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Abstract

Modern high power supplies are based on resonantecens in order to use high
frequency reactive elements (for reduced size) owithsacrificing converter
efficiency. In an effort to achieve compact highweo supplies, direct power
converter topologies have been considered, sinegetiare mainly characterised by
their high power density. A direct resonant cormertopology combines matrix

converters with conventional resonant converters.

This work focused on achieving high quality inputfout power and high efficiency.
Thus, this thesis presents the research on theotarnit a direct series resonant
converter. Since the resonant converter allowsnassidal high frequency output
current to be generated, zero current switchingZ®@as considered to reduce the
power losses. Hence, since the converter is swdt@tesvery zero crossing of the

output current (fixed period), model predictive ttohwas considered.

Different predictive approaches for controlling timput and output currents were
developed and analysed, however, owing to the ctarstics of the topology, these
strategies resulted in a suboptimal control. Treeefin order to improve the input
and output qualities (reduce distortion), an outmitage compensation strategy was
proposed. This compensation approach is based dingadn H-bridge converter in
series between the matrix converter and the resdaak. This converter improves
the voltage applied to the resonant tank, thusjdieg the distortion at the output and,
as a consequence, also the distortion at the ifijnetH-bridge converter utilises only
a small capacitor on the dc side in comparison withventional resonant converters

and operates at a low voltage.

Simulations were carried out using MATLAB/Simulinend an experimental
prototype was built to validate the strategies pemgl, achieving a reduction of the
input current THD from 4.4% to 2.7%, a reductiontlod output current distortion of

approximately 40% and an analytically derived &ficy of 89.5%.
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Chapter 1

| ntroduction

1.1 Introduction

Several applications in different sectors such rakustrial and scientific research
require high-voltage high-power supplies. Amongsthehe use of high power radio
frequency for mineral extraction, industrial hegtiand particle accelerators are
examples. Traditional power supplies are based ina frequency (50/60Hz)
topologies which utilise large reactive componeatgl can present a low quality
power[1-4]. In order to optimise size, efficiency and powemality, modern power
supplies are based on different topologies of r@sbpower converters. Resonant
converters are used to operate at high frequenighvallows reducing the size of the
reactive elements and, as a result, compact poumpliss can be developed. In
addition, owing to the high frequency operationft-switching techniques are
employed for minimising the switching power lods)g, leading to a high efficiency
[5-7].

In industrial high power radio frequency (RF) appgimas, high voltage power
supplies are used to drive microwave devices sucimagnetrons, klystrons and
travelling wave tubes. These power supplies arevknas modulators and can be
divided into two types, namely pulse modulators awhtinuous wave (CW)
modulators. A pulse modulator can produce a highgomulse, some examples of

long-pulse modulator based on resonant dc-dc ctergesire presented in [1], 2

Unlike pulse modulators, a CW modulator continuouslypplies power to the

microwave device. In [3], a CW modulator for usénigh energy physics applications



Chapter 1- Introduction

was considered. This power supply is based oneztdiesonant converter in an effort
to achieve a high power density CW modulator. Défgrcontrol strategies for this
power supply were developed [4]. This power supply utilises a three-phase to
single-phase direct (matrix) converter feeding rieseresonant parallel loaded circuit
connected, via a high frequency transformer, toga koltage inductively smoothed

rectifier.

In this thesis, a research on the control of a pewer supply based on a direct power
converter is presented. This power supply, a CW daboly is based on a series
resonant circuit driving an industrial magnetromeTdirect power converter, loaded
with a series resonant tank, is denominated a tdgeges resonant converter. Since
this research focuses on the control of a directeseresonant converter, for
simplicity, an equivalent resistive load is consatkto replace the dc output stage, i.e.

transformer, rectifier, output filter and load.

In order to reduce power losses, a direct resooanverter is switched using soft-
switching techniques, particularly, zero currentitsking (ZCS). To achieve ZCS
operation, the converter is only switched at ewampo crossing of the high frequency
output current, hence, in this work, Model Predit®@ontrol (MPC) is considered to
control the direct series resonant converter sthisecontrol technique optimises the

selection of the converter switching state.

