0.67 0.75 0.70 0.77 0.74
39.81° 0.95 0.91 0.98 0.93 1.00 0.93
50.19° 1.18 1.12 1.18 1.14 1.20 1.09
60.58° 1.38 1.30 1.35 1.32 1.37 1.22
69.23° 1.50 1.42 1.46 1.43 1.46 1.29
79.61° 1.61 1.51 1.53 1.52 1.53 1.35

90° 1.65 1.55 1.55 1.55 1.55 1.35

Table A2.3: Results for pulse-phase modulation forward operation

Demanded Average Output Current (A)
Alpha Ratio Cyclic-averaging Spice
(a) Test A Test B Test C Test B Test C Prototype
0.096 0.21 0.19 0.19 0.18 0.18 0.19
0.202 0.87 0.80 0.80 0.77 0.77 0.74
0.298 1.75 1.60 1.60 1.56 1.56 1.50
0.404 2.85 2.62 2.62 2.59 2.59 2.53
0.5 3.82 3.49 3.49 3.53 3.53 3.48
0.596 4.79 4.34 4.34 4.45 4.45 4.47
0.702 5.87 5.30 5.30 542 542 5.38
0.798 6.69 6.03 6.03 6.14 6.14 6.03
0.904 7.28 6.54 6.54 6.64 6.64 6.49
1.0 7.45 6.70 6.69 6.79 6.78 6.63
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Table A2.4: Results for pulse-phase modulation reverse operation

Demanded Average Output Current (A)
Alpha Ratio Cyclic-averaging Spice
(a) Test A Test B Test C Test B Test C Prototype
0.096 0.05 0.05 0.05 0.04 0.04 0.05
0.202 0.22 0.20 0.20 0.19 0.19 0.18
0.298 0.43 0.40 0.40 0.38 0.38 0.35
0.404 0.69 0.64 0.64 0.63 0.63 0.57
0.5 0.90 0.84 0.84 0.84 0.84 0.78
0.596 1.10 1.03 1.03 1.04 1.04 0.96
0.702 1.32 1.24 1.24 1.26 1.26 1.13
0.798 1.49 1.40 1.40 1.41 1.41 1.25
0.904 1.62 1.52 1.51 1.52 1.52 1.33
1.0 1.65 1.55 1.55 1.55 1.55 1.35

Table A2.5: Measured input voltage SPS tests

Demanded |Input Voltage [Input Voltage
Phase-shift [Forward Mode Reverse Mode
Angle (9) V) V)

10.04° 47.96 11.95
20.77° 47.95 11.94
29.42° 47.94 11.93
39.81° 47.92 11.91
50.19° 4791 11.88
60.58° 47.89 11.86
69.23° 47.87 11.84
79.61° 47.86 11.82
90° 47.87 11.78

215



Table A2.6: Measured input voltage PPM tests

Demanded | Input voltage |Input voltage
Alpha Ratio |forward mode |reverse mode
(@) V) V)

0.096 48.00 11.99
0.202 48.00 11.99
0.298 47.99 11.98
0.404 47.98 11.96
0.5 47.97 11.93
0.596 47.94 11.90
0.702 47.92 11.87
0.798 47.90 11.84
0.904 47.88 11.82
1.0 47.87 11.78
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