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Abstract

This thesis investigates the design and analysis of modular medium-voltage dc/dc con-
verter based systems. An emerging converter application is feeding offshore oil and gas
production systems located in deep waters, on the sea bed, distant from the onshore
terminal. The phase-controlled series-parallel resonant converter (SPRC) is selected as
the dc/dc converter unit, for a 10kV dc transmission system. The converter has a high
efficiency in addition to favourable soft switching characteristics offered by resonant
converters which enable high frequency operation, hence designs with reduced foot-
prints. The phase-controlled SPRC is studied in the steady-state and a new analysis is
presented for the converter operational modes, voltage gain sensitivity, and analytically
derived operational efficiency. The maximum efficiency criterion is used as the basis
for selection of converter full load operational conditions. The detailed design of the
output LC filter involves new mathematical expressions for interleaved multi-module
operation. A novel large signal dynamic model is proposed for the phase-controlled
SPRC with state feedback linearization. The model preserves converter large signal
characteristics while providing a tool for faster simulation and simplified closed loop
design and stability analysis. Using this model, a Kalman filter based estimator is pro-
posed and applied for sensorless multi-loop output voltage control. The objective is to
enhance the single-loop PI control dynamic response and closed loop stability with no
additional sensors required for the inner loop state variables. Dynamic performance and
robustness of the converter to operational circuit parameter variations are achieved with
three new robust controllers; namely, Lyapunov, sliding mode, and predictive control-
lers. Finally, converter multi-module operation is studied, catering for voltage and cur-
rent sharing of the subsea load-side step-down converter. To achieve a step-down volt-
age, the phase-controlled SPRC modules are connected in an input-series connection to
share the medium level transmission voltage. Output-series and output-parallel connec-
tions are used to reach higher power levels. A new sensorless load voltage estimator is
developed for converters remotely controlled. Matlab/Simulink simulations and experi-
mental prototype results are used to substantiate all the proposed analysis techniques
and control algorithms.
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Preface

A modular approach for connecting dc/dc converters is a technique proposed for con-
structing high power level converter architectures. The main advantages of a modular
approach include, increased fault tolerance introduced by redundant modules, standardi-
zation of components leading to reduced manufacturing cost and time, power systems
can be easily expanded, and higher power density of the overall system, especially with
interleaving. System reliability is potentially improved due to redundancy but this must
be traded off against the increased number of power electronic devices. Compared with
direct series/parallel connection of power devices, modularity serves better when factors
such as converter reconfiguration and power level scaling, as well as interleaving to re-
duce filter requirements, are considered. The main objective of this thesis is to design,
analyse, model and control modular medium-power medium-voltage dc/dc converter
based systems. A typical application considered for this modular approach is feeding
subsea electrically actuated oil and gas production systems, from onshore terminals, but
the proposed converter can be also applied to other applications. This thesis comprises

seven chapters:

Chapter one provides an introductory overview of HVdc systems, in addition to a typi-

cal subsea project specification and requirements.

Chapter two presents a detailed review of existing high power dc/dc converter topolo-
gies in the literature and industry. According to the survey, the candidate topology for
the subsea project is selected; namely the phase-controlled series-parallel resonant con-

verter (SPRC). This will act as the main dc/dc converter building block.

Chapter three involves analysis of the phase-controlled series-parallel resonant con-
verter steady-state characteristics. New relations and performance measures are derived.
According to the steady-state measures, a new design procedure based on a maximum
efficiency criterion is developed. This is used as basis for selection of the converter full
load operational conditions. Circuit element design is also performed with emphasis on
the nano-crystalline core transformer. The system design includes selection of resonant
tank parameters in addition to the output LC filter design. New mathematical expres-
sions are analytically derived for the output filter design with multi-module interleaved
operation.



In Chapter four a novel large signal dynamic model for the phase-controlled SPRC is
proposed. The model utilises a state feedback algorithm for linearization of converter
non-linearity. The model preserves large signal converter dynamics, hence can be used
for faster simulations in addition to simplified closed-loop design and stability analysis.
Most importantly, the model can be used for online state variable estimation. The latter
Is used as basis for a new sensorless multi-loop PI output voltage controller to improve

single-loop closed-loop stability and dynamics with no additional sensors.

Chapter five introduces three new robust controllers for output voltage control of the
phase-controlled SPRC; namely, Lyapunov, sliding mode and predictive controllers.
The proposed controllers increase converter robustness in response to external disturb-
ances and circuit parameter variations which would typically occur in a hostile subsea

environment. The proposed controllers also improve dynamic system behaviour.

Chapter six addresses multi-module operation of the phase-controlled SPRC with em-
phasis on voltage and current sharing. A novel control configuration for phase-
controlled SPRC interleaved operation is proposed, common to both input series con-
nection with both parallel and series output converter terminal connection. Load voltage
Is estimated to enable load voltage regulation without remote sensing. This is a potential
advantage for the subsea project where manifolds are remotely located from the main
subsea converter site. Also, the number of measurement sensors is reduced which re-
duces system complexity and eliminates noisy measurements resulting from long inter-

connecting signal cables.

Finally, in Chapter seven the author concludes the thesis, presenting the author’s con-

tribution, and suggestions for future research.

Xi
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Chapter 1

Introduction

As the search for oil moves into deeper waters and harsher environments, production is
moving onto the seabed. Recently, there has been a significant trend in offshore oil and
gas production, to eliminate offshore surface facilities and for the entire production sys-
tem to be located on the seabed and connected back to an onshore terminal. The Ormen
Lange field, shown in Fig. 1.1, is a good example of this approach, and is significant
because it will supply 20% of the UK’s gas consumption in coming years. The Ormen
Lange field, 120 km from shore, came on-stream in September 2007, with peak produc-
tion of 70 million cubic metres of gas and 50,000 barrels of condensate per day. Not a
single installation is visible on the surface of the sea above Ormen Lange. All the instal-

lations are at sea depths of 800 to 1100 metres [1.1].

Ormen Lange
e

United
Kingdom

Denmark
(@) (b)

Fig. 1.1: The Ormen Lange project: (a) location map [1.1] and (b) installations connected to a terminal
back onshore at Norwegian mainland [1.2].

1.1 Subsea power distribution systems

Current requirements for electrical power for seabed oil installations call for relatively
low power levels at relatively modest distances (10km) from surface power hubs.
Pumps and compressors are all actuated by hydraulic fluid, so electric power necessary
for valve on/off control is relatively low. For such systems, conventional ac power dis-
tribution systems are appropriate. The electrical requirements for the next generation of
seabed installations pose significant technical issues. These issues are driven by a move

to greater power transmission distance (step outs starting at 100km from the surface
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power hub) and greater power requirements (10-15kW) due to the replacement of hy-

draulic-controlled pumps with pumps that are electrically driven [1.3].

The move to All-Electric subsea systems is likely to solve several problems in existing
hydraulic-actuated systems. They can increase reliability, reduce maintenance arising
from contamination of hydraulic fluid and umbilical blockages, permit condition moni-
toring, eliminate the need for hydraulic lines within the umbilical, reduce hydraulic flu-
id consumption thereby reducing costs, increase the speed of signal communication, and

most importantly reduce the environmental risks from hydraulic fluid leaks.
1.2 DC versus AC for subsea transmission

In subsea power applications ac transmission faces problems due to the high capacitive
charging currents drawn by long cables. This deteriorates the power factor and increases
cable loss imposing a practical limit on the power that may be transferred. Given the
same level of power transmitted as for ac cables, there are fewer physical restrictions

limiting the transmission distance for HVDC submarine cables.

The use of dc power provides a solution to many problems associated with the next
generation of subsea electrical power systems. The dc approach reduces reactive cur-
rent, due to reduction of cable insulation capacitive ac effect, and reduces electrical ca-
ble loss due to absence of ac skin effect phenomenon. Moreover, compensation costs for
dc lines are reduced as they do not require reactive power compensation. Some compen-
sation may be necessary to allow for increased unloaded side voltage due to Frontier
effect. There is considerable savings in installed cable costs. However, this is all
achieved at the expense of increased use of solid-state energy conversion systems. De-
pending on the power level to be transmitted, savings can offset the higher converter
station costs. In conventional power applications the economic break point for subsea

HVDC versus HVAC is approximately 50km [1.4], [1.5] as shown in Fig. 1.2.

Costs 4 ac

. breakeven distance = 25 to 50 kms

[
»

Distance

Fig. 1.2: Cost comparison for subsea cables operating with ac versus dc transmission.
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1.3 High voltage direct current (HVDC) transmission

HVDC technology has characteristics which make it attractive for certain transmission
applications. HVDC transmission is widely recognised as being advantageous for long-
distance, bulk-power delivery, asynchronous interconnections and long submarine cable
crossings [1.6]. Today there are many HVDC installations world-wide (in operation or
planned for the near future) employing two distinct technologies; Conventional Line-
commutated Current-Source converters (CSC) and Self-commutated Voltage-Source

converters (VSC) [1.7].

1.3.1 HVDC power architectures

Two basic converter technologies are used in modern HVDC transmission systems:

(a) Conventional Current-Source Converter (CSC) HVDC

Conventional thyristor-based HVDC transmission represents a well-established tech-
nology used since the mid-1970s [1.4]. It represents a mature technology referred to as
‘classic’ HVDC. This approach employs back-to-back line-commutated thyristor con-

verters as shown in

Fig. 1.3.
Sending end N Receiving end
— - -«
Reactive power Real power Reactive power

Fig. 1.3: HVDC system based on CSC technology with thyristors.

CSC-HVDC systems are installed at many different locations worldwide mainly for in-
terconnecting two shore-based ac networks. This technology is, therefore, more suited
for point-to-point transmission where the dc link connects to a stiff ac grid at either end.
This technology is mainly established for bulk power transmission with one of the larg-
est projects being the Itaipu system in Brazil at +600kV, 6300 MW power level over
915km. The longest power transmission, 2,000km, in the world transmits £800kV,
6,400 MW power from the Xiangjiaba hydropower plant to Shanghai in China [1.7],
[1.8].
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Numerous CSC-HVDC system configurations exist [1.7]:

(i) Back-to-Back CSC-HVDC System.

In this system, the two converter stations are located at the same site and there is no
power transmission on a dc link over a long distance. A block diagram of a back-to-
back CSC-HVDC system is shown in Fig. 1.4(a). It is used mainly for interconnecting

ac systems with different frequencies (asynchronous interconnection).

(ii) Monopolar CSC-HVDC System.

In this configuration, two converters are used that are separated by a single pole line,
and a positive or a negative dc voltage is used. Many HVDC subsea transmissions use a
monopolar system with seawater acting as the return path. This configuration saves on
the extra return cable which reduces cost, losses and maintenance requirements. How-
ever, it is not fault tolerant as only a single circuit exists for power transmission. Differ-

ent monopolar schemes are shown in Fig. 1.4(b).

(iii) Bipolar CSC-HVDC System.

This is the most commonly used CSC-HVDC system configuration in applications
where overhead lines are used to transmit power. The bipolar system is two monopolar
systems. The advantage of such a system is that one pole can continue to transmit power
when the other is out of service for whatever reason. In other words, each system can
operate on its own as an independent system with the earth return. Due to poles operat-
ing at opposite polarities, the ground current is theoretically zero when both poles have

equal currents. Various bipolar configurations used are illustrated in Fig. 1.4(c).
(iv) Multi-terminal CSC-HVDC System.

In this configuration, there are more than two sets of link connected converters. A mul-

ti-terminal CSC-HVDC system is shown in Fig. 1.4(d).
(b) Capacitor-Commutated Converter (CCC) HVDC

Converters with series capacitors connected between the converter valves and converter
transformer were introduced in the late 1990°s by ABB for weak-system applications, to
provide commutation aid. This is a common problem for the line-commutated current

source converters. Such a converter is referred to as capacitor-commutated converter

(CCC) and is shown in Fig. 1.5.



Chapter 1: Introduction
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Fig. 1.4: CSC-HVDC system configurations and operating modes:
(a) back-to-back, (b) monopolar, (c) bipolar, and (d) multi-terminal.
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Fig. 1.5: Typical CCC configuration.

The line capacitor is in series with the leakage impedance of the transformer and the
main valves. This has two-fold effects; the capacitor provides a forced commutation fa-
cility to the main valves and compensates for the leakage inductance (reactive power

demand) of the converter transformer. The series capacitor provides some of the con-
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verter reactive power compensation requirements automatically with load current and

provides part of the commutation voltage, improving voltage stability.

Sizing of the commutation capacitor involves a compromise between conflicting re-
quirements. Insufficient capacitance will cause a large over-voltage across the capacitor
(and valves), and will not compensate sufficiently for the leakage inductance resulting
in a lagging current drawn from the ac bus. Excessive capacitance will result in low
over-voltages and will over-compensate for the demanded reactive power and may even
draw a leading current from the ac system. In addition excessive capacitance has a cost
penalty. Common design practise suggests that an economical capacitor size would be
to cause, say, 10% over-voltage across the capacitor (and valves) as well as compensate

for the reactive power demand to present unity power factor to the ac bus [1.4].

CCC converters are used in the 4 X 550 MW asynchronous Garabi tie between Brazil
and Argentina and the 2 X 100 MW Rapid City tie between the eastern and western in-

terconnected systems in the United States of America [1.4-6].
(c) Voltage-Source Converter (VSC) HVDC

Control limitations of conventional CSC-HVDC have led to the development of voltage

source systems. Such CSC-HVDC limitations include:

e Commutation failures due to ac network disturbances;

e Coupled control of converter reactive and active power consumed or generated;

¢ Slow dynamic response due to converter operating at a multiple of line frequency;

¢ Inability to connect the CSC-HVDC system to a ‘weak’ ac network; and

e Need for bulky filters on ac and dc sides due to low operating frequency in addition

to power factor correction capacitances on the ac side.

VSC-HVDC systems, also known as Self~-Commutated Converter Based Systems, over-
come the mentioned drawbacks by extending the principles of pulse width modulated
(PWM) voltage source inverters to the 50kV-100kV range by utilizing modern semi-
conductor technologies, such as the Insulated-Gate Bipolar Transistor (IGBT). It is the
continuous progress of high-voltage high-power fully-controlled semiconductors that
has given rise to the VSC-HVDC technology. This technology is well-established for
medium power transmission applications, with recent projects around 300-400 MW

power levels. Fig. 1.6 shows a typical schematic of a VSC-HVDC system [1.7], [1.8].
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Fig. 1.6: HVDC system based on VSC technology using IGBTs.

VSC-HVDC systems represent recent developments in the area of dc power transmis-
sion technology [1.9]. Commercial experience with VSC-HVDC spreads over the last
15 years [1.10]. The breakthrough was made when the world’s first VSC-based PWM-
controlled HVDC system using IGBTs was installed in March 1997 (Hellsjon project,
Sweden, 3 MW, 10 km distance, =10 kV) [1.11]. The system is based on ABB’s
‘HVDC Light’ technology with series-connected IGBT converters. Subsequently, more
VSC-HVDC systems have been installed worldwide [1.12-16], such as the “Troll A
project” 2x41MW, £60kV converter station installed in 2005 for Statoil, Norway 67 km

offshore.

The simplest operational VSC topology is the conventional two-level three-phase con-
verter. The converter is typically controlled with sinusoidal synchronous PWM, and the
harmonics are associated with the switching frequency. The dc bus capacitor in Fig. 1.6
provides the required energy storage for power flow control and smooths out high fre-
quency ripple. The VSC-HVDC system can also be built with other VSC topologies like
multi-level converters. Numerous multi-level converter topologies are reported in the
literature [1.17]. However, for HVDC applications there are two distinct topologies,
namely, the neutral-point-clamped (NPC) converter [1.18] and the modular multi-level
converter (MMC) [1.19, 20]. Techniques such as selective harmonic elimination (SHE)
PWM and sinusoidal PWM for the control of these VSC topologies are presented in the

literature.

Typically, it is desirable that a VSC generates PWM waveforms of higher frequency,
compared to conventional thyristor-based systems. However, the operating frequency of
these devices is also determined by the switching losses and the heat sink design, both
of which are related to the throughput power. Switching losses, which are directly
linked to high-frequency PWM operation, is a serious and challenging issue that needs

to be addressed in VSC-based high-power applications. Other disadvantages of operat-
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ing a VSC at high-frequency are electromagnetic compatibility/electromagnetic inter-
ference (EMC/EMI), transformer insulation stresses, and high frequency oscillations,

which require additional filters [1.7].

Installed VSC-HVDC systems are limited to point-to-point application. Recent research

has investigated the use of this technology for multi-terminal systems.
1.3.2 Challenges of subsea oil and gas HVDC transmission

There are a number of related areas in which dc transmission/distribution is established
or receiving significant research effort. However the dominant issues for the subsea ap-
plication may differ from those of related dc power systems. Such issues for subsea sys-

tems include:

o Lifetime and reliability requirements. Technology choices for subsea energy conver-
sion systems may differ from those where access and maintainability issues are less
significant. This, for instance, raises the trade-off issue between converter voltage
rating and cable losses which may differ from surface systems.

o Weight and volume constraints. Systems must be designed that are compatible with
subsea pressure housings and assembly systems. Power density requirement is likely
to differ from that of surface systems.

e Connections and terminations. Operating voltage must be compatible with insulation
levels practical for subsea electrical connectors and cables.

o Power electronics losses and cooling. Power semiconductor devices introduce con-
duction and switching losses which must be dissipated by the cooling system. The
loss heat management systems must be compatible with subsea enclosures. Lifetime

and reliability issues will limit the use of coolant pumps and agitator fans.

1.4 All-Electric subsea power distribution project

1.4.1 Outline and objectives

The project’s objective is the analysis and design of a fully modular power distribution
system architecture for subsea applications. Offshore nodes for oil and gas extraction
are to be connected to a terminal onshore with an All-Electric actuation system for the

subsea pumps and compressors. Fig. 1.7 shows the layout of the required system.
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Fig. 1.7: Layout of the fully modular power distribution system architecture for subsea applications.

The topside electrical power unit (TEPU) comprises a number of standard voltage con-
version modules (SVCMs) for the conversion of LVAC, three-phase 50 Hz grid power
to a MV/HVDC level at the umbilical for subsea transmission. Typically, the design is
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for a transmission voltage of 10 kVdc feeding loads totalling 10-15 kW. Power is
transmitted subsea through the umbilical for step outs starting from 100 km where a
subsea power station or subsea electrical power unit (SEPU) is situated. The purpose of
the SEPU is to step down the MV/HVDC at the umbilical to load level voltage, typical-

ly 1 kVdc. It acts as the main co-ordinator to manifolds located in the surround.

Current commercially deployed HVDC systems (summarised in section 1.3.1) such as
HVDC light could be sufficient to satisfy the project demands. However, with such rela-
tively low power levels required (10-15 kW), medium-level transmission voltage (10
kVdc) and radial energy feed (that is, supply feeding loads with no inter-grid connec-

tion), the complex and costly HVDC light technology would be an excessive solution.

DC/DC converters are more compact and modular in design. They are being developed
and applied in high-power applications, especially those associated with offshore re-
newables and subsea transmission where dc transmission is preferred. Not only do they
offer a high power density technology solution, but also they act as dc transformers of-
fering change of dc voltage/current levels at various transmission stages. This enables
multi-terminal HVDC connections with different dc voltage levels as well as feeding
different loads at different locations with different voltage/current requirements. Fig. 1.8

shows a single line diagram of the system with the proposed modular dc/dc converters.
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Fig. 1.8: Single line diagram of the subsea power distribution project with modular dc/dc converters.

Acting as the main building block for the subsea distribution system, the dc/dc convert-
er modules are cascade-connected in series/parallel to reach the required voltage/power
levels. For the on-shore electrical power unit, the dc/dc converters can be connected in
an input-parallel output-series (IPOS) connection, to enable stepping up of the voltage

to transmission level and to enable the required power level to be achieved through par-
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allel connection at the input. Conversely, an input-series output-parallel (ISOP) connec-
tion is more suitable for the other end of the line where voltage is to be stepped down

and the load currents to be shared between converter modules.
1.4.2 Features of the proposed architecture

The standard voltage conversion module (SVCM) for the topside and subsea electrical
power units is fundamentally comprised of a dc/dc converter technology. This standard
module will be the basic power electronic building block (PEBB) in a completely
modular subsea power distribution system architecture [1.21]. The modular design has

the following advantages over the existing hydraulic-actuated systems:

e High system efficiency;

e Relatively compact physical size (high power density);

e Cost-effective power umbilical;

e Longer step outs;

e High level of standardisation (ease of expansion and replacement);
e Feasible dynamic range windows for the input voltage;

e High flexibility and high level of power control; and

¢ Good fault tolerance, due to redundancy based on modularity.

The drawbacks of the proposed modular design are:
e High cost of power electronics;
e With increased number of electronic devices, modules and control signals, sys-
tem complexity increases, hence reliability is reduced;
e Scarcity and complexity of connectivity solutions for subsea use;
e Relatively new and unproven design philosophy;
e Increased design complexity of proposed module;
e Significantly increased design effort;
e More difficult design optimisation; and

e Potentially not suitable for very high (multi-megawatt) power applications.

1.5 Scope of thesis

In the following chapters, the thesis continues as follows:

11
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Chapter two presents a detailed literature review of existing high power dc/dc
converter topologies. According to the survey, the candidate topology for the
subsea project is selected; namely the phase-controlled series-parallel resonant
converter (SPRC) as the main dc/dc converter unit to be connected in different
series/parallel connections to meet the required high power medium voltage pro-
ject requirement.

In chapter three, steady-state analysis of the phase-controlled series-parallel res-
onant converter is performed including presentation of new derived relations and
performance measures. According to the steady-state measures, a detailed design
procedure for circuit parameter values and optimum converter operating condi-
tions is presented. The design includes analysis for single-module and multi-
module operation issues. This includes the design of a high-frequency nano-
crystalline core transformer, and output filter design using derived expressions
for multi-module interleaved converter operation.

In chapter four, the transient behaviour of the phase-controlled SPRC is studied.
A novel linearization algorithm for the converter non-linear large signal model is
derived using a state feedback technique. This enables linear control and stabil-
ity analysis, closed-loop design, and most importantly enables the use of the
model for online state variable estimation. The latter enables the derivation and
implementation of a new sensorless multi-loop controller to improve the closed
loop stability and dynamics compared with single-loop output voltage control.

In chapter five, three new robust controllers are proposed for output voltage con-
trol of the phase-controlled SPRC. The controllers increase converter robustness
in response to external disturbances and circuit parameter variation which would
typically occur in the hostile subsea environment. The proposed controllers also
improve dynamic system behaviour in contrast to conventional PI control.

In chapter six, the multi-module operation of the phase-controlled SPRC is stud-
ied with the voltage and current sharing problem addressed. A novel load volt-
age estimation algorithm is proposed to enable load voltage regulation without
remote sensing; a potential advantage for the subsea project where manifolds are
remotely located from the main converter site. This reduces the number of
measurement sensors required and eliminates noisy measurements resulting

from long interconnecting signal cables.

12
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In chapter seven, the author gives the thesis conclusions, contributions, and sug-

gestions for future research
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Chapter 2

High Power DC/DC Converters

In many industrial applications, it is required to convert a fixed-voltage dc source into a
variable-voltage dc source [2.1]. A dc/dc converter converts directly from dc to dec and
is therefore very commonly named as a dc transformer with the possibility of stepping
up or down a dc voltage source. DC/DC converters are a common technology for re-
newable energy grid integration [2.2, 3], dc microgrids [2.4], HVDC applications [2.5],
offshore oil/gas systems [2.6], and interfacing energy storage units with UPS systems
[2.7]. Demand on high-power dc/dc converters became more popular due to increasing
interest in dc transmission and distribution. This necessitates the interface of different

dc voltage levels; hence the rapidly emerging high-power dc/dc converter technologies.

This chapter reviews the basic dc/dc converter configurations that are suitable candi-
dates for high-power applications. In the first section, basic dc/dc converters are de-
scribed from the perspective of the main specifications that characterize high-power op-
erational and design requirements. In section two, series and parallel dc/dc converter
connections are reviewed as a potential technique to attain high-power levels with a
modular approach. In section three, existing high-power dc/dc converter technologies in
the literature and for industrial implementation are reviewed. Finally in section four, in
the light of the discussion in the three previous sections, a candidate topology for the

All-Electric subsea project is defined with justification of the selection reasons.
2.1 Basic dc/dc converters

Basic dc/dc conversion is achieved using switched-mode PWM (hard switched), or res-
onant-mode (soft switched) converters, allowing control and regulation of the output
voltage. In terms of the switching technique, dc/dc converters can be broadly classified
as in Fig. 2.1. In industrial applications, dc/dc converters are often required to meet all

or most of the following specifications [2.8]:

e [solation between the source and the load;
e High-power density for size and weight reduction;

e Controlled power flow direction;
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e High conversion efficiency; and

¢ Input and output waveforms with low total harmonic distortion for small filters.

Fig. 2.1 shows a general classification of dc/dc converters. The mentioned converter
types have been well known for many years and have been thoroughly considered and
analysed in the literature [2.9, 10]. The field of dc/dc converters has continuously been
of interest to power electronics researchers. Their high efficiency and power density

features made them attractive to many industries.

Fig. 2.2 illustrates the basic principle of a dc/dc converter in which the ac mains input is
rectified, smoothed, and supplied to a high frequency transistor-based converter. The
converter output is rectified and filtered to give the required dc output voltage. A high-
frequency transformer is employed if an isolated output is required [2.10]. This func-
tional block diagram is generalised for all types of dc/dc converters where the transistor-
based converter may either be controlled with variable or fixed frequency PWM tech-
niques. Design and operational characteristics for dc/dc converters in high-power appli-

cations are discussed in the following sub-sections.

DC/DC
Converters
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(PWM) (Resonant)
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Fig. 2.1: General tree classification of dc/dc converters.
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Fig. 2.2: Functional block diagram of dc/dc converters.

2.1.1 Transformer isolation

In many applications, it is desirable to incorporate a transformer into the switching con-
verter to obtain electrical isolation between the converter input and output. For example,
in off-line power supply applications, isolation is usually required by regulatory agen-
cies. This isolation could be obtained by simply connecting a 50 or 60 Hz transformer at
the power supply ac input terminals. Transformer size can be roughly approximated to
vary inversely with frequency, hence incorporation of the transformer within the con-
verter means it operates at the converter switching frequency (tens or hundreds of kilo-
hertz) which leads to a significant reduction in transformer size. Also when a large step-
up or step-down conversion ratio is required, the use of a transformer can allow better
converter optimization. By proper choice of the transformer turns ratio, the voltage and
current stresses imposed on the transistors and diodes can be minimized. This leads to
better efficiency and lower cost. However, volt-second balance must be maintained on
the transformer magnetizing inductance. Failure to achieve this results in transformer
saturation and, usually, destruction of the converter. The means by which transformer

volt-second balance is achieved is known as the transformer reset mechanism [2.11].

From Fig. 2.1, the half-bridge, full-bridge, forward and push-pull converters are com-
monly used isolated versions of the buck converter. The flyback converter is an isolated
type of buck-boost converter. Isolated variants of the SEPIC and Cuk converters also
exist in addition to transformer-isolated versions of resonant converters. These are
mainly load-resonant converters where a transformer is placed in the intermediate ac

resonant tank circuit.
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2.1.2 Switching loss

Switching losses impose an upper limit on switching frequencies of practical converters.
During the switching transients, the semiconductor switch voltage and current are sim-
ultaneously high. Consequently, the semiconductor switch experiences high instantane-
ous power loss. This can lead to significant average power loss, even though the switch-
ing transitions are short in duration. Switching loss causes converter efficiency reduc-

tion as the switching frequency increases.

Significant energy can be lost during the slow switching periods of minority-carrier
semi-conductor devices such as BJTs, IGBTs, and thyristors. The diode reverse recov-
ery process induces substantial additional energy loss in the transistor during the transis-
tor turn-on transition. The energy stored in the semiconductor output capacitances is
dissipated during the transistor turn-on transition. Energy stored in transformer leakage
inductances and other stray inductances is usually dissipated by the transistor during the
turn-off transition. The total switching power loss is equal to the sum of the aforemen-
tioned energy losses, multiplied by the switching frequency [2.11]. In this respect, soft
switched converters offer an advantage over hard switched types. The former enables
the use of LC elements operating above or below resonance to obtain zero-voltage (ZV)
or zero-current (ZC) switching of transistors hence reducing switch turn-on or turn-off
losses respectively. However, this is usually at the expense of marginal increase in con-
duction losses due to the additional circulating resonant currents. Fig. 2.3 shows a com-
parison of the switching losses magnitude between soft and hard switched dc/dc con-

verters.
ir &

Hard switched
without snubbe
—— ]

Hard switched A
with snubber

Soft switched

vr

Fig. 2.3: Comparison of switching conditions in hard and soft switched transistors.
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2.1.3 Power density

The size and weight of a dc/dc converter are directly related to those of its magnetic
components (transformers and inductors), filters and other energy storage elements like
capacitors. A high operating frequency generally means smaller size of magnetic, stor-
age and filter elements. Due to their reduced switching losses, soft switching converters
enable the increase in switching frequencies to levels higher than hard switched types
and hereby enable realisation of such reduced footprint. However, the reduced compo-

nent size is usually traded for a higher number of circuit elements.
2.1.4 Power flow direction

The conventional buck, boost and buck-boost converters are single quadrant converters.
Most semiconductor elements only conduct unipolar current in the on state, and block
unipolar voltage in the off state. This implies that, for proper functioning of the switch
network, the source voltage, load voltage, and inductor current must all be positive.
Consequently, the converters allow instantaneous power to flow in one direction only:

source to load.

Bi-directional (regenerative) power flow can be obtained with a current-bidirectional
two quadrant realization of the switch network. An example is illustrated in Fig. 2.4, in
which a dc/dc converter interfaces batteries (low voltage side) to a higher voltage dc
bus. The anti-parallel-connected transistors and diodes form current-bidirectional
switches. Transistor O, is driven with the complement of the Q; drive signal, such that
0 is off when Q) is on, and vice-versa. To charge the battery, the inductor current iy is
positive and flows through transistor O; and diode D,. To discharge the battery, the cur-
rent reverses direction, and flows through transistor O, and diode D;. In both cases, the
battery voltage is less than the main high voltage dc bus. The magnitude of the battery
current can be controlled via adjustment of the duty cycle of Q; and O, [2.11].
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Fig. 2.4: A buck converter with two-quadrant bi-directional power flow.

2.1.5 Power capacity

For dc/dc converters to handle high-power levels, usually multi-switch converters (such
as full-bridge types) are used rather than single-switch versions (such as buck or boost
converters). It is impractical for a single switch configuration to handle megawatts or
even hundreds of kilowatts. Moreover, multi-stage conversion (that is, converters with a
dc/ac inversion stage then ac/dc rectification) enables the use of transformers, which not
only provides galvanic isolation between the input and output but also can be adjusted
to provide high voltage gains which optimize switch utilization. For instance, to achieve
a step-down ratio of 10:1, the basic buck converter would need to operate with a 10%
duty ratio. While if a full-bridge buck-derived converter is used with a step-down trans-
former of turns ratio 5:1, then the converter will operate with a 50% duty ratio which

gives better switch utilisation (lower peak currents).

Another important factor that determines the power capacity of dc/dc converters is the
efficiency limit. Converter losses should be minimized to enable high-power operation.
Thus a highly efficient soft switching technique offers an attractive solution for high-
power dc/dc converters. Therefore, it can be concluded that soft switching full bridge
transformer isolated dc/dc converters offer a promising candidate technology for high-

power dc/dc conversion.
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In order to attain high-power operating levels with dc/dc converters as well as interfac-
ing with different dc voltage levels, a potential technique is the series-parallel connec-
tion of dc/dc converters utilizing a modular approach. The next section reviews configu-
rations and features of existing dc/dc converters connected in series-parallel to enable

high-power capacities.
2.2 Series-parallel connection of dc/dc converters

Multi de/dc converter modules connected in series-parallel have been the subject of vig-
orous previous research. In such an architecture, low-power, low-voltage (input and
output) building block dc/dc converters are connected in any combination, series or par-
allel, both at the output as well as at the input sides, to realize any input-output specifi-
cations. The features of systems constructed from connecting multiple converter mod-

ules include:

e FEase of expansion of power system capability, by obtaining high-power dc/dc con-
verters from low-power modules;

e FEase of thermal design as a result of each module handling only a part of the total
power;

¢ Increased overall system reliability due to reduced thermal and electrical stresses on
the power devices and components;

e Standardization of components leading to reduced manufacturing cost and time;

e Power system can be reconfigured to support varying input-output specifications;

e Improved system reliability due to N+1 redundancy; and

e High-power density converter designs, especially with interleaving.

Using series-parallel connection of dc/dc converters, four possible connections exist,
namely, input-parallel output-parallel (IPOP), input-parallel output-series (IPOS), input-
series output-parallel (ISOP), and input-series output-series (ISOS), as shown in Fig.

2.5. Each possible connection has its own specific features and applications [2.12, 13].
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Fig. 2.5: Four possible input-output connections (a) IPOP, (b) IPOS (¢) ISOP, and (d) ISOS.

2.2.1 Input-parallel, output-parallel (IPOP) connection

With the continued expansion of computer and telecommunication industries, distribut-
ed power systems consisting of paralleled modular converters delivering low output
voltage and high output current are a popular practical configuration, where IPOP sys-
tems are among the most widely adopted [2.13, 14]. Non-isolated versions of buck or
boost converters connected in parallel to obtain high-power-level power supplies were
rigorously investigated [2.15-28]. IPOP connection of isolated power supplies (forward-

type converters) have also been considered [2.29-31].
2.2.2 Input-parallel, output-series (IPOS) connection

IPOS connected dc/dc converters are common for low input voltage, high output volt-
age applications, hence are useful for voltage step up purposes. Examples of applica-
tions requiring high output voltages are X-ray equipment, photovoltaic systems, and
electrostatic precipitators. A modular dc/dc converter employing IPOS connection with
an isolated full-bridge-type connection, is presented in [2.32]. Standard dc/dc convert-
ers, with independent output voltage controllers, can be connected in series at the output
achieving equal sharing of output voltage and input current. However, in order to obtain

the advantages of modularity, such as redundancy, a common output voltage loop or an
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output-voltage shared bus is required. A scheme based on a common output voltage
loop and individual inner loops is discussed in [2.32]. An IPOS modular dc/dc converter

with one common output LC filter has been presented in [2.33].
2.2.3 Input-series, output-parallel (ISOP) connection

A problem with input-parallel connections arises with high input supply voltages. Mod-
ule input voltages are high meaning that possible series connection of switches is re-
quired to support the high input supply voltage. This is usually accompanied by the
problem of static and dynamic voltage sharing. Also, conversion ratios for the individu-
al modules will be high to obtain a low output voltage. In addition, with high input volt-
ages, switching frequency is limited to reduce stresses and switching losses. For these
reasons, it is essential to develop converters that can be connected in series at the input

(Fig. 2.5(c) and (d)) with dynamic input-voltage sharing capability.

Apart from considerations of modularity, advantages of input-series connection include

[2.12]:

e Enables the use of MOSFETs with low voltage rating, which are optimized for low
on-state resistance, leading to higher efficiency;

e MOSFETs can be used instead of IGBTs for high input-voltage applications. Hence,
switching frequency, and therefore, power density of such systems can be increased;

e No need for series connection of switches, since individual module input voltage is
low, hence eliminating the problem of static and dynamic voltage sharing. Direct se-
ries connection of devices such as MOSFETs and IGBTs for high input voltage ap-
plications has been investigated [2.34]. However, the advantages of modularity, such
as, scaling and reconfiguration are easily achieved with series connected converter
modules, as opposed to series connected power devices;

e For high input-voltage applications, individual module conversion ratios are smaller
than in input-parallel connections, hence smaller sized transformers are possible with
a lower turns ratio and increased frequency of operation; and

e Possibility of interleaving to reduce filter ratings and improve transient performance.

ISOP systems are popular in applications where the input voltage is relatively high and
the output voltage is relatively low, such as high-speed train systems [2.35], industrial

drives [2.36], and undersea observatories [2.37]. The ISOP scheme was introduced only
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at the concept level without detailed analysis in [2.32]. In [2.35], it has been implement-
ed in a two-converter system with zero-voltage switching (ZVS) full-bridge converters
employing charge control with input voltage feed forward. The control scheme accom-
plishes output current-sharing for output-parallel-connected modules as well as input
voltage sharing for the input-series-connected modules for all operating conditions, in-
cluding transients. Research activities by N. Mohan et al. involved modular schemes
with input-series connections [2.12, 38-40]. In [2.38], a three-loop control scheme, in-
cluding an input voltage loop, for ISOP connection, is presented. This is to ensure bal-
anced sharing of the input voltage and output current among the converter modules.
This design was improved [2.12] by a reference scheme where the input voltage of indi-
vidual modules is the dynamic average of the total input voltage. This reference scheme
minimizes interaction among the control loops. In [2.39], an ISOP scheme is proposed
where the duty ratio to all converter modules is common. This scheme does not require
a dedicated input-voltage or load-current-share controller. It utilises a common output
voltage loop with an inner current loop from one converter only (dedicated master). It
relies on the inherent self-correcting characteristics of the ISOP connection when the
duty ratios of all converters are the same. However, the reliability and fault-tolerance of
such a scheme are poor since the failure of the master converter results in failure of the
overall system. Analysis, sensing and design methods along with experimental results
for a fault-tolerant ISOP system using a common duty ratio scheme has been detailed in

[2.40].

K. Siri ef al. [2.41-44] have investigated methods for uniform input (or output) voltage
distribution in ISOP (or IPOS) converters, utilising current-mode shared-bus commer-
cial off-the-shelf (COTS) dc/dc converters. The authors propose unified approaches for
uniform input (or output) voltage distribution. In addition the proposed controller pro-

duces system output voltage regulation and input current-limiting.

Ruan et al. [2.45] revealed the relation between the input-voltage sharing and output-
current sharing of ISOP systems, and proposed an input voltage sharing control strategy
which is independent of the output voltage regulation. L. Wand ef al. [2.46] proposed an
ISOP-connected modular dc/dc converter with interleaved (that is phase-shifted) equal
duty cycle control. The main advantage of this technique is that it offers input voltage

sharing with fewer sensors, hence reduced costs. Ripple in the input current and output
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voltage are also reduced, therefore the input and output filter volumes are reduced lead-
ing to a higher power density. In [2.47], Kimball ez al. proposed a sensorless current-
mode approach for ISOP dc/dc converter topologies which results in a fast response to
load steps, line disturbance rejection, accurate static and dynamic sharing, and high effi-
ciency. A 20 kVA solid-state transformer was realised with ISOP connection of bidirec-

tional phase-shifted dual-half-bridge converters [2.48].
2.2.4 Input-series, output-series (ISOS) connection

The main advantage of input-series connections is the suitability to high input voltages.
If high output voltage is also needed then the individual converter modules have to be
connected in series as well at the output [2.49]. In [2.50] an ISOS connected modular
dc/dc converter scheme was proposed. A three-loop control scheme, similar to that in-
troduced in [2.12] and [2.38], was proposed including a dedicated input voltage control-
ler. This control scheme achieves equal sharing of the input as well as output voltages
of the series-connected modules. The input voltage loop reference is the average of all
the converter input voltages. Such a reference minimizes the interaction between the
various control loops. Series connection of modular dc/dc converters has also found ap-
plication in fuel cell systems. As in [2.51], a fuel cell, actively converting the supplied
fuel to electricity, produces a typical output dc voltage of 0.6 V at full-load. Multiple
cells are connected in series to obtain a high voltage. [2.52, 53] studied input and output
voltage sharing issues in ISOS connected phase-shifted full-bridge converters. The for-
mer uses a common duty ratio scheme while the latter introduces duty cycle exchanging

control to enhance voltage sharing.

Table 2.1 summarises the characteristics of the four possible input/output connections.

Connection | Input voltage | Input current | Output voltage | QOutput current
1POP low high low high
IPOS low high high low
ISopP high low low high
I1SOS high low high low

Table 2.1: A summary of the four possible input/output connection characteristics
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2.3 Review of high-power dc/dc converters

Over the past ten years, high-power dc/dc converters became a candidate technology for
HVDC systems, renewable energy integration, offshore oil/gas, industrial drives, and
solid-state transformers. Fig. 2.6 shows a frequency versus power map of different high-
power dc/dc converter research projects. According to existing technologies, high-

power dc/dc converters can be considered to be in the 100kW-5MW power range.
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Fig. 2.6: Frequency vs. power map with different high-power dc/dc converter research efforts:
(a) Alstom (15kV to 3.6kV) [2.54], (b) Uniflex (3.3kV t03.3kV) [2.55], (c) ABB (15kV to 2.8kV) [2.56],
(d) Bombardier (15kV to 3.6kV) [2.57], (¢) Freedm NCSU (24kV to 0.75kV) [2.58], (f) ETH Zurich
(12kV to 1.2kV) [2.59], (g) KTH (33kV to 3kV) [2.60], and (h) E. ON RWTH (5kV to 5kV).

According to the need for galvanic isolation, high-power dc/dc converters can be classi-
fied into isolated and non-isolated types. The isolated types utilize transformers to real-
ize voltage step up/down. For non-isolated converters, there are three methods to
achieve voltage step up/down, namely magnetic, capacitive and magnetic/capacitive.
Table 2.2 classifies various converters proposed in literature for use in different high-
power dc/dc conversion applications. Table 2.3 presents a description, and the ad-
vantages and disadvantages of the high-power dc/dc converter topologies in Table 2.2

ordered with respect to their publication dates.