Unlike [3, 4], where a series resonant paralletémh (SRPL) tank is utilised, in this
work, a series tank is considered for a magnetsnt is more suitable to control the
current supplied to the device. A series resonamtit presents some advantages

when compared with a SRPL circuit, namely:

= Since the output current depends on the load, theeplosses are variable
and are reduced for a low load current.

» The dc output stage of a series resonant convéstecomposed of a
capacitively smoothed rectifier, thus, only a cdpacis needed, unlike a

SRPL circuit, where an indumtand a capacitor are necessary.

1.2 Project objectives

The aim of this project was to study the controbhadlirect series resonant converter
with focus on the power quality. Thus, this projeminsidered the following

objectives:
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= Develop control strategies in order to have inputrent with low harmonic
content and low distortion at the output.

» Study and analyse improvements to the convertelagy.

» Verify the performance of the system through sirtioies.

= Experimental validation of the strategies and/goriovements.

1.3 Thesisplan

Chapter two presents an overview of resonant peaeverters. This chapter focuses
on dc-dc resonant converters which are used to creagte Voltage power supplies.

The structure and control of these converters m@ugsed in this chapter.

Chapter three provides an overview of model pradiatontrol of power converters.
This chapter introduces the predictive control iitlite control set, which is a control
strategy based on the model of a power electra@yistem. The basic components of a
predictive algorithm are described, such as thé fostion, weighting factors and
prediction equations. As the main part of a prégectontrol with finite control set
algorithm, the switching model of a power converigralso described. Finallyg
compensation approach for the delay associatechdodigital implementation is

presented.

Chapter four describes the structure and main cterstics of a direct resonant
converter. Two direct resonant topologies are ctamed in this chapter, the direct
parallel resonant converter (DPRC) which was ugeprévious work, and the direct
series resonant converter (DSRC) which is the tapoutilised in this research. Both

topologies are analysed considering zero curreittisivg operation.

Chapter five presents new predictive control sgiiat for a direct series resonant
converter. Three predictive approaches are deskritemely input current predictive

control, output current predictive control and ityputput predictive control

Chapter six presents a new voltage compensatiategir for a direct series resonant
converter in order to overcome the issues relatednput-output control. This
compensation approach is based on the inclusi@n d¢d-bridge converter connected
in series between the direct converter and thenesgdank. The voltage provided by
the H-bridge improves the voltage applied to theonant tank and is controlled by
expanding the input-output predictive control aition.
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Chapter seven describes the entire experimentédraysncluding power converters,
control platform, resonant tank and the DSP comrogram.

Chapter eight presents the experimental resultairdd during the experimental

validation of the proposed control and compensattcaiegies.

Finally, chapter nine gives the conclusions fos thidrk.
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Chapter 2

Overview of Resonant Power Converters

2.1 Introduction

The operation of conventional pulse-width modula{@®WVM) power converters
presents several drawbacks such as switching ptagses associated with hard
switching, and electromagnetic interference (EMlyolgpems [5-7]. These
shortcomings become more significant when high deegy operation is being
considered in an effort to increase the power defisize reduction); hence, different
converter topologies have been developed to ovexdbese issues. One approach is
the use of resonant converters, which are basednohC circuit (resonant tank)
which produces a high frequency oscillatory voltaged/or current, allowing the
semiconductor devices to switch with zero voltagerq voltage switching, ZVS)
and/or zero current (zero current switching, ZAGR)s, reducing the switching power
losses and stress [5-7]. ZVS and ZCS are calldessatthing techniques.

There are different types of resonant convertevad Iresonant converters, quasi-
resonant converters, multi-resonant convertergpna® dc-link inverter, amongst
others [5-7]. Quasi- and multi-resonant convertealso called resonant-switch
converters [7], are basically PWM power convertargpleying auxiliary resonant

circuits, which include parasitic elements, witle thower switches (called resonant
switche$ in order to achieve soft-switching operati@a7]. Figure 2.1 and 2.2 show
ZVS and ZCS resonant switches, and resonant tojgsloigr a buck converter,

respectively.
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ZCS

Fig. 2.1 Resonant switches: ZVS and ZCS configurations.