Non-transformer isolated
Transformer isolated i
f Magnetic Capacitive Magnett.c .and
Capacitive

Vs [2.52, 53, 61-64] [2.2, 65-67] [2.68] [2.69-71]

power flow e - ' '
Bi-directional

power flow [2.48, 59, 61, 72-74] - [2.75] [2.76]

Table 2.2: Classification of high-power dc/dc converters
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Power

Publica- Hard/Soft Ste, Transformer Power ]
Ref. Authors . converter . ft P . f flow Advantages Disadvantages
tion year switched up/down isolated Do level
topology direction
- High efficiency - High number of components (switches
[2.68] G.G Karady 1991 Cockroft ngt(?n Hard Up No . Un‘1- 100kW - No magnetic components (light weight +caps) Wh.ICh reduces re'hablhty
et al. voltage multiplier directional S . - High switch current spikes
design is possible) .
- Poor voltage regulation
Symmetric series -Uses high number of resonant elements to
[2.60] J.R. Cooper 1991 connected reso- Hard Up No . Um— IMW - High-power dens_lty avoid use of high frequency transformer
etal. directional - Has fault protection for step up.
nance transformer . .
- Relatively low efficiency
: gl(i?ll:s)tlznctof? Zrolienc - High IGBT and rectifier stresses
Full-bridge & . ° Y - High speed feedback diodes needed
. . Hard Down - No circulating current L
diode rectifier . : - Frequency limited (large transformer and
- Low ripple current in output cap (small .
. output inductor)
size)
- Simple control
Phase-shifted full - Constant frequency . .
. . . o - Circulating current
bridge and diode - Resonant inductor built into transformer .
. . - . - Moderate IGBT and rectifier losses
rectifier - High frequency operation possible, so
reduced size and mass of magnetic elements
Uni- - Variable frequency control hence diffi-
Up/Down directional . . cult to control EMI, complex filtering and
- Sinusoidal currents oor magnetic element utilization
Variable frequen- - Soft switching, primary and secondary poo £n
. ; - Circulating current
R.Steigarwald cy series-parallel - Small .outp ut 1nduct.0r . - Moderate IGBT losses
[2.61] ’ 1996 resonant Yes 100kW - Low ripple current in output capacitor .
et al. - Transformer leakage is no problem - Low rectifier stresses
& p - High voltage, high current resonant
Soft capacitors
o - Low IGBT stresses - Complex control
Auxiliary resonant o . .
- Constant frequency - Auxiliary active devices needed
commutated Down . . . :
. - No circulating current - Output diodes hard switched
bridge . . . .
- Low ripple current in output capacitor - Two small resonant inductors
- Constant frequenc - Circulating current
quency - Moderate IGBT stresses
Dual active bridge - No output filter inductor - Soft switching may be lost at light load
& Up/Down Bi-directional - Soft switching primary and secondary & may &

(DAB)

- Resonant inductance built into transformer
- Controllable power flow direction

- Eight active power switches
- High ripple current in output capacitor
- Relatively large transformer
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Publication | Dc/dc converter | Hard/Soft Ste Transformer | Power flow Power .
Ref. Authors , ff P X i q ﬂ Advantages Disadvantages
year topology switched up/down isolated direction level
T s (oo oot | oo oo reslain
[2.62] 2004 . . SkW . put cap pa . - Higher number of resonant elements and
R. Doncker Three-phase series Uni- single-phase version due to lower ripple in . .
Soft Down Yes Lo . switches compared to single-phase
etal. resonant converter directional bridge output current
- Low conduction losses with GCTs - Limited frequency due to use of GCTs.
(2.64] 2007 IMW - High efficiency Magnetic elements not minimal in size.
Full-bridge &
diode rectifier Hard Same as [2.61] (Full-bridge and diode rectifier)
(constant frequen-
cy control) Uni-
2.63 L. M tal. 2007 D Y . . SMW
[ ] axetd Full-bridge & own s directional - IGBT zero turn on losses - Large turn off snubbers necessary to
diode rectifier Soft - Similar to phase-shifted bridge converter, reduce IGBT turn off losses.
(variable frequen- soft switching obtained with minimal trans- - variable frequency control means subop-
cy control) former built in leakage inductance. timal transformer and filter design
- Output voltage regulated by changing
- Very high gains achievable without use of switching frequency (variable frequency
Thyristor based transformer control)
resonant full- - Soft switching for all switches and diodes - High switch stresses since voltage across
[2.70] bridge & diode (eliminating switch turn off and diodes re- them equal to output voltage
rectifier with verse recovery losses) - if IGBTSs used (instead of thyristors), a
rotating capacitor - High efficiency series diode with same voltage rating has
Uni- - Not vulnerable to commutation failure to be added which significantly increases
Up Lo conduction loss
directional
Similar to single-phase version in [2.70] but:
D. Jovei Three-phase Thy- - Reduces peak input current, hence reducing | - High number of resonant inductors and
- . 0\}CIC 2009 ristor-based reso- Soft No SMW losses and harmonics on the dc bus capacitors needed
(271] etak nant bridge & - During discontinuous mode, higher fre- - Output filter inductor needed
diode rectifier quency operation possible. Hence, lower - At high input currents, slower switches
component sizing while still minimizing must be used requiring large components
losses - Efficiency reduced at high input currents
- Two converter top O.lOgleS: Vv oltage polarity f _ Variable frequency control necessary.
reversal suitable for interfacing current . . o
. . S - Resonant capacitor will have 20-30%
Dual thyristor source converters; and current direction . .
resonant bridges S reversal suitable for connecting voltage- hlgher voltage than the high-voltage ter-
[2.76] Up/Down Bi-directional minal.

sharing common
ac capacitor

source converters.

- Rapid response to power direction change
- Good robustness to terminal voltage varia-
tions and faults

- Frequency of operation limited due to
use of thyristors. Passive components
large in size.
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Ref. Authors Publication | Dc/dc converter Hai:d/Soft Step T rqnsformer Po.wer ﬂow Power s DS
year topology switched up/down isolated direction level
Dual active bridge - ZCS on the high voltage side, hence re- - Moderate IGBT stresses
o duced switching losses A .
with triangular . . - Soft switching may be lost at light load
; - High efficiency . .
modulation - Large output capacitor needed (high
- Transformer leakage used for resonance .
ripple current)
2.59] | G.Ortiz et al. 2010 Soft Up/Ds Y Bi-directional IMW . . . .
2:59] 1zeta Constant frequen- © proown s i-directiona - ZCS on the high voltage side, hence re- - Resonant inductor and capacitor needed
cv dual ac?ive duced switching losses so larger converter
brig e Series reso- - Transformer leakage part of resonant in- - Poor no-load voltage regulation
na}r;l t converter ductor - Large output capacitor needed (high
- Relatively higher overall efficiency ripple current)
- No magnetic devices; hence, overall size
[2.75] N.N.Lopatki 2010 Six-stage switched Hard Down No Bi-directional MW reduced. - Relatively high current switch spikes
' netal capacitor - High efficiency - Poor voltage regulation
- Suitable for railway locomotive application
2.72 M Cacciato 2010 Dual active bridge Soft Up/Down Yes Bi-directional 3kW Same as [2.61] (Dual active bridge
etal
H.Akagi et Modular system 05-
[2.73] al. using dual active ’ Same as [2.61] (Dual active bridge)
IMW
bridge modules
2011 ft /D Y Bi-directional
glitlp;;t?jgat}:éei So Up/Down s 1-directiona - Possibility of power level expansion
[2.74] J.Shi et al. . . g 20kW through parallel operation of bridges Same as [2.61] (Dual active bridge)
in solid-state
transfomer - Good fault tolerance due to modularity
. - Simple module structure (single switch,
c;\g;:g:gog;lis single inductor, & transformerless) - Duty cycle is set to more than 0.9 to
N Denniston connections of Uni- - High voltage gain through cascade or series | achieve high voltage gain. The switching
[2.2] ’ ot al 2011 boost. buck-boost Hard Up No directional IMW connection frequency (1kHz) is relatively low to get

& hybrid convert-
ers

- High efficiency
- Compared to conventional HVDC, it has
low device count, device rating & reliability

enough turn-off time, resulting in large
size of inductors and filter capacitors
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Ref. Authors Publication | Dc/dc converter Hai:d/Soft Step T rqnsformer Po.wer ﬂow Power s DS
year topology switched up/down isolated direction level
- ZVS of all switching devices
- High frequency switching also possible;
hence high-power density modules
ISOP connected - ISOP connection enhances system modu-
. larity and fault tolerance
phase-shift dual- - Solves the problem of conventional dual
[2.48] | H.Fanetal 2011 half-bridge (DHB) Soft Up/down Yes Bi-directional 20 kW . ;he prob L . Same as [2.61] (Dual active bridge)
. ; active bridges losing soft switching at light
in a solid-state C° . =
transfomer loads. This is done using an adaptive induc-
tor.
- Adaptive inductor minimizes conduction
losses at heavy load as well.
- High efficiency over wide load range
ISOS Phase- Same as [2.61]
[2.52] Q.Luetal 2011 shifted full-bridge 9 kW (Phase-shifted full-bridge) and:
converters . - Zero voltage, zero current switching of all . .
Soft Up Yes . Um_ switching devices Same as [2.61] (Phase-shifted full-bridge)
directional - Uses low voltage rating switches for high-
ISOS Phase- input high-output voltage applications
[2.53] | D.Shaetal 2012 shifted full-bridge 1.6 kW
converters

Table 2.3: Summary of high-power dc/dc converters in literature
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Table 2.3 summarizes the features of several high-power dc/dc converters deployed
commercially and in the literature. It can be concluded that key features for high-power
requirements are transformer isolation, soft switching, and control simplicity. Accord-
ingly, the suitability of the surveyed converters to specific applications can be deter-
mined. For instance, offshore wind farms require uni-directional power flow from the
wind turbine to the load or grid. From table 2.3, a dc/dc converter that satisfies the
aforementioned features and the uni-directional power flow requirement, is the phase-
controlled series-parallel resonant converter. For applications requiring bi-directional
power flow (such as solid-state transformers or reversible drives), the phase-controlled

dual active half or full-bridge converters would serve best.
2.4 DC/DC converter topology selection for the All-Electric subsea project

The outline and specifications for the A/l-Electric subsea power distribution project
were discussed in section 1.4.1. Since power flow is uni-directional from the onshore
substation to subsea manifolds, from the discussion in the previous section, a suitable
candidate dc/dc converter satisfying the design features is the phase-controlled series-
parallel resonant converter. The converter implements soft switching, transformer-based
galvanic isolation, offers high efficiency for a wide load range, and its control is not

complex.

Considering the family of resonant soft switched converter possibilities, load resonant
converters are more suitable than resonant-switch since the latter are generally single-
switch converters and therefore not suitable for high-power operation. Also, transform-
er-based isolation is more applicable with load resonant converter types due to the ex-
istence of the intermediate ac conversion stage. The three main load resonant converters
are the series resonant converter (SRC) [2.77-83], the parallel resonant converter (PRC)
[2.84-86], and the series-parallel resonant converter (SPRC) [2.87-90]. The latter is se-
lected since it combines the merits of SRC and PRC; eliminating their drawbacks. It can
operate over both a large input voltage range and a large load range (no-load to full-
load) while maintaining good efficiency. Table 2.4 gives a brief comparison of the main

features of each resonant converter type to justify the selection of the SPRC.

Various techniques have been used to control the SPRC. These can be broadly classified
into variable frequency [2.91-95] and fixed frequency approaches [2.96-98]. However,
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variable frequency techniques present practical problems, like a wide noise spectrum
which makes it difficult to control EMI, more complex filtering and poor utilization of
magnetic components. Also, the frequency control range is limited if zero voltage
switching (ZVS) of the converter is to be achieved. Operation below resonance means
ZVS is lost and the inverter switches operate with turn on losses. This necessitates the
use of fast recovery anti-parallel diodes to avoid diode recovery shoot-through within
the same inverter leg. Operation above resonance is preferred where the SPRC operates
with a lagging power factor, hence ZVS. However, an increase in switching frequency
above resonance results in a large non-linear reduction in converter voltage gain. There-
fore, if frequency control is to be implemented, a narrow control frequency range above
resonance is necessary to achieve both ZVS and an acceptable voltage gain. Fixed fre-
quency control above resonance such as phase-shift control [2.96-100] overcomes prob-
lems of variable frequency control and offers good control on the output voltage via
controlling the phase shift angle between the inverter legs; hence the effective inverter

output voltage.

Characteristic Series (SRC) Parallel (PRC) Series-parallel (SPRC)
Resonant constant load-dependent load-dependent
frequency
Open circuit large current near parallel
no large currents large current near resonance
output branch resonance
Short circuit high current near protected by resonant high current near series
output resonance inductor at all frequencies branch resonance
Output voltage poor at no load and . . . .
. . light 1 1 light 1 1
i light loads good light load regulation good light load regulation
Zero voltage
.. yes, above resonance yes, above resonance yes, above resonance
switching
WG QA0 two two three
nant tank elements
Ltght.-load good poor fair
efficiency
Rectifier
current/voltage current voltage voltage
driven
Outplftﬁ lt.er large fair fair
capacitor size

Table 2.4: Comparison of basic load resonant dc/dc converters

Phase control will, therefore, be implemented in this thesis as the main control tech-
nique for the series-parallel resonant converter. The main de/dc SPRC converter build-

ing block, with series-parallel connections will enable handling of the high-power and
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medium voltage requirements of the subsea project. Multi-module operation also pro-
vides features such as modularity, fault tolerance, and high-power density. IPOS and
ISOP connections of SPRCs are suitable for the step up and down voltage requirements
of the project. Fig. 2.7 shows the circuit diagrams for the IPOS and ISOP connected
phase-controlled SPRC, being the selected converter topology for the project onshore

step up and offshore step down substations, respectively.
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Fig. 2.7: Phase-controlled SPRC selected for the All-Electric subsea project (a) IPOS connection for volt-
age step up substation, and (b) ISOP connection for voltage step down substation.

2.5 Summary

This chapter reviewed the basic requirements for industrial dc/dc converters; the most
important being galvanic isolation between the source and load, high-power density,
and high conversion efficiency. Multi-module series and parallel connections of dc/dc
converters were reviewed with the main characteristics and applications of each pre-
sented. After surveying several high-power dc/dc converters deployed commercially

and in the literature, ISOP/IPOS connection of phase-controlled SPRCs is selected as

34



Chapter 2: High-power DC/DC Converters

the candidate dc/dc converter topology for the All Electric subsea project since it com-

plies with the project requirements; especially high-power density, uni-directional pow-

er flow, transformer isolation, and high conversion efficiency due to its soft switching

characteristics. Multi-module series-parallel SPRC connection enhances system modu-

larity, fault tolerance, reduces manufacturing time and cost, and reduces component

thermal and electrical stresses.
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Chapter 3

Steady-State Analysis and Design of the Phase-Controlled Series-

Parallel Resonant Converter

In chapter two, the phase-controlled series-parallel resonant converter (SPRC) was se-
lected as the candidate dc/dc converter building block for the All-Electric subsea pro-
ject. This chapter focuses on the steady-state analysis and design of the converter giving
further insight as well as new steady-state analysis and design methods, differing from

the well-established material in the literature.
3.1 Background

The steady-state characteristics of the SPRC have been analysed extensively in the liter-
ature. Bhat [3.1] used a state space approach to find the steady-state solution numerical-
ly or in closed form. Verghese et al. [3.2] used sampled-data methods to obtain the tran-
sient and dynamic responses. Steigerwald [3.3] proposed complex analysis to enable
comparison of resonant topologies. Kazimiercuk et al. [3.4] used Fourier series to ana-
lyse the resonant converter in the frequency domain. Batarseh et al. [3.5] used state-
plane diagrams to obtain the steady-state and small-signal behaviour of resonant type
converters. Witulski ef al. [3.6] used lumped parameter equivalent circuits to obtain

small-signal equivalent circuits.

Both variable and fixed frequency control of the SPRC have been studied thoroughly at
steady-state. Variable frequency operated SPRCs includes topologies with half-bridge
inverters [3.1, 7-9] and class D resonant inverters [3.4]. However, variable frequency
operation presents practical problems, such as a wide noise spectrum which makes it
difficult to control EMI, more complex filtering, and poor utilization of magnetic com-
ponents. For this reason, fixed frequency operation such as phase-shift control of the
SPRC overcomes problems of variable frequency control and offers good control of the

output voltage.

Steady-state analysis and design of a fixed frequency PWM SPRC was studied by Bhat
[3.10] based on complex ac circuit theory [3.3]. The converter voltage transfer function

is presented analytically without further steady-state characteristics. Kazimierczuk et al.
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[3.11, 12] introduced fixed frequency phase-controlled SPRCs using two paralleled
class D or class E resonant inverters, with a common output rectifier. Detailed steady-
state analytical and graphical studies of the proposed converters are carried out. Howev-
er, a high number of resonant tank components are used compared to the basic SPRC.
Jain [3.13-15] presents a phase-shift modulated double tuned SPRC to reduce the con-
duction and switching losses of the conventional SPRC and hence obtains better effi-
ciency for wide input voltage and output load variations. However, more resonant com-

ponents are used.

This chapter extends the work in [3.10] and presents new analysis and further insight
into the basic phase-controlled SPRC. The analysis considers the effects of varying the
phase angle, the output load and the switching frequency above resonance on converter
operation. The following steady-state analysis is performed:

e Converter voltage transfer function;

e Detailed converter operation modes with mode boundaries graphically represented;

e Maximum power transfer to load;

e Converter voltage gain sensitivity to variations in operating frequency and load; and

e Converter efficiency including inverter, rectifier and passive element losses.

The remaining part of this chapter outlines the design criteria on which the circuit ele-
ments are selected to fulfil the requirements of the converter application in the proposed
subsea project. The design process relies primarily on steady-state performance
measures to ensure the best converter operating conditions. The design procedure starts
with selection of the optimum resonant tank frequency and full-load QO factor which
meet maximum converter efficiency. Detailed design and selection criteria of the reso-
nant tank element values, the high-frequency nano-crystalline cored transformer, and
the output filter are studied. A new analytical approach for the output filter design, with

multi-module interleaved operation, is presented.
3.2 Steady-state analysis

Fig. 3.1(a) shows the circuit diagram for the phase-controlled SPRC, with the gating
pattern for phase-shift control illustrated in Fig. 3.1(b). For analysis simplicity, the fol-

lowing assumptions are made:
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The resonant inductor current is sinusoidal due to the low-pass filter effect of the
resonant tank when operating above resonance. This means that power from the
inverter is transferred to the load solely at the fundamental frequency, hence rep-
resenting vz with its fundamental component v 3;.

Output filter inductor L, is large enough to minimize inductor current ripple.

The effects of parasitic resistances, transformer magnetizing inductance, and in-
verter snubbers are neglected.

Parallel resonant capacitance is equal to the series resonant capacitance (C,=C;).
If C,<C;, the SPRC behaves more like an SRC with its poor light load output
voltage regulation. If C,>C;, the SPRC behaves more like a PRC with its poor
light load efficiency due to constant resonant tank current. The SPRC combines
the merits of both the SRC and the PRC and eliminates their drawbacks. There-

fore the analysis is carried out for C,=C; as an agreed compromise [3.3].
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(a) circuit diagram and (b) inverter gating pattern for phase-shift control
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3.2.1 Voltage gain transfer function

Fig. 3.2 shows the ac equivalent circuit for the series-parallel resonant converter ob-
tained from Fig. 3.1(a). The effect of the transformer magnetizing inductance is neglect-
ed and R, represents the ac equivalent resistance of the load and output rectifier as de-

fined in [3.3].
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Fig. 3.2: AC equivalent circuit of the series-parallel resonant converter (r7=r;tr;, and X; 7=X;,+X;;)

Neglecting parasitic resistances, an expression for voltage gain can be derived

| chl | 1

Wan | e X | (X X (3.1
X X R R
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where vABI‘ and v¢,; are the fundamental inverter output voltage referred to the trans-
former secondary and parallel capacitor voltage respectively. Using the Fourier trans-

form, (3.1) can be represented as

3%
2°) 1
(4’”/‘ sinéJ Xe

T 2

(3.2)




Chapter 3: Steady-State Analysis and Design of the Phase-Controlled Series-Parallel Resonant Converter

Applying the definitions of R.. ((z*/8)R,), O (z./R, =.JL,/C,/R,) and wy (1/,/L,C,)

from the List of Symbols, (3.2) can be expressed as

Vv nsin—
v, [2( ¢C o o (3.3)
CE 1+ -0’L,C, |+ jO| ———2
8 ( Cs T p J .]Q[ 0)0 @
For C,=C;, the converter voltage gain transfer function M can be expressed as
n siné
m=re o 2
V 2 1 (3.4)
’ ﬁ—(2—a) 2)+jQ o, ——
8 pu pu a)pu

where w,,=w/wy. Fig. 3.3 shows the converter voltage gain M plotted for w,, >1 (above
resonance operation) and n=1 (transformer unity turns ratio). The converter can operate
in step up and step down modes depending on the quality factor O and the inverter

switching frequency.

2.5+
~
~
s 1.5
S
S0 1
S
= 05
N . _
9- 0
100
, 150
Normalised freq [pu] 2 Phase shift 5 [°]
Opy

Fig. 3.3: Converter voltage gain M

Generally higher gains are obtained with light loads (low Q) with the resonant frequen-

cy boundary between an inductive and a capacitive resonant circuit shifting from wy to

C,C . .
@y, =1/ LCT = at no load; where w; is the resonance frequency at no load. This reduces
pTls

to @, =v2a, for C,=C, which is shown in Fig. 3.3 by the peak gain at 0=0.5 and w,,

=1.414. The gain is reduced significantly for increased frequencies, reduced phase-shift,

and for heavy loads with high Q factors.
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3.2.2 Modes of operation and mode boundaries

Four modes of converter operation exist for the phase-controlled SPRC operating above
resonance. These modes are summarised in Table 3.1 and depend on whether the reso-
nant circuit is inductive or capacitive (according to loading factor Q and inverter fre-
quency m,, above resonance) as well as the phase-shift angle . Some important param-

eters to define are:

¢ Input impedance of the resonant circuit (as shown in Fig. 3.4, neglecting r7)

2 . 2 2
R.Xc + ][Rac (X, ~Xe = Xe )+ Xo (X —XCS)]

7 =
R+ chz (3.5)
rr 'I LT -jXCs

Il -
"
lL lo
+ >
vAB‘ Zz Vep ——-jXC g Rac
- P
®
Fig. 3.4: Input impedance Z of resonant circuit
e Input impedance angle for C,=C;
4 (640’ 2 640’
| P +( = —2)a)pu -
¢, =tan 0

e Resonant circuit frequency for C,=C; (obtained from Imag(Z)=0)

w 2 2\2 2
Drospy = = \/(1 - 333 )+ \/(1 B 3?3 ) + 6‘7‘3 3.7)
), .

0

51



Energy

Mode | Leading | Lagging Location on frequency Voltage/Current waveforms recovery Conditions for
leg (S152) | leg (855, response plot Resonant tank Converter switches to supply mode operation
JYam
7 Vas _‘__\_
s v o, >1 | ) S,\
0 @l L /C :I 0-05 /l L ,“-( \ ; v vS 7 [
st - R R, [ =0 iR / [\ Iy i Y537
25 X 0 y 7," Y o 0 a)pu > a)res(pu)
ol @ = = Negative slope L \ 0
% L,C (lagging pf & ZV'S) 3 | ‘_’ \ /
FS LAQ A ot ot
= Positive slope N Z N and
1 ZVS ZVS ?:c ] (leading pf & ZCS) ABC D ot : : = Y es
& . & ¥ k 2 Ly 754
0.5 I Ve o
ninn || =
s §6 0z 1 12 51.‘4 16 18 2 N Br ¢z >
& Normalised frequency ©,, wt wt 2
= 0
=
~
3
=
= wt
83
o
S
% s :l ,, >1
3 0- ol _JL/C 0=05 £ i Ve E -S3 —
P ) | =0. / sit A
* 1 7‘ 0 a)pu > a)res(pu)
2 D= 5 Negative slope g 0
s L,C (lagging pf & ZVS) '
S 15 " L wt wt
s Positive slope
2 ZCS ZVS E.: ; umdm;p/&écs; . : N o and
;; s Vo ) 5 lS}, V54
' ? 0 V)
0 L L | - L 0
06 08 1 12 !14 16 18 2 yi B 1/ :\ ¢z <
Normalised frequency @, 0 VL X E 4 ot wt 2
AV AV
wt




Chapter 3: Steady-State Analysis and Design of the Phase-Controlled Series-Parallel Resonant Converter
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Table 3.1: Modes of operation of the phase-controlled SPRC operating above resonance
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For mode comparisons, Fig. 3.5 shows the equivalent steady-state ac circuits for a posi-
tive half-cycle of the inverter output voltage v,5. Negative half-cycle equivalent circuits

are identical but with —v; and the complementary inverter switches conducting.

Sub-period A Sub-period B Sub-period C
Ly G Ly G Lr G
«— — —
+ i - + i - + i +
Vg Vo iy Vap 4% i, YaB Ve 2
- + | G — + | G — — | G
D1,D4 ON
51,84 ON S1,54 ON
(energy recovery to supply)
Sub-period D Sub-period E Sub-period F
LT Cs LT CS LT CS
- N -« -«
14 v iL + + iL +
Cp i 176 Vg 176
_—|—CP ” ({[,_—|—CP - CI,_TCP
D3,81 ON DI,S3 ON DL,D4ON

(energy recovery to supply)

Fig. 3.5: Equivalent ac circuits for the positive half-cycle sub-periods

Mode operations are explained as follows:

e Mode 1: During sub-period 4, resonant inductor current is negative; hence, resonant

tank energy is fed back to the dc supply through diodes D;, Ds. At the end of sub-
period A, the resonant inductor current falls to zero and the powering stage starts
with sub-periods B and C where energy is transferred from the source to the tank
through switches S;, S4. During sub-period B, parallel capacitor C, discharges until
vep=0. In sub-period C, i;>i, and C, charges up; hence the rapid rise in vc,.
Correspondingly the inductor voltage decreases, allowing the inductor current to start
decay. During sub-period D, the inverter upper half conducts (Ds ,S). Energy in the
resonant tank is dissipated in the zero voltage loop and no energy is returned to the
dc supply.
Converter switch voltage/current waveforms, verify zero-voltage turn on for all four
switches in this mode of operation. The load current is carried by the switch
antiparallel diode prior to switch operation hence the voltage across it is zero before
conduction of the forward current. All four switches turn off whilst conducting
current, but with inverter lagging leg switches turning off higher current. Switching
stresses are therefore higher on the lagging leg compared to the leading leg.
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This mode is characterised by the resonant inductor current i; lagging the

fundamental inverter output voltage v,p; since which means that the

pu >

wres(pu)
resonant tank is inductive and operation is on the negative slope of the frequency
response plot. However, this mode is differentiated from mode 2 by the fact that i, is

also lagging the postive-going edge of the inverter output voltage waveform (v4p),

T—-0

that is, 4. <

e Mode 2: As explained in mode 1 operation, mode 2 is characterised by a leading i;
waveform relative to the positive-going edge of vyp while still lagging the
fundamental v,5; waveform. Operation is on the negative frequency response slope
but zero voltage turn on is lost for the inverter leading leg switches only. Leading leg
switches such as S; turn on with positive current and ZVS is lost. The negative turn
off current in S; (through D, S;, sub-period E) flows through S,, S; at the start of the
negative half-cycle powering stage. The reverse recovery time of D; must, therefore,
be short to prevent overlapping conduction with S, in the same leg. This necessitates
the use of fast recovery freewheel diodes for the leading leg switches in mode 2. No
energy is recovered to the supply during this mode. Inverter lagging leg switches

operate in a similar manner to mode 1 with zero voltage turn on.

o Mode 3: When operation is below resonance (@, <@.,,), the resonant circuit

becomes capacitive and i; leads the fundamental inverter output voltage v5;. Similar
to mode 1, energy is recovered to the supply through diodes D;, D4 (sub-period F)
due to i; leading the negative-going edge of inverter output voltage waveform vz.
Operation is on the positive slope of the frequency response plot and all the inverter
switches turn on positive current while turn off occurs at zero voltage. This
necessitates the use of fast recovery diodes for all inverter switches (not only leading

leg switches like in mode 2).
e Mode 4: Operation is below resonance ( @,, <@, ) but with iy lagging the negative-

going edge of v,4p. This means that no energy is recovered to the supply in this mode.
Instead energy is dissipated in the zero-voltage loops of sub-periods D and E.
Operation is on the positive slope of the frequency response plot but now with the
inverter lagging leg switches switching on at zero-voltage. Only the leading leg
switches turn on positive current, meaning that, similar to mode 2, fast recovery

diodes are mandatory only for the leading leg switches.
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Typically mode 1 is preferable due to the ZVS of both inverter legs. Switch turn on
losses are eliminated and turn off losses can be mitigated by the use of lossless
capacitive snubbers. Contrarily, operating below resonance (as in mode 3) results in
transistor turn on switching losses and diode switching losses (fast recovery diodes are
needed). Transistor turn off does occur in a lossless manner when operating below
resonance. However, because turn off losses can be reduced using lossless snubbers
when operating above resonance, this is not a major argument for operating below
resonance.

Fig. 3.6 illustrates the mode boundary conditions defined by the last column of Table

3.1. Mode 1 operation is guaranteed for a wide load range for ®,, > V2 provided o is

not too low; otherwise mode 2 occurs. However, for 1<, <2 mode 1 occurs only

for heavier loads. At lighter loads, mode 4 is preferred to mode 3 due to the lagging leg

operating with ZVS. Therefore it can be concluded that operating at @, >\2

guarantees the preferred operation region (mode 1 for a wide load range or mode 2 in
the worst case at excessively low 0). On the other hand, excessive increase in switching
frequency leads to reduced converter voltage gain as illustrated in Fig. 3.3. The

optimum choice of converter switching frequency is discussed in detail in section 3.3.1.

= 150
('S 100 4
=
-
< 504
§
o.ﬁ
S
J 1
’ 1 . pe Tis
Quality factor Q [pu] ° 2 ™ Normalised freq [pu]
@

pu
Fig. 3.6: Mode boundaries

3.2.3 Maximum power transfer

Maximum power transfer occurs when the load resistance matches the Thevenin equiva-
lent impedance of the resonant tank. Hence, considering Fig. 3.2 and neglecting parasit-

ic resistances, maximum power transfer can be obtained by
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‘— Xe xiXp ~X¢)
ac — . X —X —X 38
‘ J( Ly~ 4G Cp) ‘ (3.8)

R

Equation (3.8) can be re-formulated using the definitions of R, ((IZ'Z/S)RL),

O( oyl 1R, =7 /R,) and wpy (o/ wy) .

0= 2
o)

Per unit converter output power is plotted in Fig. 3.7. From (3.9), for every switching
frequency there exists a value of Q where maximum power transfer occurs. At heavy
loads (high Q), maximum power transfer occurs near w,,=1 where the circuit is purely
resistive since the load effectively short circuits the parallel capacitor C,, hence the cir-
cuit acts as a series resonant converter (SRC). As load gets lighter, resonance is asymp-
totic to w,,=1.414 where maximum power transfer occurs. For w,,>1.414, low Q is pre-
ferred for maximum power transfer since the circuit is analogous to a PRC. Maximum
power transfer in (3.9) is seen to be independent of the phase angle 6. The higher the

phase angle the higher is the converter output power.

1-
S 0847
& i Lo
S o6d1
20
Q .
S opad
: B
% 0.24
Q "
0, 3
o 1.6 iy - .
| R e 2z
Normalised freq [pu] 270 Quality factor Q [pu]
w
pu

Fig. 3.7: Maximum power transfer

3.2.4 Voltage gain sensitivity

The sensitivity of the converter voltage gain to the change in operating frequency and

load are both investigated in this section. Phase control of the SPRC is a fixed frequen-
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cy control method. However, practical controller implementation results in an unavoid-
able small variation in switching frequency. The effects of this phenomenon in addition

to effects of load variation on converter voltage gain will both be studied.

The Bode sensitivity of Y(x;,X,,......,X,) with respect to x; is defined as (3.10) for small

changes in x;

SY_GY/Y _x oY
noox, /x, Y ox (3.10)

In terms of magnitude, the converter voltage gain M in (3.4) can be re-written as

nsin—
2

2\2 . 3.11
B

The sensitivity of M to small changes in operating frequency w,, and load (represented

M:

by the quality factor Q) are defined in (3.12) and (3.13) respectively.

z* _ 2 2 e
Mo O OM —_%a)pu (_léa)p“(z Dpu )+2Q (wpu wzlm)(l—i_w;zﬁ))

S =

opu M dw. 2\? 5 2
S (4 o P S I
_QZ (wpu _IJ
SMzgaM _ a)pu
O M o0 (Y ) 1Y (3.13)
(] (2—(0,]“2) +Q2 Wy, =
8 o,

Since the feasible frequency control range for operation above resonance is 1< ®,, <2

(as discussed in section 3.2.2), examining the two extremes of w,, gives the limits of the

sensitivity functions

2% o =1
M 2 pu
S ) {

3%, o =2 (3.14)

pu

Opu
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w 0, o =1
S _ pu
0 —1%, ®,, :\/E (315)
From (3.14) and (3.15), it can be concluded that the converter voltage gain is less sensi-
tive to operating frequency and load variations when operating at w,,~1. Converter gain
is unaffected by load change when operating at w,,~=1. This can be confirmed from Fig.
3.3 where at »,,~1, the converter gain is constant at A/=0.8 for all Q. The converter be-
comes more sensitive as the operating frequency increases. The analysis shows that the

converter is relatively insensitive to small variations in operating frequency and load.
3.2.5 Efficiency

In this section, the efficiency of the phase-controlled SPRC is studied in detail. The ef-
ficiency 7 is generally defined by (3.16).

_ Output Power _ Output Power
Input Power  Output Power + Losses (3.16)
Various losses exist for an SPRC, which are summarised in Fig. 3.8.
Inpur I Guq)ﬂf
Power Power

Copper Inverter Rectifier
losses losses losses

Fig. 3.8: Power flow diagram for a SPRC

In order to calculate the converter efficiency, expressions for output power and losses
are derived and detailed in terms of the main parameters J, Q and w,,. All power calcu-
lations are on a p.u. basis to generalise the derived expressions and avoid using specific
circuit parameter values. It is assumed that all currents and voltages in the resonant tank
are sinusoidal; hence power calculations are solely performed at fundamental frequency

o. The following base values are used for the p.u. calculations
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V

base = I/s

Zyse =Ze =Lt 1 C,

Ibase = I/base /Zbase = I/s /Zc

[)base = I/sz /Zc (317)
a)base = a)O

(a) Output power

Referring to Fig. 3.2, output power P, can be calculated using

P peak

TR R (3.18)

ac ac

Applying the voltage divider rule as in (3.1) and (3.2), and taking the parasitic re-

sistance r7 into account

. Ginvas
_ G/d
Cppeak 3 19)
8ro| |no, 8 1 3.
-2 }{ z ﬂQﬁa’mH
c c pu

Therefore, per unit output power can be expressed as

n’Qsin’ %46

2 2 2 T o T 320
|:8(2_a)pu )+7'Tqu:| +|i8 Tpua)pu +Q(a)pu _w]:|

pu

P, (pu)=

(b) Copper losses

These are associated with any losses in the copper wires or parasitic resistances of cir-
cuit elements. They are mainly divided into two sets for ease of calculation: resonant

tank copper losses and output filter copper losses.
(i) Resonant tank copper losses

Resonant tank copper losses are associated with resonant inductor internal resistance
and transformer winding resistances. These are combined in the total equivalent re-

sistance rr=r;+rp,. Therefore, resonant tank copper losses can be defined as
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2

1

L peak

2
1. =%

Tr (3.21)

Cyank ‘ Lrms

Considering Fig. 3.4 and the resonant tank input impedance Z in (3.5), but taking rr into

account
'z} . zZ}
4B e | 640’ o,
L=zl AV innss Q2 pu
peakl 2 4 'z 1 77 rnz | 3-22)

c 2 c 2 c

el el | (0, -2)-"2

Q a)pu Qa)pu a)pu

Therefore, the per unit resonant tank copper losses can be expressed as

oz 2 r T 3.23
- 12 + -2 (a)uz—z)—@ (3.23)
80 o, 80w, p @

(ii) Output filter copper loss

Output filter copper loss occurs in the output filter inductor internal resistance r7,. This

can be defined as

2
C“ﬁlter = o rLo (324)
where
7 Vo nV sin’20
° R, 5 2 2 : (3.25)
”ZC(Z—a)HZ)+rT + m+z¢ a)u—L
80 » 80 " o,

Therefore the per unit output filter copper loss can be expressed as

n'ry,,, sin® %28
P u)=
Cuﬁlter (p ) 2

2 Pt o, 326
”—(Z—a)uz)+rT 4| e a)u—L (3.26)
go\ " ) i 80 "

pu
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(c¢) Inverter losses

Inverter losses can be generally expressed as the summation of the conduction and
switching losses in the inverter switches. In the case of ZVS and ZCS, turn on and turn
off losses are eliminated respectively with the possibility of mitigating the contrary loss
by the use of switching aid circuits. For instance, with ZVS, switch turn on losses are
zero and turn off losses can be largely mitigated using lossless capacitive snubbers. For
this reason, focus in this section is on the inverter conduction losses which comprise a
high proportion of the total inverter losses. Fig. 3.9 shows typical switch voltage/current

waveforms.

HON(/eading leg) = 2 - ¢z QON(Iagging leg) = —2 ¢z

(a) (b)
Fig. 3.9: Inverter switches voltage/current waveforms (a) S; (leading leg) and (b) S, (lagging leg).

Per switch conduction losses can be defined by

Ton

cond (Inv) = J. VONi dt

s 0

(3.27)

where T is the switching period, Toy is the conduction time, and Voy is the switch on-
state voltage obtained from the device datasheet. Assuming sinusoidal steady-state res-

onant tank currents, as in Fig. 3.9, switch conduction losses are
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v Yon
_ _ON .
cond (Inv) — ' ) nILpeak Sin wt d((()t)

nv, I 3.28
=M(I—COS90N) (3:29)
2z

where oy is the switch conduction angle and # is the transformer turns ratio. Therefore

for two switches per inverter leg, the total conduction losses for the inverter are

n|V0N

L
‘peak
— pu
B:ond([nv) (pu) - T (2 —COs gON(Leading leg) cos gON(Lagging leg)) (3 29)

where 6oy is defined for the leading and lagging legs in Fig. 3.9, vowl,, can be obtained

by referring Von to Vg defined in (3.17), and similarly referring

Iy,

peak

defined in
pu

(3.22) to Ipuse, yields

an . 7y, % +640°
‘1 =—sin’0 2 330
peak pu V.4 ( . )
w7+ 1-— || +|22(w,,2-2)-80
"Tpu@pu ) pu "Tpu
@puy

(d) Rectifier losses

Similar to the inverter, rectifier losses can be divided into conduction and switching
losses; the latter from reverse recovery. Since resonant converters employ high switch-
ing frequencies, fast recovery or zero recovery silicon carbide diodes should be used to
minimise reverse recovery losses [3.16]. Switching losses will be neglected in the anal-
ysis and only conduction losses will be considered. Fig. 3.10 shows typical SPRC recti-

fier diode voltage/current waveforms.

L + Ldiode

V diode tk

— 5 —)
]

Fig. 3.10: SPRC rectifier diode voltage/current waveforms
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Since the diode conducts load current for half the sinusoidal waveform period, diode

conduction loss can be given by

| T52
cond (Rec) = I VFIa dt ZI/ZVFI(;
s 0

(3.31)

where V is the forward voltage of the rectifier diode obtained from technical datasheet

and /, is the converter load current. Total rectifier losses can therefore be expressed by

v, 2V, 2
B . VCpeak

P

cond (Rec)

=2V, 1 =2V,

R, R =« (3.32)

where

V.
P

can be obtained from (3.19). This yields

eak

2nV,.V sin’20

2 2 [ 2 ? (3.33)
LZ"(Z—(OMZ)+FT + %_’_Zc a)u_i
80 P 80 " w

pu

I)cond (Rec) =

The per unit rectifier conduction losses can be therefore expressed as

2n VFpu sin%20

P =

vond (Rec) (PU) ; ) ) 2 (3.34)
T (2-w,)+r I A/ P
go\ )T 0 " o

Applying the efficiency equation (3.16), and using the per unit power equations derived,

efficiency versus loading factor O and normalised frequency w,, can be plotted. The
efficiency of the phase-controlled SPRC is illustrated in Fig. 3.11. The values used for
the plot are:

e A nominal 0.01 p.u. value is taken for all parasitic parameters

,,Tpu = rLOpu = VFpu = VONpu =0.01p.u. (3.35)

e Maximum phase-shift angle 0,,,=180
e Unity transformer turns ratio, n=1. This provides the worst case scenario for the

step down transformer, since all losses are directly proportional to n or n”.
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Fig. 3.11: Phase-controlled SPRC efficiency plots (a) 3D view (b) focus on global maximum at selected
frequencies (c) 3D view of efficiency considering inverter & rectifier losses only (d) global maximum.

The following can be observed from Fig. 3.11:

e Fig. 3.11(a) shows that converter efficiency deteriorates with excessive loading (high
Q) due to increased losses with increased load current.

o Athigh Q, efficiency is lowest at w,,~1 rather than at higher frequencies. This is be-
cause with high Q, the parallel resonant tank capacitor is effectively short circuited
by the low output impedance and the SPRC acts as a series resonant converter
(SRC). At wp,~1, the resonant tank impedance is purely resistive (equal to the para-
sitic resistances of the resonant tank elements only) causing maximum load current,
hence maximum copper, inverter and rectifier losses.

o At low Q, the converter output is effectively open circuit and the SPRC behaviour is
similar to that of a parallel resonant converter (PRC). This explains why at high fre-
quencies (where the series L~C; becomes more inductive) the converter behaves
more like a PRC with the resonant tank and inverter current being relatively inde-

pendent of load. This poor part-load efficiency problem is well known for PRCs.
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e Efficiency is generally lower as frequency gets closer to w,,=1 and relatively higher
as frequency increases. Higher operating frequency means higher inductive resonant
tank impedance. This mitigates the load current, leading to reduced losses. Operating
close to resonance causes high currents, hence reduced operating efficiency.

e Fig. 3.11(b) shows a more detailed view of the global maxima. Highest efficiency is
approximately 90%, obtained with @p, =1.3 and 0=145 (the » sign indicates global

maxima). This fact will be used in designing the optimum operating conditions for
the converter in section 3.3.

e Fig. 3.11 parts (c) and (d) show converter efficiency taking into account only inverter
and rectifier losses. Efficiencies ranging from 97% to 99.5% are attained which
shows that copper losses account for the majority of the converter losses. This estab-
lishes the fact that resonant converters do not suffer from high device losses even
when operated at high switching frequencies. This makes them favourable when
compared with conventional hard switching converters because higher switching fre-

quencies enable the use of smaller magnetic component sizes.
3.3 Converter design procedure

The steady-state measures studied are used to design optimum operating conditions for
the phase-controlled SPRC. First, the optimum resonant tank frequency and full-load O
factor are selected to achieve maximum converter efficiency. Derivation of resonant
tank element values is then carried out followed by the high-frequency nano-crystalline
transformer design. Finally, a detailed procedure for the output filter design is proposed

based on new analytically derived equations for multi-module interleaved operation.
3.3.1 Operating inverter frequency

SPRC phase-control is a fixed frequency control technique. Selection of this fixed fre-

quency affects several aspects of converter operation. Various operation ranges exist:

e w,<l: This represents operation below resonance. This is not favourable as ZVS is
lost and fast recovery anti-parallel diodes are required for the inverter.

e w,~=1: This represents the resonance frequency for the series L~C, impedance. Op-
eration at this frequency is not preferred although the converter becomes relatively
insensitive to load variations (section 3.2.4). This is because at w,,=1, operation can

be only in modes 3 and 4 where ZVS is partially or fully lost. This depends on Q as
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shown in Fig. 3.6. Also, due to the high resonant tank currents at resonance, convert-

er losses are high and efficiency is relatively low.

e 1< ®,,<v2: This is the preferred region of frequency operation. A wide voltage
gain M range is achievable, as shown in Fig. 3.3 and mode 1 operation is possible
with full ZVS. Also, maximum converter efficiency is obtained in this range as
shown in Fig. 3.11.

o a)pu=x/§ : This represents the resonance frequency for the series L-C,-C, impedance
in the case of open-circuit output or light loading conditions. It is dangerous to oper-
ate at this frequency or close to it, as currents can be high enough to damage the con-

verter and passive elements.

® w,>V2: Although in this frequency range the resonant tank impedance becomes
highly inductive, meaning that ZVS is guaranteed (mode 1), converter gain is also

mitigated and converter efficiency is reduced.

Therefore, it is evident that the most suitable frequency range is 1< w,,<v2 . The se-

lected frequency for maximum efficiency operation is @py =1.3 as shown in Fig. 3.11.

3.3.2 Full-load Q factor

Or; represents the ratio between the resonant tank characteristic impedance and full-

load output resistance. To operate at maximum converter efficiency, it is acceptable to

assign OFL = 0=145 as shown in Fig. 3.11.

3.3.3 Resonant tank elements value and ratings

As outlined in section 1.4, the All-Electric subsea project delivers power in the range of
10-15 kW. Typical transmission voltage is 10 kVdc, with a load-side voltage of 1 kVdc.
The load-side step down converter, under consideration, comprises the modular archi-
tecture of the dc/dc phase-controlled SPRCs as discussed in section 2.4. Since the mod-
ular architecture will involve series-parallel connection of SPRCs, the above-mentioned

ratings will be shared by the separate modules. Typical module ratings are:

e Power rating: 0.5-1 kW
e Module input voltage: 500 Vdc
e Module output voltage: 100 Vdc
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e Module input current: 1-2A
e Module output current: 5-10 A

Hence, the typical full-load output impedance R;. is 10-20 Q. Using the selected
Or=1.45, and applying Qr=Z./R;~ then the characteristic impedance Z. would be in
the range of 14.5-29 Q. The choice of Z, and resonant frequency w, will determine the

values of resonant tank elements L7 and Ci.

The characteristic impedance typically affects converter voltage gain M as well as the
ratio of the load to resonant tank currents. Examining these two factors aids in selecting
an appropriate value for Z. in the selected range. Re-formulating (3.4) and considering
Fig. 3.4 while neglecting resonant tank parasitic resistance rr , the following gains can

be obtained as a function of Z,

M—z— nsin'20
V, 7 N L)Y (3.36)
?(2—0)[7“) + R a)pu—;
L pu
(;:1_0:”\/E !

2
4 (7 R, (3.37)
8§ Z

G is a ratio of output current to RMS resonant inductor current and is optimal as it ap-
proaches 1.11. At this value resonant tank current approaches the load current value.
This means the resonant tank circulating current is not higher than the load current at
light (part) loads, hence the converter part load efficiency is not poor. From (3.36) and
(3.37), a high value of Z, results in a current ratio G close to 1.11, however, converter
voltage gain M is reduced and vice versa. Therefore Z. is selected as an intermediate

value in the range Z,=14.5-29 Q in order to compromise for both gains M and G.

Also, since @py =1.3 has been selected and with an inverter switching frequency of

/=40 kHz, the resonant tank natural frequency f) can be calculated as

A

1 f
= = =30769H
Jo=—_ TGy op z (3.38)
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Applying (3.38) and using Z. =+/L7 /Cs , values for L7 and C; can be obtained. Com-

ponent ratings for the resonant tank inductor and capacitor can be obtained using (3.37)

and (3.39). Table 3.2 summarises designed and calculated values for the subsea project.

7 2Rio 2
Ve =11 Xcs :ﬂiﬁw;u 1+{%LZ—C"’”J I, (3.39)
Parameter Definition Value Component rating
Z, Characteristic impedance 20.7 Q -
Ort Full-load Q factor 1.45 -
Rin Full-load impedance 143 Q -
f Inverter switching frequency 40 kHz -
fo Resonant tank natural frequency 30.77 kHz -
Vs Input supply voltage 500V -
v, Output (load) voltage 100 V -
Ion Full-load output current 7A -
Pgy Module full-load power rating 700 W -
n Transformer turns ratio 0.2 -
Ly Total equivalent resonant inductance | 107 uH | [;,=1.3441p,=9.41 A (RMS)
C, Series resonant capacitance 250 nF Vei=21.4 15,=150 V (RMS)
C, Parallel resonant capacitance 250 nF | Ve, =Von/2 \/2=111 V (RMS)

Table 3.2: Converter parameter values and ratings

Fig. 3.12(a) shows a schematic diagram of the proposed SPRC module, with full-load

operating values. Fig. 3.12(b) shows how 20 such modules are connected in an input-

series output-series/output-parallel (ISOS/OP) connection to obtain 10kVdc/1kVdc, 14

kW step down operation. This configuration is suitable for the load side subsea convert-

er unit.

1.4 A4 7 A
+ > 700 W phase- >+
500V controlled 100V
_ SPRC —
(a)
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10kV 1kV
+ — + -
144 74

—

- + +
Vinl 1500y 100 V| V0!

[—!

Vin2 |500V 100V| Vo2

L.

Vind \spo v 100 V| V0

Vinl0| 500V 100 V] Vol0

7A4

\ A

Vinll 509 v 100 V| Voll

Vin12|500V 100 V| Voi2

...

=+ +
Vinl9 500V 100V Vol9

[——]

Vin20\ 500V 100 V| Vo20

700W x 20 =14 kW

(b)

Fig. 3.12: (a) Proposed SPRC, full-load operating values (b) 20 modules connected in ISOS/OP to
achieve the 14 kW, 10kVdc/1 kVdc step down load side converter

3.3.4 Nano-crystalline core transformer
(a) Transformer core model selection

This section gives a detailed design procedure for the nano-crystalline core transformer
used in the phase-controlled SPRC. Nano-crystalline material is preferred for high-
frequency operation due to its high core permeability, high magnetizing inductance and
near square hysteresis loop [3.17]. Reduced transformer volume due to high-frequency
operation supports the modularity of system design. As shown in Fig. 3.1, the trans-

former primary is connected to the inverter output so the input voltage to the transform-
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er is a quasi-square wave signal. The secondary winding is connected to the resonant
tank, hence the transformer rated secondary current is the rated resonant tank inductor
current (9.41 A RMS) as calculated in Table 3.2. Fig. 3.13 shows a schematic with the
transformer typical ratings. Table 3.3 summarises the notation used in the design pro-

CCSS.

2A (rms) n, 10 A (rms) N

500V (rms) 100V (rms)

N] N2 I-I_I

Fig. 3.13: Nano-crystalline core transformer full-load ratings

Parameter Definition

E, Primary winding emf V)
I Primary current (A)
I Secondary current (A)
N; Primary number of turns

N, Secondary number of turns

a; Primary copper wire cross-sectional area  (mm®)
a Secondary copper wire cross-sectional area (mm?®)
J Current density (A/mm?)
W. Total copper wire area in window (mm’)
k, Window utilization factor

w, Window area (mm®)
A, Transformer core cross-sectional area (mm?)
f Frequency of operation (kHz)
B Operating flux density (T)

B Saturation flux density (T)

U Relative permeability
k Form factor

Table 3.3: Transformer design notations

The design process starts by assuming the number of primary turns

N1 =40 turns (3.40)
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The secondary turns are

%) 100
Ny =—=x N1 =—— x40 =8turns
2= M =55 (3.41)

From the standard American Wire Gauge (AWG) copper wiring tables

J =3 A/mm? (3.42)
Iy 2
al =71=§=0.67 mm? (3.43)

From AWG tables, the closest available conductor size is AWG#18 (cross-sectional ar-
ea of 0.823 mm?). However, the maximum frequency for 100% skin depth is 17 kHz.
Since the operating frequency is /=40 kHz, conductors AWG#22 and higher can only be
used. AWGH#23 (cross-sectional area of 0.258 mm?) is selected with 3 conductors con-

nected in parallel. Therefore, actual primary winding copper cross-sectional area is
aj =0.258x3 = 0.774 mm> (3.44)

Similarly, for the secondary winding

Ip 10

ar =2 =2 =333 mm?
J 3

(3.45)

AWGH#23 is selected with 13 conductors connected in parallel. The actual secondary

winding copper cross-sectional area is
ay =0.258x13 =3.354 mm*? (3.46)
The total copper wire area in the window can be calculated as
W, = Njay + Nyay = 57.8 mm? (3.47)

Assuming a window utilization factor k,=0.4, the window area must satisfy

W, 57.8 2
W, Zk—;=W=144.5mm (3.48)
The emf equation is used to calculate the transformer core cross-sectional area A4.:
Ei=kfA.BNy (3.49)
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where £,=500V, k=4 (square wave), /=40 kHz, N;=40 and B=0.8xB,,~0.8x1.2=0.96 T.
A, =0.8138 cm? (3.50)

Using the design criteria in (3.48) and (3.50), the “Magnetec GmbH M-134-01 JM”

transformer core is selected. The core data is [3.17]:

M- =30000 at 40kHz
(3.51)

A4.=038 cm?

W, =940.87 mm>

The actual operating values become

B=0976T
k= Ye — T8 _ 60614 0r 6.14% (3.52)
W, 940.87

This window utilization factor allows space for the winding insulation. Fig. 3.14 shows
core dimensions which verify its suitability for the modular converter design and shows

a 3D view of the core drawn using the Finite Element Analysis (FEA) software JIMAG-

T
MAGNETEC 41-1 34-01 JN

Designer.

>25
<40

<223
< > <+ " (Male in mm)
<60
(a)
Primary
winding Core
econdary
winding

(b)

Fig. 3.14: Core schematic (a) Dimensions (from Magnetec GmbH datasheet) and (b) 3D view.
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(b) Leakage inductance calculation
The leakage inductance L; of the transformer is part of the design procedure outlined in
section 3.3.3 and is incorporated in the value of the total resonant inductance Ly given

by
LT :Ls+LZ (3_53)

This enables calculation of the actual resonant inductance L, to be added in the resonant
tank in series with transformer secondary winding. This means that Z; has to be referred
to the secondary side. This is performed in JMAG-Designer by performing a short-
circuit test on the transformer designed. The primary winding is short circuited and a
small voltage (just enough to reach rated transformer current) at the 40 kHz nominal
operating frequency is applied to the secondary winding. Using the magnitudes and
phase angles of the voltage and resulting current, values of the parasitic transformer re-
sistance 7; and leakage inductance L, are obtained referred to the secondary. The calcu-
lated values for the designed transformer are =0.4Q and L~=7.4puH. Therefore, the val-

ue of Ly 1s
Ly=Lp—1;=107-7.4=99.6H (3.54)

In order to check the operating core flux density does not reach saturation and complies
with the calculated value in (3.52), the phase-controlled SPRC is implemented using the
JMAG-Designer circuit simulator tool and connected to the transformer operating at
rated designed values. The system is simulated using FEA. Fig. 3.15(a) shows a sche-
matic of the circuit simulator diagram and Fig. 3.15(b) shows the operating core flux

density B which, at rated values, operates in vicinity of the calculated value in (3.52).

(a)
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Magnatic Flus Dansity
Contour Flot T

120000
1.191E-0
1.181E-00
1,162 E-0
1.142E-0
1.120E-0
1103600
1074E-00

SE4ZEDT
STET
B0BIE-0
 TamEm

526301

S26RE01
4474601
3ET9E-01
2584E-01
1363601
BMTE-02
DOIEHD

Mazimu m 11867 E-00
Minimum & 5250E-05

(b)

Fig. 3.15: (a) Converter circuit diagram using JMAG-Designer circuit simulator and
(b) Maximum operating core flux density

(c) Core loss calculation

Transformer core losses are a function of the operating frequency and magnetic flux
density. Assuming the operating flux density B is constant and near saturation
(B=0.8B,, 1s commonly selected), a general expression for the core losses is

P, =Aw," (3.55)

pu

where 4 and K are proportionality constants determined by the transformer manufactur-
er. The “Magnetec GmbH M-134-01 JM” nano-crystalline core transformer implement-

ed has a core power loss equation given by [3.17]

~ F X f y B z
”Fe"’l*(z) X(Ej *(EJ (3.56)

where the constants £, f; and B, are the initial form factor, frequency, and magnetic
flux density, at which the power loss P; is calculated, while F, f, and B are the applied
voltage form factor, frequency, and magnetic flux density respectively. Equation (3.56)

can be re-formulated:

75



Chapter 3: Steady-State Analysis and Design of the Phase-Controlled Series-Parallel Resonant Converter

Comparing (3.57) with (3.55) yields
X y z
RRGREERD
! N2 ! (3.58)
K=y

The resonant tank frequency implemented is defined in Table 3.2 (w¢/2n=30769 Hz),
the operating transformer flux density B=0.8B,,~0.8x1.2=0.96T, and the operating form
factor F=1 due to quasi square wave inverter output. The remaining constants are
supplied by the manufacturer [3.17], P;=60 W/Kg, mp~=83.1g, F;=1.11, f;=100 kHz,
B;=0.3 T, x=1.6, y=1.8 and z=2. Substituting these values into (3.58) yields

P, =50," (W) (3.59)

Therefore, the transformer core losses at full-load are
P,=5(13)"=8W (3.60)

To convert this to a per unit equivalent, Pp, is referred to Py, defined in (3.17)

B, P.Z 8x20.7
B (pu) =7 ==755 == -7~ =0.00066pu (3.61)

base

Equation (3.61) shows that the transformer losses are negligible which verifies the low
core loss characteristic of the nano-crystalline material although the operating frequency

is high.
3.3.5 Output filter

The phase-controlled SPRC uses an LC output filter to attenuate the high-frequency ac
components and to obtain a dc output voltage with minimum ripple. However, the out-
put ripple content is a design trade-off with the size of the filter elements. This is an im-

portant issue if modularity and compact physical size are key design criteria.

In this section, novel analytical expressions relating ripple amplitude with LC filter el-
ement values for the phase-controlled SPRC are derived. The LC filter element values
are dependent upon whether the converter operates in a single or a multi-module mode.

In multi-module operation, interleaving the inverter control signals can lead to reduced
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ripple, hence smaller filter elements will be required. The design procedure for each

component follows.
(a) Single module converter operation

Fig. 3.16 shows the circuit diagram of the output filter with vz, being the output bridge
rectifier voltage, and typical waveforms for a sinusoidal voltage input to the rectifier.

Undefined parameters are stated in Table 3.4.

L, ia i, + Vg,
—f=y WINSYA
+ T + EV / \ /" / A\

icob P A \

) i >
Br Com~ Vo gRL

;
¢
3

ot | wt
(©) (d)

Fig. 3.16: SPRC output filter (a) circuit diagram, (b) bridge rectifier output voltage and converter output
voltage, (¢) inductor voltage and current and (d) capacitor voltage and current

Parameter Definition

Vpeak Peak bridge rectifier output voltage V)
0, sin”! (%) ~0.69 (rad)
0, 7-sin (2] =245 (rad)

Al Ripple inductor current (A)

AV, Ripple capacitor voltage V)
TLO Average inductor current (A)
1, Average output load current (A)
v, Average capacitor (load) voltage V)

Table 3.4: Output filter parameter definition
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The maximum inductor current ripple 41;, can be obtained by integrating the average

positive inductor voltage V1o over the period from 6; to 6,

6.

2 7r (6, -
Al = 1 VL0+da)t= Lo (2 '91)
oL, 2 27 fL, (3.62)
1
1 %
Vo _(92—91)J.VL0dwt
01
1 %
=——— | \Vyeqk sinawt =V, | dot
(92_01)3( pea 0)
1
o
2
Yo J. (lsina)t—l) dot (3.63)
(62-61) 5 \2

:(e;/—iol)(ﬂcosﬁl -6 +01)

Substituting (3.63) into (3.62) yields

Vo (mcosO —6r+6)) _0.105%e

AL, = oL, a (3.64)

For 0.5% ripple in the filter inductor current at the nominal operating converter values

stated in Table 3.2, the value of L, can be calculated

Vo 0.105x100

L, =0.105x = -
fAIT,  40000x0.005x7

7.5mH (3.65)

Assuming the ripple capacitor current ic, in Fig. 3.16(d) is sinusoidal:

Al
AV =AloXco = J’:CO (3.66)
o

For 0.5% output voltage ripple at nominal converter ratings, C, is

oo Ao _ 0.005x 7
© T 2xfAV, 27x40000x0.005x100

=278.5nF (3.67)
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(b) Multi-module converter operation (designed with interleaving)

When multiple output filters of the phase-controlled SPRC are connected in se-
ries/parallel, a technique known as interleaving is used so that current and voltage ripple
of each converter do not reinforce, but instead tend to cancel. This technique results by
phase shifting the switching instants of the converters over a switching period. By in-
troducing a symmetrical phase-shift between the parallel/series converters, the output
filter capacitor ripple is lowered due to ripple cancellation effects. As a result, the size
of the output filter capacitance can be minimized [3.18, 19]. For the A/l-Electric subsea
project, the phase-controlled SPRCs will be connected in ISOP and ISOS connections,
as shown in Fig. 3.12(b), which means the output filter from one module is connected in
series or parallel with other modules. Table 3.5 summarises possible configurations for
m-connected modules. To preserve system modularity and to maintain system fault tol-
erant operation in case any module should fail, config#l for both ISOP and ISOS will
be implemented. For ISOP connection, interleaving reduces the total inductor ripple
current, and the resulting ripple is further reduced by dividing it among the parallel out-
put capacitors. Fig. 3.17 shows a reformulation of the config#l circuit diagram and Fig.

3.18 gives typical results for interleaving two modules (m=2) with parallel output filters.

L01 lLOI ZLOT
& + (o, ' -’ -’ @ o
t Vi T . . A
: . ZCOIJV lCOm
v Tl
Br, L : 1o
! Om m C o= ==C .
7™
+v -
TVBrm Loy,
- o ) 5
Fig. 3.17: Config#1 for ISOP connection
From Fig. 3.17:
m
Loy = 2iLo, (3.68)
i=1 !
Assuming Lo =Lo ==Ly =Lo

) 1 &

Lo, :EIZ;VLOI' dt (369)
1=



Configil Config#2 Config#3 Notes
o— " — ) -0 e Config#l preserves system modularity and system
fault tolerant capability. Also, total inductor current
1 == 1 1 ripple is divided among the parallel output capaci-
tors, hence smaller ripple per capacitor.
o———1 o— ¢ In config#2, output capacitance needs to be m times
Isop iR : — the modular capacitance for the same output voltage
o—" o—l ripple. Also, it has poor fault tolerance due to possi-
bility of output capacitor failure.
m = m m e In config#3, the inductor needs to be m times larger
in current rating relative to the modular inductor. Al-
o ro) o o o) Vo) so, config#3 has poor fault tolerance.
e Config#l preserves system modularity and system
o—_/"Vt—a0 o—/"M"———o0 (e, MM O fault tolerant capability. The module capacitor has
the full module inductor current ripple, so interleav-
1 -~ 1 1 ing would only reduce total output voltage ripple
but not individual capacitor ripple current.
o—— o— O— ¢ In config#2 and config#3, ripple cancellation occurs
1S0S . . : L . —~ when interleaving so the output capacitor has re-
o o_f""']_, o_l duced ripple current. However, the output capacitor
voltage rating is m times the modular capacitor volt-
L age, i.e. it experiences the full output voltage. With
m T m m both configurations, system modularity and fault
o o o o o o tolerance are degraded due to the possibility of out-

put capacitor failure.

Table 3.5: Possible connection configurations for m modules with ISOP and ISOS connections
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Fig. 3.18: Results for two interleaved SPRC output filters in ISOP connection (a) bridge rectifier output
voltages and converter output voltage, (b) inductor voltages, (c¢) capacitor currents, (d) inductor currents

From the results in Fig. 3.18, ZVLO experiences m times the frequency of VLo, due to
i=l !

interleaving the bridge rectifier outputs by z/m radians. The total inductor current ripple

Al1, can be obtained by integrating the average positive aggregated inductor voltage

over the period 6;/m to 82/m as illustrated by Fig. 3.18(b) and (d).

(Zv[ﬂ] dot = i=l ; i i

27 /L, (3.70)
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k=1

m - in% m
[ZVLO.] —9 I Z{ peaksm(a)tJr( :nl)ﬂj_Vo}da’t
l a

o)
nm _ (3.71)
= mVo I Z {%sin(wﬂ—u)—l} dot
%20 445 "
n
Substituting (3.71) into (3.70) yields
#m
(=AM
AILOT 27zﬂ 9[ Z_‘{ sm(a)t+—m j 1} dowt (3.72)
Wl =
Substituting into (3.72) for m=2 yields AlLo, 002”/ and for m=3, Mo, =0.0(;zx v,

which are both lower than the ripple given by a single output filter (m=1) as calculated
in (3.64). As the number of paralleled modules increases, total inductor current ripple
decreases. In other words, for the same total current ripple as the single-module case, L,

can be reduced hence smaller in size. The value of L, for all modules can be calculated

from (3.72) according to the required total ripple current A/ Lo, . From F ig. 3.17, the to-

tal ripple capacitor current is equivalent to A/ Lo, . However, since m-module capacitors

are connected in parallel, individual module capacitor current ripple is

Al LoT
AICol. = (3.73)
m
Hence, assuming sinusoidal ripple currents, the output voltage ripple is given by
A Al Col. Al Lo,
V = =
0 2 fC, 2rxfmC, (3.74)

This shows that output voltage ripple is m times smaller than the total inductor current
ripple. The value of C, for all modules can be calculated from (3.74) after the required

output voltage ripple is specified.

For ISOS connection, config#l in Table 3.5 shows that each module acts separately

with module outputs being series-connected. This means that, even with interleaving
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between modules, individual module capacitor ripple currents are equal to the module
inductor current ripple. This is verified from Fig. 3.19(a) and (b) which illustrates typi-
cal results for interleaving two modules (m=2) with series output filters. Ripple cancel-
lation effects only manifest in the aggregate load voltage and current as shown in Fig.
3.19(c). Hence, individual module inductance and capacitance values (L, and C,) for
ISOS connected modules can be designed as in the single-module operation design pro-

cedure outlined by (3.62)-(3.67).

/lLol ,lLo2 Ai, =Ai ZCOI Ilcoz AlCa AlCa

IO

T

Oll!llllill!l'lll

T
VYUY VVIALY

wt wt
(@) (®)

|

O‘II“III407r
wt

(©

Fig. 3.19: Results for two interleaved SPRC output filters in ISOS connection (a) module inductor cur-
rents and output (load) current, (b) capacitor currents, (c) module output voltages and total load voltage.

3.4 Simulation and experimental prototype results

The 700W phase-controlled SPRC designed with the rated full-load values in Table 3.2
is scaled down to a 40W experimental laboratory prototype. The prototype converter

circuit diagram is shown in Fig. 3.20. Element and operating values used are summa-
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rised in Table 3.6. Optimum full-load designed conditions Q =145 and @,, =1.3 (cor-

responding to maximum efficiency) are applied to the prototype converter.
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Fig. 3.20: Experimental prototype (a) circuit diagram and (b) inverter phase control gating pattern.

Parameter Definition Value
Z, Resonant tank characteristic impedance 20.7 Q
Orr Full-load Q factor 1.44
R Full-load resistive load 14.4 Q
f Inverter switching frequency 40 kHz
L Series resonant inductance 100.13 pH
L Transformer leakage inductance (referred to secondary) 9.12 pH
Ly Total equivalent resonant inductance (referred to secondary) 109.25 pH
C; Series resonant capacitance 255 nF
G Parallel resonant capacitance 255 nF
fo Resonant tank natural frequency 30.154 kHz
Opy Normalised frequency 40/30.154=1.327
L, Output filter inductance 12.5 mH
G, Output filter capacitance 120 uF
Vi Input supply voltage 60 V
V, Output (load) voltage 24V
Ton Full-load output current 1.67 A
Pr Converter full-load power rating 40W
n Transformer turns ratio 0.5
Orr Full-load inverter phase-shift angle (from equation 3.4) 90

Table 3.6: Experimental prototype converter element and operating values
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3.4.1 Full-load operation

Fig. 3.21 shows full-load operation results for the 40W, 40 kHz phase-controlled SPRC

prototype. The following can be concluded from the results:

* At full-load (0r=90", Qr1=1.44 and ,,~1.327), the converter operates in mode 2.
This is evident from Fig. 3.21(a) and (b) showing i; lagging the fundamental inverter
output voltage v4p; (inductive resonant tank impedance) while leading the positive-
going edge of v4p. Operation in this mode is verified by Fig. 3.6 illustrating the mode
boundaries which, at the full-load operating conditions, shows that the converter op-
erates in mode 2. With this mode, the inverter leading leg loses ZVS while it is re-
tained by the inverter lagging leg. Fast recovery anti-parallel diodes are necessary for
the leading leg switches.

e Fig. 3.21(e) and (f) show that under the selected full-load conditions, output voltage

V,=24V, and the average inductor current [;,=1.67A, which is equivalent to the

output (load) current: the full-load output power equals 40W.

o Peak values for iz, v¢, and v¢, can be verified as calculated in (3.37) and (3.39).

4| (#Raw, Y 4| (7*144x1327Y
LA | VN I P Io(FL):_ 1+ ———————— | x1.67=3.22A
T

L peak(FL) 8 Z 8 207
v, _Ze _ 207 32025027V
peak(FL) a)pu peak(FL) 1.327 (375)
v, —V, xZ=24xZ =377V
Ppeak(FL) 2 2

e The bridge rectifier input current iz, shown in Fig. 3.21(c) and (d) is a square wave-
form of the output filter inductor current i;,. It is in phase with the parallel capacitor

voltage v, which drives the rectifier.

¢ Inductor voltage vz, shown in Fig. 3.21(g) and (h) is equal to ‘vcp‘—vo . The minimum

value of vz, equals —24V (output voltage v,).

e (Capacitor ripple current Aic,, shown in Fig. 3.21(g) and (h), can be verified using

(3.64)

v, 0.105% 24
Alcy = Al =0.105-2- = .

Lo 40000%x12.5x1073

SmA (3.76)
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Fig. 3.21: Full-load operation results (a),(c),(e)&(g) Simulation, and (b),(d),(f)&(h) Experimental.
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3.4.2 Half-load operation

Fig. 3.22 shows half-load operation results for the phase-controlled SPRC prototype.

The following can be deduced from the results:

e At half-load conditions (0rz=48", RLu=2R1r, Qu=0.5XQr=0.72 and w,,~1.327), the
converter operates in mode 4. This is seen in Fig. 3.22 (a) and (b), which shows iy
leading the fundamental inverter output voltage v,p; (capacitive resonant tank im-
pedance) while lagging the negative-going edge of v5. Operation in this mode is also
verified by Fig. 3.6 illustrating the mode boundaries which, at the stated half-load
operating conditions, shows that the converter operates in mode 4. With this mode,
the inverter leading leg loses ZVS while it is retained by the inverter lagging leg.
Fast recovery anti-parallel diodes are necessary for the leading leg switches.

o Fig. 3.22 (e) and (f) show that under half-load conditions, the output voltage V,=24V

and the average inductor current is I;,=0.83A, which is equivalent to half the full-
load output (load) current, while the output power is 20W.

e Similar to full-load operation, peak values for iz, vcs and v¢, at half-load are as calcu-
lated in (3.75).
e Capacitor ripple current 4i¢, is equal to the full-load case since the output voltage V,

of the converter is unchanged (V,=24V).

Full- and half-load operation results have shown that the converter operates in modes 2
and 4 respectively. With the operating frequency being fixed for the phase control tech-
nique, it is the phase-shift angle ¢ and quality factor Q that both determine the operating
mode as shown by the mode boundaries diagram in Fig. 3.6. Modes 1 and 3 operation
are possible for the converter. At Or;=1.44, increasing the phase-shift angle 6 beyond
orr allows mode 1 operation as shown in Fig. 3.23(a) and (b). Resonant tank current iy,
lags the fundamental inverter voltage v4p; and the positive-going edge of v,z facilitates
complete ZVS of all the inverter switches. By reducing converter loading (0=0.36), the
converter operates in mode 3, as shown in Fig. 3.23(c) and (d), where i leads both vz,

and the negative-going edge of v45. ZVS is lost for all inverter switches.
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Fig. 3.22: Half-load operation results (a),(c),(¢)&(g) Simulation, and (b),(d),(f)&(h) Experimental.
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Fig. 3.23: Mode 1 and mode 3 operation results (a)&(c) Simulation, and (b)&(d) Experimental.

3.4.3 Operational efficiency

In order to assess converter operating efficiency as shown in Fig. 3.11, the prototype
converter efficiency is measured and compared with the analytical (calculated) results
obtained in section 3.2.5. Efficiency is obtained experimentally by measuring output
power (from load voltage/current readings) and input power (from input supply read-
ings). Fig. 3.24 shows the converter efficiency results obtained at the fixed operating
normalised frequency w,,~1.327 while changing the loading (quality) factor Q. Experi-
mental results verify that, at the selected operating frequency, maximum efficiency is
obtainable at the full-load quality factor Qr;=1.44. The experimental results are margin-
ally lower than calculations which were based on a number of approximations that are
potential causes of the resulting imprecision. Differences in results arise from:

e Difference between measured and actual circuit parameters. The latter may vary due

to factors such as skin effect, temperature and magnetic core saturation;
¢ Interconnecting cable impedances are not taken into account with their associated

extra copper losses;
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e Waveforms in the analysis are assumed purely sinusoidal whereas in reality marginal
distortion occurs due to square wave current from the bridge rectifier;

e Capacitor losses are not included in the analysis;

e Imperfect semiconductor drive waveforms are not included in the analysis;

e Imperfect semiconductor loss modelling; and

e The prototype operates at low power level where the operating voltages are low and
currents are relatively high causing power losses to be comparable to input power

level and hence reducing efficiency.
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Fig. 3.24: Comparison between converter calculated and experimental efficiency results.

3.5 Summary

This chapter presented novel steady-state analysis to give insight into phase-controlled
SPRC operation. Taking into account the three main converter control parameters
(phase angle, frequency and load factor), detailed analysis was given of the converter
voltage gain transfer function, converter operation modes together with analytical and
illustrative derivations of mode boundaries and maximum power transfer criteria. In
addition, converter voltage gain sensitivity to variation in operating frequency and load
was studied. Detailed converter efficiency analysis was performed including all
operational losses with analytical and graphical representations. A fully detailed design
procedure was described for the selection of each converter circuit element in order to
fulfil the requirements of the converter application in the subsea All-Electric project.
The maximum efficiency point was used as the main criteria for selection of the full-
load operating conditions. The design process included the selection of the resonant

tank element values, nano-crystalline core transformer design and core selection, and
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finally the output filter design depending on ripple current and voltage analysis in the

case of single-module and multi-module converter operation with interleaving. Inter-

leaving gives the advantage of output capacitor size reduction while compromising sys-

tem modularity. This is because modules are not identically controlled (phase-

displaced) and proper control coordination is needed to isolate faulty module and insert

healthy module with the correct phase displacement. Finally, simulation and

experimental results have verified converter operation and the design criteria derived.
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Chapter 4

Novel Large-Signal Converter Modelling using State Feedback Linear-

ization

This chapter proposes a novel linearized large-signal state space model for the phase-
controlled series-parallel resonant converter (SPRC). The proposed model implements
state feedback linearization by using measurement of the output filter inductor current.
The model combines multiple frequency and average state space modelling techniques
to generate an aggregate model with dc state variables that are relatively easy to control
and slower than the fast resonant tank dynamics. The main objective of the linearized
model is to provide a linear representation of the converter behaviour under large-signal
variation which is suitable for faster simulation and large-signal estimation/calculation
of the converter state variables. The model also provides insight into converter dynam-
ics as well as a simplified reduced order transfer function for PI closed-loop controller
design. Experimental and simulation results from the switched converter are compared
with the proposed state space model output to verify its accuracy and robustness. Final-
ly, a novel sensorless multi-loop control scheme is proposed to enhance closed-loop
stability and dynamics with a reduced number of measurement sensors. The scheme us-

es a Kalman filter-based estimator to estimate the inner loop control variable.
4.1 Background

Modelling of resonant converters is more complex than for PWM converters. In reso-
nant converters, energy is transferred from input to output at the fundamental frequency
whereas in conventional hard-switched converters, energy is transferred at dc. There-
fore, in PWM converters, a small ripple assumption is valid meaning that state space
averaging is suitable for modelling. In resonant converters, however, the switching fre-
quency is comparable to the oscillatory frequency of the passive circuit, meaning that
the small ripple assumption is invalid. Moreover, the non-linear coupling between reso-
nant converter ac and dc state variables makes conventional state space averaging tech-
niques inadequate for modelling.

Various transient models have been proposed in the literature for the SPRC. These are

generally classified into small-signal or large-signal models. Small-signal models use
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linearized large-signal state space models around an equilibrium point to enable stability
analysis and closed-loop design [4.1]. The resulting closed-loop design, although elimi-
nating error in the output voltage, results in satisfactory dynamic response only in a
close neighbourhood to the steady-state operating point [4.2]. Beyond these limits, re-
sponse is usually unsatisfactory. SPRC small-signal models include discrete time do-
main [4.3-5] and multiple frequency techniques [4.6-8]. A method based on discrete
time domain modelling has been proposed for low order converters. The method be-
comes cumbersome with higher order converters. The multiple frequencies method
transforms ac signals into dc signals at multiple frequencies, thereby providing a theo-

retically high accuracy model [4.9].

Although a small-signal model is sufficient for analysis and closed-loop design, it can-
not be used to estimate converter state variables under large-signal variations, which are
possible if the converter is operating with a wide range input voltage or variable load.
With such variations, a large-signal converter model is needed. Such a model is useful
for faster converter simulation, as well as large-signal estimation/calculation of convert-
er ac and dc state variables, and hence can be used for converter sensorless control.
However, since both resonant tank ac state variables and output filter dc state variables
exist, combining their associated dynamic equations into one aggregate model is not
possible in a linear manner, since the model includes non-linear mathematical relation-
ships. The resulting large-signal model is non-linear. Several large-signal models based
on a describing function method have been proposed for SPRC analysis [4.10, 11].
However, due to model non-linearity, non-linear controllers such as the sliding mode

technique [4.12, 13] and robust optimal control [4.14] were designed for SPRC control.

With the necessity and utilization of a large-signal model clarified, the objective of this
chapter is to linearize this model so that all converter state variables (ac and dc) are
combined into one state space model. This model can then be used for faster simulation
compared to the converter detailed switching model, and for state variable estimation/
calculation. In order to achieve this linearization objective, a state feedback scheme uti-
lizing measurement of the dc output filter inductor current is implemented to overcome
the non-linearity in the large-signal model. The model is first derived and is followed by
in-depth analysis of the linearized system model. Accuracy, robustness, and validity of
the proposed model are assessed by comparing experimental and simulation results

from the switched phase-controlled SPRC. In the final section of this chapter, converter
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multi-loop control is presented to enhance closed-loop stability and dynamic perfor-
mance. Comparison is made between the most suitable states for feedback, according to
a stability study. The state variable selected for the inner control loop is not directly
measured but calculated using a Kalman filter-based estimator. This eliminates the sen-
sor required to measure the inner loop control variable, hence sensorless multi-loop op-
eration is achieved with no additional sensors, compared to conventional single-loop

control.

4.2 Non-linear nature of dc/dc resonant converters

Fig. 4.1(a) shows the circuit diagram for a typical SPRC. The bridge rectifier, together
with the output LC filter, act as a non-linear load to the resonant tank circuit. This non-
linearity is clarified in Fig. 4.1(b). In addition, the model has a combination of ac and dc
state variables which shows that converter large-signal behaviour cannot be modelled

using such linear approaches as conventional average state space modelling.
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B [ -
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Phase-Controlled Inverter Rectifier and Output Filter
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L
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Vep VBr
L L 1| 43| L > v,
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:I J_ |sgn
ilir ><
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Fig. 4.1: (a) Circuit diagram for the SPRC and (b) non-linear model representation of the SPRC.
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4.3 Proposed model for the dc/dc resonant converter

DC/DC resonant converters have two conversion stages; dc/ac (inversion) and ac/dc
(rectification). Hence, two main sub-systems exist; the ac sub-system (resonant tank and
transformer) and the dc sub-system (output filter), as illustrated in Fig. 4.2. Each sub-
system has its own state variables, therefore both ac and dc state variables exist. In order
to combine both types of signals into one model, it is essential to transform the ac state
variables into equivalent dc quantities. This is achieved with the multiple frequency
modelling (MFM) technique which converts ac state variables into d-g quantities (dc
values with slow dynamics) using an arbitrary synchronous reference frame [4.9]. The
resulting dc state variables from the resonant tank are combined with the naturally dc
state variables of the output filter side (modelled with conventional average state space
modelling) using a linearization scheme to overcome the non-linearity of the rectifier.

The result is an aggregate large-signal linear model for the complete converter.

+ —> + —»
AC Subsystem Ir lLo | DC Sub-system
Vq VB
(Resonant tank P r g
& transformer) (Output filter)
Inverter Rectifier (nonlinear Load
(dc/ac stage) ac/dc stage)

Fig. 4.2: Conversion stages and sub-systems in a typical resonant converter.

4.3.1 AC sub-system modelling

Fig. 4.3 shows the equivalent circuit diagrams for the ac sub-system of the SPRC. Three

state variables exist: iz, v¢s, V. The voltage-current relations are described by

L
Vs :rTlL+LTE+st+VCp (4.1
, dve,
i =C—* (4.2)
. dvg
Wiy =Gy (43)
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Fig. 4.3: Equivalent circuit diagrams for the ac sub-system.

The multiple frequency modelling approach [4.6, 7] for the SPRC, is utilized to
model the resonant converter ac sub-system. Since the state variables have periodic
characteristics, each state can be expressed by a Fourier series [4.8, 9]. Energy
transfers from the input to the output mainly at the fundamental frequency, hence the
dominant frequency for modelling and analysis of the ac sub-system state variables is
assumed to be w, the converter fundamental operating frequency. The state variables
and input can be approximated as sinusoidal states with fundamental frequency w as

follows:

i, =i,,sinot +i,, cosot (4.4)
Ve, = Voo SINOE + 1V, cOS @t (4.5)
Ve, = Vepa SINOL + Ve, COS 0t (4.6)
Vs = Vg SINOE+V,, "cOS 0t 4.7)

iy, =g, SINO +iy, cOSOL (4.8)

where ir4, i14, Vesa, Vesgs Vepa and vy, are time-varying Fourier coefficients. The latter six
Fourier coefficients, being time-dependent dc quantities, are considered as the new set
of state variables. v4ps", Vupy ', i and ip,, are time-varying Fourier coefficients repre-
senting the new set of model inputs. Substituting (4.4)-(4.8) into (4.1)-(4.3) and equat-

ing sine and cosine coefficients, yields
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Vapa = Tl +Lr% — Ly @l + Ve TV (4.9)
vABq‘z rTiLq+LT%+LTa)iLd+vCSq+vcpq (4.10)
i =C, %— Cove, (4.11)

i, =C, % +C vy (4.12)

Iy ~ g = CP%—C,,CWCW (4.13)

Iy~ gy :CP%+ Cpa"’cpd (4.14)

Equations (4.9)-(4.14) in state space form

X,(t) = A4 %,(1)+ Bu(?) (4.15)
where
)_él (t) = [iLd iLq std stq vde vCpq ]T ﬁl (t) = [vABd ‘VABq ‘iBrd iqu ]T
B L S S - _
L L L, — 0 0 0
L
w oo L o _L d
LT LT LT 0 i 0 0
L
LI 0 ® 0 0 !
P C, 5 0 0 0 0
1= 1=
0 Ci —o 0 0 0 0 0 0
| : 0 0 - o
— 0 0 0 0 o G
1
! . o 0 0 -——
0 — 0 0 -o 0 i ¢, |
L CP _

4.3.2 DC sub-system modelling

Fig. 4.4 shows the equivalent circuit diagram for the SPRC dc sub-system, where

vp, 1s the average of the rectifier output voltage vz,. Energy is transferred at dc, so

the dominant component for modelling and analysis is the dc (average) value. For
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this reason, average state space modelling, with the small ripple assumption, is valid for

modelling the dc sub-system.

I'ro L(p
- -
o io +
- + i
VB (_) G T Vo

Fig. 4.4: Equivalent circuit diagram for the dc sub-system.

Two state variables exist, iz, and v,, for which the voltage-current relationships are de-
scribed by (4.16) and (4.17). The bar notation denoting the average value of the state

variables will be neglected for standardization of the model.

‘_}Br = rLoiLo + Lo d;LO + vo (4 16)
¢ .
.y,
o =1 _Co dt (417)

Equations (4.16) and (4.17) can be represented in state space form

X, (t) = A,X, () + B,u(1) (4.18)
where
n, b 1
Lo, L !
X =[i,v] u,(t)=[v,, i1 4= 1, B, = 0 L
C, C

4.3.3 Combined system non-linear model

Fig. 4.5 shows the non-linear model for the SPRC, combining the state space linear
models of the ac and dc sub-systems. The voltage-current relationship between both

sub-systems (separated by the bridge rectifier) is outlined by:

o The state variables of the ac sub-system are approximated as sinusoidal at the fun-

damental frequency, therefore

99



Chapter 4: Novel Large-Signal Converter Modelling using State Feedback Linearization

_ 2 2 2 2, 2
Vg, =—V ="y ==v v
Br = Break 1 Ppeak g N pd T Cra (4.19)

e Power balance theory: output power from the ac sub-system is equal to the input

power to the dc sub-system (assuming lossless rectifier reverse recovery).

E(vdeiBrd + vCpqurq ) = vBriLo (420)

Substituting (4.19) into (4.20) yields

Vepd Vepg .4
oy =2, (421)

2 > LBrd + 2
Vepd T Vepg Vepd +Vepg

As outlined by the analysis in [4.15], it can be also concluded that

. _ i . _ . 2 + . 2
Br peak 7 Lo " N'Brd T 'Brg (4.22)

1

Equations (4.21) and (4.22) confirm the non-linear relationship between the ac and dc
sub-systems of the series-parallel resonant converter. Hence the voltage-current rela-

tionship can be represented by

lBrd = f (lLo s vde 2 vCpq )

lqu = f (lLo b vde 4 vCpq )

<
Q

l§ 3
< =
=
¥
=
NIAe
1_.311
A 4
o
v
i iy

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

State space model for dc

Sub-system (Output filter)
I e

grommesneleteneseenosaey =

5y = fliLoVopaVepy) + L

', . % n =

s i flioVaavoy ¢ i,=[10]X,

[ Y

State space model for ac
Sub-system (Resonant Tank)

Fig. 4.5: Non-linear combined system model for the SPRC.
4.4 State feedback linearization

In this section, state feedback is used to linearize the relationship between the ac and dc
sub-systems of the SPRC. The main objective of this linearization scheme is to formu-
late the necessary input voltages v4z; and v4p, to the resonant tank in Fig. 4.5 which
force either ac sub-system output (vc,q Or vepg) to be zero. In this case, the mathematical

square-root relationship representing the diode rectifier reduces to a simple gain and
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both the ac and dc sub-systems are cascaded linear systems that can be combined into

one aggregate linear model. In order to realize such linearization, feedback is needed of

the output filter inductor current iz, as will be shown in the derivation. Steady-state ac

analysis of the resonant tank is performed to calculate the required input voltages vz

and VABq‘-

4.4.1 Steady-state analysis of ac sub-system

Fig. 4.6 shows the steady-state phasor diagram for the ac sub-system (resonant tank),

assuming sinusoidal state variables. The capital notation denotes steady-state values.