ﬁ f? . A b ke
C T R G G T R C, G T R

Conventional Quasi-resonant ZVS Quasi-resonant ZCS
ﬁ Ly L ‘ﬁ{ L L,
C%R o ELg C’T %R
Multi-resonant ZVS Multi-resonant ZCS

Fig. 2.2 Buck converter topologies.

A resonant dc-link inverter, as that shown in feg.3, is an inverter that utilises a
resonant circuit at the input to produce a pulgatioltage, instead of a constant dc

voltage, to allow soft commutation of the invegritching devices [5, 7].

YY)

TG00

_—cC

] Jli& Jl;}

Fig. 2.3 Resonant dc-link inverter.

Load resonant dc-dc converters are composed ofsenaet inverter and a high
frequency rectifie[5-7]. Essentially, a resonant inverter consists bfgl frequency

inverter feeding a resonant tank. High frequencyusoidal waveforms and soft-
switching operation can be achieved via suitab&gteand control. A high frequency
rectifier is connected to the resonant tank to obthi dc output. In figure 2.4, a
diagram of a load resonant converter is depictedhigh frequency transformer is
employed, as shown in figure 2.4, if isolation amd{oltage/current scaling is

required[5-7].

There are several types of load resonant converntengally characterised by the
configuration of the resonant circuit, such as esgriparallel, series-parallel and

current source parallel resonant converters [5&imong the series-parallel
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topologies, various configurations can be founghsas LCC and CLL, where L and
C refer to the number of inductors and capaciteesiun the resonant tank. Figure 2.5

shows several topologies of resonant tanks uskxhéhresonant convertes-7].

High Frequency

Transformer
Resonant Inverter High Frequency Rectifier
———————————————— b EEEEEEEEEEEEEEEEY
I [ l l \
1 1
=T ] TOT ] ]
Resonant | ! v 4 L Y
DClnput Inverter ! Rectifier Filter 1| 8
Voltage | Tank P | &
: g Ay g
1 (. 1
e o e e e e e e e e e e e e T il
AC
DC > High Frequency >DC
(Single-Phase)

Fig. 2.4 Diagram of a load resonant dc-dc converter.

cC—

peo1dv
peo1 v

Series Series (parallel loaded)

0Nins
T

Parallel LCC

Fig. 2.5 Resonant tank topologies.

—
(@]
|
peo1 v
peo1 v

High frequency operation without sacrificing corteer efficiency makes load
resonant converters suitable for compact high paapglications[5]. This chapter

focuses on the characteristics of these typessohant converters.

In high power applications, owing to voltage/cutrigvels involved, IGBTs are the

typical semiconductor devices utilised in load resd converters.

2.2 Resonant tank configurations

Various configurations of resonant circuits are Eygd in resonant converters. In
order to design and control these converters, aeparameters must be considered,
such as corner frequency, resonant frequency, ctesistic impedance and loaded

guality factor, which are defined as followd:[6
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Q=2

& Energy dissipated per cycle ~  Active power

Corner frequency or undamped natural frequengy This frequency is
defined by the main tank reactive components witltmnsidering resistive
elements.

Resonant frequency,Xf This is defined as the frequency which canceis o
the inductive and capacitive impedances, hencey wpltage and current are
in phase.

Characteristic impedance JZThis corresponds to the absolute value of the
inductive impedance or of the capacitive impedaradeulated at the corner
frequency.

Loaded quality factor (Q). This parameter providesieasure of the energy
stored in the resonant tank at the corner frequenaypared with the energy
dissipated at the corner frequency. Thus, the apmlity factor is defined
by (2.1), where the reactive power correspondsht inductive reactive
power or the capacitive reactive power at the aoimeguency, and the active

power is the average power dissipated by the load.