Starting with v¢, and iz and working backwards (as from Fig. 4.3), the inverter voltage

v4p  (referred to secondary) can be expressed as

where

Vi5a'=Ve, cOS Hch +(V, =Ve,)cos(90+6, )+V, cos,

= Vde +
= Vde +
= Vde +

=V,

K

+kdy, + k1

=kVe,u Ve,

Visg
~ _(a)ICA Ol
=V _[a)CY — oL,

= kSVde + k&,

Cpq

1, sin QIL + 7.1, cos 01L

(lm +1, cos Hch j + 7 (IM +1, cos(90 + chp ))

v 14
([qu +Vg,0C,. chd }r r, (IM - VC[,a)C[,.%J (4.24)
Cp

Cp

c, 1
" (1 + Fp —w LTC”) + Ve (—10C, )+ 1y (1) + I, (E - a)Lrj

s

Brg

=V, sin QVCp +(V, —V,,)sin(90 + 49]L )+V,. sin QIL

1, cos QIL + 1.1, sin QIL

(IM +1,sin HVCp ) +7 (]qu +1,sin(90 + HVCp ))

v, v,
[1M ~V,,0C,. VCW J +7, [lm +V,0C,. chd J (4.25)

Cp Cp

Cp 2 1
1+F—Cl) LTCp +IBrd Cl)LT—E +Iqu(}”T)

K

+ k7IBrd + kXIqu
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y-.... d-axis

| . _
§ Igra Vg, Vpa

Fig. 4.6: Steady-state phasor diagram of the ac sub-system.

Expressions for the steady-state parallel capacitor voltage (V¢,) can be obtained by solv-

ing (4.24) and (4.25) simultaneously, and re-arranging

k k ok, — ks ey — Kk
V — 6 V A 2 V ‘+ 277 376 I + 278 476 I
P kg —hoky M kk— kg P kkg —koky P kkg —koky M (4:26)

VCM - _LVAM + kl VABq 4 k3k5 — k1k7 ]Brd +M1M (4 27)
k1k6 - kzks k1k6 - kzks klké - kzks k1k6 - kzks )

Therefore, steady-state values for the ac sub-system outputs (V¢,q and V) are obtained
as a function of the inputs (Vaga', Vagq', Isra and Ip,,). This could be alternatively ana-

lyzed using state space equation (4.15) at steady-state

0= Ale +BlU (4.28)
- r L ‘ ‘ ’
X, = [1 w Ty Vea Vag Vau Ve ] =—4B [VABd Visg Lsa Ly ] (4.29)

4.4.2 State feedback scheme

As explained, the main objective of the linearization scheme is to calculate the neces-
sary input voltages to the resonant tank v, and v4p," to force either outputs (v¢,q or
Vcpg) to zero, in order to circumvent the square-root non-linearity. Which output is cho-
sen to be zero is inconsequential to the modelling process as the objective is to control
the converter output voltage. It is selected that v¢,,=0. According to [4.15], the equiva-

lent ac resistance at the rectifier input is given by

Re=p =% R (4.30)
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This means that if v¢,,=0, then iz,,=0, due to the resistive relationship. According to

(4.19)-(4.22), then Ve =7V and lga = i, . Substituting V¢,,=0 and Iz.,=0 into

(4.26)-(4.27), and solving for Vg, and V4p," yields

Vipa = kiVepa + ksl (4.31)

VABq = kSVde +ihedy,, (4.32)

Equations (4.31) and (4.32) show that the resonant circuit input voltage V45" is a func-
tion of /.4 (proportional to the load current) and V¢,s (proportional to the output volt-
age). V45" has to follow the relationship outlined by (4.31) and (4.32) in order to satisfy
the main criteria for linearizing the converter model (/3,0 and V,,=0) and to ensure

stable converter operation. The ac sub-system (resonant tank) is fed with

Vipa = kv, + ki, (4.33)

Vg = ksv. +kyig, (4.34)

where v, is a common control input for converter output voltage control. This scheme,
therefore, uses a weighted state feedback approach with a measurement of the inductor
current i, to realize (4.33)-(4.34), necessary to linearize the resonant converter model.

The scheme realization is illustrated in Fig. 4.7.

v
: i
Ve —tvips" = kvethsip, )
IBrd iy g, = KsVethpd Y481,

] -

Vo

b Weghi e T Lrd

feedback scheme

State-space model for Resonant Tank

igra @‘ Ry
T A il,a= [] O]iz

Fig. 4.7: Linearized model for the SPRC using weighted state feedback.

4.4.3 Aggregate linear model

An aggregate model for the resonant converter can be obtained by combining the two
linear state space models (4.15) and (4.18) for the ac and dc sub-systems respectively.

Taking (4.35) into account, yields the aggregate model (4.36):
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2 4

vBr = vde > ZBrd = lLo > Zqu = 0
T T

. 4 .
Vs =KV, + ; ki,

(4.35)
V Bq =k, +—kyiy,
T
¥(t) = A%(t) + Bii(t)
4.36
»(6) = C¥(2) (4.36)
where
f(t) = [iLd iLq VCsd Vqu Vde VCpq iLn vn ]T ﬁ(t) = [vc iO ]T y(t) = vo
no, Loy Lo Ak
L, L, L 7L,
L 1 0 1 Ak 0
L L, L 7L, k. . .
1 0 0 ® 0 0 0 0 L,
C k
: 5
1 70
0 = 0 0 0 0 0 T
a=| s ) 0 0
— 0 0 0 0 0o —— 0 B=0 0
C, 7€, 0 0
0 4 0 0 -o o0 0 0 0 0
C, 0 0
o 0o o o0 = o - _L 0 -
”Lo Lo Lo L o
0 0 0 0 0 0 1 0
L CO _

C=[0 00000 0 1]

The aggregate linear model can also be represented using the transfer function technique

Ve (s)}

v,(s)= [Gl (s) Gz(s)]|:l. (s)

(4.37)

where

: ) v,(s)
G(s) is the control-to-output voltage transfer function, i(s) = v.(5)

= C(slgq— A)'B,
iy=0
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v, (5)

lo (S) Vc:()

_ _ -1
G-(s) is the output impedance, 92(5) = =C(slyg—A)" B,

Bj; denotes row i column & of matrix B.

4.5 Linearized converter model analysis
By considering the state space model (4.36), linearized system Eigen values can be ob-
tained by studying the complex s-plane. System Eigen values are obtained by (4.38),

summarized in Table 4.1, and plotted on the complex s-plane in Fig. 4.8.

|sTgs — A|=0 (4.38)
Pole number | Pole location in complex s-plane | Pole natural frequency o,

D12 tjo 0]

S 0
D4 p3.4 np3,4

S 0)
Ds,6 p5.6 np5,6

2 1
_L + 7 _1 — _rLO

prs 2L, \Lc 4L LC,

Table 4.1: Eigen values for the linearized resonant converter model

where
L ~1,C,C, +4L,C, +4L,C, +4L*C,C,0" +4L,0\[AL,C,C,} +4L,C,C —1,’CC,?
D34 2L, 4L,°C,C,
s oty \/—rﬁcscp +4L,C, +4L,C,+4L,’C,C 0" - 4L,w\/4Lchp2 +4L,C,C* —r’C’C}
T a7 — 2
Psg 2L 4L°CC,
2 2 2 2 2 2
e, ranc s nccet @\J4L,C,C,’ +4L,C,C.* - 1,’C,'C,
, =
P34 L,CC,
2 2 2 2 2 2
o _[C+C,4LC, + L,CC 0 @\AL,C.C,} +4L,C,C} ~1,’CC,
"p5.6 L,CC,
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Imaginery axiﬁk

x p3 x: Output filter poles
Y x Resonant tank poles
e plx+jw
H p5
. Pix |,
p,g 0 Real axis
>Z<P6
x P4

Fig. 4.8: Complex s-plane showing poles of the linearized resonant converter model.

4.5.1 Control-to-output voltage transfer function

By comparing the weighted state feedback scheme in (4.33)-(4.34) with (4.31)-(4.32), at
steady-state v¢,q is equal to the control input voltage v, that is, V¢,s= V.. Then by exam-

ining Fig. 4.7, the control-to-output voltage transfer function G;(s) is approximated by

v(s) 2 v(s)

G =0\ = o)
1(s) v () 7V, (5) (4.39)
This can be derived from state space equation (4.18) of the dc sub-system (output filter)

G/(s)=~ 2 !
: 7 LCs*+r,Cs+1

(4.40)

Such a simplified second order control-to-output voltage transfer function is not to re-
place the derived model (4.36) which provides detailed dynamics of the complete con-
verter ac and dc state variables, but is useful for simplified closed-loop PI control as
will be shown in section 4.5.2. The approximated transfer function (4.40) can be better

understood by studying the exact transfer function G;(s) derived from (4.37)

Kli[(s—i-zi)
Gl(s): 8i=1

H(‘H_p/') (4.41)
=

where, K is a constant, p;-p s are the poles of the control-to-output transfer function de-
fined in Table 4.1 and z;-z, are the zeros of the control-to-output transfer function and

are defined by
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z,=%tjo
2
a . |a a
4" "2 ey day -

where
a,=0'L’C’C>+C’C 'w’r,” -20°C’C L, —20’C*C,L, +C>+C > +2C,C,
a, = CsszrT + CSszrT + a)zCsszerLT

a,=C’C,L, +CC’L, -w’C’C’L,’

The pole-zero map of the control-to-output transfer function is shown in Fig. 4.9. The
effect of the marginally stable (un-damped) poles p;, oscillating at w is cancelled by the
complex pair of zeros z; > at the same location. The pole pair p;s represents the output
filter time constant which is much longer than that of the resonance circuit. Poles p; 4
and pss of the resonant tank have large natural frequencies compared with the output
filter. This can be verified from Table 4.1 (wnp7,8>>Wnp34 aNd @yp7,6>>Wps,s), since
L,>>Lr and C,>>C;, C,. For this reason, the dominant poles in the control-to-output
voltage transfer function are p;gs. Effects of p;4, pss and z;4 can be neglected due to
their very fast dynamics. Equation (4.41) is reduced to the approximated version (4.40)
where the output filter parameters only appear. In order to verify the validity of the ap-
proximated transfer function G,(s), Fig. 4.10 shows Bode plots and step response com-

paring the behaviour of the approximate and exact transfer functions.

Imaginery axis,

P3 X
Pnzi .
Z3O + .]a)
Ds
X P
< x »
Psx 0 Real axis
P6x
Z4O .
—]@
Pz;zz® J
P+ X

Fig. 4.9: Pole-zero map for actual control-to-output voltage transfer function G;(s) in complex s-plane.
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t ' —— Approximated G(s)
% o o - 0000 Exact Gy(s) '
2 . ] H H '

im:ated Gi(s)

Magnitude (dB)
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R/ v v v 0 ; ‘ i ;
wn 78 wnps 5 wn 34 a)rtp34 0 0.02 0.04 0.06 0.08 0.1 0.12
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(a) (b)

Fig. 4.10: Comparison between approximate and exact control-to-output voltage transfer function
(a) Bode plot, and (b) step response.

Fig. 4.10(a) shows that the second order low pass filter response of the approximate
transfer function mimics the exact control-to-output voltage transfer function. The high-
er frequency dynamics (caused by poles p; 4 and ps ) are attenuated by the output filter.
The step response in Fig. 4.10(b) further proves the analogy in behaviour of both the
approximate and exact transfer functions. Such a reduced order transfer function is use-
ful in simplifying the closed-loop design procedure. Pole-zero placement can be readily

applied.

4.5.2 Closed-loop design

Since the dc/dc series-parallel resonant converter is used as a voltage source, the main
objective is output voltage control. Hence, output voltage is used for feedback. All state
variables are dc in the derived aggregate model, therefore PI control is applicable [4.16].
This means an infinite loop gain can be achieved by placing a pole at the origin, thereby
eliminating steady-state error in the output voltage [4.17]. Fig. 4.11 shows the closed-
loop structure to be used for PI control design. C(s) is PI control in a pole-zero form

with k; as the integral gain and &, as the proportional gain.

%
Vo s+hk/k, | Ve [ 2 1 Vo
kp s | zL,Cs*+r,Cs+1
Controller Converter
C(s) Gi(s)

Fig. 4.11: Closed-loop structure for output voltage control.
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The closed-loop transfer function can be expressed as

2
Vols) _ 2(kp

VO*(S) (LOCO)S3 +(”L0C0)32 +(1+%kp)s+%ki

S+kl')

(4.43)

The location effect of the real left-hand plane zero ki/k, is studied in Fig. 4.12 to Fig.
4.14 to select its best location for the output response. The choice of &, determines sys-
tem overall stability. Fig. 4.12 shows root locus diagrams for different k/k,. Since the
zero of the PI controller is placed on the real-axis, it is moved in relation to the real part
of the complex output filter pole-pair (real(p;s)=-r1,/2L,). The more ki/k, moves into
the left hand plane, the more damped the closed-loop poles for a given k,. For low val-
ues of ki/k, the closed-loop stability margin is higher, however, the system response is
sluggish. Settling time cannot be reduced no matter how much £, is increased. For this
reason, high values of k/k, are preferable for faster response though stability might be
sacrificed due to a lower critical gain k, for stability and lower phase margin. Fig. 4.13
shows the closed-loop step response. Results confirm the slower rise and settling times
with mitigated oscillations for higher ki/k,. The step response is mainly over-damped
since it is dominated by the low frequency real closed-loop pole. Its natural frequency is
lower than that of the complex pole pair. This is clear from the under-damped step re-
sponse in Fig. 4.13(a) where k;/k,=0. Fig. 4.14 shows the open-loop Bode plots with dif-
ferent controller zero locations. As described by the root locus analysis, stability margin
(phase margin) is reduced as k;/k, is increased. Usually a phase margin of 45° to 60° is
sufficient to ensure adequate closed-loop stability. High dc loop gain is ensured with the
origin pole (integrator) which provides zero output voltage steady-state error; an essen-

tial characteristic for a voltage source.
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3000 fovoeee b 3000 : ’I P i
| : : — H [k S 0
2000 {-ooooobeebe | e 2000 f---eooee - / - kif' -9 ,2,L(,’,
£ 4000 F oo N3 o £ 1000 oo >( S—
< : : : <
R e e : g o
£ rLo; £ : 4...
g i i i : g :
1[N0, (ST N T TS g -1000}mmononi- k ,,,,,
£ 2 =
- H H H Ll) H
B L -2000 \\ '
23000 bonmememeboeeeeeebe e ] 23008 ] ,,,,,,,
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Fig. 4.12: Root loci for the open-loop transfer function C(s)G,(s)
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Fig. 4.13: Closed-loop step response for output voltage control loop
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Fig. 4.14: Open-loop Bode plots

4.5.3 Output impedance

Similar to the previous analysis on the control-to-output voltage transfer function, the
output impedance can be derived directly from the state space model of the dc sub-
system in (4.18). This is due to V,;=V. at steady-state. The output impedance transfer

function G(s) is

v (s) Ls+r,
G —_0 - _ () Lo
=) T T LOs Gt (4.44)
The exact transfer function G»(s) can be derived from (4.37) and is expressed by
7
! H (s+z)
e
()= (4.45)

C 8
“TIGs+p)
J-l

where, p;-ps are the poles defined in Table 4.1 and z;-z; are the zeros of the output im-
pedance and are defined by: z; ,= p; 2, 23.4= P3.4, Z5,6= Ps,6 and z/=rr,/L,. Therefore, G,(s)

reduces to

1 ( ) 1 (S VLOJ
S+Z7 Ln
GZ(S)___—___—1 (4.46)

C, (s+p,)(s+pg) oo g
L LC

0 0 o0

The closed-loop output impedance can be studied by examining Fig. 4.15 and is ex-

pressed as

Vo) G(s) s(L,s+r1,)
LO) 1+COGE) Lo o+ (r 2k )+ 2k (+47)
z? 7
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v, *=0

Controller Ve | Control-to-output
C(s) " Gi(s)
iy Output impedance

G(s)

Vo

Fig. 4.15: Control structure to obtain the closed-loop output impedance

Fig. 4.16(a) shows Bode plots for the open- and closed-loop output impedances. Any

high-frequency harmonic ripple in load current is attenuated by the converter output im-

pedance. In dc/dc resonant converters, since the dominant frequency component of the

load current is dc, open-loop output impedance will result in a constant voltage drop

across r7,. This can be verified from the steady-state gain in (4.44). For the closed-loop

case, attenuation of the dc load current is achieved by the controller integrator, appear-

ing as an origin-zero in (4.47). Higher k;/k, leads to greater attenuation and the closed-

loop system has better disturbance rejection and robustness against load variations. Fig.

4.16(b) shows the dynamic response of the closed-loop voltage control to a step load

change for different

Kk

60

Open loop

k1
6666 Closed loop— = 5

k;
40 -ee-e6 Closed loop ki,; =4 .

Magnitude (dB)

Frequency (Hz)

(2)

1.04

4.5
Time (s)

(b)

Fig. 4.16: (a) Bode plots for open- and closed-loop converter output impedance, and
(b) effect of changing ky/k, on closed-loop response to a step load change.

4.6 Simulation and experimental results

Fig. 4.17 illustrates the linearized SPRC closed-loop output voltage control, with the

state feedback linearization scheme implemented.
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Fig. 4.17: Closed-loop SPRC output voltage control using the proposed linearization scheme.

Closed-loop voltage control of the 40W, 40 kHz prototype phase-controlled SPRC is
implemented experimentally and simulated in Matlab with a detailed switching model
to verify the accuracy and robustness of the derived model in (4.37). Outputs from
(4.37), which are the calculated/estimated state converter variables, are compared in
Matlab with the detailed switching model of the converter and experimentally with ac-
tual converter measurements. Fig. 4.18 shows the control algorithm implementation
both practically and in simulation and Table 4.2 summarizes the circuit and control pa-
rameter values.

Measurements of the actual SPRC output voltage v, and output filter inductor current iz,
are taken; the former to perform voltage control and the latter for state feedback lineari-
zation as shown in Fig. 4.18(a) and (b). Since i, contains ripple due to the converter
output filter, averaging is necessary since modelling of the dc sub-system (output filter)
is based on an averaged state space technique. Since the linearization scheme uses
vepg=0 and ip,=0, the ip, necessary for the linearization scheme is obtained from
igra=(4/m)ir,. The PI controller output v, and iz,s=(4/n)ir, are inputs to the linearization
scheme which calculates the necessary outputs v,z;' and vy, that force vc,,=0. The
scheme is weighted by constants &, k3, ks and k7 which are based on the converter circuit
parameters as defined by (4.24)-(4.25).

The phase shift angle ¢ between the inverter legs is then calculated by the algorithm in
Fig. 4.18(c). With the state feedback outputs being v45," and v4p,” and knowing the sup-
ply voltage v, and transformer turns ratio n, the phase shift angle can be calculated. All
inverter switches are switched with a fixed 50% duty cycle; the only control variable
being the phase shift angle between S; and S as shown in Fig. 4.18(d). This controls the
effective inverter output voltage duty cycle. The phase shift angle is updated every
switching cycle (25 ps), viz., the inverter is switched at 40 kHz.
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Fig. 4.18: Closed-loop control algorithm with state feedback, (a) circuit diagram, (b) control algorithm,
(c) phase shift calculator, and (d) inverter phase control gating pattern.
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Parameter Definition Value
Z, Resonant tank characteristic impedance 20.7 Q
Orr Full-load Q factor 1.44
R Full-load resistive load 14.4 Q
Ops Part-load Q factor 0.511
Rin Part-load resistive load 40.5 Q
f Inverter switching frequency 40 kHz
Tis Parasitic resistance of resonant inductor 0.1916 Q
L, Series resonant inductance 100.13 pH
7 Parasitic transformer resistance referred to secondary 0.6 Q
L, Transformer leakage inductance (referred to secondary) 9.12 uH
rr Total parasitic resistance rr=r;, + 7, 0.7916 Q
Ly Total equivalent resonant inductance (referred to secondary) 109.25 pH
C; Series resonant capacitance 255 nF
C, Parallel resonant capacitance 255 nF
o Parasitic resistance of output filter inductor 05Q
L, Output filter inductance 12.5 mH
G, Output filter capacitance 120 puF
Vs Input supply voltage 60 V
Vo Reference output (load) voltage 24V
P Converter full-load power rating 40W
n Transformer turns ratio 0.5
ki/k, PI controller parameters 5X(r;/2L,) 100 Hz
k, Proportional gain 0.1
k; Integral gain 10

Table 4.2: Resonant Converter Parameters

In order to verify the linearized SPRC derived model, the state space equation defining
the system in (4.36) is discretized to estimate the converter state variables experimental-
ly and in the Matlab simulations. This allows the estimated results to be compared with
measurements from the actual converter. The model is discretized with the main control
algorithm interrupting at 25us intervals, therefore, the sampling time used for discretiza-

tion is 7,=25 ps. The discretized system is represented by

x(k +1) = Agx(k) + Bgu(k) (4.48)
where
4y =TS
TS
By = [ A(Ty-7)Bdz
0

A N . T
x(k)=lirq iLg VCsd VCsq VCpd VCpq 'Lo Vo
u(k) =[ve iol"

i, 1s the output (load) current which can be approximated by the average inductor cur-

115



Chapter 4: Novel Large-Signal Converter Modelling using State Feedback Linearization

rent at steady-state. Fig. 4.19 shows the typical sampling diagram for the control algo-
rithm implementation using an Infineon Tricore 1796 DSP with C-code execution times

for the various control algorithm parts summarized in Table 4.3.

V,,(k) vl)(k+1)
T ir.(k) T iro(k+1)

k k+1 k+2

“— 25us >4+ 25 us —>»

Fig. 4.19: Sampling diagram

Task Execution time (us)
Fast ADC measurement 1
PI control loop 3
State feedback scheme 4
Phase shift calculation 2
State variables calculation/estimation 13
Total 23

Table 4.3: DSP program execution time for the control algorithm
4.6.1 Model accuracy study

The response of the linearized large-signal model to large-signal variations is studied in
order to assess its ability to track real converter behaviour. A step reference voltage
from v, =0 to v, =24V is applied at /=0 and a step load change from Qp;=0.511 to
Or;=1.44 is applied at r=5.0s. Simulation and experimental results are shown in Fig.
4.20 and Fig. 4.21 respectively. The experimental results illustrate actual converter
measurements compared with calculated state variables using the derived model. The
derived model uses equivalent dc quantities for the ac state variables of the resonant
tank (i, v¢s and vep). These quantities (izqg, irg, Vosd, Vosgs Vopa and vepg) do not physically
exist, therefore, results compare the actual converter ac state variables measured with
the corresponding peak value of the state variable calculated using the model. The peak

values are calculated from the model using
2 2
ip =+iLd” +iLg
[ 2 2
VCs=1\YCsd +VCsq (449)
[ 2 2
VCpZ Vde + VCpq

For displaying on an oscilloscope, these estimated state variables are pulse width modu-
lated and filtered to obtain their analogue peak values and are compared to the converter

ac state variables measurements. Details of filter circuit used are given in Appendix A.
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Fig. 4.20: Matlab simulations comparing actual switching and proposed large-signal model (full-load applied
at 1=5.0s), (a) output voltage, (b) output filter inductor current, (c) resonant inductor current, (d) series reso-
nant capacitor voltage, (e) parallel resonant capacitor voltage, (f) dg equivalent resonant tank parallel capaci-
tor voltages, (g) inverter output voltage at part-load, and (h) inverter output voltage at full-load.
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Fig. 4.21: Experimental results comparing measurements from the actual converter and the proposed
large-signal model, (a) output voltage and output filter inductor current, (b) resonant tank inductor cur-
rent, (c) resonant tank series capacitor voltage, (d) resonant tank parallel capacitor voltage, (e) inverter
output voltage at part-load (f) inverter output voltage at full-load.
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With the application of two large-signal variations (step reference voltage at =0 and

step load at £=5.0s), the following can be deduced from Fig. 4.20 and Fig. 4.21:

e The negligible differences between actual converter measurements and calculated
state variables from the derived model verify the accuracy of the measured circuit pa-
rameters which the model uses. Simulation and experimental results are similar with

marginal differences due to the pure sinusoidal waveforms assumption in the model;

e (alculated state variables track peak voltages and currents of the measured state var-
iables at steady-state. However, slight variations occur in the transient response at the
application of the large-signal variations, especially in the voltage-based states v,, vy
and v, (Fig. 4.20(a), (d), (e) and Fig. 4.21(a), (c), (d) respectively). This is mainly
due to the model neglecting the resonant tank and output filter capacitors’ ESR in or-
der to avoid further model complication. The inclusion of ESR in the model signifi-
cantly increases number of terms while added precision in state variables is trivial.
Transient response of the current-based states such as iz, and i; (Fig. 4.20(b), (c) and

Fig. 4.21(a), (b) respectively) mimic the actual converter measurements;

o Fig. 4.20(f) shows that the condition v¢,,=0 outlined in (4.30)-(4.35) is maintained
by the state feedback linearization scheme at all operating conditions, in addition to

Veppeak)= Vepd ~(m/2)v,. This verifies correct operation of the state feedback scheme;

e Fig. 4.20(g), (h) and Fig. 4.21(e), (f) show that after full-load application (Qr;=1.44),
the control loop increases the phase shift angle J to produce more fundamental volt-
age output from the inverter. This is inevitable as the converter voltage gain is re-
duced, meaning more input voltage is required to maintain the required reference

output voltage, v, =24V

e Natural increases occur in the values of iz, and i, after increased loading at /=5.0s
(see Fig. 4.20(b), (c) and Fig. 4.21(a), (b) respectively). This causes an increased
voltage drop on v¢,, whereas the increase in v¢, is marginal. The latter can be ex-
plained by the fact that v¢, controls v,, so it is fairly constant with a slight increase to
compensate for the increased voltage drop on the output filter inductor parasitic re-

sistance after the application of full-load at =5.0s; and

e The disturbance rejection capability of the PI controller can be improved to reduce

the transient effect at the load transition instant. This can be achieved by increasing
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the ki/k, ratio but lower k, gain would need to be used to avoid closed-loop instabil-

ity, which means a more sluggish response.

4.6.2 Model robustness study

Circuit parameters practically vary during operation. Resistive elements are affected by
temperature while transformers and/or magnetic-core inductors are affected by core sat-
uration. In order to assess the robustness of the derived model against such variations, a
10% increase in selected circuit parameters is applied to the actual switched converter
model in simulation and compared with the unchanged parameter’s large-signal model.
Dominant circuit parameters that affect converter voltage gain are the resonant tank par-
asitic resistance r7 and equivalent inductance Ly which may be affected by changes in
transformer leakage inductance. A 10% step increase in each parameter is applied to the
converter operating at full-load to assess the model’s response. The new parameter val-
ues applied are r= 0.87 Q and L;=120pH. Closed-loop results for each case are taken
separately and illustrated in Fig. 4.22.

The effect of changing rr is first studied. Fig. 4.22(a) and (b) show that the actual con-
verter behaviour has negligible change at steady-state since the results for v, and i, are
virtually unchanged after /=1.5s. The proposed model is capable of tracking the changed
system parameter and estimates the state variables accurately. Fig. 4.22(c) confirms the
minor effect on the converter due to changing r7. This is shown by the analogy of the
inverter output voltage v4p and ¢ with the original case of converter operation with un-

changed 7 (see Fig. 4.20(h)).

The effect of changing L7 is shown in Fig. 4.22(d)-(f). The increase in Ly causes an in-
crease in the resonant tank characteristic impedance. This causes a sudden drop in the
output voltage v,, and the control loop functions immediately in an attempt to correct
this voltage sag by increasing the inverter output voltage via an increase of ¢ as shown
in Fig. 4.22(f), when compared with Fig. 4.20(h). The output voltage is restored to the
reference value after approximately 1.5s due to the increased circuit time constant with
increased Ly. However the large-signal model overestimates the output voltage by 5%
due to the increased control input to the model. The resonant tank current i; decreases
slightly (as in Fig. 4.22(e)) and similarly the model overestimates i;, by 6%. It can be
concluded that the model is relatively insensitive to changes in the resonant tank parasit-

ic resistance rr whereas changing L7 has more of an effect on the model’s performance.
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This is inevitable as the circuit resonant frequency changes and the entire dynamics of

the converter are affected.
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Fig. 4.22: Results for robustness analysis comparing the actual converter operating at Qp; with the pro-
posed model, in response to a +10% step change (at +=1.5s) in the value of: (a)-(c) rr and (d)-(f) Ly
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4.6.3 Critical model evaluation

The original large-signal non-linear model is a relatively precise representation of the
converter for the entire load operating range. However, its non-linearity limits the appli-
cation of simple and well known linear analysis and control techniques. Small-signal
models are an important linearization tool and have proven to be successful for control
design and stability analysis of many systems. However the validity of the model re-
mains limited to the close neighbourhood of the steady-state operating point and the
model is not a true representative of large operational variations. From this perspective,
the linearization scheme for the large-signal model was proposed to preserve the large-
signal characteristics of the converter without linearizing around specific operating
points. The methodology implemented for linearization can be viewed as an orientation
of the ac subsystem dg state variables into an arbitrary reference frame to remove the
main source of non-linearity; the mathematical square-root function.

The proposed model has shown to provide closely matching results with the actual con-
verter switched model. However, at high converter loading (high Q factor), the harmon-
ic content in the resonant tank increases and the sinusoidal nature approximation of the
resonant tank state variables becomes less accurate. This is mainly because a high O
factor means low load impedance compared to the resonant tank characteristic imped-
ance. Consequently, the ratio of the injected square wave current from the bridge recti-
fier to the resonant circuit current is high, hence introducing higher order harmonics.
Distortion introduced at high O causes the proposed linearized model to have a marginal
error in the value of the calculated state variables. This can be improved by assuming
that the resonant tank state variables are a harmonic series (instead of simply the fun-
damental component). However, this would result in n-times the existing number of
resonant tank state variables, where n is the number of higher order harmonics included
in the model. This makes the analysis more difficult, tedious and increases the computa-

tional burden on the DSP, and in return marginal improvement is achieved.
4.7 Sensorless multi-loop control

Multi-loop control schemes have been used to improve the stability and dynamic char-
acteristics of power electronic converters [4.16, 18]. By increasing the closed-loop sta-
bility margin, loop gain can be increased to speed up system response and increase dis-

turbance rejection capability [4.19, 20]. In this section, the single-loop output voltage PI
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controller is extended to include an inner control loop to enhance closed-loop system
performance. However, using the fast resonant tank state variables of the phase-
controlled SPRC (iz, v¢s and v¢,) for inner control loop realization presents a few practi-

cal challenges:

e The resonant tank state variables are approximately sinusoidal with a fundamen-
tal frequency equivalent to the switching (sampling) frequency at which the con-

trol is updated (phase angle o). This is illustrated in Fig. 4.23.

(k) Skt S (k+2)

h h ib o

/
k \/k+l \/k+2 \/

25 us 25 us

Fig. 4.23: Sampling diagram

This is acceptable since the main converter control variable is the output voltage
which is dc and slowly changing compared to the fast resonant tank dynamics.
However, if the resonant tank state variable used for inner control loop is meas-
ured using a sensor and converted using the DSP analog-to-digital converter
with the same sampling frequency as its fundamental frequency, one sample per
period conversion results. Therefore, this cannot be used for control implemen-
tation. The use of higher sampling frequencies is unnecessary for the slow out-
put voltage control and would also reduce the time available for DSP control al-
gorithm execution.

e The resonant tank state variables are ac and the output voltage is dc. The latter is
used for the outer loop, therefore, if a resonant tank state variable is used for the
inner control loop, a phase-locked loop (PLL) is needed for conversion of the ac
signals to dc. A PLL at such high fundamental frequency (=40 kHz) becomes
impractical because a higher sampling frequency is needed to increase its angle

resolution.

Implementing the derived model with its associated linearization scheme solves both
problems. This is because by using the model, the large-signal behaviour of all the state

variables can be estimated, meaning that there is no need for measuring any state varia-
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ble. Also the model converts all the fast resonant tank ac state variables to slowly
changing dc equivalents, which excludes the need for a PLL for inner control loop reali-
zation. The use of the model enables the implementation of a sensorless multi-loop con-
trol scheme, hence reducing the number of required measurement sensors. Common

problems associated with the use of sensors include [4.21]:

e Sensors raise the total cost of a control system

e Sensors and their associated wiring reduce the reliability of control systems

e Some signals are impractical to measure

e Sensors can induce significant errors such as stochastic noise, cyclical errors,

and limited responsiveness.

In this section, a Kalman filter is used to estimate the required state variable for the in-
ner control loop feedback. The Kalman filter is a least-square estimator set to minimize
the estimated error covariance. State estimation is added to cater for system dynamics
due to parameter variation. Its principal feature is the recursive processing of the noise
measurement risk [4.22-25]. Only the estimated state from the previous time step and
the present measurement are needed to compute the estimate for the present state [4.26].
The filter estimates the process state at a given time and then obtains feedback in the

form of “noisy” measurements. As such, the Kalman filter has two stages:

e Predict (time update): responsible for projecting forward in time the current
state estimate for the next time step; and
e (orrect (measurement update): responsible for using an actual noisy measure-

ment to obtain a more accurate prediction of the next time step state estimate.

In the Kalman filter algorithm, the discrete system and measurement equations can be

expressed by

x(k+1) = Agx(k) + Bgu(k) + w(k) (4.50)

z(k) = Hx(k) +v(k) 4.51)

where w(k) and v(k) are the process and measurement noise matrices respectively. Their

covariance matrices Q(k) and R(k) can be expressed by
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0= E| wiiwt)! |, R0 = E[ v | (4.52)

H in the measurement equation (4.51) relates the state vector to the measurement z(k).

An estimate error e(k) can be defined as

e(k) = x(k)—x(k) (4.53)
The estimate error covariance matrix is
P = | ebet)! | (4.54)

Fig. 4.24 shows the recursive Kalman filter algorithm with Kalman observer gain L(k)
and Fig. 4.25 shows the proposed closed-loop sensorless multi-loop control scheme.

Details of practical implementation of the Kalman filter algorithm are in Appendix C.

N

Time update (Predict)

(1) Project the state ahead

7 (k+1) = Agx(k) + Bgu(k)
(2) Project the error covariance ahead

P~ (k+1) = AgP(k) AT +0(k)

Measurement update (Correct)

(1) Compute the Kalman gain
Ly =P (k+)HT (HP_(k wnHT + R)_l
(2) Update estimate with measurement z(k)
X(k+D)=x" (k+D)+ L(k)(z(k) -Hx (k+ l))
(3) Update the error covariance

P(k+1)=(I-L(k)H) P~ (k+1)

Initial estimates for
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Fig. 4.24: Kalman filter recursive algorithm
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The selection of the state variable x for the inner control loop is made according to a
stability study of the closed-loop system. The generalized transfer function block dia-
gram for the multi-loop control system is illustrated in Fig. 4.26. The state variable x
could be one of the following state variables: izq, i1y, Ve, Vosg, OF Vepa. In order to obtain
the necessary transfer functions for closed-loop behaviour study, the equivalent dg cir-
cuits of the linearized model (4.37) are derived, as shown in Fig. 4.27. The circuits sim-
plify the representation of the system model, giving more insight into the state variable

mathematical relations.
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K, ( 7 n
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Fig. 4.26: Generalized transfer function block diagram for the multi-loop control system
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Fig. 4.27: Linearized model equivalent circuits (a) d-axis, (b) g-axis, and (c) output filter.

4.7.1 D-axis inductor current feedback, i; 4

Inner control loop feedback using i;; can be realized by taking x(s)=i;4(s) in Fig. 4.26.

The transfer function i4(s)/v,(s) can be obtained using the equivalent circuits in Fig.

4.27 with i,=0. The transfer function v,(s)/v.(s) is defined by (4.40). Therefore, the

closed-loop transfer function can be expressed by

2 KK ), [HK"J
vo(s) _ T Kp

2 2
1 KK
+( +2KKp

(4.55)

VO*(S) a3s4 +azs3 +ays )s+%KKi

8C K
a3 =LoCoCpK | ap= 1LoCoCpK +LoCo, a1 =KCp+—5—+r1Cp.

”2
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4.7.2 Q-axis inductor current feedback, iz,

Taking x(s)=iz4(s) and using the equivalent circuits with i,=0, the closed-loop transfer

function is

K.
2K1<p[s+l]
Vo(s) _ " Kp

vo*(s) a233 + a1s2 +(a0 +%KKp)s +%KKI~

(4.56)

ay =L,Co(1+KaCy), a1 =170Co(1+KaCp), ag=1+KaCp.

4.7.3 D-axis series capacitor voltage feedback, v¢y

Taking x(s)=vcsa(s) and using the equivalent circuits with i,=0, the closed-loop transfer

function can be expressed by

2 KK ), [H’J

K
vo(s) _ p

* 5. 43 2 2 ix 2 k. (4.57)
Vo () a4s” +azs’ +aps” +ajsT+ ag+- KKp s+~ KK;

aq ==L,CoCpLTK | a3 ==1LoCoCpLlTK = LoCoCpr K |

LCCK r, CC K
@ =%—rLococprTK—LTcpK—%LTCOKMOCO ,a =T CpK Gy

N N
C K

ap =1+ g

N

4.7.4 Q-axis series capacitor voltage feedback, vc,,
Taking x(s)=vcs(s) and using the equivalent circuits with i,=0, the closed-loop transfer

function is

2KKP[S+K"J
Vo () _ i KP

vo*(s) a3s4 +azs3 +a1s2 +(1+%KKP)S +%KKI-

(4.58)

8C K
a1 =2wl7C,K ——2—+17,C
1 T p 7[26()Cs Lo%“o

az = —LOCOCpa)LTK , ay= —rLOCOCpa)LTK +LyCy ,

4.7.5 D-axis parallel capacitor voltage feedback, vy,

Taking x(s)=vcpa(s) and using the equivalent circuits with i,=0, the closed-loop transfer

function can be expressed by
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2KKp[s+K"]
V/4 Kp

2 2 ) 2 kK,
+ays +(a0+”KKp s+ﬂKKl

Vo (s) _

*
vy (8) aps

3 (4.59)

ay =L,Co(1+K),  a=r,Co(1+K)  ap=(+K)

4.7.6 Selection of inner control loop state variable

The state variable used for inner control loop realization is selected by studying the
closed-loop system stability and closed-loop bandwidth. Selection will be made from
ird, L4, VCsds VCsqs OF Vepa. The root locus technique is used for the stability study. The
characteristic equations of the closed-loop transfer functions (4.55)-(4.59) are re-

arranged to the form

1+K ,GH(s)=0 (4.60)

GH(s) is the open-loop transfer function for which the root locus is plotted. Both con-
tinuous and discrete time domain root loci plots are illustrated in Fig. 4.28. The Kalman
filter observer dynamics are much faster than the closed-loop system; hence its effect is

not included in the closed-loop transfer functions.
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Fig. 4.28: Root loci of multi-loop control system with the inner control loop state variable being
(@) iz, (b) 114, () Vesa, (d) vegg, and (€) Vpa.

Fig. 4.28 shows that using i;,; for the inner control loop gives better closed-loop margin
of stability than the other state variables. Fig. 4.29 shows a Bode plot of the closed-loop
bandwidth with the different state variables. Using iz, results in the highest closed-loop
bandwidth. Compared to single-loop PI control, bandwidth is increased with i, from 1

Hz to 120 Hz. The higher bandwidth allows faster closed-loop dynamic response and
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better disturbance rejection capability. Therefore, in terms of closed-loop stability and

bandwidth, it is confirmed that i;, is the best state variable for the inner control loop.

Bode plot
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Fig. 4.29: Bode plot illustrating closed-loop bandwidth with the different
state variables used for the inner control loop

4.7.7 Simulation and experimental results

Fig. 4.30 shows simulation and experimental results when implementing the proposed
sensorless multi-loop PI controller in Fig. 4.25. i;, is estimated using a Kalman filter
observer and is the inner control loop feedback state variable. Parameter and operational
values are the same as the single-loop PI controller defined in Table 4.2, with an inner

control loop gain K=40.
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Fig. 4.30: Closed-loop operation results using the proposed sensorless multi-loop PI controller
(a),(c),(e),(g)&(i) Simulation, and (b),(d),(f),(h)&(j) Experimental.
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The following can be observed from Fig. 4.30:

¢ Fig. 4.30(a) and (b) show output voltage closed-loop response to a step reference and
a step load disturbance. At start-up, the output voltage reaches steady-state in 40ms,
compared to 1.0s for the single-loop PI control. At =0.5s, a step load disturbance
from minimum load (Ry,,;,=40.5Q) to maximum load (R;..=14.4 Q) is applied. De-
viation from the reference output voltage (v, =24V) is minimal compared to single-
loop PI control where a high oscillatory response occurs at the step load instant. The
high loop gain enhances the closed-loop disturbance rejection, and steady-state is re-
stored after 100ms compared to 2.0s with single-loop PI control;

e Fig. 4.30(c) and (d) show output filter inductor current. Due to multi-loop control,
dynamic response improved. At start-up, the current rises and reaches steady-state in
25ms compared to 1.0s with the single-loop PI controller. The current increases after
step load application and reaches steady-state after 100ms compared to 2.0s with the
single-loop PI case. The latter has a considerably higher oscillatory response. This
verifies that the multi-loop control scheme increases closed-loop stability margin;

e Fig. 4.30(e)-(j) show the resonant tank ac state variables i;, v¢, and vg,. Simulation
and experimental results closely match. The Kalman filter observer gives accurate
estimates of the state variables compared to the actual measurements. The proposed
model is therefore useful for sensorless multi-loop control of the phase-controlled
SPRC which is achieved without additional sensors compared to the single-loop PI

controller and with improved performance and closed-loop stability.

4.8 Summary

A new feedback scheme that employs the output filter inductor current to obtain a line-
arized large-signal model for the phase-controlled SPRC, was proposed in this chapter.
All state variables were converted to slowly changing dc quantities which were easier to
control than the fast resonant tank dynamics. The proposed state space model represents
converter behaviour in response to large-signal variations, hence is useful for faster
simulation in addition to estimating converter state variables for sensorless control ap-
plications. The model proved accurate when compared to the actual switching convert-
er, and robust against circuit parameter operational variation, especially changes in the
resonant tank parasitic resistance. However, it is more sensitive to changes in the reso-

nant tank inductance. A reduced order transfer function was obtained to simplify the
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closed-loop PI control design. PI control produces good closed-loop dynamics and
steady-state performance. However, the limitation on increasing the proportional gain is
the stability of the resonant tank. This can be improved by using multi-loop control. A
Kalman filter-based estimator derived from the proposed model was used to implement
sensorless multi-loop control of the phase-controlled SPRC. The proposed scheme
solves problems arising from practically measuring the fast resonant tank ac state varia-
bles for inner control loop use, in addition to enhancing closed-loop dynamics and sta-
bility margins with no additional sensors. Stability considerations and closed-loop

bandwidth have shown that i;, is the best state variable for inner control loop use.
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Chapter S

Robust Control of the Phase-Controlled SPRC

In this chapter, three new robust controllers for output voltage control of the phase-
controlled SPRC are presented. The objective is to improve the closed-loop system ro-
bustness and enhance dynamic response. For the subsea A/l-Electric project robustness
is a necessary requirement due to the harsh subsea physical environment where several
factors and disturbances may affect converter operation. The control algorithms pro-
posed are Lyapunov control, sliding mode control (SMC) and predictive output voltage
control. Results from the proposed controllers are compared with the PI control present-
ed in chapter four, to verify their enhanced closed-loop response. Since these control
algorithms are model dependent, the linearized large-signal state space model derived
earlier is used. The linearization scheme has the advantage of reducing the converter
model to an equivalent output filter model which significantly simplifies the robust con-
trol design process. For each controller, the control law is derived in addition to detailed
stability and robustness analysis. Simulation and experimental results demonstrate and

validate the proposed designs.
5.1 Background

Several linear and non-linear control techniques have been reported for SPRC [5.1-9].
Among them, the non-linear techniques have received particular attention due to the
improvement of the transient response, robustness, and stable behaviour in response to
load and input voltage variations [5.10-11]. However, non-linear control laws are usual-
ly complex, which makes practical control implementation difficult. Fast, simple and
robust sliding-mode controllers were proposed for a zero current switching (ZCS) SPRC
operating with quantum-mode control [5.12-13]. A sliding mode controller design ap-
proach was applied in [5.14-15] to a zero voltage switching (ZVS) SPRC using the self-
sustained phase shift modulation technique introduced in [5.16]. The latter technique,
although providing ZVS for the whole load range with good output voltage regulation,
varies the switching frequency to obtain this goal. Practically this is usually undesirable

due to EMI problems. In this chapter, three new robust controllers are introduced for the
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phase-controlled SPRC. The objective is to enhance closed-loop stability and dynamic

performance.
5.2 Control problem formulation

The main objective of the phase-controlled SPRC is output voltage control; therefore,
the control-to-output voltage transfer function G;(s) derived in (4.37) is necessary for
control design. However, G,(s) is an eighth order transfer function which makes the de-
sign process cumbersome. The proposed state feedback linearization scheme enables
simplification of this transfer function to an approximately equivalent second order sys-
tem of the converter output filter circuit, neglecting the fast resonant tank dynamics.
This approximation is highlighted in section 4.5.1 and presents one of the major ad-

vantages of the proposed linearization scheme.

G Vep = Vepd = Ve VB,= T Ve

0 _m_“T ) ) 2 | C,,I §RL
T

Inverter Resonant tank Rectifier Output filter Load
4 iLo
b} p v,
Ve s iLo < Controller
Ve
Weighted feedback linearization
& phase shift calculation y
o
(a)
-

Fro L,,
+ WT,
lro + |
Vo R
T § L

Output filter Load

v Vo
C
Controller 4—%}k
Vo™

(b)

Fig. 5.1: Closed-loop output voltage control configuration using the linearization scheme

(a) full structure and (b) reduced equivalent model.
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With the linearization scheme, the new converter control variable v, introduced by equa-

tions (4.33)-(4.44) is directly proportional to the resonant tank peak capacitor voltage

vepa and rectifier output average voltage vBr . These relations are illustrated in Fig. 5.1.
For this reason, the control v, appears explicitly in a second order transfer function of

the output voltage. From Fig. 5.1(b) the output filter equations can be re-written as

dir, 1( , 2 j
—= = =y iy =V, +—V
dt L, Lo'Lo Vo 7€

do_ 1 L1 G:D
i C, Lo~ o c, Lo Ry 0

Since the output voltage is the main control objective, it is necessary to obtain the rela-
tive degree of v,. The relative degree is defined as the smallest number of differentia-
tions of the state variable with regard to time until the control variable appears explicitly

in the process [5.17-18]. From (5.1), it can be determined that the relative degree of v, is

two, since

5%[%’} 0 (5.2)

2
0 | d7v,
— #0
avc[ 2 J (5.3)

This means that the control law for any control technique applied has to be of second

order so that an expression can be obtained that includes the control variable v, as the
desired output of the control law. This will provide the basis for control law design as

will be shown in the analysis of the proposed controllers.
5.3 Proposed Lyapunov controller

A Lyapunov controller uses Lyapunov’s stability theory to find if there exists a control
u(x,t) such that the system can be made asymptotically stable, that is, a system starting
in a state x#0 in some domain D will eventually return to x=0. A control Lyapunov

function V(x,u) is a function that [5.19]

e is positive definite, i.e. V(x,u)>0 Vx=0
e its derivative is negative definite, i.e. V(x,u)<0 Vx#0

e isproper,ie. V(x)>®o |x—> o
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The second condition is the key condition; which if satisfied means that for each state x,
a control input u exists that will reduce V. This section will consider the design of a
Lyapunov controller which minimizes an error signal to perform fast and stable output

voltage control of the phase-controlled SPRC.
5.3.1 Construction of control law

For the phase-controlled SPRC described by equation (5.1), define an error signal e for

output voltage control such that

€=Vo —Vo (5.4)

where v, is the reference (desired) output voltage. A positive definite first order control

Lyapunov function V(x) is defined as

V:%@+aq2 (5.5)

where o is a proportionality constant. According to Lyapunov’s second condition, the

derivative of " has to be negative definite to enable stable operation
V=(é+ae)(é+aé)<0 (5.6)

Since V is positive definite, to achieve the second condition (5.6), the required negative

derivative of V is assumed such that

V=—pv (5.7)

where £ is strictly a positive proportionality constant. Substituting (5.7) and (5.5) into
(5.6) yields

. B
(e+ae):—5(e+ae) (5.8)
Assuming Vo to be constant, then
e=-v,
é=—¥, (5.9)

Substituting (5.9) into (5.8) yields
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. . B ¢ i

v0+av0:? AVy —QVy =V, (5_10)
It is worth noting that ¥, is made to appear in the control law (5.10) via the choice of the
energy-like Lyapunov function V" as a linear first order differential equation and not
simply a direct function of the error signal e. The existence of ¥, in the control law ful-
fils the main requirement in section 5.2 for the formulation of the control law so that the

control variable v, appears explicitly. This is proven by substituting the converter dy-

namic equations in (5.1) into (5.10) which yields

_mafLyCy ( * 7L, Cp B 1 . T .
e A T 7o L { CE A O RER TS

The control law (5.11) can be re-written as

Vc:[ 40 O}H_[ 3 0(a+§—RLCOJJ€+E(”L01L0+VO) (5.12)

where a and f are tuneable parameters. From (5.12), the first and second terms of the
controller represent a proportional-derivative (PD) controller. These terms eventually
decay with the control action to zero as the system converges to the steady-state refer-
ence value. The third term of the controller represents the steady-state value of v, which
can be confirmed from equating the system derivatives in (5.1) to zero. Hence, this term
can be considered as a ‘feedforward’ term to stablilize controller action and speed tran-

sient response.

5.3.2 Closed-loop stability and design

The control law (5.12) can be written in the form of a PD controller with feedforward
vczkpe+kdé+%(rL0iLo+v0) (5.13)

where £, is the proportional gain and k; is the derivative gain. The closed-loop structure

is illustrated in Fig. 5.2.
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Fig. 5.2: Closed-loop output voltage control using the proposed Lyapunov controller
(a) full structure and (b) reduced equivalent model.

The open-loop transfer functions for the output filter system described by (5.1) can be

expressed as

2
P Lys+r,
Vo(s)= 5 z4 Ve(s)— 20 Lo 1,(s) (5.14)
LyCos™ +r1oCps +1 LyCos™ +r1oCps +1

Considering the control-to-output voltage transfer function only (/,=0), the proposed

Lyapunov controller can be represented as shown in Fig. 5.3.

Vo
2/

L,,C,,s2+ r.,C,s +1

\ A

+ kl’ + de

/3 iLo
= Lo C,,S

(2)
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Fig. 5.3: Closed-loop system with Lyapunov controller
(a) full structure and (b) reduced equivalent structure due to feedforward scheme.

\ 4

(a) Closed-loop stability

Fig. 5.3(b) shows that the feedforward part of the Lyapunov controller causes the sys-
tem model to reduce to one with a double pole at the origin of the complex s-plane. Be-
cause this reduced plant model is marginally stable for all K, as shown in Fig. 5.4(a), it
cannot be made stable (or unstable) using proportional gain only, hence the Ziegler-
Nichols design methodology cannot be used for selection of k, and k,. Instead the con-
troller parameters are tailored according to stability margins and desired closed-loop
time domain characteristics from the system closed-loop poles. The root locus for the

open-loop transfer function G(s) is plotted in Fig. 5.4(b) and is defined as

2(1+kdsJ
V4 kp
G(s)=——F=

L,Cpys
Root Locus Root Locus
800 , 2000 ‘
L s STk SR SRS SR S S 1500
400 : : d : : : d  (171]1] MRS S 6% SRR U A A M S—
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Fig. 5.4: Root loci for system with feedforward loop of Lyapunov controller
(a) without PD control and (b) with PD control

Fig. 5.4(b) shows that the marginally stable converter transfer function can be made sta-
ble by the addition of a left hand plane zero using a PD controller. Irrespective of the
value of ku/k, (as long as both parameters are positive) the system is stable for all k,

(since the whole root locus lies in the left hand plane). Choice of k; and k, determines
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system speed of response and other time domain characteristics such as peak overshoot.
For closed-loop stability and controller parameter tuning, the system characteristic
equation is examined

2%k 2k
2, 2d o, TP
zL,C,  7L,C,

=0 (5.16)

By comparing (5.16) with the standard second order characteristic equation

2

s2+(2§a)n)s+wn =0 (5.17)

where { is the system damping factor and w, is the natural frequency of oscillation,

whence

Wy = P
zL,C,
= kg (5.18)
27k pLoCo

According to the Routh-Hurwitz stability criterion, a system is stable if all the charac-

teristic equation coefficients are positive. Hence, for stable closed-loop operation

(5.19)

(b) Lyapunov stability

The stability criteria (5.19) can be also obtained in terms of the original Lyapunov con-

troller parameters a and f defined in (5.12). Comparing (5.12) and (5.13):

= mafL,C,
P 4
kd:%(mﬁ_ ! j (5.20)
2 2 R/C,
Solving (5.20) simultaneously for £ yields
2 ([ 4ky 2 8kp
- =0
d (ELOCO "RC, jﬂ T 2L,C, (5.21)

The Lyapunov stability is strictly attainable only if f is positive as outlined by (5.7).
According to (5.21), this is true if
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4ha + 2 >0
7L,Cy RpC,

8k, (5.22)
>0
7L,Cop
which reduces to
kp >0 .
kg >——0 (5.23)
2Ry,

This eventually leads to the same closed-loop stability criterion (5.19) which was ob-
tained from the study of the control-to-output voltage transfer function irrespective of
load, that is, R;—oo. This shows that the system is infinitely stable for all values of &,

and k.

(c) Discrete time domain analysis

Control is carried out digitally using the Tricore Infineon DSP. Discretization therefore
imposes practical stability limits on the closed-loop system. Discretizing the characteris-

tic equation (5.16) using Euler forward method (s —(z-1)/T5), yields

IR (R S N U S SO B IS
Ts2 7LoCoTy TS2 7LoCo P wLyColy TS2 '

where 7 is the sampling period. According to Jury’s stability criterion for discrete sys-

tems (Appendix B), conditions for closed-loop stability can be expressed as

kp < kg
TS
5.25
k> 2kq 27rL02C0 (5.25)
N T
Solving (5.25) simultaneously yields
i *  27L,C,
p Ts2
= 27LoCo (5.26)
TS



Chapter 5: Robust Control of the Phase-Controlled SPRC

where kp* and k" are the points of equality. Fig. 5.5 illustrates a map of possible operat-
ing values for &, and k, to satisfy discrete closed-loop system stability. Fig. 5.5(a) shows
the k,-k; map with the closed-loop output voltage transfer function solely, while the ef-

fect of the load is included in Fig. 5.5(b).

ky?

*%
P

zL,

2RY

(a) (b)
Fig. 5.5: k,-k, map for closed-loop output voltage control stability margins
(a) at no load and (b) with load.

The discrete system root locus is shown in Fig. 5.6 to illustrate the range of stable
closed-loop operation. The open-loop discrete transfer function can be obtained by re-

arranging the system characteristic equation (5.24) into the form

1+k,G(2) =0 (5.27)

7L C k k

27 k—d z—1+Tskp
0o %p d

G(z)= (5.28)

z-1)?
The value of ky/k, determines the location of the zero on the root locus. Depending on
the location of this zero, the closed-loop system stability is bounded by the critical value
of the proportional gain K.,. Selection of &, and k, are bounded by the conditions in Fig.
5.5. From (5.26), k,>>kg4, therefore k, dominates system stability. Hence, considering
Fig. 5.5(b), k, 1s selected such that as k;,—0

L,
R (3-29)
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where Ry, represents the minimum converter loading (maximum resistance).

Root Locus

7

th

Imaginery Axis

1.5 -1 0.5 0 0.5 1 1.5
Real Axis

Fig. 5.6: Root locus for discretized system with Lyapunov controller.

Generally, it can be stated that £, is responsible for system stability and oscillatory be-
haviour whereas k; is responsible for increasing speed of response. This can be con-
firmed from the analysis of the characteristic equations (5.16) and (5.17). Using the ex-
perimental circuit parameter values defined in chapter four (Table 4.2), equation (5.29)

is evaluated as

P ><(12.5 x10'3)x 40000
kp< 37405 =19.39 (5.30)

A satisfactory closed-loop step response can be obtained with 20% peak overshoot

((=0.456) and a settling time of #£,~=4 ms, hence k; and k, can be calculated using (5.18):

kg =(Son) LoCy :(;J wLyCp =0.0047
N
’ 5.31
kp=L2=11.3313 (5.31)
27L5Col

5.3.3 Simulation and experimental results

Fig. 5.7 and Fig. 5.8 show simulation and experimental results for the Lyapunov con-
troller structure in Fig. 5.2(a). Parameter and operational values are defined in Table 4.2
and controller parameters in (5.31). Fig. 5.7 shows controller response to a step load

disturbance from minimum load (R;,;,=40.5Q) to maximum load (R;,.=14.4 Q) at
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=0.5s. The controller meets the desired time domain settling time and peak overshoot
parameters in (5.31), at start up. Compared to the multi-loop PI control method (out-
lined in chapter four), the Lyapunov controller offers superior closed-loop performance.
At start up, the output voltage response is much faster (4ms with Lyapunov control
compared to 40ms with PI control). The proposed controller is also robust to the full-
load disturbance applied at /=0.5s. Deviation from the reference output voltage is mini-
mal compared to multi-loop PI control. The feedforward action provides high disturb-
ance rejection capability for the proposed controller, which responds quickly to mini-
mise the error representing the Lyapunov control function. The output voltage recovers

from the full-load disturbance in Ims compared to 100ms with PI control.
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reference increase reference increase
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== i i i i i |
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y -
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Fig. 5.7: Closed-loop operation results with step load disturbance using the proposed Lyapunov controller
(a) and (c) simulation, and (b) and (d) experimental.
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Fig. 5.8: Closed-loop operation results with step input voltage disturbance using the proposed Lyapunov

controller (a), (c), (¢) and (g) simulation, and (b), (d), (f) and (h) experimental.
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Fig. 5.8 shows controller response to a step input voltage disturbance from full supply
voltage (V=60V) to half supply voltage (V;=30V) at =0.5s, at fixed minimum load.
Again, the proposed controller shows superior response to the applied disturbance with
the desired output voltage achieved 1ms after the disturbance. The control v, is near
constant since it is directly proportional to the output voltage (v.=v, X m/2) which is reg-
ulated by the closed-loop control. The controller takes the necessary action by increas-
ing the corresponding phase shift angle J from 46" at ¥ to 102" at half ¥, to maintain

the output voltage constant.

5.3.4 Closed-loop bandwidth

To verify the enhanced closed-loop performance of the proposed Lyapunov controller
compared with the multi-loop PI controller, the system closed-loop transfer function is
analysed and plotted in the frequency domain to assess the closed-loop bandwidth. Fig.
5.9 shows the closed-loop structure with the proposed Lyapunov controller (feedfor-
ward + PD controller). It is the same as Fig. 5.3(a) but with the output current included

as the disturbance input.

Vo* v, Py Vo
+ ky+ kas z | —>
Y + L,C,5°+ r,C,s +1
i, Lostri,
L,C,s%+ r,C,s +1
iLo
| % FLo Co S
E3
2] I

Fig. 5.9: Closed-loop system structure with Lyapunov controller.

From Fig. 5.9, the system closed-loop transfer function can be expressed as

2 (kpy +kgs )

p ds * L.s

Fol)=—2E Vo () 21 (53
LOCOS +;kds+;kp LOCOS +;kds+;kp
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Fig. 5.10: Bode plots comparing the proposed Lyapunov controller and the multi-loop PI controller
(a) closed-loop bandwidth and (b) closed-loop output impedance.

Fig. 5.10(a) shows that the proposed Lyapunov controller increases the closed-loop
bandwidth from the 120 Hz of the multi-loop PI controller to 1.5 kHz: hence the fast
controller dynamic response, especially at start up. Fig. 5.10(b) shows the closed-loop
output impedance. The proposed controller has greater disturbance rejection capability,
because of the higher attenuating nature of the closed-loop output impedance compared
to that of the PI controller. This explains the minor effects that the step load and step

input supply voltage changes had on closed-loop performance as illustrated from opera-

tion results.

5.3.5 Controller robustness and parameter sensitivity

The proposed controller is model based and hence, variation of system parameters dur-
ing operation will inevitably affect the closed-loop response. Filter inductance, capaci-
tance and parasitic resistances are all subject to variation due to various operational and
environmental factors such as temperature, core saturation and cable overloading. It is
therefore necessary to study how changes in these parameters would affect closed-loop
stability and dynamic response. Boundaries for system stability are derived and also the

effect on dynamic performance is analysed.

(a) System stability
Fig. 5.11 illustrates how the variation of system parameters affects the closed-loop sta-

bility boundaries. Controller operating parameters &, and ky are fixed and designed ac-

cording to the time domain operating requirements. As system parameters vary during
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operation, the stability region boundaries shift and if the selected controller parameters
fall outside this region, the system becomes unstable. It is therefore necessary to calcu-

late the ranges of change in system parameters that guarantee safe and stable operation.

A
kp v 2 2kd 272(ALyLy )(ACyCy) 7 (ALoLy)
P 1,2 TyRy,
Possible koo = k_d I ”(ALOLO)
motion paths T 2TgRy,
s Possible
kp '''''' motion paths
ﬂ'LO i‘: )
TR P Operating
S/AK k d} values
kl’
>
O i‘\ ek
d ky kd

Fig. 5.11: Closed-loop stability margins for system parameter variation.

Fig. 5.11 shows the possible motion paths for the stability region boundaries as the two
main circuit parameters (L, and C,) change. 4L, and 4C, are per unit factors represent-
ing the change in L, and C, such that AL,>0 and 4C,>0. It is worth noting that varying
these parameters affects only the axis intercepts of the region boundaries, not the line
gradients which are constant since 7 is fixed. As the region boundaries shift, the main
conditions, from Fig. 5.11, required for closed-loop stability to be maintained are

d >0

b0 (5.33)

where d; and d; are the distances that separate the operating points (£, and ky) from the

stability boundaries. Assuming C, is constant (4C,=1), the conditions for 4L, to satisfy

stability can be expressed as

1 2Ry ~ ~
ALO >ZT(TSkp—kd)
A 2;\
1 2Ry Tskg —0.5T5"k (5.34)

AL, >
L, « 2C,Ry, T
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Equation (5.34) shows that for both region boundaries there exists a minimum value of

L, below which the system is unstable. This can be explained from Fig. 5.11 where as

L, increases, both boundaries move further away from the operating points £, and ky

and the system is more stable. However, an increase in L, will produces a more sluggish
dynamic response. The larger of the two values in (5.34) provides the global condition
for stability with regards to a change in L,. Similarly, the condition for 4C, to satisfy
stability can be obtained assuming L, is constant (4L,=1)

| 2Rpkg—TyRpk, +xL,

AC, > —T,
°7c,? 27L, Ry,

(5.35)

(b) Dynamic response
The closed-loop dynamic behaviour is affected by a variation in system parameters. The

new time domain characteristics defined in (5.18) can be expressed as

\/ 2k,
Wy =
7(ALoLo )(ACHCo)

27k (ALoLy ) (ACHC,) (5.36)
P 4”(ALoLq)(ACoC0)
s o kdq

For fixed operating £, and kg, equation (5.36) shows that increasing L, and C, delays

system step response (increased f;) and mitigates oscillatory behaviour. Fig. 5.12 shows
the closed-loop output voltage step response for two extreme cases. Case one in Fig.
5.12(a), shows the effect of doubling L, and C,. The controller attempts to reject the ap-
plied disturbance and recovers to the reference in a stable manner. Fig. 5.12(b) shows
the step response when reducing both L, and C, to 25% of their original values. Since
the parameter values are approaching the critical stability boundary, the closed-loop sys-
tem has a greater oscillatory response. The closed-loop system has lower stability mar-

gin and higher steady-state error.
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Fig. 5.12: Output voltage step response applying step changes in L, and C,
(a) 4L,=2pu and 4C,=2pu (b) 4L,=0.25pu and 4C,=0.25pu.

5.4 Proposed sliding mode controller

The theory of variable structure systems and the use of their associated sliding regimes
for control design purposes have proven to be sound and successful. Sliding mode con-
trol (SMC) was developed in the early 1950s by V. Utkin and is able to tackle system
uncertainties and external disturbances with good robustness [5.20-24]. Essentially,
SMC uses a high speed switching control law to drive the nonlinear system state trajec-
tory onto a specified user-chosen surface in the state space (called the sliding or switch-
ing surface), and to maintain the system trajectory on this surface for all subsequent
time [5.25-26]. The main feature of the sliding mode is the acquired system robustness
against disturbances in input voltage and load change [5.27]. The other main advantage
of SMC is the ability to tailor the dynamic behaviour of the system by the appropriate
choice of the switching (sliding) function. The SMC concept is illustrated in Fig. 5.13.

L]
A
S(1)
Reaching surface
“\ Reaching mode
\: >
~ol 4 SO
Desired final v A (
value L %
Sliding mode Sliding surface

S)=0
Fig. 5.13: Concept of sliding mode control.
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The principle of SMC is to forcibly constrain the system, by suitable control input, to
stay on the sliding surface denoted by S(2)=0 in Fig. 5.13. There are two conditions for
the switching surface design; namely existence and the reachability conditions of the
sliding motion. The existence condition states that a switching surface must be created
such that sliding motion is possible on that surface. The reachability condition states
that a control function must be designed that will be able to drive the state to the switch-
ing surface and keep the system in the sliding motion [5.28]. The main drawback of
SMC is the issue of chattering. This arises because an ideal sliding mode controller has
a discontinuous switching function and it is assumed that the control signal can be
switched from one value to another instantaneously. However, in practical systems it is
impossible to achieve infinitely fast switching control due to finite time delays for the
control computation and limitations of physical devices [5.29]. The result is known as
chatter, which is undesirable. It appears as a high-frequency oscillation near the desired
equilibrium point and may excite un-modelled high frequency system dynamics [5.30].

In this section, a sliding mode controller is proposed for robust and stable output voltage
control of the phase-controlled SPRC. The proposed controller is an enhancement to the
discrete self-sustained phase-controlled SPRC proposed in [5.15]. The latter used a slid-
ing mode controller to vary the phase shift angle ¢ between two discrete values 0, and
Omax t0 oObtain output voltage control. This abrupt change in J causes sudden inverter
output voltage change. Although the output voltage is well regulated, resonant tank state
variables are highly oscillatory. Alternatively, the proposed sliding mode controller reg-
ulates output voltage by varying the control variable v, between two discrete values vy,
and V... The phase angle 6 is calculated from v, and iz, using a state feedback scheme
and is therefore a continuously changing variable which reduces the oscillatory behav-

iour of the resonant tank variables.
5.4.1 Synthesis of sliding surface

The phase-controlled SPRC model described by equation (5.1) can be written in terms

of the instantaneous control input v.(u)

difo Lo -

— =1 ——V,yt+—Vv.(U

a L, 0T a, c(®)

%—L(i —q )—Li _ 1 v (5'37)
i C, Lo~ C, Lo R.C, o
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where v (1) is the converter control input taking two discrete values vepin and veme, ac-
cording to the control law that assigns its value depending on the sign of the switching

(sliding) surface S(x)

Vo (U)=YV, +|v % u
C( ) cmax ( cmin Cmax)

ut =1, for S(x)>0 (5.38)

u=

u =0, forS(x)<0

Since v, is directly proportional to v, at steady-state (v.='2mv,), values for vemi, and vepax
will be selected as fixed and related to the desired steady-state (equilibrium) value of the

output voltage v,

T
v =m —v, *
[ 12 0

pu (5.39)
Vem =275 %0

where m; and m; are tuneable parameters and m ;<ms,.

From (5.37), the open-loop output voltage dynamics follow a second order system be-
haviour. The desired closed-loop output voltage dynamics are required to be second or-

der, taking the form

2
d-v, dv *
dt20 +kp _dto +ki(vg—v, )=0 (5.40)

ka

such that the steady-state (equilibrium) value of v, is equal to v,* and k4, k, and k; are

design constants. In sliding mode control, the converter dynamics are forced to evolve

around the sliding surface S(x) according to the invariance condition S(x)=0[5.18].
Based on this property, the sliding surface can be found in order to guarantee the desired
dynamics (5.40). Equating the desired closed-loop dynamics (5.40) to the invariance

condition

2
: d dv *
S(X)de 0 1k —O+kl-(v0—v0 )=0 541
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The choice of S(x)to be second order is a key design criteria for the sliding mode con-
trol law. This follows the control law property outlined in section 5.2 which states that
since the relative degree of v, is two, with respect to the control input v,, the control law
has to be second order. This is shown when extraction of the equivalent control v, 1s
performed later in the analysis. The latter only appears in the second derivative term

d’v,/dr . Integrating (5.41) yields the final expression for the sliding surface S(x)
dv, *
S(x)=kyg W+kpv0+kij(vo—vo ) dt (5.42)

The closed-loop structure is shown in Fig. 5.14.
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State feedback linearization
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Ve F i, + § R
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Fig. 5.14: Closed-loop output voltage control using the proposed sliding mode controller
(a) full structure, and (b) reduced equivalent model using the equivalent control input vc,,.

5.4.2 Sliding mode existence conditions

From Utkin theory [5.21, 24], a sliding mode exists in the vicinity of a switching sur-

face if the following condition is satisfied
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S(x)S(x)<0 (5.43)

This is the same criterion as for Lyapunov’s asymptotic stability. For inequality (5.43)

there exist two cases, as follows.
(a) Case one
If S(x)>0, then according to (5.38) u=u"=1 and v, =ve =m1%Vo*. From the existence

condition (5.43), if S(x)>0 then S(x)<O0 . Applying (5.43) and substituting (using the
system model (5.37)) into (5.41) for the derivative terms, yields

*
Aif o —Bvy +Cv, <0 (5.44)
k k k
P Lo 1 1 1 P _ Imrqd
where 4=—~—kq + , B=kq - + —ki, and C= —ki .
G {Loco RLCon LyCo RL2C02 R1Co ! LyCo

When system (5.37) equilibrium occurs at v(,:vo* and iLOZiOZVO*/RL, a necessary condi-
tion for the existence of a sliding mode on S(x) is that the equilibrium points belong to
the sliding domain defined by (5.44). Substituting for the equilibrium point values in

(5.44) yields the first sliding mode existence condition

"L
my < (HR—LOJ (5.45)

(b) Case two

If S(x)<0, then according to (5.38) u=u" =0 and vc =ve_=m) %vo* . From the existence

condition (5.43), if S(x)<0 then S(x)>0 . Applying (5.43) and substituting using the

system model (5.37) into (5.41) for the derivative terms, yields
Aipo—Bv, + Dvo* >0 (5.46)

m2kg
LyCo

where D= —ki and D>C since my>m;. Applying the same conditions for the equi-

librium point values as in case one and substituting into (5.46) yields the second sliding

mode existence condition

L
my > (HR—LOJ (5.47)
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(c) Sliding domain boundaries

Combining (5.45) and (5.47) yields the universal sliding mode existence condition

mj <(1+%—zj<m2 (548)
Condition (5.48) can be also confirmed from the system model (5.37) at steady-state,
which equals

Ve =2 (1 +VI§LOJ (5.49)

Comparing (5.39) and (5.49) taking into account equilibrium at v,=v,* shows that for a
sliding mode to exist on S(x), Vemin and vepq, should satisfy (5.48). The sliding domain
boundaries outlined by (5.44) and (5.46) are illustrated in Fig. 5.15.

A, D =
v A Vo =—l[o+—Vy
o Case two (equation 5.46)
Equilibrium 7 y c
v *
Ve =—iLo+—Vp
* o
Vo [-======-= > 75 '.{: Case one (equation 5.44)

Sliding
domain

.
Ll

Yo iLD

Fig. 5.15: Graphical representation of sliding domain.

5.4.3 Controller design and equations of motion

Different methods for sliding mode control design have been suggested [5.24-25, 27].
These include the controllable canonical form, the Lyapunov approach, the Fillipov sys-
tematic mathematical theory, and the equivalent control method. Based on Fillipov’s
theory, a straightforward technique for designing sliding surfaces is the equivalent con-
trol method proposed by Utkin [5.24]. This method is a means of determining the sys-
tem motion restricted to the manifold S(x)=0. The equivalent control approach consists

of finding the equivalent input control v., so that the state trajectory stays on the
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switching surface S(x)=0. Once the equivalent control is known, the ideal sliding mo-
tion can be found by substituting v.., into the state equation and the coefficients of the

switching function can be designed to obtain the required response.

The equivalent control v, can be determined by applying the invariance condition
S(x)=0 given by (5.41). Substituting the system model (5.37) into (5.41), exchanging

Ve(ut) With v, yields

i T *
Veeq = ZkpLoC (RL% %j+5kiL0Co(v0 Vo)
0

+Z dec /7 R NS VL. 5%y Jo N LS Sy N SRR
Loco RLC02 2 LoCo RL2C02

Equation (5.50) shows the importance of the control law S(x) being of second order.
otherwise the equivalent control v.,, cannot be obtained for controlling v,. This con-
firms the validity of the control assumption made in section 5.2. Substituting the equiva-

lent control v, for v.(u) into the system model (5.37) gives the ideal sliding dynamic

i k
diLo _ —rL0+kp d ifo— L__p_k_d+ kd +k;Cp |vo +KiC, Vo
dt Lo L RLCo Lo RL Lo RL2C0
dvo 1. 1 (5.51)

o VO
a Co T RLC,

Both equilibrium points vozvo* and iLozvo*/RL have to satisfy the steady-state condition
for the ideal sliding motion (5.51), i.e. zero derivatives. By substituting the equilibrium

values in (5.51), it can be shown that this condition can only be obtained if
kg =1 (5.52)

Therefore condition (5.52) is a restrictive condition for equilibrium point existence and

stability. In this case, the ideal sliding motion equations reduce to

i k
dlstO:—[k - jiLo—{——er ! +kl-C0Jv0+kl-C0v0*

dvo 1 . 1 (5.53)
—ilo— Vo
4t Co R C,
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Using established linear techniques, the closed-loop transfer function is
Vols) _ ki
* 2
Vo (s) s™+k pS+ k;

(5.54)

where k, and k; are tuneable parameters according to the required closed-loop response.
The closed-loop transfer function (5.54) resembles the required system closed-loop dy-
namics outlined by (5.40) for which the SMC was tailored (for k,=1). Considering the

equivalent control (5.50) and substituting for k=1, v.., becomes

o | 7 * T L, V4 L,
v k L,C, +—kiL,Co(vy —vy)+—| 1 i 1- v
ceq = [RLC Coj 5 fito oo 0) 2[1,0 R.C, JLO 2[ RL2C0 o

Vd 7Ly \dvy 7w * V4 .
:_(EkaOCO_EiJjJ’_EkiLOCO(VO _V0)+5(”L0’L0+V0) (5.55)

For an error signal e=v0*-v0, de/dt=-dv,/dt for constant reference voltage vo*. Therefore

(5.55) reduces to

P de 7@ .
vceqz(zkiL0C0j€+( k L C ]df E(FLOZLO_{—VO)

(5.56)

Thus the equivalent control closed-loop structure of the proposed SMC is in fact exactly
the same as that of the Lyapunov controller proposed in section 5.3. The first term is
equivalent to the proportional gain of the Lyapunov controller, the second being the de-
rivative gain, and the third being the feedforward. The equivalent control closed-loop
structure of the proposed SMC (5.56) is illustrated in Fig. 5.16 as R;—oo. This shows
that ‘effectively’ k; acts as the proportional gain and &, acts as the derivative gain of the
equivalent Lyapunov controller. Hence, in time domain analysis, the characteristic
equation in (5.54) shows that closed-loop stability is maintained for k,>0 and k>0
which is the same stability criterion with the Lyapunov controller before discretization.

Table 5.1 summarizes the design conditions for the proposed sliding mode controller.

Sliding mode existence | Equilibrium point existence | Closed-loop stability

m1<(l+ﬁj<m2 kd =1 kp>0,kl>0

Table 5.1: Summary of conditions for SMC design.
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Fig. 5.16: Equivalent control closed-loop structure for the proposed SMC.

5.4.4 Closed-loop stability

Although the closed-loop system is apparently stable for all £,>0 and k>0, in a practical

implementation a few issues limit the selection of the control parameters, especially &;

which acts effectively as a proportional gain in the equivalent control system. These fac-
tors can be summarized as follows:

e Chattering arising due to finite switching time between one control input value and
the other (Vemin t0 Vemar and vice versa). This is because in a practical implementation,
control is updated at a sampling rate of 40 kHz, therefore transition from state to
state takes 25us. This causes a high frequency oscillatory behaviour around the equi-
librium point and if 4; is too high this pulls the state trajectory out of the sliding do-
main, whence sliding motion is lost.

o At start-up, the state trajectory is outside the attraction domain. A high value of &;
will speed up the output voltage initial response by moving it closer to the attraction
domain in a shorter time. However, the capability of reaching equilibrium inside the
sliding domain is less due to the increased speed of the system behaviour. The result
is sustained oscillation of the state trajectory in and out of the sliding domain and an
equilibrium state is not reached.

e According to the sliding domain graphically represented in Fig. 5.15, the sliding do-
main boundaries have equal slopes and the bandwidth (boundaries separation) is de-
termined by the y-axis intercepts. From Fig. 5.15, the bandwidth is determined by the
coefficients C and D values which are defined for k=1 as

m
LoCo

C=

~ki and D= — ki (5.57)

m
LoCo
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The wider the sliding domain bandwidth, the greater the possibility of reaching equi-
librium inside the shaded region of Fig. 5.15. For this reason, m; is selected to be a
minimum m;=0 and m,>(1+ry,/R;,) where Ry, is the worst case (maximum) load-
ing. However, if £; is high then C and D— -k; and both sliding domain boundaries
come closer until they overlap and the sliding domain eventually becomes the
boundary itself. This reduces the likelihood of the state trajectory reaching equilibri-
um and therefore system response is unstable. Fig. 5.17 shows state trajectory behav-
iour during start-up illustrating typical stable and unstable system responses obtained
by varying controller parameters k, and k;. As k, and k; change, coefficients 4 and B

change, thence changing the sliding domain boundaries.

v*éi +2v* v*éi +£v*
50 oBLoBo oBLoBo

v, (V)

0 n.lz 0.4 06 08 1 12 1.4 116 L8 2 3 2 1 0 1 2 3
iLﬂ (A) ier (A)
(@ (b)
Fig. 5.17: Typical closed-loop behaviour at start-up
(a) stable response, and (b) unstable oscillatory response.

-50

Fig. 5.17(a) shows a stable closed-loop output voltage start-up until the state trajectory
reaches equilibrium inside the sliding domain. The sliding domain is ‘wide’ enough to
guarantee stable sliding motion. Further increase in &, and k; leads to reduced sliding
domain bandwidth, as shown in Fig. 5.17(b) since coefficients 4, B, C and D are all k,
and k; dependent. The narrower sliding domain reduces the likelihood of reaching sta-
ble sliding motion inside the domain since the high controller parameters increase the
state trajectory energy. The state trajectory attempts to stablilize but keeps oscillating in

and out of the sliding domain and fails to reach equilibrium.

5.4.5 Simulation and experimental results
Fig. 5.18 and Fig. 5.19 show simulation and experimental results after implementing the
sliding mode controller structure in Fig. 5.14(a). Since it has been proven, as shown in

Fig. 5.16 , that the equivalent control sliding mode closed-loop structure is analogous to
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the Lyapunov controller designed in section 5.3, the controller parameters pre-selected
in (5.31) can be implemented for the SMC

%kl-LOCO —11.3313 - k; = 4.8x10°

T
ZkpLoCo =0.0047 > k), =1995

(5.58)

However, the selected controller parameters produce an oscillatory closed-loop re-
sponse. The implemented SMC parameters are k=2.5x10° and k,=1000 which satisfy
closed-loop settling time (£=8ms) and critically damped ({=1) step response. Fig. 5.18

shows the controller response to a step load disturbance at /=0.5s.
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Fig. 5.18: Closed-loop operation results with step load disturbance using the proposed sliding mode con-
troller (a),(c),(e) and (g) simulation, and (b),(d),(f) and (h) experimental.

The following can be observed from the results:

e The controller meets the desired time domain specifications at start up. The proposed
SMC is robust to the full-load disturbance applied at /=0.5s and the output voltage
recovers with a minor oscillatory behaviour over 10ms compared to only 1ms for the
Lyapunov controller.

e The control variable v, changes between v.,;,=0 (since m;=0) and v.,,,=41.5 (since

m,=1.1) such that

my > 1+rL—0=1+£=1.03
RLFL 14.4
Vs
% =m—v,*=0
cmin 12 0 (559)
N -
Vemax = M2 V0 2(1.1)(24) 41.5

Selection of m; and m, ensures a wide sliding domain bandwidth to enable closed-
loop stability. However, further increase in m, would lead to saturation action which
is inherent in the closed-loop due to 6,,,=180°. This limits the upper boundary for the

selection of m..

e The phase shift angle ¢ is calculated from the weighted state feedback linearization
scheme. Since d=£v,,iz,) and v, take two discrete values, ¢ takes the same response
shape and time domain characteristics as that of the inductor current i,. This is clear

from the response of 0 both at start-up and at the step load instant.
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e ¢ is the inverter control variable and represents the effective duty cycle of the invert-
er output voltage. Therefore, it is essential that J is not an abruptly changing variable
like v, to ensure stable and non-oscillatory behaviour of the resonant tank state varia-
bles. In this respect, the proposed SMC controller provides an advantage over dis-
crete self-sustained SMC for the phase-controlled SPRC in [5.15]. The latter, instead,
changes J between two discrete values to achieve output voltage regulation.

e ¢ increases at the step load instant to enable regulation of output voltage to the fixed
reference value v,*=24V. During the first 6ms after step load application
(=0.5—0.506ms) v, is held constant at v, to compensate for the output voltage
dip. Once the output voltage v, overshoots above the reference value, control action
allows v, to toggle again between v, and v, to enable output voltage regulation.
Step voltage Step input voltage Step voltage Step input voltage

reference decrease reference decrease
50‘ i i ¢
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s | Y ‘
& sk — 2 S 1 ol
E, : > 10 ms h ms
=
o R S . ............................... -
0 1 1 i 1
1] 0.2 0.4 0.6 0.8 1
Time (s) 100 ms/div, 10 V/div
(@) (b)
1.4 : r . +
o B T B B
I ops | | n
2 0s m/" ! J +
53 | !
£ 5 06 ettt g : Y
EE: w
E 0 g e T b .
g . ANNNE
L S e b . >
; H i 10 ms
0 1 ; 1 1
] 0.2 0.4 0.6 0.8 1
Time (s) 100 ms/div, 500 mA/div
(c) (d)

166



Chapter 5: Robust Control of the Phase-Controlled SPRC
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Fig. 5.19: Closed-loop operation results with step input voltage disturbance using the proposed sliding
mode controller (a),(c)and (e) simulation, and (b),(d) and (f) experimental.

Fig. 5.19 shows the controller response to a step input voltage disturbance from full
supply voltage (V;=60V) to half supply voltage (V;=30V) at /=0.5s, at fixed minimum
load. The proposed SMC controller rejects the applied disturbance and the reference
output voltage is re-gained after 10ms of disturbance application compared to only 1ms
with the Lyapunov controller. The dynamic performance of the closed-loop system is
inferior to that of the Lyapunov controller which rejects the disturbance quicker and
with less oscillatory behaviour. The controller takes the necessary action after disturb-
ance application by holding v, at v ., from /=0.5-0.504ms to compensate for the volt-

age dip. The phase shift angle J increases to maintain the output voltage constant.

5.4.6 Controller robustness and parameter sensitivity

Similar to the Lyapunov controller robustness study, the effect on SMC performance of

varying system parameters during operation is studied. Circuit parameters are subject to

variation due to operational and environmental factors as discussed previously. For the

proposed SMC, equilibrium point stability and existence inside the sliding domain is
guaranteed by the condition outlined in (5.48)
"Lo

m| <[1+Ej<m2 (5.60)

Therefore, if this condition is satisfied, an equilibrium point always exists in the sliding

domain for all operational and circuit parameters. The sliding domain boundaries are

parameter dependent (vo*, L,, C,, r1,), hence the boundaries move with parameter varia-
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tion. As long as (5.60) is satisfied, an equilibrium point always exists and theoretically
there exists no boundary on parameter variation. Only 7;, affects condition (5.60), how-
ever, its effect is minor and it does not pull the system out of stability. This is why the
sliding mode controller is known for its robustness as its main advantage. Fig. 5.20
shows the closed-loop output voltage response when applying the same parameter

changes (L, and C,) as those for the Lyapunov controller in section 5.3.5.
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Fig. 5.20: Output voltage step response applying step changes in L, and C,
(a) 4L,=2pu and 4C,=2pu (b) 4L,=0.25pu and 4C,=0.25pu.