Peak energy stored Reactive power

(2.1)

Table 2.1 summarises the expressions of cornewudrary (or undamped natural

frequency), resonant frequency, characteristic thapee and loaded quality factor for

different resonant circuit topologies][6

Table 2.1 Resonant circuit topologies and their parameters.

Corner Resonant Characteristic | Loaded quality
Resonant circuit frequency frequency impedance factor
Wo (0 Z, Q
L C
JVV\_|
R
1 1 L Z,
VLC VLC c R
Series
(series loaded)
Ve Ve Vg Vi e
a
€ SRR
o VLC LCeq C Z,
Series
(parallel loaded)
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VILC C Z

Parallel

L G C

Al | 1 :
%R Reé - LCoq I R
T =) | (=) | (=g

C1+C,

1 ! L
JVLC LeqC C —

(L=Li+Ly) | (Leqg=1Ly+Ls)

N
je}

(L = L]_ +L2)

Expressions for the total impedance of series amdllpl resonant circuit are given in
table 2.2. In addition, in order to show the impemavariation considering different
operating frequencies and quality factor valuegurg 2.6, 2.7 and 2.8 show

magnitude (normalised) and angle (phase) of tred totpedance as functions of the
quotient% (normalised frequency) and quality factor. In théigures, it can be seen

the effect of the quality factor on the resonantuit behaviour as well as the effect of

the operating frequency.

Table 2.2 Total impedance of resonant circuits.

Impedance
Z(f)
Resonant circuit
Magnitude Angle
12| €©) ¢ (rad)
B R R R R G (AR O))
Series Q2 1_(%)2 2+(L0)2 B 2 B
(parallel loaded) Zo [ 1+fQ(fL])]2f tan™ {Q (é) [(J{_o) + (é) 1]}
Z = £\ _ (f
o _ -1 J )y _ (o
Parallel é"‘[(;—o)—(%)]z tan {Q [(fo) (f)]}
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Fig. 2.7 Magnitude and angle of the total impedance of esqgr@eallel loaded) resonant circuit.
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Fig. 2.8 Magnitude and angle of the total impedance of a gdaesienant circuit.

2.3 Load resonant dc-dc converters

This section presents the structure and contrdinigoes for series and parallel
resonant converters. The quality factor of the masb tank is assumed to be high
enough such that the currents through the tank ooemis are sinusoidal.

Furthermore, an operating frequency about the sesdnequency is also considered.

10
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2.3.1 Seriesresonant converter

A series resonant converter (SRC) [5, 6], alsoedalleries-loaded resonant (SLR)
converter [7], consists of a resonant inverter arahpacitively smoothed rectifier as
output stagg5-7]. The resonant tank configuration is that degzian figure 2.5(a). A

diagram of this converter is shown in figure 2.9.

High Frequency
Transformer

e

DC Input Crank
Voltage

——————O e

Co

peoT

L
=

Series Resonant Rectifier
Inverter

Fig. 2.9 Schematic diagram of the topology of a series resooawérter.

Considering a sinusoidal tank current, a seriesn@st converter behaves as a current
source, thus, as shown in figure 2.10, since tltpudistage is connected in series with
the resonant tank, the rectifier input voltagg)(is a square wave voltage whose
magnitude depends on the dc output voltdge, (which corresponds to the output

filter capacitor voltage.

Fig. 210 Equivalent circuit of a series resonant converter.

2.3.2 Parallel resonant converter

As in a series resonant converter, a parallel @sowconverter (PRC) [5, 6] is
composed of a resonant inverter supplying a sezg@mnant (parallel loaded) circuait
SRPL tank [1-2, 8], shown in figure 2.5(b). In tloi@se, the output stage is based on

an inductively smoothed rectifigb-7]. A schematic diagram of a parallel resonant

11
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converter is shown in figure 2.11. This converteralso called parallel-loaded

resonant (PLR) converter][7

High Frequency
Transformer

Liank l L()

DC Input J C I J_

Voltage tank I —l_
Parallel Resonant Rectifier

Inverter

Co

peoT

Fig. 211 Schematic diagram of the topology of a parallel resonantectary

Assuming a sinusoidal tank capacitor voltage, @nbkries resonant converters, the
output stage (load) is in parallel with the resdntamk capacitor, which acts as a
voltage source. In this case, as illustrated inrgg2.12, the rectifier input currernit, )

is a square wave current, whose peak magnitudgqual ¢o the current through the

output filter inductor [,)).