Fig. 5.20(a) shows the case when both L, and C, are doubled and in Fig. 5.20(b) when
L, and C, are reduced to 25% of their original value. The sliding mode controller re-
sponds to both cases in a stable manner, restoring the reference value with zero steady-
state error and minimum steady-state oscillation. In comparison with the Lyapunov con-
troller, SMC provides a higher degree of robustness especially in the case of AL,=
AC,=0.25 pu where the Lyapunov controller responds with increased steady-state oscil-
lation and larger steady-state error. This confirms the robustness characteristics that
SMC possess. However, this robustness is at the expense of a relatively poor dynamic
performance. For SMC, the transient period oscillation in the first case (4L,=4C,=2 pu)
are comparably higher and the settling time is longer (2,=50ms) relative to the Lyapunov
controller which responds more quickly (£=10ms) and with reduced oscillation. There-
fore, for the system designer, if robustness is the main design criteria, the sliding mode
controller would be the preferable choice. However, if the designer favours of good dy-
namic performance and robustness can be marginally sacrificed, then the Lyapunov

controller would be better.
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5.5 Proposed predictive controller

Predictive control is a common control algorithm in applications such as active power
filters [5.31-32], PWM rectifiers [5.33], current control of PWM inverters [5.34-35], ac
drives [5.36], and distributed generation systems [5.37]. Its application in the discrete
time domain makes it suitable for DSP implementation. In addition, when a high
switching frequency is used, it provides good static and dynamic performance.
Predictive control of the phase-controlled SPRC has not been previously investigated.
This section details the design and analysis of a digital predictive controller making use
of the high switching frequency implemented for resonant converters to obtain good
closed-loop performance. The main objective is output voltage control. To achieve this,
a two loop control system is designed with the outer loop performing output voltage

regulation.

5.5.1 Controller design

The converter dynamic equations (5.1) can be expressed in discrete form as

vc(k>=%[aouo(m+i—"(zzo(k+1>—iLo<k>)+vo<k>] (5.61)
S

iColk) =iLo(®)=io (k) = 2 (35 + ) =1 4) (5.62)

N

where T is the sampling (switching) frequency. Considering (5.62) and replacing
vo(k+1) for v, (k+1) and ic,(k) for ic, (k), the output voltage loop can be constructed as:

ico" )=k [vo" Gk + D)= vo (b)) (5.63)

where k; is the voltage loop predictive gain designed to obtain fast and stable response.

With a high switching frequency (40 kHz), a change in load current i, (k) can be neglect-
ed compared to change in i;,(k) and ic,(k), hence it is an acceptable approximation to

state that

io(k) =ip(k+1)

iLo(k+1)=ifo (k) =ico(k+1)=ic, (k) (5.64)

Substituting for instant (k+/) for k in (5.63) yields the modified outer voltage loop

structure
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ico (k+ )= [vy" (6+2)=vp(0k+D) (5.65)
Equating ico(k+1) to ic, (k+1) in equation (5.64) yields

iCo (k+1)~ico (k) = ipo(k +1)=igo (k) (5.66)

Comparing (5.66) with (5.61) enables the construction of the inner current loop where

the control input can be obtained
%
ve(k)=ka \ico (k+1)—iCo(k))+%(rLoiLo(k)+Vo(k)) (5.67)
where k; is the inner current loop predictive gain. Equation (5.67) shows that i¢,(k) has
to be measured for inner current loop functionality. However, this is not a necessity
since ic, is proportional to the change in v,. Output voltage v,(k) is measured and

vo(k+1) is necessary for realisation of the outer voltage loop (5.65). The advanced sam-

ple v,(k+1) can be predicted using the second order Lagrange quadratic formula
v (k +1) = 3vy (k) = 3v, (k = 1) + vy (k - 2) (5.68)

The predicted sample in advance v,(k+1) can be used to calculate i¢,(k)

@

iCo (k)= (vo(k +1) = vy (K)) (5.69)

Ty

Therefore, ic,(k) for the inner current loop can be calculated using (5.69), with no need
to sense it. Fig. 5.21 shows a schematic of the closed-loop structure using the proposed

predictive controller.
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Fig. 5.21: Closed-loop output voltage control using the proposed predictive controller
(a) full structure and (b) reduced equivalent model.

5.5.2 Closed-loop stability

Considering the reduced system block diagram in Fig. 5.21(b), the closed-loop system

transfer function in the discrete z-domain can be expressed as

2 2\.2
Vo(2) _ (ﬂ Ak )Z
VO*(Z) a4z4 + a3z3 + azz2 +ajz+ag (5.70)
_ __ = L,Cp+ 2y CyTy + L kyhy T2
where a4 = LyCy | a3y =-2L,Cy , ay =Loly 7 2%ols oML
al ﬂk2CoTs + ﬂk1k2TS and 490 (ﬂ knCyTg + p= kikpTg™ |
Re-arranging the characteristic equation in (5.70) to take the form
1+ kGH(z)=0 (5.71)
The root locus for the open-loop transfer function GH(z) can be expressed as
2 fyTy (322 “3z+ 1)
GH(z) = (5.72)

(LoCo )z —(2L,Cp) 2> +(L0C0 +%k2COTS)22 —(%kchTS)H%szOTS
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In multi-loop control, the inner loop is faster than the outer loop; hence £; is selected to
be greater than k;. The outer loop is responsible for voltage regulation and overall
closed-loop stability. Therefore, for a given inner loop controller gain k,, the system
root locus can be plotted to study the stability limit of the closed-loop system with re-
spect to change in k;. Fig. 5.22 shows the root loci for the closed-loop system with cir-

cuit values defined in Table 4.2 and a 40 kHz sampling frequency.
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Fig. 5.22: Root loci for system with predictive controller (a) k,=10, (b) £,=50, (c) k,=100, and (d) £,=200.

Fig. 5.22 shows that the closed-loop system is more stable with smaller values of k..
However, the inner loop dynamics are required to be faster, therefore the k;<k, con-
straint would result in sluggish dynamic behaviour in the case of low gains; hence the
trade-off between system speed of response and stability. In addition low gains general-

ly result in poor controller disturbance rejection capability.
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5.5.3 Simulation and experimental results

Fig. 5.23 shows output voltage results for the proposed predictive controller with con-
troller gains k;=0.24 and k,=156. The same step load and step input voltage disturbances
are applied as for the previous two controllers. The proposed predictive controller re-
sponds in a fast and robust manner to the applied disturbances. The dynamic behaviour
is similar to the Lyapunov controller especially at start-up where steady-state is
achieved after 4ms. The analogy in response is due to the proposed predictive controller
implementing the same feedforward loop as the Lyapunov case and the equivalent slid-
ing mode controller. Responses to the step load and step input voltage disturbances are
robust with minimal oscillation and recovery to steady-state is after 2.5ms. This is slow-
er than the Lyapunov controller which rejects the applied disturbances and restores the

output voltage after 1ms.
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Fig. 5.23: Closed-loop output voltage results with step load and step input voltage disturbances using the
proposed predictive controller (a) and (c¢) simulation, and (b) and (d) experimental.
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Fig. 5.24: Comparison of closed-loop bandwidth.

Fig. 5.24 shows a closed-loop bandwidth comparison for the proposed controllers. The
bandwidth of the predictive controller is 1 kHz compared to 1.5 kHz for the Lyapunov
controller. This explains its marginally slower dynamic performance and disturbance
rejection capability. On the other hand, it has provided significant improvement to the

multi-loop PI control with larger bandwidth and better dynamic performance.
5.5.4 Controller robustness and parameter sensitivity

It is apparent from the predictive control structure illustrated in Fig. 5.21 that the con-
troller is parameter dependent, especially on the output capacitance C, which can be
seen as part of the inner current loop. Circuit parameters may vary during operation
hence affecting the control which uses fixed values for these elements. Sensitivity to
parameter variation is one of the main disadvantages of predictive control. Assuming
per unit changes in converter filter inductance and capacitance values (4L, and 4C, re-
spectively), the closed-loop output voltage transfer function can be expressed as
Vo) (%klkzrsz)zz
Vo*(z) B b4z4 +b3z3 +l7222 + b1z + by

(5.73)

9

where b4 =(ALyLy )(ACoCy) , b3 =—2(ALo Ly )(AC,Co) 5 B2 = (ALoLo)(ACoCo)*‘%IQCoTs +%k1k2Ts2
P2

2 2
b :—( 6 kyCoTy +%k1k2Ts ) and b =(%k2CoTs +%k1k2Ts )

The characteristic equation can be re-arranged to study the effect of each parameter var-

iation separately. Starting with AC, while A4L,=1
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1+AC,

GH(z)=0

L,Cpz2(z—1)2

4 6 2),2_(6 6 2),4(2 2 2
ﬂk2CoTs+ﬂklk2Ts )Z (ﬂ_szoTS+ﬂ_k1k2Ts )Z+(ﬂk2C0TS+ﬂk1k2TS

(5.74)

(5.75)

Repeating for 4L, while 4C,=1 yields the same open-loop transfer function in (5.75).

GH(z) is illustrated in Fig. 5.25 for the same operational parameters used for the simula-

tion and experimental results in section 5.4.5. The root locus plot shows that there exists

a minimum value for the operational change in inductance and capacitance (4L, and

AC,min respectively) to maintain a stable closed-loop response. In this case the minimum

value for both is 0.3 per unit. Fig. 5.26 shows output voltage response when applying

the same step changes in parameter values (L, and C,) as for the previous controllers.
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Fig. 5.25: Root locus for system with circuit parameter change.
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Fig. 5.26: Output voltage step response applying step changes in L, and C,
(a) 4L,=2pu and 4C,=2pu (b) 4L,=0.25pu and 4C,=0.25pu.
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Fig. 5.26(a) shows that the closed-loop response is stable when doubling L, and C,.
However, when reducing L, and C, to 0.25p.u., the closed-loop response becomes mar-
ginally stable with high frequency oscillation at steady-state in addition to the introduc-
tion of a steady-state error. The critically stable minimum per unit change deduced from
Fig. 5.25 is 0.3p.u. However, it can be seen that with 0.25p.u. values, closed-loop re-
sponse is close to instability. This is because the 0.3p.u. value was obtained from the
closed-loop transfer function at no load. The presence of load, being the case with the

results in Fig. 5.26, provides system damping and thus margin of stability is extended.

Table 5.2 summarizes the key features of the three proposed robust controllers. In terms
of implementation complexity and necessary measurements for control realisation, the
three proposed controllers are analogous. Measurements of output voltage and filter in-
ductor current are taken and DSP coding performs the required controller algorithm.

This makes Table 5.2 sufficient to enable a fair comparison of the controller methods.

Lyapunov controller Sliding Mode Controller Predictive Controller
Not directly, but inher-
Feedforward o ]
Yes ently exists in equivalent Yes
implementation o
control circuit
Sliding surface imple-
Control ) )
Single loop PD control ments single loop PID Two loop control
Structure
control
Response at Relatively slower due to
Fast . ] Fast
startup stability constrains
Disturbance Slowest with more oscil- Moderate speed
Fast and stable )
rejection lations but stable and stable
Robustness & )
Moderate High Moderate
parameter sensitivity
Closed-loop ) )
High High Moderate
bandwidth

Table 5.2: Comparison between the three proposed robust controllers.
5.6 Summary
In this chapter three new controllers have been proposed for robust control of the phase-
controlled SPRC; namely Lyapunov, sliding mode and predictive controllers. Control

law formulation, design, stability and robustness analysis were presented and verified

through closely matching simulation and experimental results. The derived control laws
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are second order derivative functions; a common feature of all the proposed controllers
in spite of their different structures. It has been shown that another necessary require-
ment to ensure robust behaviour of the closed-loop system, is the existence of a feed
forward loop in the control law. This is either explicit as with Lyapunov and predictive
controllers or inherent as in the equivalent SMC. The Lyapunov controller provides the
best overall performance with its fast dynamic response at start-up and high disturbance
rejection capability. Chattering and reduced sliding domain bandwidth for the SMC
with high controller gains both reduce controller stability margins. Therefore dynamic
response is comparably slower than the Lyapunov and predictive controllers to ensure
stable closed-loop operation. The predictive controller provided fast dynamic behaviour
similar to the Lyapunov controller. However, its closed-loop bandwidth (1 kHz) is low-
er than that of the Lyapunov controller (1.5 kHz). Its discrete time domain nature makes
it suited to digital control implementation. In terms of robustness of the closed-loop sys-
tem to operational circuit parameter variations, SMC is the best among the proposed
controllers. According to design requirements and application, the trade-off between

high system robustness and fast dynamic response determines controller type selection.
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Chapter 6

Phase-Controlled SPRC Multi-module Operation

In chapter three, the load side multi-module converter structure for the A/l-Electric sub-
sea project was designed. It consisted of phase-controlled SPRCs connected in an input-
series (IS) connection for medium dc voltage step down. Output-series (OS) and output-
parallel (OP) connections were used to attain the output voltage level and load current

sharing respectively.

This chapter explores phase-controlled SPRC multi-module system operation aspects
that have not been investigated in the literature. Associated voltage and current distribu-
tion among the series-parallel modules are considered. Focus is on the ISOP and ISOS
converter connections which are applicable to the load side converter of the subsea pro-
ject under investigation. Accordingly, the voltage/current distribution studies include
input voltage sharing (IVS), output voltage sharing (OVS) and output current sharing
(OCS) for IS, OS and OP connections respectively. The Lyapunov controller proposed
in chapter five is used as the main load voltage regulator together with the necessary
sharing control loops. Closed-loop behaviour is assessed for both ISOP and ISOS con-
nections taking into account cables impedance effects. A sensorless load voltage estima-
tion algorithm is proposed. This is potentially useful for the subsea project to enable
load voltage control without remote sensing. Simulations and experiments on a two-
module converter system operating with extreme parameter mismatches, validate shar-

ing and load regulation performance.
6.1 Background

Multi-module low power dc/dc converters connected in series-parallel have been a key
technology for large-capacity power converters. The modular approach offers a number
of advantages over a single, high power, centralized converter. In terms of performance,
the advantages include higher efficiency, better dynamic response due to higher operat-
ing frequency, and better load regulation. From the system perspective, it allows for re-
dundancy implementation hence improved fault tolerance, expandability and ease of
maintenance [6.1]. Also, since individual converter modules handle lower power, com-

ponent stresses are reduced [6.2].
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However, realisation of multi-module series-parallel converter systems is not always
straight forward. A desirable characteristic of a series-parallel modular converter is that
individual modules share the load equally and in a stable manner. Modules are usually
non-identical due to finite tolerances in the power stage and control parameters, non-
identical characteristics of the cables, and non-identical changes in component charac-
teristics due to differences in component aging and environmental conditions. If special
provisions are not made to distribute voltages and currents equally among the series-
parallel modules, then it is possible that modules with an excessive power share will
experience higher thermal stresses, and both modularity and system reliability degrade
[6.3,4]. In order to achieve the appropriate sharing, a variety of approaches, with differ-
ent complexities and performance outcomes, have been proposed, developed and ana-
lysed in the literature [6.5]. Fig. 6.1 shows a structural chart with the classification of

sharing schemes broadly divided into droop and active sharing methods.

Sharing schemes

v v

Droop Active sharing
methods methods
¢ (A) Control v
Structures
(1) Using converters with self load-sharing *
property [6.3] Inner Loop Outer Loop Regulation
Regulation (ILR) [6.12] (OLR) [6.13]

(2) Voltage droop due to series resistor [6.9] *
(3) Voltage droop using output current to +

program reference voltage [6.9,11]

(B) Current/voltage
distribution control

(4) Current mode with low dc gain of voltage v
loop compensator [6.9,11] *
Average sharing Master-slave sharing
5) Scheduling control via non-linear gain [6.5
©) € gain [6.3] (1) Central control limit (CLC) (1) Dedicated/stationery master
[6.4,5,12-15,20] [6.4,5,12,13,20,22,23,25,26]

(6) Adaptive voltage droop control of reference

voltage [6.10] (2) Single-wire/bus-type connection (2) Rotating master [6.24]
share technique [6.1,2,17,21]

(3) Automatic/democratic master
(3) Modified single-wire/bus-type [6.5,12,13,22,23]
connection share technique [6.16]

(4) Single-loop type current balance
controllers [6.1]

(5) Double-loop type current balance
controllers [6.1]

(6) Frequency-based current sharing
technique [6.19]

Fig. 6.1: Classification of sharing schemes for series-parallel dc/dc converters
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With the droop methods, the output voltage droops with increasing load current [6.6].
Droop sharing adds virtual output impedance to the outputs of the individual converter
modules. This impedance is implemented in the droop controller and is programmed to
achieve equal sharing among modules [6.7]. The main advantage of a droop sharing
scheme is that it needs no wire interconnections among the control circuits of the con-
verter modules. Therefore, it is considered an open-loop technique with the output im-
pedance of each module being programmed individually [6.8]. The main drawback of
droop techniques is the trade-off between good voltage regulation and current sharing.
Several droop schemes as outlined in Fig. 6.1 have been proposed in the literature to

overcome the drawbacks and to give good current sharing [6.3,6-11].

An active sharing method is a combination of a control structure and a current/voltage
distribution control scheme as presented in Fig. 6.1. Fig. 6.2 illustrates how a cur-

rent/voltage distribution scheme can be connected in different control structures.
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Fig. 6.2: (a) Inner loop regulation (ILR) control structure, (b) outer loop regulation (OLR) control struc-
ture and (c) current/voltage distribution control

If the error signals v,; to v,, of the current/voltage distribution control adjust the output
of the output voltage controller, then the resulting control structure is termed an inner
loop regulator (ILR) as shown in Fig. 6.2(a). The adjusted control signals v.; to v., pro-
duce the desired current/voltage sharing. The main advantage of an ILR is the precise
output voltage regulation due to a fixed reference voltage. Current/voltage sharing dy-
namics are not affected by the outer voltage loop since the distribution control error sig-
nals do not pass through the output voltage controller. This ensures stable and fast shar-
ing [6.12]. If the distribution control adjusts the output voltage reference value then out-
er loop regulation (OLR) is achieved as depicted in Fig. 6.2(b). Compared to ILR, the
dynamic voltage reference means that good current/voltage sharing may be at the ex-
pense of load regulation. Also, sharing performance is affected by the dynamics of the
outer voltage loop since the distribution control error passes through the output voltage
controller. This may lead to transient stability problems [6.13]. On the other hand, OLR
satisfies system modularity, fault tolerance and standardization more than ILR due to
individual control of each converter module. Risk of single-point failure is higher with
ILR due to regulation of the load voltage rather than individual module output voltages.
However, this is not a major argument from this chapter’s perspective since a single

central DSP controller is used for the entire sharing and load regulation task.

184



CHAPTER 6: Phase-Controlled SPRC Multi-module Operation

Fig. 6.2(c) shows a unified block diagram that describes the current/voltage distribution
control. The latter communicates with all the converter modules to acquire the sharing
error signal of each module which further adjusts the voltage controller output to obtain
the desired sharing characteristics [6.14]. The reference signal for each module x; is
generated by manipulation through distribution factors u; to u, and weighting functions
Wi(s) to W,(s). These can be defined, for n» modules, according to whether average or
master-slave distribution control techniques are applied:
e Average active sharing: u;=...=u,=1 and W;(s) =...W,(s) =1/n.
e Master-slave active sharing: wmasier=1, tsiaves—=0 and Wi(s) =... W,(s) =1.

The error signal x,; is finally processed through the current/voltage distribution control-
ler Gi(s) to produce the final error v,; which adjusts the power stage control signal v.; to
ensure sharing.

Both average and master-slave methods are well established active sharing techniques
for dc/dc converters connected in series-parallel. Generally, average sharing methods
are relatively more stable and have precise sharing [6.12-21]. This is because in master-
slave control, the master module is responsible for load regulation while the slaves are
devoted to equalizing current/voltage distribution. This means that there is no control
over the master converter module current/voltage which causes poor transient sharing.
This problem does not arise in the average sharing scheme [6.22,23]. Also, with inter-
leaved converter module operation, the summation of currents/voltages carried out with
average distribution control leads to ripple cancelation, hence smoother reference cur-
rents/voltages are generated without the need for filtering. With master-slave distribu-
tion control, the current/voltage of the master module is taken as the only reference for
the remaining modules. This may cause poor transient sharing especially when modules
are interleaved since currents/voltages are instantaneously unequal. On the other hand,
the master-slave technique generally provides better fault tolerant operation, since in the
case of master module failure, the converter with the next highest current/voltage be-
comes the master. In addition, the master-slave technique gives more information for
fault detection. This is because one module is responsible for load voltage regulation
and the remaining are devoted to equalized sharing. Therefore, fault tracking is easier

than with average sharing where all converter modules play the same role [6.24-26].

185



CHAPTER 6: Phase-Controlled SPRC Multi-module Operation

6.2 Control of input-series connected converters

Control of multi-module input-series connected dc/dc converters has been the subject of
vigorous research in the past. Two categories of input-series connected converters exist;

the ISOP and ISOS configurations.
6.2.1 ISOP connection

For ISOP systems, several control schemes have been proposed for input voltage shar-
ing (IVS) or output current sharing (OCS). With common duty ratio control, stable op-
eration for an ISOP configuration can be achieved [6.27,28]. However, good IVS and
OCS can only be obtained for modules with identical parameters. Charge control with
input voltage feedforward is applicable to ISOP connected converters [6.29]. Neverthe-
less, individual module input currents and voltages have to be sensed. A controller
based on a sensorless current-mode approach was also proposed for ISOP converters
[6.30]. A master/slave control scheme with input current feedforward can achieve IVS,
but with this control technique, the system may fail once the master module malfunc-
tions [6.31]. Double-loop control implemented with one common output voltage regula-
tion (OVR) loop and a uniform voltage distribution scheme [6.32-34], the decoupling
IVS control scheme [6.35-37], and the general control considerations [6.38] achieve ex-
cellent IVS for the ISOP configuration. The double-loop scheme depends on the fact
that direct OCS of ISOP converters leads to a runaway condition and IVS is a necessity
to ensure stable operation in the case of module parameter mismatches. With only IVS,
OCS is achieved automatically for ISOP configurations without the need for dedicated
OCS loops. Nevertheless, a three-loop control scheme was implemented in [6.39,40]
with sensing module input voltages and output currents to operate with current-mode
control. The authors in [6.41,42] proposed cross feedback OCS control to achieve stable
and accurate independent OCS in ISOP systems with no need for IVS loops. However

the analysis and implementation are complex.
6.2.2 ISOS connection

For ISOS systems, common duty ratio control results in unstable operation, unlike in
ISOP systems [6.43]. Investigation of the ideal ISOS configuration reveals weak re-
balancing so long as different cells operate with interleaved switching signals [6.44].

Like ISOP systems, independent output voltage sharing (OVS) of ISOS systems leads to
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a runaway condition. IVS is a necessity to obtain stable operation in the case of module
parameter mismatches. In [6.36], the authors proposed a double-loop scheme with outer
voltage regulation and IVS loops. This leads automatically to OVS. However, the au-
thors in [6.45] proposed a duty cycle exchanging control scheme where stable OVS can
be achieved without IVS loops. Three loop control schemes with IVS loops and current-

mode programming have also been introduced in [6.43].
6.2.3 Common properties

The common feature revealed for both ISOP and ISOS systems in [6.35-37] is the in-
dispensability of IVS control. Fig. 6.3 illustrates what happens in an ISOP connected

system with no IVS even in the presence of OCS control.

PR W T — -,

20 i i i i i j i i
0 001 002 003 004 005 0.06 007 0.08 0.09
Time (s)
Fig. 6.3: Diverging module input voltages in an ISOP connected system with OCS and no IVS control.

Module input voltages
2
AN

With OCS the ISOP connected converters act as constant power sinks, with constant
output voltage and equally shared output currents. This means that any input disturb-
ance results in an inversely proportional current-voltage relationship, which is outlined
by the negative input incremental resistance of the converter [6.39,46]. An increase in
input voltage results in a decrease in the average input current to maintain the input
power equal to the output power (assuming lossless conversion). This leads to a further
increase in the input voltage, leading to the runaway condition illustrated in Fig. 6.3.
Therefore, a dedicated input voltage control loop which adjusts the duty ratios of indi-
vidual converter modules depending on the error in IVS, is required. OCS is automati-
cally achieved for ISOP systems without dedicated control if IVS control is applied.
Similarly, OVS is achieved for ISOS systems with IVS control.

187



CHAPTER 6: Phase-Controlled SPRC Multi-module Operation

6.3 Proposed multi-module system architecture

The proposed phase-controlled SPRC multi-module load side converter of the subsea
project involves connecting the converter modules in ISOP and ISOS connections. A

two-module converter system will be used to study each connection separately.
6.3.1 Control structure

Fig. 6.4(a) and (b) illustrate the two-module system in ISOP and ISOS connections. The
common control configuration for both connections shown in Fig. 6.4(c) comprises a
common outer voltage loop for load voltage regulation using the Lyapunov controller
proposed in chapter five which provided fast, stable and robust output voltage control.
Load voltage for the outer loop is not sensed but estimated using a proposed algorithm
for sensorless load voltage control. Details of this algorithm are given in section 6.3.2.
Output of the common PD Lyapunov controller is fed to the feedforward mechanism of

each module. The latter utilises measurements of individual module filter inductor cur-

rents iz,; and iz, together with estimated module output voltages Vo1 and Vo2 .

Because of the necessity of IVS, as discussed in section 6.2, the sharing loop will simp-
ly consist of an average IVS loop. Individual module input voltages v,; and v,, are
sensed and average sharing is used to produce correcting error signals v,; and v, which
adjust the outputs of the load voltage Lyapunov controller accordingly to produce the
control signals v.; and v.;. No additional OCS or OVS loops will be implemented. Av-
erage sharing is implemented as assumed with the master-slave technique since the con-
verter modules are operated in an interleaved mode. Averaging measured signals pro-
duces a smoother ripple-free reference. However, if the master module provides the ref-
erence for the other module to follow, this may lead to poor transient sharing since in-
terleaved voltages are instantaneously unequal. Inner loop regulation (ILR) is used due
to its precise and stable load regulation compared with outer loop regulation (OLR)
which uses a dynamic output voltage reference. Unlike OLR, with ILR the cur-
rent/voltage distribution control loop is stable since it does not pass through the outer
voltage loop. This provides decoupled control, and sharing behaviour is independent
and fast. A central DSP controller will be used to process all the measured signals and

will act as the main controller for both modules. Therefore, the better modularity that
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OLR offers due to sensing individual module output voltages is not an important argu-

ment here.

Fig. 6.4(d) and (e) illustrate the reduced equivalent control circuit for ISOP and ISOS
connections respectively. It has been shown in chapters four and five that using the state
feedback linearization scheme causes the converter model to reduce to a second order
circuit with the input voltage to the output filter circuit being proportional to the control
signal v.. The transformer illustrated in Fig. 6.4(d) and (e) represents the converter in-

put-output voltage-current relationship.
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Fig. 6.4: Proposed two-module phase-controlled SPRC (a) ISOP connection, (b) ISOS connection,
(c) common control structure for both connections, (d) reduced equivalent control circuit for ISOP con-
nection, and (e) reduced equivalent control circuit for ISOS connection.
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6.3.2 Sensorless remote output voltage control algorithm

The load voltage can be estimated, to perform sensorless load voltage control. This is
particularly attractive in the subsea project since the load may be remotely located at a
number of distant manifolds from the main converter site. This eliminates the need for
remote sensing of load voltage and hence long signal cables, being a cause of noisy
measurements, can be removed. Moreover, with the implementation of this algorithm
and elimination of load voltage sensing, true system modularity can be achieved if dedi-
cated DSP controllers are used to control each converter module. Measuring the com-
mon load voltage with the ILR technique rather than individual module output voltages,
represents a major modularity drawback. The proposed load voltage estimator elimi-

nates such a drawback.

The estimation scheme uses the two-port network methodology. Fig. 6.5 shows the
equivalent circuit diagrams of the ISOP and ISOS connected two-module converter sys-

tems.

Network 1
i vo
rio2 Ly, ro L |
> | @ B
2y Y iLo2 Iy |
2 0 v
?L’ ¢ -Y (€. 502 -
------- Network 2 Network 2
(a) (b)

Fig. 6.5: Equivalent control circuit diagrams for (a) ISOP and (b) ISOS systems.

With the sending end voltage and current known, in addition to circuit parameter values,
the receiving (load) end voltages and currents can be calculated. In terms of the two-

port networks, this can be formulated as follows
Fol} _ {Al Bl} 21
o1 | LC1 Dull ;g (6.1)
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{v:oz}z[flz Bz} Zvea ,
ip2 Cy Dy i702 (6.2)

where

e v, and v, are the adjusted outputs of the load voltage controller,
e ;.7 and i;,, are measured inductor filter currents, and

e ABCD are circuit parameter dependent coefficients.
In the case of ISOP systems, load voltage v, is equal to individual module output volt-
ages v,; and v,2, that is, v,=v,;=v,,. Therefore estimated load voltage v, can be obtained

by averaging individual module output estimates V,] and Vo2

. _Vol+Vo2
Vo=, (6.3)
In the case of ISOS systems, load voltage Vo is the summation of individual module

output voltage estimates Vo1 and Vo2

Vo =Vl V02 (6.4)

Using two-port network theory, coefficients can be derived and defined in the continu-

ous time domain as follows

A(s)= (Lclcol)s2 + (”clcol)s +1
By(s)= _((Lochlcol )5> +(re1Lo1Col + Lo1Le1Col )52 + (Lot + Lot + rLo17e1Cot )s + (FLol + ¢l ))

Ci(s)=-Cy1s

Dy(s)=(Lo1Co1 )s* +(rLo1Cot ) +1

Ay(5)=(LeaCon) s +(reaCon) s +1 (6.5)
By(s)= —((Lochzcoz)S3 +(7e2L02C02 +1102Le2C02 )5 +(Lea + Lo2 +1102762C02 )5+ (rL02 + rcz))
Ca(s)=—Cp2s

Dy(5)=(Lo2Co2)5% +(1202C2) s +1

However, since control is implemented using a DSP controller, the load voltage estima-

tor has to be in discrete time domain form. Only 4;, B;, A; and B, are necessary for load
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voltage calculation. These can be discretized using Euler backward method (S —>ZT—_ZIJ,
S

where T is the DSP sampling period, yielding

A(2)=4 12_2 + Alzz_l + 413

2
2L Co1 +T571Col _ L1 Co) + Ts71Co1 + T

413

LG
A==l 4= 3 3
T, Ty Ty

N

3 2 1

Bi(z)=By1z " +Bjpz “+Bj3z +B4

Bi1 = Lo1Le1Col Bl =— 3Lp1Lc1Co1 + Ty (7e1Lo1C0l1 + Lo1Le1Col )
=3 "2 73 : (6.6)
s s
2
Bia = 3Lo1Le1Cot + 2Ty (7e1L01C01 + Lot Le1Cot ) + T (Let + Lot + 1Lo17¢1C01)
13 = 3
T
2 3
_ Lp1Le1Col + T (re1Lo1Col + LotLc1Col ) + Ts™ (Lot + Lot + 1Lo17e1Col) + Ts™ (1201 +7¢1)
3
T

s

B4 =

A(z)= Azlz_2 + Azzz_l + A3

2
Ay = LeoCo2 Ay = — 2L7Co2 + T510Co2 _ LeaCo2 +Ts12Co2 + T
h1="52%, A= . A=

A3

TS ]-:5'2 T52

By(z)= 8212_3 + 8222_2 + 3232_1 + By

By = Lo2Le2Co2 By = 3Lp2Le2Co2 + T (rCZLOZCOZ + rLOZLCZCOZ) (67)

T T
2
_ 3LpaLcCo2 + 2T (rCZLOZCOZ +1102Lc2Co2 ) +T (LCZ +Lpo + ”LoZVcZCoZ)
T 3
s

2 3
LoLe2Co2 + T (rCZLOZCOZ + VL02L02C02)+ Ty (LC2 +Lpo + ”LoZ”cZCoZ)"' Ty (”LOZ + ”CZ)

3

Ty

s

B3

s

Byg=-
Estimated module output voltages from (6.1) and (6.2) can be expressed in the z-domain

B0l () == A (21 (2)+ B ()1 (2)

. 2 , (6.8)
Vp2(2) = ~ Ay (2)vep(2) + Bo(2)ipp2(2)

Using the coefficients in (6.6) and (6.7), and substituting into (6.8) to obtain time do-

main equations at the & discrete instant, yields
Vo1(k) = %[Al el (k=2)+ Appver (k =1) + 413v01 (5)]
+ Bl 1iLo1(k —3)+ B12ifo1 (k =2)+ B13iro1(k —1) + Bi 4i[ o1 (k)
02(0) = Z[ A 1vea (k= 2) + Apaven(k=1+ Ay3va () (69)

+Bp1ip o2 (k=3)+ Bppif o0 (k—2) + B3if o2 (k—1)+ Bpgif 2 (k)
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However, from (6.9), estimating ¥,(k) and 7,2 (k) required for voltage control needs the
same k" instant value of the controller output values Vc(k)and v.2(k) . This cannot be
implemented unless v,1(k) and v,2(k) are projected one sample in advance to obtain

vor(k+1) and v,p(k+1). This can be performed using the Lagrange quadratic predictor

formula which states that
Vo1 (k +1) =3V (k) =3V (k =1) + V1 (k = 2)
R R R R N
S (k +1) =300 (k) =392 (k= 1) + 50 (k ~2) (6.10)

Substituting (6.10) into (6.9), using the appropriate k instants, yields

Vo1 (k+1) =%[A11vc1(k—4)+(/112 =341 )ve (k=3)+ (3411 =342 + A3 ) ve (k-2)
+(3412 —3413)ve1 (k=) + 34131 (k) |
+ B 1iLol (k—=5)+(Bi2 =3B11)iro1 (k—4)+ (3B 1 =3B12 + BI3)iL o1 (k—=3)
+(3B12 =3B13 +B14)iLo1(k—2)+(3B13 —3B14)iL o1 (k—1) + 3B 4iL o1 (k)
Bo2(k+1) =%[A21Vc2(k_4)+(1422 —301)ve2(k=3)+ (3401 =342 + 3)veak=2) (g 11y
+(3422 = 3423 ) vea (k= 1) + 3432 (k) ]
+B)1ifo2(k=5)+ (B =3B21)ifo2(k —=4)+(3By1 —3Bp + B23 )i 02 (k—3)

+(3B22 =3B23 + B4 )i 02 (k—=2)+(3B23 = 3B24) i 02 (k =1)+3B24if 02 (k)
According to (6.3) and (6.4), Vo(k+1) used for the outer voltage loop can be defined as

Vol(k+ D) +V,0(k+1)
bk +1) = 2

for ISOP system

(6.12)
Vol(k +1) + V0 (k +1) for ISOS system

Details for the practical implementation of the proposed load voltage estimator are pro-

vided in Appendix C.
6.4 Simulation and experimental results of ISOP connected phase-controlled SPRC

Fig. 6.6(a) shows the experimental circuit for the two-module ISOP connected phase-
controlled SPRC. The control algorithm implemented in the Infineon DSP comprises a

sensorless remote load voltage controller with an average IVS loop which adjusts and
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regulates the output of the outer loop Lyapunov load voltage controller. This structure is
depicted in Fig. 6.4(c). The two-module converter system operates in an interleaved
mode to minimize load voltage and current ripple. As discussed in chapter three, section
3.3.5, module #2 inverter gate signals are phase-shifted by 90" compared to those of
module #1. The interleaved inverter gating patterns are illustrated in Fig. 6.6(b).

Circuit parameter values are defined in Table 6.1 and operational and control values
used for the experimental prototype are given in Table 6.2. Each module is designed to
operate at the same 40W prototype power level designed initially, so the two-module
system will operate at 80W. In addition to the naturally unavoidable circuit parameter
mismatches between the two converter modules, three major circuit parameter differ-

ences are applied to evaluate the control and sharing performance, namely

¢ Different series-module input capacitances to assess IVS under extreme conditions
¢ Different resonant tank transformer turns ratios

¢ Different cable impedances
The three factors are highlighted in Table 6.1 for emphasis.

Cable impedance 1
Tror Ly rea Ly

+ > g +
Su S * Lo Lot
. st Ly Gy ipy
+ Lmy —e== c |t
L i + el
{v‘l TG U3} Vvesi==C,y | vepr ||V T~ Veor Vor

VABI1
B‘
Sz N EH I 2|:
YYY _é
’ ! | .
Gate & U0l
. p -«
Drivers |g DSP Loz v R
Vs P (2} (Infineon Tricore 1796)| APC | Vs2 0 L
Gate |4 Vot
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I'oz Ly, re L
YYVYVY m
= - +
Sz 823 + lLo2 1o2
T2 Le  Coo gy
+ Lm 1l > +
= - + c. L
Vs2 R C2 VAB2 2 V222G | Vep2 | VBr2 w2 7R Vo2 v,y
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S22 SEH I
o ZIS
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Fig. 6.6: Two-module ISOP connected phase-controlled SPRC (a) circuit diagram and

(b) interleaved modules inverter gating patterns.

i" circuit | Module #1 | Module #2
parameter (i=1) (i=2)

C; 30 uF 60 uF
n; 0.5 0.555
VLsi 0.1916 Q 022Q
L 100.13 uH 102.66 uH
i 0.6 Q 0.51Q
L; 9.12 uH 8.78 uH
rri 0.7916 Q 0.83 Q
Ly 109.25 uH 111.44 uH
Cy 255 nF 255 nF
C,; 255 nF 255 nF
Floi 0.5Q 0.5Q
L, 12.5 mH 12.5 mH
C,i 120 uF 120 uF
Voi 02Q 03Q
L, 1 mH 2 mH

Table 6.1: Circuit parameter values for the two-module ISOP system

Parameter Definition Value
Py Converter full-load power rating 80 W
Vs Input supply voltage 120 V
Vo Reference output (load) voltage 24V
f Switching frequency 40 kHz
Ry Full-load resistance 72Q
Rin Partial load resistance 20.25Q
K, Lyapunov controller proportional gain 113313
(as in chapter 5)
K, Lyapunov controller derivative gain 0.0047
(as in chapter 5)
K Average IVS control loop gain 10

Table 6.2: Operational and control values for the two-module ISOP system.
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Fig. 6.7 shows results for the ISOP connected phase-controlled SPRC. A step disturb-
ance from partial load (R;,,=20.25Q) to full-load (R;;=7.2 Q) is applied at =0.4s and a
step input voltage reduction from v,=120V to v=100V is applied at /=0.8s.
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Fig. 6.7: Results for the ISOP connected phase-controlled SPRC (a),(c),(e), (g), (1), (k), (m) and (o) simu-
lation, and (b),(d),(f), (h), (j), (1), (n) and (p) experimental.
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The following can be observed from the results:
e The estimated output voltage v,in Fig. 6.7(a) and (b) follows the desired refer-

ence voltage v, =24V which verifies the accuracy of the proposed load voltage esti-
mator. The robust Lyapunov controller rejects the step load disturbance in a fast and
stable manner with a voltage dip lasting 2ms. Perturbation due to the step input volt-
age reduction is minimal;
e Regulation of the load voltage v, which, in the case of ISOP connection, is equal
to the individual module output voltages v,; and v,,. Module output capacitor voltag-
es veo; and v, are unregulated. This appears in Fig. 6.7(c) and (d) where after the
step load application at /=0.4s, there exists a marginal increase in the values of v¢,;
and vc¢,, due to the added voltage drop across the cable impedance of each module
after the load current increases. v¢,; is slightly higher than v¢,; since r,; is higher than
Fels
e Fig. 6.7(e) and (f) show equal sharing between input module capacitor voltages
although input capacitances are different (C;=30uF and C,=60uF). The full supply
voltage (vs=120V) is uniformly distributed (vs;=v,,=60V) and partial supply voltage
(vs=100V) after reduction at /=0.8s, is also equally shared (v;;=v,,=50V). IVS control
provides fast and stable voltage distribution;
e Equal output current sharing is achieved automatically between the modules
even without dedicated OCS control. This confirms that for ISOP systems, IVS is
sufficient to obtain stable operation with OCS, even with module parameter mis-
matches. This is clear from results for iz,; and iz,, in Fig. 6.7(g) and (h), and also i,,
and i,, in Fig. 6.7(1) and (j) which show uniform current sharing in spite of different
cable impedances and unequal transformer turns ratios. Transient sharing in the out-
put filter inductor currents i;,; and iy, is better than that of module output currents i,;
and i,,. This is because, iz,; and iz, are sensed and used as part of the feedforward
mechanism implemented by the Lyapunov controller. Being part of the control en-
hances the output filter inductor current transient and steady-state responses;
e The time constant of the output filter circuit and the cable impedance (neglecting
the output capacitance) can be expressed by

potutla g o _letle (6.13)

rLol + rcl rLoZ + rc2
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where 7; and 7, are modules #1 and #2 circuit time constants respectively. Applying
step response theory for RL circuits using the time constants in (6.13), yields a set-
tling time of 40ms for the current in response to the step disturbances applied. This
can be seen in Fig. 6.7(g), (h), (1) and (j). The 40ms disturbance period appears in vy,
and vy, since the output current disturbance is seen in the module input current being
drawn from input capacitors. It also appears in all other circuit variables except the
load voltage v, due to the decoupled dynamics of the IVS loop and the outer voltage
control loop;

e The phase shift control angles J; and J, are adjusted by control action to com-
pensate for the mismatched transformer turns ratios. Module input voltages vs; and
vs2 are equal, therefore, module #2 with the higher turns ratio (7,=0.555 > n,;=0.5)
will always have a lower phase shift angle (J, <d;) so that both modules produce
equal resultant voltage gains. Fig. 6.7(k) and (1) illustrate the phase shift angles with
0, <0;. Phase shift angles increase at /=0.4s due to increased loading which means
more average voltage (energy) needs to be delivered to the output to keep it at de-
sired reference value. Also, when the input voltage is reduced at /=0.8s, further in-
creases in 0; and d;, are required to compensate for the input voltage decrease; and

e Fig. 6.7(m) and (n) show the interleaved bridge rectifier output voltages vz,; and
vg2 and Fig. 6.7(0) and (p) show the inductor ripple currents after full-load applica-
tion (0.4s< ¢ <0.8s). Individual module current ripple can be calculated as in section
3.3.5 of chapter three using

Alp, =0.105 20— 010524 5\ (6.14)

o 40000x12.5x1073

6.5 Simulation and experimental results of ISOS connected phase-controlled SPRC

Fig. 6.8(a) shows the experimental circuit for the two-module ISOS connected phase-
controlled SPRC. The control algorithm implemented in the Infineon DSP is exactly the
same as that for the ISOP system with the structure shown in Fig. 6.4(c). The interleav-
ed inverter gating patterns are illustrated in Fig. 6.8 (b).Circuit parameter values used
are the same as in Table 6.1. Operational and control values used for the experimental
ISOS system are the same as those given in Table 6.2 with the exception of Vo =48V,
Rip=81Q and R;r;=28.8Q to maintain full-load operation at 40W per module. The

same module parameter mismatches are applied as for the ISOP system.
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Fig. 6.8: Two-module ISOS connected phase-controlled SPRC (a) circuit diagram and
(b) interleaved module inverter gating patterns.

Fig. 6.9 shows results for the ISOS connected phase-controlled SPRC. Step disturbance
from a partial load to full-load is applied at +=0.4s and a step input voltage reduction
from v=120V to v=100V is applied at =0.8s.
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Fig. 6.9: Results for the ISOS connected phase-controlled SPRC (a),(c),(e), (g), (i), (k), (m), (o) and (q)
simulation and (b),(d),(f), (h), (j), (1), (n), (p) and (r) experimental.

Results from Fig. 6.9 are similar to those achieved by the ISOP connected system. The

following comments can be made:

e Fig. 6.9(a) and (b) show output voltage being regulated at the desired reference value
v, *=48V;

e By virtue of the IVS control loop, automatic module output voltage sharing occurs.
This can be seen by the behaviour of v,; and v, in Fig. 6.9(c) and (d). Each module
operates at its nominal ratings with v,;=v,,=24V. Module output capacitor voltages
veor and ve,; in Fig. 6.9(e) and (f) have a similar response with the added voltage
drop across the cable resistance at steady-state;

e Module input voltages are equally shared, due to the IVS control loop. This is veri-
fied by Fig. 6.9(g) and (h);

e Module output currents i,; and i,, are equal due to the series output connection. This
causes output filter currents i;,; and iz, to be equal at steady-state. Fig. 6.9(1), (j), (k)
and (1) illustrate the mentioned currents response;

e Control action compensates for the mismatched module transformer turns ratios and
adjusts the modules phase-shift control angles accordingly. Module 2 with the higher
turns ratio has a lower phase-shift angle (6,<d;), as seen in Fig. 6.9(m) and (n);

¢ Interleaved bridge rectifier output voltages and inductor ripple currents are depicted
in Fig. 6.9(0), (p), (q) and (r). The individual module ripple current is consistent with
the calculations in (6.14); and

e Although the same control algorithm structure is implemented for both ISOP and

ISOS systems, the time elapsed by the step disturbance perturbations is lower for
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ISOS (2 to 6ms) compared to ISOP systems (40ms). Load current i, follows v, due to
the resistive load nature. In ISOS systems, i,=i,;=i,,, which means that individual
module currents follow the same load voltage time domain characteristics. This is
apparent from the 2 to 4ms perturbation duration for most converter variables at
=0.4s, which is similar to that of the output voltage in Fig. 6.9(a) and (b).
Therefore, in conclusion, both input-series connections of the phase-controlled SPRC
have shown satisfactory load voltage regulation using the proposed sensorless remote
voltage estimation scheme with accurate and stable uniform distribution of module in-
put voltages and output currents/voltages. For ISOS systems, the series connection of
modules at the output causes module currents to follow the load voltage transient re-
sponse. Since the load voltage is controlled by the Lyapunov controller which has a
high disturbance rejection capability, this enhances dynamic behaviour of individual

module state variables.

6.6 Load voltage estimator parameter sensitivity

The proposed load voltage estimator is based on the output filter and the interconnecting
cable impedance parameters. Actual circuit parameters vary during operation due to
several factors such as temperature and cable overloading. However, the estimator uses
fixed pre-determined values for these circuit elements. It is therefore necessary to study
how operational changes in these parameters would affect closed-loop stability and dy-
namic response. Fig. 6.10 shows the effect of changing the cable impedance of each
converter module to five times the original values stated in Table 6.1. Variation is ap-
plied during operation (at /=0.05s) while maintaining the original values in the mathe-
matical load voltage estimator model. In other words, if the cable impedance values are

denoted by 4Z.,Z.; and AZ.,Z,,, then after variation
Az =AZ ,=5p.u. (6.15)

Fig. 6.10(a) shows closely matching responses of the actual and estimated load voltages
for the ISOP connected system. Closed-loop operation is stable and OCS is achieved
successfully and in a stable manner as shown in Fig. 6.10(b). Similarly, Fig. 6.10(c) de-
picts close resemblance of actual and estimated load voltages for the ISOS connected
system. OVS occurs successfully as shown in Fig. 6.10(d) but with a slower dynamic
response due to the increased RL circuit time constant due to the series connection of

the cable impedances at the module outputs.
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Fig. 6.10: Load voltage estimator sensitivity to varying cable impedance
(a) and (b) ISOP system, and (c) and (d) ISOS system.

6.7 Summary

Phase-controlled SPRC multi-module converter operation applicable to the load side
converter of the subsea All-Electric project has been studied. Emphasis has been made
on ISOP and ISOS connections of the converter due to their voltage step down charac-
teristics. It has been verified that a common feature to both connections is the indispen-
sability of input voltage sharing control to achieve stable multi-module operation. A
common control structure has been proposed for control of both converter connections.
It comprised an outer voltage loop for load voltage regulation using a Lyapunov con-
troller which provided fast, stable and robust output voltage control together with an
average IVS control loop to adjust the control signal produced by the outer voltage loop.
OCS and OVS for ISOP and ISOS connections respectively have been achieved auto-
matically with IVS control. A sensorless load voltage estimator has been proposed for

load voltage regulation which is useful in the case of the subsea project due to the pos-
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sible remote load location from the main converter site. The algorithm based on two-

port network theory provided accurate estimations of the load voltage, and its sensitivity

to cable impedance parameter variation has been analysed and proven to provide satis-

factory closed-loop performance.
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Chapter 7

Conclusion

7.1 General Conclusion

The trend in the offshore oil and gas industry is to move production fields to the seabed
with connection back to an onshore terminal, which may be located over 100km apart.
This has been triggered by the emerging nodes in deeper waters and hence the need to
remove offshore surface facilities. As defined by industry specifications, typical subsea
actuation system power requirements are 10-15kW from a 10kVdc medium voltage dc
transmission system. The use of dc power has provided a solution to many problems
associated with the next generation of subsea electrical power systems. DC transmission
eliminates reactive ac charging current, reduces electrical cable loss and reactive power
compensation costs for dc lines are eliminated. Installed cable costs are lower. The
power level demanded by the oil and gas industry subsea project is not high; therefore
existing commercial HVDC technologies such as ABB HVDC Light, Siemens HVDC

Plus or Alstom MaxSine are excessive in this specific low power application.

The scope of this thesis includes the analysis, design, modelling and control of modular
medium-power, medium-voltage dc/dc converter-based systems. An important applica-
tion for this has been the All-Electric subsea project. The modular approach enables de-
sign standardization, enhances system fault tolerance, enables scalability and ensures,

with an appropriate level of redundancy, minimum down time due to module failure.

After a survey of existing applicable dc/dc converter topologies, the candidate dc/dc
converter selected was the phase-controlled series-parallel resonant converter (SPRC). It
provides key features for the subsea project requirements; high operational efficiency,
transformer isolation between input and output, and most importantly soft switching
characteristics enabling high frequency operation with reduced converter footprint. The
first aspect of this converter studied was its steady-state analysis and design. This was
reported in chapter three with detailed derivation of new steady-state relations and per-
formance measures providing increased understanding of converter operation and in-

sight into its characteristics. The novel design procedure was based on operation at
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maximum efficiency and full-load operational conditions. Detailed nano-crystalline core
transformer design, with associated loss calculations, were presented in addition to out-
put filter design in single-module and multi-module interleaved operation modes. New

mathematical expressions were presented for the interleaved filter design.

In chapter four, a novel large-signal model was proposed for the phase-controlled
SPRC. The model used state feedback linearization with output filter inductor current
measurement. The linearized large-signal dynamic model provided an alternative to the
switched converter model for faster simulation, in addition providing a useful tool for
closed-loop design and stability analysis using its reduced order equivalent. The model
enabled sensorless multi-loop control of the converter. A Kalman filter based state esti-
mator was proposed using the model to estimate resonant tank state variables, used for
inner loop PI control. This enhanced closed-loop stability and dynamic response was
compared to single loop PI control without using additional sensors. In chapter five,
converter dynamic closed-loop behaviour was further improved by proposing three new
robust controllers for output voltage control; namely Lyapunov, sliding mode and pre-
dictive control. In terms of robustness and sensitivity to parameter variation, sliding
mode control offers superior performance. However, dynamic performance is sacrificed
due to chattering and reduced stability margins. The Lyapunov controller provided ac-
ceptable disturbance rejection capability, with high closed-loop bandwidth with superior

dynamic behaviour due to the output voltage feed forward mechanism implemented.

Converter multi-module operation was studied in chapter six with voltage and current
sharing being addressed. Emphasis was placed on the load-side step down dc/dc con-
verter for the subsea project. This comprised ISOP and ISOS connections of phase-
controlled SPRCs to attain the required project operating voltage and power levels. A
sensorless load voltage estimation algorithm was proposed to estimate the load voltage
remotely located at manifolds, taking into account connecting cable impedances. It was
verified that input voltage sharing control, in input-series connected systems, is indis-
pensable for stable control and uniform sharing. Load voltage estimation was accurate
and together with the proposed controller showed stable and robust behaviour to cable

parameter operational variations.

Extensive simulation and experimental validation were performed to verify all the pro-

posed analysis, modelling and control methods. Simulation was mainly carried out us-
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ing Matlab/Simulink software. The experimental prototype was based on an Infineon
Tricore DSP microcontroller driving a 40W, 40kHz, 60V/24V dc/dc phase-controlled
SPRC. Multi-module operation was studied on a two-module ISOP connected SPRC
with the system rated at 80W, 120V/24V. ISOS connection was also studied on a two-
module SPRC rated at 80W, 120V/48V. Closely matching analytical, simulation and

experimental results have proven the validity of the proposed algorithms in this thesis.
7.2 Author’s contribution
The thesis contributions can be summarized as follows:

e New steady-state analysis derived for the phase-controlled SPRC; namely, voltage
gain transfer function for a phase-shift control technique, voltage gain sensitivity to
changes in operational parameters, modes of operation revealed with mode bounda-
ries analytically derived, maximum power transfer criteria and operational efficiency
taking into account various converter losses.

e New design procedure for the phase-controlled SPRC based on a maximum efficien-
cy criterion. Operating frequency and full-load quality (load) factor are selected to
satisfy maximum operating efficiency.

e Nano-crystalline core transformer design with loss calculations is performed.

e New mathematical expressions derived for the converter output LC filter design in an
interleaved multi-module operation mode.

¢ A novel large-signal dynamic model for the phase-controlled SPRC using state feed-
back measurement of output filter inductor current.

e A Kalman filter based sensorless multi-loop controller for the SPRC. The controller
utilises the derived model in providing online estimation of resonant tank state varia-
bles for use as the inner loop variable in a multi-loop PI output voltage controller.

e Three new robust controllers for robust output voltage control of the phase-controlled
SPRC; namely Lyapunov, sliding mode and predictive controllers. The main objec-
tive is to improve output voltage dynamic behaviour and robustness to circuit param-
eter variations; the latter being an inevitable factor in the subsea environment.

e A novel control configuration for phase-controlled SPRC interleaved multi-module
operation, which is common to both ISOP and ISOS connections of the converter.
The controller comprises a Lyapunov controller as the main load voltage regulator

together with an average input voltage sharing controller regulating the inner control
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loop to ensure uniform output current sharing in an ISOP system and uniform output
voltage sharing in an ISOS system.

e A sensorless load voltage estimation algorithm based on two-port network theory for
remotely located loads. The algorithm accounts for interconnecting cable impedance
and is particularly useful in the subsea project where loads may be situated a signifi-
cant distance from the main converter site. Not only does the algorithm reduce the
number of required sensors, but it also eliminates the possibility of noisy measure-

ments resulting from lengthy signal cables.
7.3 Suggestions for future research
Potential areas for further research include:

e Optimum design of converter elements to ensure minimum size for a high power
density design and reduced footprint.

¢ Consideration of transformer voltage insulation requirements at 10kV which makes
size bulky. Starting with the transformer in the module furthest away the earthing
point, full voltage insulation is necessary and this is gradually reduced the lower the
module is located down the string. However, all module transformers need to be in-
sulated at full transmission voltage with respect to earth potential to ensure true
modularity and inter-changeability.

e Detailed examination of series resonant tank capacitance position with respect to the
transformer. Locating the capacitor at the primary side enables blocking of dc offsets
in inverter output waveforms which could saturate the transformer. However, capaci-
tor voltage rating would be higher in case of step down operation.

e Fault analysis in multi-module converter operation. This includes investigation of
methods for fault detection and isolation.

¢ Fault tolerant multi-module operation implementing N+1 redundancy with the asso-
ciated voltage and current sharing issues as faulty modules are isolated.

e Replacement of the central DSP controller for multi-module converter operation with
a dedicated controller per converter module to enhance overall system modularity
and enable modules to operate in both stand-alone and sharing modes.

e Validation of the proposed converter topology and controllers at medium-voltage
high-power operation level to enable a detailed case study closer to real life imple-

mentation.
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Appendix A

Experimental Rig

The structure of the experimental prototype implementing two-module phase-controlled
series-parallel resonant converter (SPRC) is introduced. Details of hardware compo-

nents and DSP software environment are presented.
A.1 Hardware structure

The experimental test rig comprises control circuitry, power circuitry and recording and
monitoring devices. The whole system is shown in Fig. A.1. Components, and their la-

bels, are defined in Table A.1.

Recording and
Component Control Circuitry Power Circuitry
monitoring devices
number ©) P)
(R)
Digital Signal Pro- Low pass filter circuit
1 Dc power supply
cessor for DSP analogue output
o Dc link capacitors with .
2 Interfacing circuits Multimeters
EMI filters
Current and voltage Module input
3 o . Current probes
transducer circuits capacitor (x2)

S Module power
4 Gate drive circuits . Voltage probes
inverter (x2)

Nano-crystalline core

5 Biasing dc supply Digital oscilloscope
transformer (x2)

6 LCC resonant tank (x2)

7 Bridge rectifier (x2)

8 Output LC filter (x2)

9 Cable impedance (%2)

10 Load

Table A.1: Experimental system components
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Fig. A.1: Experimental system setup
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A.1.1 Control circuitry

Control circuits are mainly powered by =15V and +5V biasing dc supplies. They consist
of a digital signal processor (DSP) acting as the main system controller, interfacing cir-
cuits to galvanically isolate and scale up/down signals from other circuits with the 3.3V
DSP TTL level, voltage and current sensing circuits for closed-loop realisation and gate

drive circuits to drive inverter switches.
(a) Digital signal processor

The DSP acts as the main system controller. Sensed analogue signals are sampled and
converted to digitally coded numbers using the embedded fast analogue to digital con-
version. This is necessary since the switching (sampling) frequency at which control is
updated and power inverter is switched is 40kHz. This allows 25us for the entire control
algorithm execution including analogue to digital conversion, computations and PWM
signals update. In order to save time for computations, the embedded fast analogue to
digital converter operating with programmable conversion time is used. Maximum pos-
sible conversion time per channel is 280ns. The various control algorithms and pro-
posed techniques in this thesis are written using C-code and finally the necessary phase-
shift angle 0 between inverter legs is calculated. The gate signals with the required
switching pattern then drive the inverter switches. The 32-bit Infineon Tricore TC1976

DSP shown in Fig. A.2 is implemented in the experimental prototype.

iR R, ™ ™ Flegnernsgdimnannnndbugaipnabpapipadqiii

-

EEEREENN
P—1 T

—

Fig. A.2: Infineon Tricore TC1796 DSP
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Key DSP features are:

e High performance 32-bit super-scalar 7riCoreTM V1.3 CPU with 4 stage pipeline

— Superior real-time performance.

Strong bit handling.

Fully integrated DSP capabilities.

— Single precision floating point unit (FPU).

— 150 MHz at full automotive temperature range.
e 32-bit Peripheral Control Processor with single cycle instruction (PCP2).
e Memories

— 2 M embedded program flash with ECC.

— 128 K data flash.

— 192 K on chip SRAM.

— 16 K instruction cache.

e 32-bit external bus interface unit with synchronous burst flash access capability

e Sophisticated interrupt system with 2x255 hardware priority arbitration levels ser-
viced by CPU and PCP2.

e High performing triple bus structure

— 64-bit local memory buses to internal flash and data memory.

— 32-bit system peripheral bus for interconnections of on-chip peripherals and
further functional units.

— 32-bit remote peripheral bus serving the requirements of high speed periph-
erals.

e Two general purpose timer array modules plus separate LTC array with a digital sig-
nal filtering and timer functionality to realize autonomous and complex I/O man-
agement.

e 4-channel fast analog-to-digital converter unit (FADC); with10-bit resolution and
280ns maximum conversion time.

e Two 16-channel analog-to-digital converter units (ADC) with 8-bit, 10-bit or 12-bit
resolution.

e 123 digital general purpose I/O lines, 4 input lines; with 3.3 V capability.

e Power management system and full automotive temperature range -40° to +125°C.

e Clock generation unit with PLL.
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(b) Interface circuits

The function of the interface circuits is to galvanically isolate DSP ground from ground

of other control and power circuits. Two interface circuits are used:

e One circuit to isolate ground of current and voltage transducer circuits from DSP
ground. The circuit implements linear optocouplers for this purpose. The circuit
also scales down the 0-10V output of the transducer circuits to the 0-3.3V range
for DSP fast analogue to digital input (FADC).

e The other circuit is used to scale up the digital 3.3V PWM outputs of the DSP to

5V level for the gate drive circuits. It also performs galvanic isolation.

Fig. A.3 shows the implemented interface circuits and Fig. A.4 depicts their circuit dia-

grams.

' DGNDP IN

. \ .
| PONDPIN , ,

Fig. A.3: Interface circuits
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(c¢) Current and voltage transducer circuits

In single-module operation, sensing load voltage and output filter inductor current is
necessary for output voltage control. The inductor current is necessary for the state
feedback linearization scheme introduced in chapter four and used in all proposed con-
trol techniques. In multi-module operation, sensing currents and voltages is necessary
for uniform sharing. For these reasons, current and voltage transducer circuits are man-

datory for closed-loop realisation.

In the experimental rig, a Hall effect current sensing device LEM (LAS5P) is used,
which has high accuracy, good linearity and optimized response time. The sensing
range is from OA to 50A and the frequency range is from dc to 100 kHz. The output of
the transducer is level-shifted and scaled using a signal conditioning circuit to 0-10V
range. Circuit diagram for the implemented current transducer with its associated signal

conditioning is shown in Fig. A.5.
+15V

R3
10k <= /\W
VOFFSET

+15V

-15V 1
# &
¥
% ™ Current

Transducer |
LA55P SN

M
RM VM‘ 10k
-15V

+15V

R7 0-10Vpk

-15V

R8
47

Fig. A.5: Current transducer circuit diagram
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A Smma &
" N B~
N SN =R AW
N N EwWwE
- ey ve
I
Current Transducer LA 55-P ., = S0A
For the electronic measurement of currents : DC, AC, pulsed...,
with a galvanic isolation between the primary circuit (high power)
and the secondary circuit (electronic circuit).
| Electrical data |
Ly Primary nominal r.m.s. current 50 A Features
[ Primary current, measuring range 0.x70 A
" Measuring resistance @ T,=70°C| T,=85C ¢ Closed loop (compensated) current
LS L S | L S transducer using the Hall effect
with = 12V @+50A,, 10 100|60 95 o * Printed circuit poard mounting
@+ 70Amn 10 50 60" 60" O » Insulated plastic case recognized
with £ 15 V @+50A 50 160 |135 155 o  according to UL 94-V0.
+70A 50 90 [135%135% Q
) ¢ = Advantages
Loy Secondary nominal r.m.s. current 50 mA
K, Conversion ratio 1:1000 « Excellent accuracy
V. Supply voltage (+ 5 %) +12..15 Voo, Very good linearity
l. Current consumptlon. _ 10@1sV)+l, mA o o temperature drift
P R.m.s. voltage for AC isolation test, 50 Hz, 1 mn 25 KV o, Optimized response time
. * Wide frequency bandwidth
Accuracy - Dynamic performance data « No insertion losses
X Accuracy @1, , T, =25°C @+15V(+5%) =065 9%  * High immunity to external
@+12.15V(+5%) =090 % interference
€, Linearity <0.15 9% o Current overload capability.
Typ | Max . .
I, Offsetcurrent @1,=0,T, = 25°C +02 ma ApPlications
Ly Residual current® @ I, = 0, after an overload of 3 x I, +03 mA . )
I Thermal drift of | 0°C..+70°C  |+01[205 ma *AC variable speed drives and servo
7 ’ 25°C.+85°C |+01]206 ma  mowordmves
o - -l T o Static converters for DC motor drives
tn Reaction tmje @ 10 % of |PP“ < 500 ns « Battery supplied applications
t Response time @ 90 % of I, __, <1 US o Uninterruptible Power Supplies
di/dt  di/dt accurately followed > 200 Alus (UPS)
f Frequency bandwidth (- 1dB) DC .. 200 kKHzZ o Switched Mode Power Supplies
(SMPS)
l General data « Power supplies for welding
T,  Ambient operating temperature -25.+85 °c applications.
T, Ambient storage temperature -40..+90 °C
R, Secondary coil resistance @ T,=70°C 80 Q
T,=85C 85 [e}
m Mass 18 g
Standards ¢ EN 50178
Notes - ¥ Measuring range limited to £ 60 A __
# Measuring range limited to £ 55 A __
¥ Result of the coercive field of the magnetic circuit
4 A list of corresponding tests is available 980706/8
LEM Components www . lem.com

The voltage transducer circuit implements a Hall effect sensing device LEM (LV25-P)
with voltage sensing range of 0 to 500V for ac and dc voltage measurements. Similar to

the current transducer circuit, the output of the voltage transducer is conditioned to 0-
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10V range. Fig. A.6 depicts the circuit diagram for the voltage transducer circuit. Fig

A.7 shows the printed circuit board for both current and voltage transducers.

+15V
B AT WA —
v R2 R4 R5
OFFSET 10k 10k NA
+15V
-15V H
JW T NA
+ +15V
+VE o | e
V.V V ' Voltage R7 0-10Vpk
Vin VE Rp1 Transducer | | 47 Vour I
SN
AA A T LV2sP i
Rp2 } R1
RM VM{ 10k
-15v
15V '}?

\

Fig. A.6: Voltage transducer circuit diagram

Fig. A.7: Voltage (left) and current (right) transducer circuit boards.

225



Appendix A: Experimental Rig

A SEDA &
" N = -
N . NN aw
o N sSws
P eES Y Ve
I
Voltage Transducer LV 25-P I,y = 10 mA
For the electronic measurement of voltages : DC, AC, pulsed..., V. = 10..500V
with a galvanic isolation between the primary circuit (high voltage) PN
and the secondary circuit (electronic circuit).
Electrical data
Lo Primary nominal r.m.s. current 10 mA  Features
le Primary cumrent, measuring range 0.+x14 mA
R, Measuring resistance Rume  Rumx * Closed loop (compensated) voltage
with+ 12V @+10mA 30 19 Q transducer using the Hall effect
@+ 14mA 30 100 Q * Insulated plastic case recognized
max .
with £ 15V @ +10mA 100 350 Q according to UL 94-V0.
+14mA 100 190 Q
@ e Principle of use
lo Secondary nominal r.m.s. current 25 mA
K, Conversion ratio 2500 : 1000 « For voltage measurements, a current
V. Supply voltage (£ 5 %) +12 .15 \ proportional to the measured voltage
I Current consumption . ) 10 @£15V)+1, mA must be passed through an external
v, R.m.s. voltage for AC isolation test", 50 Hz, 1 mn 25 kV resistor R, which is selected by the
user and installed in series with the
| Accuracy - Dynamlic performance data primary circuit of the transducer.
Xg Overall Accuracy @ I, . T,=25°C  @%12..15V £ 09 % Advantages
@+15V(t5%) 08 %
€ Linearity <0.2 % e Excellent accuracy
Typ | Max * Very good linearity
l,  Offsetcurrent @1, =0, T, =25°C £015 ma * Low themal dift
ly  Thermal drift of I, 0°C..+25°C [£0.06{t025 mA *Low response time
+25°C .. +70°C  |£0.10[+035 maA * Hioh bandwidth
3 * High immunity to external
t, Response time? @ 90 % of V,__ 40 Hs interference
e Low disturbance in common mode.
| General data
Applications
T, Ambient operating temperature 0.+70 °C
T Ambient storage temperature -25..+85 °Cc e AC variable speed drives and servo
Rp Primary coil resistance @ T, = 70°C 250 Q motor drives
Rg Secondary coil resistance @ T, = 70°C 110 Q e Static converters for DC motor drives
m Mass 22 g * Battery supplied applications
Standards ¥ EN 50178 * Uninterruptible Power Supplies
(UPS)
* Power supplies for welding
applications.
Notes : " Between primary and secondary
3 R, = 25 kQ (L/R constant, produced by the resistance and inductance
of the primary circuit)
% A list of corresponding tests is available 981125/14

LEM Components
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(d) Gate drive circuits

The gate drive circuit implemented in the experimental rig is shown in Fig. A.8 and the

circuit diagram is depicted in Fig. A.9. The main functions of this circuit are:

e Step up the 5V TTL PWM signals from the DSP interface boards to 15V CMOS
level for IGBT gate signals.

e Galvanically isolate the common-grounded PWM signals from the interface
boards to IGBT gate signals with isolated grounds at the inverter side.

e Sourcing enough current for the IGBTs to be switched on. The maximum cur-
rent that can be drawn from the interface circuits is in the range of milli-
amperes, while the gate terminal of the IGBT may require a large instantaneous
spike of current to enable the fast charging of the gate capacitance and hence the

turn on of the switch.

The first and second functions are realised using two high frequency transformers in the
gate drive circuit. The first transformer magnetically isolates the PWM signal and steps
it up from 5V to 15V. The step up is performed by ‘NANDing’ the PWM signal with a
high frequency clock signal (produced from an on-chip oscillator), inverting, passing
through the first transformer with 1:3 step up turns ratio and finally rectifying it to re-
store the original PWM signal but at 15V level. Similarly, the second transformer is for
stepping up the 5V supply voltage of the interface to 15V to bias the necessary chips on
the high voltage side of the transformer. IGBT gate drive current is drawn through the
latter transformer. Due to the magnetic isolation offered by the gate drive circuit, only
one 5V supply is needed for all inverter switches. However, this supply should be capa-

ble of withstanding the total switching current of all IGBTs it will drive.

Specifications of the gate drive circuit implemented are outlined in Table A.2.

Output voltage 15V
Output current +3 A
Supply voltage (max) 5V
Signal frequency (max) 75 kHz
td on 60 ns
Ld off 60 ns

Table A.2 Gate drive circuit specifications
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(e) Biasing dc supplies

Regulated dc supplies with different grounds are necessary to bias the various control
circuits. The necessary supplies are:
e =+15V for the current and voltage transducer circuits in addition to the input in-
terface board for the stage before the linear optocouplers isolation.
e +5V for the DSP, the input interface board after optocouplers isolation and for
the output isolation board before optocouplers isolation.

e +5V for the output interface board after isolation and for the gate drive circuits.

A.1.2 Power Circuitry

The power circuit in the setup is mainly a two-module SPRC operating at 80W bench

level full-load rating. Components comprising the setup are briefed in this section.

(a) Dc supply

A 600V, 25A programmable dc supply manufactured by ARGANTIX™ is used. For

multi-module operation, the dc supply voltage level is set to 120V.
(b) Dc link capacitors with EMI filter

3000 uF, 385V high ripple current electrolytic capacitors from Philips™ are connected
across the dc supply to provide stiff dc link voltage. Also 100nF, 1kVdc polypropylene
capacitors are added for attenuation of high frequency switching components and to
counter parasitic and stray inductance effects. Common mode chokes are inserted in se-
ries between the dc supply and the dc link capacitors for reduction of electromagnetic
interference (EMI) and common mode voltages. It consists of two chokes mounted on
the same magnetic core and inserted with opposite polarities. Circuit diagram is illus-

trated in Fig. A.10.

(e, O

T .uuuu +

DC Common To
Supply mode choke AN T power
circuit

- - . -

o— YN 4 3 o

3000 uF 100 nF
electrolytic polypropylene
capacitor capacitor

Fig. A.10: Dc link circuit diagram

229



Appendix A: Experimental Rig

(c) Module input capacitor

Two polypropylene 425V capacitors are connected in series at the module inputs. This
is because this thesis studies, as in chapter six, the input-series connection of SPRC
modules as a potential application for step down dc/dc converters from medium voltage
to low voltage. The implemented capacitance values are made deliberately different to

study input voltage sharing under extreme conditions (C;=30uF and C,=60pF).
(d) Module power inverter

The power inverter used is a two-level three phase IGBT-based inverter module. Each
inverter leg contains two switches in series with antiparallel diodes for regenerative op-
eration. Since the application in this thesis requires only a single-phase H-bridge type
inverter, therefore one leg of the inverter is unused (gate signals shorted). The other two
legs are connected to the resonant tank through the nano-crystalline core transformer.
Two power inverters are used, one for each converter module. Both inverters are
mounted on a heat sink for cooling. The inverter module implemented is a six pack
1200V/50A 6MBI50S-120-50 from Fuji Electric Ltd. Fig. A.11 shows the two power
inverters mounted on the heat sink. Device main specifications are given by the

datasheet.

Fig. A.11: Module power inverters mounted on heat sink
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3. Absolute Maximum Ratings ( at Tc= 25°C unless otherwise specified )

DWGNO.

Ha

Items Symbols Conditions Maanum Units
Ratings
Collector-Emitter voltage VCES 1200 \'
Gate-Emitter voltage VGES +20 \'
Ic Continuous | Tc=25C 75
Tc=80°C 50
Collector current Ic pulse 1ms Te=25°C 150 A
Tc=80°C 100
-lc 50
-lc pulse 1ms 100
Collector Power Dissipation Pc 1 device 360 W
Junction temperature Tj 150 e
Storage temperature Tstg -40~ +125 i
Isolation voltage™ Viso AC : 1min. 2500 v
Mounting Screw Torque 2 3.5 N - m
(*1) All terminals should be connected together when isolation test will be done.
(*2) Recommendable Value : 2.5~3.5N - m (M5)
. Electrical characteristics ( at Tj= 25°C unless otherwise specified)
Characteristics
Items Symbols Conditions min. | typ. | Max. |Units
Zggﬁegcf: ‘é:'rt;ﬂf IcEs |VGE= 0V, VCE= 1200V | - - | 10 | mA
Gate-Emitter leakage current IGES |VCE= OV, VGE= +20V - - 200 | nA
Gate-Enniiter VGE(th) [VCE= 20V, Ic= 50mA| 55 | 72 | 85
threshold voltage
Collector-Emitter VCE(sat)|[VGE= 15V Tj= 25°C = 23 | 265
saturation voltage lc= 50 A Ti= 125° - 2.8 -
Input capacitance Cies |VGE= ov - 6000 -
Output capacitance Coes |VCE= 10V - 1250 - pF
Reverse transfer capacitance Cres = 1 MHz - 1100 -
ton |Vec= 600V - 035| 1.2
Turn-on time tr lc= 50 A - 025 | 0.6
try, |VGE= 15V - 0.1 = Ms
Turn-off time toff |RG= 24 Q - 045| 1.0
tf - 0.08] 0.3
Forward on voltage VF |IF= 50 A Tj= 25°C - 25 | 33 | v
Tj= 125°C - 20 -
Reverse recovery time trr IF = 50 A - - 0.35 | ps
. Thermal resistance characteristics
Characteristics
ltems Symbols Conditions min. | typ. | Max. |Units
Thermal resistance Rth(-c) | IGBT - - 0.35
(1 device) FWD - - 0.75 |°C/w
Contact Thermal resistance Rth(c-f) | with Thermal Compound ) - 0.05 -
¥ This is the value which is defined mounting on the additional cooling fin
with thermal compound.
Fuji Electric Device Technology Co., Ltd. MSS5F 6174
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(e) Nano-crystalline core transformer

Nano-crystalline material is favourable for high frequency operation due to its high core
permeability, high magnetizing inductance, low losses and near square hysteresis loop.
The transformer implemented in the experimental rig exploits nano-crystalline material
due to the high inverter operating frequency (40kHz). Transformer primary is connected
to inverter output and secondary winding is connected to the resonant tank. The trans-
former core selected, according to design procedure in chapter three, is the Magnetec
GmbH M-134-01 JM. The core has relative permeability ux,=30000 at 40kHz, core
cross-sectional area 4,=0.8cm?. Core dimensions and other specifications are outlined in
the datasheet given. The laboratory implemented transformer is shown in Fig. A.12. Da-
ta for the two implemented transformers (one per converter module) are given in Table
A.3. Turns ratio are deliberately mismatched to study converter current and voltage

sharing under extreme operating conditions.

R

& A
\ % < ~
B -
bl |
” ‘.“ W I P 0,.'.,’n
\ AN \ ; hoest,
UL “, 4
\ 1
N 3
NG { . a4 ”
>
S -
> Z
N ' 2 -

vy

2 |

AL
A LN AWAR

U, ;
Fig. A.12: Nano-crystalline core transformer
Module #1 | Module #2
Parameter
transformer | transformer
Power rating 1 kVA 1 kVA
Primary winding emf 200 V(rms) | 200 V(rms)
Secondary winding emf 100 V(rms) | 100 V(rms)
Primary turns 20 18
Secondary turns 10 10
Turns ratio 0.5 0.555
Leakage inductance 9.12uH 8.78uH
Parasitic winding resistance 0.6Q2 0.51Q

Table A.3: Nano-crystalline core transformer data
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Ausgabe.00 HE 3 1 Magnetec GmbH

S p e Z I fl k a t I o n Industriestr. 7
Blatt 1von 1 fliir induktive Bauelemente D-63505 Langenselbold
Gegenstand: | EMV Wandler Kunde: Magnetec GmbH
Sachnummer: | M-134 | Index: | 01 Kundensach. Nr: | /

1. MaRbild Wandler:
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>25
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AN

>43 <2273
< (MafRe in mm)
<60
JM: Datumscode nach IEC 62 5.1
2. Ausfiihrung: Ringbandkern epoxy-fixiert
3. Werkstoff: Nanoperm®
4. Kerndaten: lre = 141 cm
Ar. = 0,800 cm?
Mee = 83,1 g
Nee = 0,80 /
5. Nennwerte: i ca. 45.000 beif=10kHzund H . = 3,0 mA/cm

6. Magnetische Garantie: A_= 20 uH bis 40 uH
bei f = 10kHz und I+ x N = 30,0mA/Wdg. (Reihenersatzschaltbild)

7. Kennzeichnung: Bedruckt mit "Magnetec M-134-01 JM" (JM Fertigungsjahr/ Monat)

8. Verpackung: 14 St. Poron; 5 Poron pro Karton

Ausgabe: |Anderung: Datum: Name:

00 2001.08.13.

Erstellt Datum: (02.08.2001 Geprift Datum: 21.08.2001 Freigabe Datum: 17.08.2001
Name: RJ Name: Csilla Téthne Name: Martin Ferch
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() LCC resonant tank

The LCC resonant tank is connected to the secondary winding of the nano-crystalline
core transformer. It consists of an air-core inductor in series with a propylene film ca-
pacitor. Air-core is used for the inductor due to its linear magnetic characteristics and to
avoid core saturation due to high frequency operation if normal ferrite cores are used.
Polypropylene film capacitors are also suitable for high frequency operation. The paral-
lel resonant capacitor is analogous to the series capacitor with its terminals connected
across the bridge rectifier. Values of the resonant tank elements for the two converter
modules at 40 kHz are defined in Table A.4. Fig. A.13 shows the implemented resonant

tank in th experimental rig.

Element Module #1 | Module #2
Series inductance 100.13 pH | 102.66 pH
Series capacitance 255 nF 255 nF
Parallel capacitance 255 nF 255 nF

Table A.4: Resonant tank element values

Fig. A.13: LCC resonant tank

(g) Bridge rectifier

The full bridge rectifier consists of four fast recovery diodes to rectify the parallel reso-
nant capacitor voltage. Fast recovery diodes are essential due to the high fundamental
frequency of the ac voltage across the capacitor. This ensures no overlapping conduc-
tion occurs between diodes in the same bridge leg due to delayed reverse recovery. Two
bridge rectifiers are used, one per converter module. The diode switches used are the
600V/12A, ultrafast switching (25ns reverse recovery) STTH12R06 diodes from ST.
the two bridge rectifiers are mounted on the same heat sink with the power inverters as

shown in Fig. A.11. More device operating details can be found from the datasheet.
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Characteristics STTH12R06

Q\ STTH12R06 1 Characteristics

Turbo 2 ultrafast high voltage rectifier Table2.  Absolute ratings (limiting values)

Symbol Parameter Value Unit
Features Verm | Repetitive peak reverse voltage 600 Vv
. TO-220AC / TO-220FPAC / D?PAK 30
m Ultrafast switching IFr(Rms) | Forward rms current A
TO-220AC ins. 24
m Low reverse recovery current 5
m Low thermal resistance TRE20ACHDIRAR | TomilebnG
m Reduces switching losses IFav) |Average forward current §=0.5 | TO-220FPAC T, =50°C 12 A
m Package insulation voltage: TO-220AC ins. Tc=80°C
TO220AC ins: 2500 Vgys TO-220AC TO-220FPAC lesm | Surge non repetitive forward current t, = 10 ms sinusoidal 100 A
TO-220FPAC: 2000 V,
BG STTH12R06D STTH12RO06FP Tqg |Storage temperature range 65t0+175| °C
UQMO_‘mﬂwﬁO: T Maximum operating junction temperature 175 °C
The STTH12R06 uses ST Turbo 2 600V @l‘v Table 3. Thermal resistance
. . . N
»m.o::n_oe min_ ix:specially sulled aeaiboast Symbol Parameter Value (max) | Unit
diode in continuous mode power factor NC K A
corrections and hard switching conditions. TO-220AC / D?PAK 1.7
D2PAK TO-220AC insulated
This device is also intended for use as a free STTH12R06G STTH12R06DIRG Rin(c) |Junction to case TO-220FPAC 4.4 °C/W
E:.mm__.:@ a_oam. in power supplies and other power TO-220AC ins. 33
switching applications.
Table 1. Device summary Table 4. Static electrical characteristics
Symbol Value Symbol Parameter Test conditions Min. Typ. Max. Unit
! 12A Tj=26°C 45
FaV) Ir Reverse leakage current ! = Vg = VRrM HA
Vaem 600V T,=125°C 50 600
| 7A Tj=25°C 2.9
Am (tvP) Vg Forward voltage drop ! le=12A \
T 175°C Tj=125°C 14 18
Ve (yp) LN To evaluate the conduction losses use the following equation:
t,r (Max) 25ns P = 1.16 X lg(ay) + 0.053 12 ays)

236




Appendix A: Experimental Rig

STTH12R06 Characteristics

Table 5. Dynamic Characteristics

Symbol Parameter Test conditions Min. Typ. Max. Unit
le=05A,1,=025A,
F m 25
lg=1A
ter Reverse recovery time Tj=25°C || =1A, ns
dlg/dt = -50 A/ps, 45
VR=30V
lrnm | Reverse recovery current 7.0 8.4 A
le=12 A, Vg =400V,
S factor | Softness factor Ti=126°C : : 0.2
) dlg/dt = -200 Alus
Q Reverse recovery charges 180 nC
t Forward recovery time le =12 A, dlIg/dt = 96 200 ns
T] =25°C A/'Js,
Vep | Forward recovery voltage Ver = 1.1 X VEmax 5.5 \Y
Figure 1. Conduction losses versus Figure 2. Forward voltage drop versus
average current forward current
- P(W) IF(A)
T S 120
RN IREAREAPRNRN) | e AT
/ 4 x l’ 4 125G ([ Il /
25 v 4 74 4 100 fnaximum vaues)
A N o %0 T -
J P P a1 I At
20 y 7 4 80 Te125°C 7 ,’ ,I
/ / 4/ 70 Qypca values) yi
, 4 /' Y
15 V. 60 y.4 7
/ A 50 /] < 4 Te25C ]
A A 7 7 Y prevsimam vatues) ]
10 A 40 S L ll
/,/ // » = T =
5 ,//’ ! 20 S e
§ I IF(av)(A) PRy o e = Vem(Y)
i Rl LR TR 0
0 4 2 8 4 B 6 7 ‘B 9 10 A L 43 W M5 o 1 2 3 4 5 6
Figure 3. Relative variation of thermal Figure 4. Relative variation of thermal
impedance junction to case versus impedance junction to case versus
pulse duration pulse duration
Zth(j-c)/Rth(j-c) Zth(j-c)/Rth(j-c)
Lo o UUE 10— TrTTTm >
09 [~TO-220AC 09 [-TO-220FPAC i
[~ TO6220AC Ins — = 7
08 I~p2pak 7 08
0.7 v 0.7
06 06
05 — 05 /,
04 ‘,/ 04 ”
03 [ —singe o 03 >
02 |pmee] 0.2 [~ sage puse 1M -
et
01 ‘p(s) 0.1 ,.-—I I tp(s)
00 A 0.0
1.E-08 1.E-02 1.E-01 1.E+00 1.E03 1.E02 1.E-01 1.E+00 1.E+01

(h) Output LC filter

The function of the output LC filter is to attenuate even order harmonics from the bridge
rectifier dc output and obtain low ripple output voltage. For this purpose, the LC filter is
designed with a large time constant relative to the fast dynamics of the resonant tank to
perform better filtering. Inductor current and output capacitor voltage ripple contents

can be designed using the design equations in chapter three. The inductor used utilises
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an internal air gap in its design to provide high reluctance path for core flux to avoid
saturation resulting from operation with dc current. Filter LC parameters for both con-
verter modules are L,;=L,,=12.5mH and C,;=C,,=120uF. Fig. A.14 shows the LC filter

implemented in the experimental rig.

(a) (b)

Fig. A.14: Output LC filter (a) inductance, and (b) capacitance

(i) Cable impedance

In real world, load may be remotely located from the main converter site. Interconnect-
ing cables have finite impedance which, accordingly, has to be taken into account for
accurate dynamic and steady-state system modelling. To emulate this phenomenon in
the laboratory, typical cable impedance data are used from providers such American
Wire Gauge (AWG) and implemented using lump RL elements. Table A.5 states the
values of the implemented cable impedances for the two converter modules. Note that
they are selected to be different to assess current and voltage sharing under extreme op-
erating conditions. Fig A.15 shows a sample of the implemented lump RL cable imped-

ance emulator.