* —
Ltank Io

+
Co — VO §RLoad

Fig. 212 Equivalent circuit of a parallel resonant converter.

2.3.3 Control of load resonant converters

To regulate the output dc voltage (load voltagégaore 2.9 and 2.11), it is necessary
to control the current through the resonant taeki€s loaded) or the voltage across
the tank capacitor (parallel loaded). Thereforeysatering the previous assumptions
(high Q, etc.) and steady-state operation, an atpnv ac loadR,) is calculated [1-
2, 8410], as shown in figure 2.13, in order to define te¢ationship between the

voltage applied to the resonant taml,§ and the load voltager§,,;).

12
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o —0 e ]
{ —N—
v @ _“_ v +<>R — R
in out ?
<CRAC DC
- LC Resonant - I,’ Rectification
Circuit I _ Stage

Fig. 213 Equivalent ac load.

This equivalent ac load is determined by considetive fundamental component of
voltages and currents (fundamental mode approxdmaf&MA). Table 2.3 gives, for
both resonant converters, the relationship betwtbenpeak value of the voltage
applied to the resonant tank,() and the peak value of the load voltagg,() as well
as the equivalent ac load. The switching frequefgycorresponds to the frequency
of the voltage applied to the resonant tank, iperating frequency. Figure 2.14 shows

the input/output voltage relationship as a functéthe switching frequency.

Table 2.3 Input/output voltage relationship and equivaenbad.

Series Resonant Converter Parallel Resonant Converter
1 1
ﬁfut 2 272 2
o | fovelm-@F | 0T+
Rac %Ruc %ZRDC

10

8 8

o &)

~ \3' & {Q
g S

« «©

il L L L L L L L L L 10 i} i h I T T T
os 06 07 08 089 1 11 12 13 14 15 0s o0& 07 08 08 1 1112 13 14 15

fi/f fi/fs

——_______

(@) (b)
Fig. 214 Input/output voltage relationship: (a) series and (b) phcleverter.

The voltage applied to the resonant tank by theriiev is a square wave voltage or a

guasi-square wave voltafe-2, 8-12]. The fundamental component is determimed

13



Chapter 2- Overview of Resonant Power Converters

means of the Fourier series of the quasi-square segnal illustrated in figure 2.15.

This series is given by:

f(0) = ; {% [1 — cos(nm)] cos(na)}sin(n@) (2.2)
A
0 -
-A
0 T 27

Fig. 215 Quasi-square wave signal.

From (2.2), the peak value of the fundamental camepoof a full square wave signal,

i.e.a=0, is:
. 4A )3
h=— (2.3)

Considering the input/output voltage relationshgble 2.3) and a square/quasi-square
wave input voltage, three control strategies faadlaesonant converters may be
considered [1-2, 8-12

»= Frequency control.
= Phase control.

= Combined frequency and phase control.

2.3.3.1 Frequency control

Since the behaviour of a resonant tank dependshenoperating frequency, the
inverter may be controlled by varying the switchfrequency £;) [2-10]. In this case,
the voltage applied to the resonant tank, whicheddp on the dc input voltaggy(),

is a square wave voltage whose fundamental compdnem (2.3), is:

. 4Vpc
Vin = T (24)

The modulation index can be determined by using imgut/output voltage

relationship given in table 2.3. Thus, considerthgt the maximum value of the

14



Chapter 2- Overview of Resonant Power Converters

input/output voltage relationship%”—t = 1, for a series converter, a%é‘—t ~ Q, fora

parallel converter, the modulation index for eashwerter is given by:

D 1
e ) e
fo fs
_ lﬁout — 1

(2.6)

Mpc(pa‘rallel) (%) - Q ﬁm 2
Jel-@T

Figure 2.16 shows the modulation index for différevels of quality factor. The
switching of the inverter for frequency controbiepicted in figure 2.17, which shows

the voltage applied to the resonant tank and iiddmental component.