Module #1 | Module #2
Parameter
cable cable
Parasitic resistance 0.2Q 0.3Q
inductance 1 mH 2 mH

Table A.5: Cable impedance values
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Fig. A.15: Cable impedance emulator

G) Load

The converter is loaded with resistive load for testing the behaviour of the various pro-
posed control techniques under partial load (R;p;) and full-load (R;fz). A step load in-
crease is applied to assess the controller’s dynamic response and disturbance rejection
capabilities. A 7.2 kW, 240V, 10A three-phase resistive load is readily available in the
laboratory which is shown in Fig. A.16. Necessary connections are used to reach re-
quired operating resistance values. Operating partial and full-load values are listed in

Table A.6 for the different operating modes of the converter.

Partial load | Full-load

Operating mode resistance resistance
(Rrpr) (Rrrr)
Single-module 40.5 Q 14.4 Q
Multi-module (ISOP connection) 20.25 Q 7.2 Q
Multi-module (ISOS connection) 81 Q 28.8 Q

Table A.6: Resistive load values implemented for the different converter operating modes

ClrRcuIT| ™"
No. | 3

B 04_,7
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A.1.3 Recording and monitoring devices

Devices to measure, monitor and record voltages and currents from the experimental

prototype are necessary. A brief account is given about such devices in this section.

(a) Low pass filter circuit for DSP analogue output

The Infineon Tricore DSP used does not provide an on-chip digital to analog converter.
Calculated control or state variables within the DSP program code are sometimes need-
ed to be viewed online as they dynamically change and not offline. Examples include
the display of control phase-shift angle 0 and the comparison of estimated state varia-
bles produced by the new model introduced in chapter four with actual circuit meas-
urements.

This can be obtained by pulse width modulating the required signal (to be viewed) with
a high frequency carrier signal (carrier frequency implemented is 40 kHz). The modu-
lated digital output signal is passed through a sixth-order Butterworth low pass filter
whose cut-off frequency is 4 kHz. Fig. A.17 shows the low pass filter conditioning cir-
cuit where the low pass filter is realized using quad op-amp LM2902. Circuit diagram is

illustrated in Fig. A.18 and circuit parameter values are listed in Table A.7.

Fig. A.17: Low pass filter circuit for DSP analogue output

R1

A
\A4

—e

PWM signal 02 Analog signal

from DSP C17 C17

output

= =

Fig. A.18: Circuit diagram for Low pass filter circuit for DSP analogue output
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R1=400Q | Cl1=0.1 pF
R2=600€Q | C2=0.01 pF
R3=1.8Q | C3=0.047 pF

R4=1MQ

Table A.7: Low pass filter circuit parameters

LM324, LM324A, LM224,
LM2902, LM2902V, NCV2902

Single Supply Quad
Operational Amplifiers

The LM324 series are low—cost, quad operational amplifiers with ON Semiconductor®
true differential inputs. They have several distinct advantages over
standard operational amplifier ty pes in single supply applications. The
quad amplifier can operate at supply voltages as low as 3.0 V or as

http://onsemi.com

high as 32 V with quiescent currents about one—fifth of those PDIP-14
associated with the MC1741 (on a per amplifier basis). The common N SUFFIX
mode input range includes the negative supply, thereby eliminating the CASE 646
necessity for external biasing components in many applications. The
output voltage range also includes the negative power supply voltage.
SoICc-14

Features D SUFFIX
¢ Short Circuited Protected Outputs CASE 751A
¢ True Differential Input Stage
¢ Single Supply Operation: 3.0 Vto 32V
* Low Input Bias Currents: 100 nA Maximum (LM324A)

= TSSOP-14
® Four Amplifiers Per Package DTB SUFFIX
¢ Internally Compensated CASE 948G
¢ Common Mode Range Extends to Negative Supply
¢ Industry Standard Pinouts
¢ ESD Clamps on the Inputs Increase Ruggedness without Affecting

Device Operation
PIN CONNECTIONS

® NCV Prefix for Automotive and Other Applications Requiring Site
and Control Changes

XS
* Pb—Free Packages are Available Out 1 [1] (4] Out 4
Inputsi{IZ 4 E} Inputs 4
(] 2]

Vee [£] [11] Ve, GND
Inputs 2 {%:]}-‘ ﬁ% } Inputs 3
Out2[7] (8] Out3
(Top View)

ORDERING INFORMATION

See detailed ordering and shipping information in the package
dimensions section on page 10 of this data sheet.

DEVICE MARKING INFORMATION

See general marking information in the device marking
section on page 12 of this data sheet.
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LM324, LM324A, LM224, LM2902, LM2902V, NCV2902

MAXIMUM RATINGS (T4 = + 25°C, unless otherwise noted.)

Rating Symbol Value Unit
Power Supply Voltages Vde
Single Supply Vee 32
Split Supplies Vee. Vee +16
Input Differential Voltage Range (Note 1) VibR +32 Vde
Input Common Mode Voltage Range Vicr -0.3t0 32 Vde
Output Short Circuit Duration tsc Continuous
Junction Temperature (Note 2) Ty 150 °C
Thermal Resistance, Junction-to-Air (Note 3) Case 646 Roya 118 °C/W
Case 751A 156
Case 948G 190
Storage Temperature Range Tetg -65to +150 °C
ESD Protection at any Pin Vesd \
Human Body Model 2000
Machine Model 200
Operating Ambient Temperature Range Ta 0]
LM224 -25to0 +85
LM324, 324A Oto +70
LM2902 -40to +105
LM2902V, NCV2902 (Note 4) -40to +125

Stresses exceeding Maximum Ratings may damage the device. Maximum Ratings are stress ratings only. Functional operation above the
Recommended Operating Conditions is not implied. Extended exposure to stresses above the Recommended Operating Conditions may affect
device reliability.

1. Split Power Supplies.

2. For supply voltages less than 32 V, the absolute maximum input voltage is equal to the supply voltage.

3. All Rgya measurements made on evaluation board with 1 0z. copper traces of minimum pad size. All device outputs were active.

4. NCV2902 is qualified for automitive use.

(b) Multimeters

Multimeters for measuring currents and voltages at various circuit points are necessary.
Although the multimeters only provide mean or rms measurements, these are yet im-
portant for circuit monitoring due to the possibility of short circuit fault occurrence. The

multimeters used can measure up to 1000V and 10A. It is shown in Fig. A.19.

200 2m 20m 200m 2000m 10

W Black #Star

Fig. A.19: Mulitmeter for circuit current and voltage monitoring
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(c¢) Current and voltage probes

In order to record and view current and voltage signals on oscilloscope, test probes are
necessary for signal conditioning and isolation. The oscilloscope demands same-ground
signal inputs to its channels. However, different signals at different circuit locations
may need to be measured simultaneously. Also, appropriate signal scaling is needed to
view high and low voltages. Grounding isolation and signal conditioning are performed
by the test probes. A Tektronix TCPA300 current probe and TESTEC TT-SI9002 volt-
age probe, both with high frequency precision, are used in the test rig. These are shown

in Fig. A.20.

7 Péoec
TCPA300
Amplifier, AC/DC Current Probe

PROBE DEGAUSS pum— RANGE
AUTOBALANCE [y

o sAN
©10av
© 0N y

e COUPLING

kel
(-

DEC ©
|| DIFFERENTIAL PROBE

Tihear | Gommon
Range | Mode

= PROBE INPUT|
P Bacx o
Revous Conmtc om

e

(a) (b)

Fig. A.20: Test probes (a) current, and (b) voltage.

(d) Oscilloscope

A 20 MHz, 20GS/s four-channel TDS2024 digital storage oscilloscope from Tektronix
is used for measuring and recoding voltages and currents for the different control algo-

rithms. The oscilloscope is shown in Fig. A.21.

Fig. A.21: Digital oscilloscope.

243



Appendix A: Experimental Rig

A.2 DSP software environment

Software environment to implement the DSP control algorithms consists of two devel-
opment tools; Digital Application Virtual Engineer (DAVE) and TASKING Embedded
Development Environment (TASKING EDE). The PC is used to host the two software
programs, write, debug, compile and download the code to the Infineon Tricore DSP via
the parallel port. The final code is then stored in the DSP EPROM. Brief descriptions of

both software packages are given in this section.
A.2.1 DAVE

DAVE is the package to initially configure the TC1796 DSP registers and generate op-
timized C-code. The system clock is set to 10 MHz in the General Purpose Timer Ar-
rays (GPTA) clock module. PWM generation timers are configured in the GPTAOQ. Sev-
enteen local timer cells (LTC) are used to generate 4 gate signals for each module in-
verter, i.e. a total of 8 gate signals for the two converter modules. The first LTC is
clocked by the 10 MHz system bus clock with 0.1us period. It is configured to produce
an interrupt every pre-defined number of clock pulses to determine the carrier or switch-
ing period. In this work, it counts 250 clock pulses per switching cycle, hence achieving
a switching frequency of 40kHz. The remaining local timer cells are configured in the
compare mode to determine the rising and falling edge of the gate signals during one
switching cycle. In other words, two LTCs are used to generate one gate signal; one for
the rising edge and the other for the falling edge. For protection, the LTCs mode can be
changed to push the output to be zero in case of short circuit and over loading condi-

tions. Additional LTCs are used for the PWM signals required for the analogue output.

Fast analogue to digital converter (FADC) is also configured for the measured voltages
and current signals. This operates with 10-bit resolution and programmable conversion
times up to 280ns per channel. FADC is necessary since time for entire program execu-
tion (including analogue to digital conversions, control computations and PWM signal
generation) is only 25us. Four FADC channels are available. In case of multi-module
converter operation, these four channels are used to measure the two input capacitor
voltages and the two output filter inductor currents. Sensing load voltage is compen-
sated for by the sensorless load voltage estimation algorithm proposed in chapter six.

This means that the four available FADC channels are sufficient for the application.
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Finally, compilation of the DAVE project file generates optimized C-code template files
with initially configured DSP registers. Generated files include main.h, main.c,
GPTAO.h and GPTAO.c. These files contain the basic program structure to be complet-
ed by insertion of the required control algorithm in TASKING EDE. Fig. A.22 shows
the general interface configuration for DAVE v2.1.

TC1796 3]

LM | DMU

LE1

o | AOCO
STV 3 SBCUM PLL DMA Clock -

Bee0ddes

Fig. A.22: DAVE v2.1

..... pcP2 il S

CU
MSCH

Mutti

\ o
| vy EE EES B

A.2.2 TASKING EDE

TASKING EDE is a package of program building, editing, code generation and debug-
ging tools. Options such as the DSP on-chip memory used can be further configured
with TASKING EDE. Files with configured registers are imported from DAVE and
loaded into TASKING EDE. Necessary user codes to implement the proposed control
algorithms are written in ANSI-standard C-code and inserted into the generated tem-
plates. The code is then debugged and compiled to generate a hex file. The latter is
downloaded to the DSP EPROM using a software platform called Crossview Pro De-
bugger embedded within TASKING EDE. Crossview has no real time monitoring capa-
bility but enables offline variable monitoring. Sample C-codes developed by the author

can be found in Appendix D.
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Jury Stability Criterion for Lyapunov Controller
The discretized system closed-loop characteristic equation can be expressed as
a,z’ +az+z,=0

g 1 4 2 ky 2 4 2 2 ky + 1
2=—5,  a=———ki-—5, ap= - =
where, TS2 7LoCols T32 7LoCo ¥ wLyColy T32

Jury stability criterion for the closed-loop system is outlined in Table B.1.

Row . .
number Operation Coefficients
Characteristic equation
Rl coefficients a2 a1 a0
R2 Reverse order of R1 p 4 p
coefficients 0 ! 2
a
R3 R1I—R2x—2% by | b, 0
a,
R4 Reverse order of R3 b, by 0
non-zero coefficients
RS R3—-R4x ﬁ cs 0 0
2

Table B.1: Jury stability criterion

Coefficients b;, b, and ¢, in Table B.1 can be defined as

2
a,a a

_ . ayq _ 4 5 _
b =a, , b, =a, , ¢, =b, b
a, a, b

(B.1)

(B.2)

According to Jury, closed-loop system is stable if coefficients of the odd-numbered

rows of the first column are positive

a, >0, b, >0, c, >0

(B.3)

Applying (B.3) and using coefficient definitions in (B.1) and (B.2), the closed-loop sys-

tem 1is stable if

a2>O:L2>O
TS
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ap >ap= ! > 2 kp,— 2 kg + !
7,2 | #LoCo T mLoCoTy T2 (B.5)

ay +agp >ay = 1+ 2 kp - 2 kd+1 > 2 kg - 2
Ts2 7LloCo P wLoCoTy Ts2 7LoCoTy Ts2 (B.6)

Condition (B.4) is inevitable as the sampling period 7 is always a positive variable.

Therefore, stability conditions (B.5) and (B.6) can re-formulated into their final forms

(B.7)
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Matlab Software Programs

In this appendix, details of realisation of the Kalman filter state estimation algorithm
used in chapter four as well as the load voltage estimator used in chapter six are given.
The Kalman filter is written in Matlab m-file using an s-function and is then converted
using Simulink embedded compiler to equivalent C-code that is compatible with the
Tricore Infineon DSP. The algorithm is then called as a function in the main DSP code
given in Appendix D (section D.3). The load voltage estimation algorithm introduced in
chapter six is built using Simulink and compiled using the same method and used within
the main DSP code for multi-module converter operation (complete DSP code given in

Appendix D section D.1).
C.1 Kalman filter code for state variable estimation

Fig. C.1 shows the s-function in Simulink necessary for the practical implementation of

the Kalman filter state estimation algorithm. The m-file code follows.

kalman _state_estimator 4@

output _iLd

S-Function

Fig. C.1: Kalman filter state estimator as an s-function in Simulink

function [sys,x0,str,ts] = kalman_state estimator(t,x,u,flag)
global ABCD AdBd fTrLs Ls Cs Cp rLo Lo Co ws rT LT 1l L1kl k3 k5 k7 Pk xk Pk Q
Lk HR xk sys csys d

switch flag,
case 0
sys =[0,8,1,3,0,1,1]; %8 discrete states, 3 inputs (vc, io and the measurement vo) and
%1 output (iLd)

x0=zeros(8,1);
str=[];
=40000;
T=1/f; %sampling period
ts =[T 0];
Pk=zeros(8,8); %error covariance
Q=eye(8)*0.001; %process noise covariance
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H=[0000000 1]; % measurement vector used for correcting the initial estimation
%(measurement z(k)=vo)
R=0.001; %measurement noise covariance

rLs=0.1916;
Ls=100.13¢-6;
Cs=255.22¢-9;
Cp=Cs;
rLo=0.5;
Lo=12.5¢-3;
Co=120e-6;
r1=0.6;
L1=9.12¢-6;
rT=rl+rLs;
LT=LI+Ls;
ws=2*pi*f;

k1=(1+(Cp/Cs)-(ws"2*Cp*LT));
k3=rT;

k5=rT*ws*Cp;
k7=(ws*LT)-(1/ws/Cs)

A=[-rT/LT ws -1/LT 0 -1/LT 0 4*k3/pi/LT 0;-ws -rT/LT 0 -1/LT 0 -1/LT 4*k7/pi/LT 0;1/Cs
00ws0000;01/Cs-ws00000;1/Cp0000ws-4/pi/Cp0;01/Cp00-ws000;000
0 2/pi/Lo 0 -rLo/Lo -1/Lo;00 0 0 0 0 1/Co 0];

B=[k1/LT 0;k5/LT 0;0 0;0 0;0 0;0 0;0 0;0 -1/Co];

C=[1000000 0]; %output of the estimator is iL.d (the first state variable)

D=zeros(1,2);

sys_c=ss(A,B,C,D);
sys_d=c2d(sys_c,T);
Ad=sys d.a;
Bd=sys_d.b;

case 2

xk =Ad*x+Bd*[u(1);u(2)]; %project the state ahead
Pk =Ad*Pk*Ad+Q; %project the error covariance ahead

sys=xk ;

case 3

Lk=Pk *H"*inv(H*Pk *H“R); %compute the kalman gain

xk=xk +(Lk*(u(3)-H*xk )); % update state estimates with measurement z(k)=vo
Pk=(eye(8)-Lk*H)*Pk _; %update the error covariance

sys=C*xk; %output of the estimator is iLd (the first state variable)

case {2,4,9}
sys={1;

otherwise

error(['Unhandled flag = ',num2str(flag)]);
end
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C.2 Load voltage estimation

Fig. C.2 shows the block Simulink diagram for the load voltage estimation algorithm
introduced in chapter six. The diagram implements equations (6.11) and (6.12). Coeffi-
cients are defined in chapter 6, equations (6.6) and (6.7).

input_vc1
input _ve 1 output_vo 1 4@
@—b input_vc 2 output _vo 1
input _wvc2
(83— P iput Lot
input _iLo 1 output_vo 2
input_iLo2 output _vo 2
input _iLo 2
wltage _estimator
T PK- > -
input _vc1
A11
-3
Pk > >
A12-3A11
-2
P >, >
3A11-3A12+A13
-1
PK- >, »
3A12-3A13
P K- >
>
3A13
s output _vo 1
(3) Pk > > R
input _iLo 1
B11
4
Pk > >
B12-3B11
-3
PK- > . >
3B11-3B12+B13
-2
PK- > -
3B12-3B13+B14
-1
Pk > >
3B13-3B14
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Fig. C.2: Simulink block diagram of load voltage estimation algorithm
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Appendix D

Sample DSP Codes for Experimental Implementation

C-codes for selected control algorithms proposed in this thesis are presented here;
namely, multi-module ISOP converter operation (chapter six), the sliding mode control-
ler (chapter five) and the Kalman filter based sensorless multi-loop PI controller (chap-
ter four). For the sake of simplicity and clarity of code presented, introductory portions
of the code with DSP register configurations are omitted. Only variable declarations and

the control algorithm code implemented are included here.
D.1 Multi-module converter operation

// USER CODE BEGIN (GPTAO_ General,2)
#include "MAIN.h"

#include "stdio.h"

#include "math.h"

#include "rtwtypes.h"

#include "voltage estimator.h"

#include "voltage estimator private.h"
#include "voltage estimator types.h"

int m=0, db=5, del1=0, del2=0, analog1=0, analog2=0;

float Dis1[2000], Dis2[2000], Dis3[2000];

float Vo=0, Vo1=0, Vo02=0, ILo1=0, ILo2=0, Vs1=0, Vs2=0;

float fadc res0=0, fadc res1=0, fadc res2=0, fadc res3=0;

float k1 _1=0.2403, k3 1=0.7916, k5 1=0.0507, k7 1=11.8541;

float k1 2=0.205, k3 2=0.73, k5 2=0.0408, k7 2=12.4045;

float Kp=11.3313,Kd=0.0047, K=10.0;

float rLo1=0.5, rc1=0.2, rLo2=0.5, rc2=0.3, n1=0.5, n2=0.555, pi=3.14;
float Voref=24, Vsref=0;

float vcon1=0, vcon2=0, vel=0, ve2=0;

float VerrOld=0, VerrNew=0, VABd1=0, VABq1=0, VABd2=0, VABq2=0 ;
float VAB1=0, VAB2=0, Y=0, YoPD=0, deltal=0, delta2=0, vc1=0, vc2=0;
// USER CODE END

// USER CODE BEGIN (SRN22,4)

P3 _OUT P8=0; // reset pin 3.8 at program start and set at program end to calculate pro
//gram execution time using pulse width

s

/I//OUTPUT GATE SIGNALS FOR CONVERTER 1////

T

GPTAO _LTCXR02=db;

GPTAO_LTCXR03=124;

GPTAO LTCXR04=249;

GPTAO_LTCXR05=124+db;
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GPTAO LTCXRO06=db+dell;

GPTAO_LTCXRO7=del1+124;

GPTAO LTCXRO08=dell;

GPTAO_LTCXR09=124+db+dell;
I 111111
////OUTPUT GATE SIGNALS FOR CONVERTER 2 WITH INTERLEAVING/////////]
e
GPTAO_LTCXR10=db+62;

GPTAO LTCXR11=186;

GPTAO_LTCXR12=62;

GPTAO LTCXR13=186+db;

GPTAO_LTCXR14=62+db+del2;

GPTAO LTCXR15=del2+186;

GPTAO_LTCXR16=del2+62;

GPTAO_LTCXR17=186+db+del2;
s

1H177777777TTTANALOG FILTER OUTPUT///111111
e

GPTAO LTCXR18=1;

GPTAO LTCXR19=analogl;

GPTAO LTCXR20=1;

GPTAO LTCXR21=analog2;
s
111117177//EAST ADC CONVERSION for Vsl, Vs2, ILol and ILo2//////////
I 7T

FADC vStartTimer(0,1);

FADC vStopTimer(0);

fadc_res0O=FADC_vGetChannelConversionResult(0);

FADC vStartTimer(1,1);
FADC_vStopTimer(1);
fadc_res=FADC_vGetChannelConversionResult(1);

FADC vStartTimer(2,1);
FADC_vStopTimer(2);
fadc_res2=FADC_vGetChannelConversionResult(2);

FADC vStartTimer(3,1);
FADC vStopTimer(3);
fadc_res3=FADC_vGetChannelConversionResult(3);

Vsl=fadc res0*100.0/1023.0; // 10-bit resolution conversion
Vs2=fadc res1*100.0/1023.0;

[Lol=fadc res2*5.0/1023.0;

[Lo2=fadc res3*5.0/1023.0;
e
1LY APUNOV CONTROLLER ////111111771
e
VerrNew=Voref-Vo;

Y=40000.0*(VerrNew-VerrOld)*Kd;
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VerrOld=VerrNew;
YoPD=Y+Kp*VerrNew;

veon1=YoPD+(((ILo1*(rLol+rcl))+Vol)*pi/2.0);

veon2=Y oPD+(((ILo2*(rLo2+rc2))+V02)*pi/2.0);
T
11T1NTTTAVERAGE IVS SHARING CONTROL /1111111177
s
Vsref=0.5*(Vs1+Vs2);

vel=(Vsref-Vs1)*K;

ve2=(Vsref-Vs2)*K;

T T
1NNNTICALCULATION OF PHASE SHIFET///117111111771111111
T T
vcl=vconl-vel;

ve2=vcon2-ve2;

VABdI=(kl 1*vcl)+(k3 1*ILol1*4.0/pi);
VABql=(k5 1*vcl)+(k7 1*ILo1*4.0/pi);
VAB1=sqrt(VABd1*VABdI+VABql1*VABql);

VABd2=(kl 2*vc2)+(k3 2*[Lo2*4.0/pi);
VABq2=(k5 2*vc2)+(k7 2*1Lo2*4.0/pi);
VAB2=sqrt(VABd2*VABd2+VABq2*VABq2);

deltal=2.0*asin(VAB1*pi/4.0/Vsl/nl);
delta2=2.0*asin(VAB2*pi/4.0/Vs2/n2);
del1=floor(deltal *125.0/pi);

if(del1>125.0)

{ del1=125.0; }

del2=floor(delta2*125.0/pi);

if(del2>125.0)

{ del2=125.0; }
T T
11111MLOAD VOLTAGE ESTIMATOR///11111111117111
T
voltage estimator U.input vcl=vcl;

voltage estimator U.input vc2=vc2;

voltage estimator U.input iLol=ILol;

voltage estimator U.input iLo2=ILo02;

voltage estimator_step();

Vol=voltage estimator Y.output vol;

Vo2=voltage estimator Y.output vo2;

Vo=0.5*(Vol+Vo2);
i
i D) N 3 DN s
e
analogl=del1*249.0/125.0;
analog2=del2*249.0/125.0;
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if (m==2000)
m=0;
Disl[m]=Vo;
Dis2[m]=Vol;
Dis3[m]=Vo2;
++m;

P3_OUT P8=I;

/I USER CODE END
//" End of function GPTAO viSRN22

D.2 Sliding mode controller

// USER CODE BEGIN (GPTAO_ General,2)
#include "MAIN.h"

#include "stdio.h"

#include "math.h"

int m=0, db=5, del=0, analog1=0, analog2=0;

float Dis1[2000], Dis2[2000], Dis3[2000];

float Vo_0ld=0, Vo_new=0, [Lo=0;

float fadc res0=0, fadc res1=0;

float k1=0.2403, k3=0.7916, k5=0.0507, k7=11.8541;

float Kp=1000.0,Kd=1.0, Ki=250000.0;

float n=0.5, pi=3.14, Voref=24.0, Vs=60.0;

float VerrOld=0, VerrNew=0,Ynew=0, Yold=0, VABd=0, VABq=0, VAB=0;
float Y=0, Yo=0, delta=0, vc=0, vemin=0, vemax=41.5, X=0, CON=0, S=0, u=0;
// USER CODE END

// USER CODE BEGIN (SRN22.,4)

P3 OUT P8=0; // reset pin 3.8 at program start and set at program end to calculate pro
//gram execution time using pulse width

s

11111111///OUTPUT GATE SIGNALS //////1111]

s

GPTAO_LTCXR02=db;

GPTAO LTCXR03=124;

GPTAO _LTCXR04=249;

GPTAO LTCXR05=124+db;

GPTAO_LTCXRO06=db+del;

GPTAO LTCXRO07=del+124;

GPTAO _LTCXRO08=del;

GPTAO_LTCXR09=124+db+del;

s

11H7777777TTTANALOG FILTER OUTPUT///111171

s

GPTAO LTCXR18=1;
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GPTAO LTCXR19=analogl;

GPTAO LTCXR20=1;

GPTAO LTCXR21=analog2;
I
111111iEAST ADC CONVERSION for Vo and ILo/////1111/
I
FADC vStartTimer(0,1);

FADC vStopTimer(0);
fadc_res0O=FADC_vGetChannelConversionResult(0);

FADC vStartTimer(1,1);
FADC vStopTimer(1);
fadc_res1=FADC_vGetChannelConversionResult(1);

Vo _new=fadc res0*100.0/1023.0; //10-bit resolution conversion
[Lo=fadc res1*5.0/1023.0;
T
/1111111177177ISLIDING MODE CONTROLLER /11111111111
T T
VerrNew=Vo_new-Voref;
Ynew=Yold+((0.000025/2.0)*(VerrOld+VerrNew))*Ki+X;
Yold=Ynew;

VerrOld=VerrNew;

Y=40000.0*(Vo_new-Vo_old)*Kd;

Vo old=Vo_new;

Yo=Ynew+Y+Kp*Vo new;

CON=Yo;

if(Y0>100.0)

{ CON=100.0; }
if(Y0<0.0)

{ CON =0.0; !

X=(CON-Yo0)*Ki; // anti-windup to reset integrator
S=CON; // sliding surface

if(S>0)
{ v=1.0; }
1f(S<0)
{u=0; }

ve=vcmax+((vemin-vemax)*u);

T T
1NNNTICALCULATION OF PHASE SHIET///117111111771111111
T T
VABd=(k1*vc)+(k3*ILo*4.0/pi);
VABg=(k5*vec)+(k7*ILo*4.0/pi);
VAB=sqrt(VABd*VABd+VABq*VABq);
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delta=2.0*asin(VAB*pi/4.0/Vs/n);
del=floor(delta*125.0/pi1);

if(del>125.0)

{del=125.0; }
s
i o) N 3 DN s
s
analogl=del*249.0/125.0;

analog2=vc*249.0/37.7;

if (m==2000)
m=0;
Disl[m]=Vo;
Dis2[m]=ILo;
Dis3[m]=u;
++m;

P3_OUT P8=I;

/I USER CODE END
//" End of function GPTAO viSRN22

D.3 Sensorless multi-loop PI output voltage controller

// USER CODE BEGIN (GPTAO_ General,2)
#include "MAIN.h"

#include "stdio.h"

#include "math.h"

#include "rtwtypes.h"

#include "kalman_state estimator.h"
#include "kalman_state estimator.h"
#include "kalman_state estimator.h"

int m=0, db=5, del=0, analog1=0, analog2=0;

float Dis1[2000], Dis2[2000], Dis3[2000];

float Vo=0, IL0=0;

float fadc _res0=0, fadc_res1=0;

float k1=0.2403, k3=0.7916, k5=0.0507, k7=11.8541;

float Kp=0.1, Ki=10.0, K=10.0;

float n=0.5, pi=3.14, Voref=24.0, Vs=60.0;

float VerrOld=0, VerrNew=0,Ynew=0, Yold=0, Yo=0, VABd=0, VABq=0, VAB=0;
float delta=0, v¢_0ld=0, ve _new=0, X=0, CON=0, iLd ref=0, iLd=0;

// USER CODE END

// USER CODE BEGIN (SRN22,4)

P3_OUT P8=0; // reset pin 3.8 at program start and set at program end to calculate pro
//gram execution time using pulse width
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s
11111111///OUTPUT GATE SIGNALS //////1111/
s
GPTAO_LTCXR02=db;

GPTAO LTCXR03=124;

GPTAO_LTCXR04=249;

GPTAO LTCXR05=124+db;

GPTAO_LTCXRO06=db+del;

GPTAO LTCXRO07=del+124;

GPTAO_LTCXRO08=del;

GPTAO_ LTCXR09=124+db+del;
s
1H1H7777777TTTANALOG FILTER OUTPUT///111111
e
GPTAO LTCXR18=1;

GPTAO LTCXR19=analogl;

GPTAO LTCXR20=1;

GPTAO LTCXR21=analog2;
s
11111171171//EAST ADC CONVERSION for Vo and ILo//////////
I |
FADC vStartTimer(0,1);

FADC_vStopTimer(0);
fadc_res0O=FADC_vGetChannelConversionResult(0);

FADC vStartTimer(1,1);
FADC_vStopTimer(1);
fadc_res=FADC_vGetChannelConversionResult(1);

Vo=fadc res0*100.0/1023.0; //10-bit resolution conversion
[Lo=fadc res1*5.0/1023.0;
T
1111 7PT CONTROLLER ///7111117711T1T111771711
T T
VerrNew=Voref-Vo;
Ynew=Yold+((0.000025/2.0)*(VerrOld+VerrNew))*Ki+X;
Yold=Ynew;

VerrOld=VerrNew;

Yo=Ynew+Kp*VerrNew;

CON=Yo;
if(Y0>10.0)

{ CON=10.0; }
if(Y0<0.0)

{ CON =0.0; }

X=(CON-Yo0)*Ki; // anti-windup to reset integrator
iLd_ref=CON; // reference current iLd for inner loop
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T
/11111111TTIINNER LOOP CURRENT CONTROLLER /1111111111
T
ve_new=K*(iLd_ref-iLd); // iLd is the estimated d-axis resonant inductor current using
//the Kalman filter algorithm
T T
11111 IC ALCULATION OF PHASE SHIFET///11111171111171171111
T T
VABd=(k1*vc _new)+(k3*ILo*4.0/pi);
VABg=(k5*vc new)+(k7*ILo*4.0/pi);
VAB=sqrt(VABd*VABd+VABq*VABq);

delta=2.0*asin(VAB*pi/4.0/Vs/n);

del=floor(delta*125.0/pi);

if(del>125.0)

{ del=125.0; }

T T
1111111111/TKALMAN FILTER ESTIMATION ALGORITHM//////1111/
T T
kalman_state estimator U.input vc=vc_old;

kalman_state estimator U.input io=ILo;

kalman_state estimator U.input vo=Vo;

kalman_state estimator _step();

iLd= kalman_state estimator Y.output ilLd,;

vc_old=vc_new;
T
i o) N 3 BN s
T
analogl=del*249.0/125.0;

analog2=vc _new*249.0/37.7;

if (m==2000)
m=0;

Disl[m]=Vo;
Dis2[m]=ILo;
Dis3[m]=iLd;
++m;

P3 OUT P8=1;

// USER CODE END
//" End of function GPTAO viSRN22
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[1] A. A. Aboushady, K. H. Ahmed, S. J. Finney, and B. W. Williams, "Linearized
Large-signal Modelling, Analysis, and Control Design of Phase-Controlled Series-
Parallel Resonant Converters using State Feedback," Power Electronics, IEEE

Transactions on, 2012, accepted for publication
Abstract

This paper proposes a linearized large-signal state-space model for a fixed-frequency
phase-controlled series-parallel resonant converter. The proposed model utilizes state
feedback of the output filter inductor current to perform linearization. The model com-
bines multiple-frequency and average state-space modelling techniques to generate an
aggregate model with dc state variables that are relatively easier to control and slower
than the fast resonant tank dynamics. The main objective of the linearized model is to
provide a linear representation of the converter behaviour under large-signal variation
which is suitable for faster simulation and large-signal estimation/calculation of the
converter state variables. The model also provides insight into converter dynamics as
well as a simplified reduced order transfer function for PI closed-loop design. Experi-
mental and simulation results from a detailed switched converter model are compared

with the proposed state-space model output to verify its accuracy and robustness.

[2] A. A. Aboushady, K. H. Ahmed, S. J. Finney, and B. W. Williams, "Steady-state
Analysis of the Phase-Controlled LCC-type Series-Parallel Resonant Converter
Operating Above Resonance," in Applied Power Electronics Conference and

Exposition, 2013. APEC '13, accepted for publication.

Abstract

This paper presents new analysis providing further insight into the steady-state
characteristics of the phase-controlled LCC-type series-parallel resonant converter
operating above resonance. An analytical expression is obtained for the converter
voltage transfer function in terms of phase angle. The effect of varying the phase angle

on ZVS and ZCS of the inverter switches is studied and, accordingly, converter modes
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of operation are classified and illustrated. Mode boundaries are analytically derived and
graphically represented to ease the determination of converter operating mode at any
loading, frequency and phase angle combination. Finally, maximum power transfer
criterion is obtained and plotted for the converter. The analysis presented is helpful with

converter design and determination of the suitable operating conditions.

[3] A. A. Aboushady, K. H. Ahmed, S. J. Finney, and B. W. Williams, "State feedback
linearized model for phase-controlled series-parallel resonant converters," in /JECON
2011 - 37th Annual Conference on IEEE Industrial Electronics Society, 2011, pp. 1590-
1595.

Abstract

This paper proposes a linearized large-signal state space model for phase-controlled se-
ries-parallel resonant converter. The model combines multiple-frequency and average
state-space modelling techniques to generate a universal model with DC state variables
that are easier to control compared to the fast resonant tank dynamics. In order to per-
form linearization, the proposed model utilizes a state feedback scheme from output fil-
ter inductor current. The model also serves as a tool for large-signal predic-
tion/estimation of converter state variables. The model accuracy was verified by com-
paring with a detailed switching model of the converter built in MATLAB simulation

environment.

[4] A. A. Aboushady, K. H. Ahmed, S. J. Finney, and B. W. Williams, "Fuzzy self-
tuning PI controller for phase-shifted series resonant converters," in Power Engineering,

Energy and Electrical Drives (POWERENG), 2011 International Conference on, 2011,
pp. 1-6.

Abstract

A linearized model of the phase-shifted series resonant converter is necessary for
closed-loop design. With fixed PI control design, the converter does not have good dis-
turbance rejection capability and cannot always cope with a wide range of uncertainties.

In this paper, a PI self-tuning mechanism based on a fuzzy logic scheme is proposed. It
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corrects the PI gains, initially designed using small-signal modelling, to improve con-
verter dynamic response and disturbance rejection. The algorithm is based on continu-
ous change/adaptation of the PI gains until best dynamic response is achieved. Simula-
tion results compare responses for the PI fixed parameters with the fuzzy-adapted con-

troller gains under different disturbance conditions.

[5] A. A. Aboushady, K. H. Ahmed, S. J. Finney, and B. W. Williams, "Discrete time
domain small-signal modelling of full-bridge phase-shifted series resonant converter,"
in Energy Conversion Congress and Exposition (ECCE), 2010 IEEE, 2010, pp. 2019-
2024.

Abstract

This paper provides an analytical discrete small-signal state-space model of the phase-
shift modulated series resonant converter used to obtain an explicit linearized phase-
shift to output voltage transfer function. This transfer function is useful for linear
closed-loop control design. Initially, the effective duty-ratio to output voltage transfer
function is derived. It is then proven, analytically and through results, that it is linearly
related to the phase-shift to output voltage which is the main research concern. The
analysis is carried out using state-plane diagrams. Small-signal state-space model repre-
sentation is derived which is used for closed-loop controller gain calculations. Results

validate the calculated control gains based on the proposed linearized model.

[6] A. A. Aboushady, K. H. Ahmed, S. J. Finney, and B. W. Williams, "Steady-state
analysis of full-bridge series resonant converter with phase-shift and frequency control,"
in Power Electronics, Machines and Drives (PEMD 2010), 5th IET International
Conference on, 2010, pp. 1-6.

Abstract

This paper presents steady-state ac analysis of the series resonant converter with phase-
shift and frequency control. Analysis for the converter operation above resonance is per-
formed. A simple analytical expression for the converter input/output voltage gain as a

function of phase-shift and frequency is derived. Different converter operation modes
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are demonstrated with simulation results. Analytical expressions for mode boundaries
and maximum power transfer to load are derived, discussed, and graphically represent-

ed.

[7] A. A. Aboushady, K. H. Ahmed, S. J. Finney, B. W. Williams, and Z. M. Shafik,
"Performance analysis of a new modular nano-crystalline core transformer based
converter for medium voltage dc transmission applications," in Power Electronics,
Machines and Drives (PEMD 2010), 5th IET International Conference on, 2010, pp. 1-
6.

Abstract

This paper proposes a new modular configuration for ac/dc conversion based on the
concept of “building block” converter units. The modular system architecture comprises
low-power units which can be connected in parallel to achieve higher power levels. Us-
ing such a design, medium voltage dc levels can be reached without the need of bulky
step-up transformers or series connected switching devices. The converter configuration
is introduced with its typical designed ratings and main features. Detailed design of the
nano-crystalline core transformer is performed to verify size reduction. Simulation re-
sults for single and multi-module parallel operation are presented and discussed. Load

current sharing between parallel modules is also investigated.

[8] A. A. Aboushady, K. H. Ahmed, S. J. Finney, and B. W. Williams, "Predictive
Voltage Control of Phase-Controlled Series-Parallel Resonant Converter," in Power
Engineering, Energy and Electrical Drives (POWERENG), 2013 International
Conference on, 2013, submitted.

Abstract

This paper proposes a predictive output voltage controller for the phase-controlled se-
ries-parallel resonant converter. The objective of this controller is to enhance closed
loop system robustness and dynamic performance compared to conventional PI control.
First, the converter non-linear large signal behavior is linearized using a state feedback

based scheme. Consequently, the converter preserves its large signal characteristics
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while modeled as a linear system. A reduced order model is then used for the detailed
design of the proposed predictive controller. Stability analysis and controller gains se-
lection are addressed. Finally, simulation and experimental results are demonstrated to

validate the improved system performance in contrast with PI control.

[9] A. A. Aboushady, K. H. Ahmed, S. J. Finney, and B. W. Williams, "Compact Multi-
Modular Design of High-Power DC/DC Resonant Converters for Offshore Wind
Energy HVDC Transmission," in /[EEE Power and Energy Society General Meeting,
2013, submitted.

Abstract

Besides research on reliability, efficiency and grid impact challenges imposed by the
wind energy industry, research on compact design of multi-modular interfacing DC/DC
converters is growing rapidly. This paper addresses the application of multi-modular
resonant-type DC/DC converters for offshore wind high power HVDC transmission
systems. The attractive feature about resonant converters is their soft switching charac-
teristics which enables higher frequency operation and hereby reduced converter foot-
print. The paper focuses on one important aspect leading to increased power density; the
output filter design. New analytical expressions are derived for filter ripple content in
DC/DC resonant converters. This has not been investigated previously. Further mathe-
matical relations are derived for multi-module interleaved operation of DC/DC resonant
converters with both series and parallel connections of output filter. Results are demon-
strated to validate the derived design equations highlighting the advantage of interleav-

ing with multi-modular structures in achieving highly compact designs.

[10] A. A. Aboushady, K. H. Ahmed, S. J. Finney, and B. W. Williams, "New Steady-
State Analysis and Maximum Efficiency Based Design of the Phase-Controlled Series-
Parallel Resonant Converter," in Power Electronics, IEEE Transactions on, 2013,

prepared for submission.
Abstract

This paper presents new steady-state analysis for the phase-controlled series-parallel

resonant converter which gives further insight into the converter characteristics relative
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to well established literature. Modes of operation under phase-shift control are revealed
with mode boundaries analytically derived and graphically represented. Converter
voltage gain sensitivity is addressed with respect to variation in operational parameters
such as switching frequency and load. Maximum power transfer criterion and
operational efficiency are also derived; the latter considering analytical expressions for
inverter, rectifier and parasitic element losses. Based on maximum efficiency opearting
criterion, selection of optimum full-load quality factor and switching frequency is made.
A detailed design procedure of resonant tank parameters and output filter is then
performed. Simulation and experimental results are demonstrated to validate the

proposed converter design.

[11] A. A. Aboushady, K. H. Ahmed, S. J. Finney, and B. W. Williams, "Robust
Control of the Phase-Controlled Series-Parallel Resonant Converter," in Power

Electronics, IEEE Transactions on, 2013, prepared for submission.
Abstract

This paper proposes two controllers for robust control of the phase-controlled series-
parallel resonant converter; namely Lyapunov and sliding mode controllers. The objec-
tive is to enhance closed loop system robustness and dynamic performance compared to
conventional PI control. Since the control algorithms are model dependent, the convert-
er non-linear large signal behavior is firstly linearized using a state feedback based
scheme. Hence, the converter preserves its large signal characteristics while modeled as
a linear system. The linearization scheme has the advantage of reducing the converter
model to an equivalent output filter model which significantly simplifies the robust con-
trol design process. For each controller, the control law is derived in addition to detailed
stability and robustness analysis. A comparative analysis is performed between the two
proposed controllers in addition to comparing with conventional PI. Finally, results
from simulations using MATLAB and DSP-driven experimental prototype are demon-

strated to verify performance enhancement.

[12] A. A. Aboushady, K. H. Ahmed, S. J. Finney, and B. W. Williams, "Power Sharing

Control for Input-Series Phase-Controlled Series-Parallel Resonant Converters with
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Sensorless Load Voltage Control," in Power Electronics, IEEE Transactions on, 2013,

prepared for submission.
Abstract

This paper addresses the voltage and current sharing in multi-modular structures of the
phase-controlled dc/dc series-parallel resonant converter (SPRC). Input-series connec-
tions of the converter are studied comprising the input-series output-parallel (ISOP) and
input-series output-series (ISOS) connections. A novel control configuration for inter-
leaved multi-module operation common to both ISOP and ISOS connections is intro-
duced. The controller comprises a robust Lyapunov-based controller as the main load
voltage regulator. In addition, there exists an average input voltage sharing controller
regulating the inner control loop to ensure uniform output current sharing (OCS) in
ISOP systems and uniform output voltage sharing (OVS) in ISOS systems. A sensorless
load voltage estimation algorithm based on two-port network theory is also proposed.
The algorithm accounts for interconnecting cable impedance and is useful since it re-
duces the number of required sensors and eliminates load voltage measurement re-
quirement. The latter degrades system modularity due to being a source of single-point
failure. Simulation and experimental results are demonstrated to validate the

performance of the proposed controller structure.
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