35 3.5

10
0s D‘E D‘? D‘E DIB 1‘ 1‘1 1‘2 1‘3 1‘4 15 %5 [IIE [IIT n‘g n‘g 1I 1‘1 1‘2 1‘:—1 1‘4 15
f/%, fi/fs
@) (b)

Fig. 216 Modulation index for frequency control: (a) series and (b) p&iteverter.

Vbe VA
_ _ Vo Vs
VDC_ L v,
S v, Voc Vip=Vy-Vy
J J Ve

T 2n Fundamental component

Fig. 217 Voltage applied to the resonant tank by employing frequeantrol.

Waveforms for a series and a parallel resonant cterveegulated by frequency

control are illustrated in figure 2.18. In both essthe power converter is operating at

15
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the corner frequency, which is approximately edqoathe resonant frequency for a

high value of quality factor.

Voltage applied to the
resonant tank

!

Load voltage

NS NS Ay vy

Tank current
(a)

Voltage applied to the
resonant tank Load voltage

\ N\

\/ / | \/
Tank current

(b)

Fig. 218 Waveforms using frequency control: (a) series and (b) parallgbctan.

Since the angle between tank input voltage and tapigt current depends on the
operating frequency, this control technique acldefdl soft-switching operation

(ZCS) when the switching frequency correspondfiéaésonant frequency.

2.3.3.2 Phase control

If the switching frequency is maintained fixed (geally operating at the corner
frequency), the output voltage may be controlledrmdifying the angle: in equation
(2.2), thus, a quasi-square wave voltage is appbethe resonant tanKk-2,8-12].
Hence, the fundamental value of the input voltagd #ée input/output voltage

relationship are given by (2.7) and table 2.4, eetipely.

4y,
Dy = HDC cos(a) .7)

Considering ¢ as the phase shift between the switching of eawterier leg

(wherea =%), as shown in figure 2.19, the modulation index bwth resonant

16



Chapter 2- Overview of Resonant Power Converters

converters can be determined by (2.8). Waveforms ploase control of both

converters are shown in figure 2.20.

MPC(series) ((.b) = MPC(parallel) (¢) = cos (%) (2.8)

Table 2.4 Input/output voltage relationship.

Series Resonant Converteg Parallel Resonant Converte

ﬁfut cos(a) Q cos(a)
Vin
Ve VA
_ _ Voc Ve
Voc | 2 o
- y oc]| Vi =Va-Vy
B g

\ﬁ/n 21-5 Fundamental component
2

Fig. 219 Voltage applied to the resonant tank by using phase ¢ontro

Voltage applied to the
nt tank Load voltage

Tank current
()

Voltage applied to the

resonant tank Load voltage

Tank current
(b)

Fig. 220 Waveforms using phase control: (a) series and (b) parallebdenv
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Although this control strategy allows the outputlta#ge to be regulated without
varying the switching frequency, full soft-switchiogeration may be lost even when

operating at the resonant frequency.

2.3.3.3 Frequency-Phase control

In order to regulate the output voltage under safitching operation (ZCS and ZVS),
reducing losses, frequency and phase control caofbined1-2, 8-12]. In addition,
this control strategy allows the control of the puitvoltage to be more flexible in
terms of operating range (quality factor and fregy®. Thus, the phase shift between

input voltage and tank currenp)is considered as:

p=7 (2.9)

As a result, from (2.8) and table 2.2, the modafatindex for each converter

considering phase control is:
Mpc(series) (;—Z) = cos (tan‘l{Q[(;—Z)—(%)]}) (2.10)

Mpciparaten (1) = cos (san™{o(72)[(7)"+(g=)-1]) 211

Therefore, from (2.5)-(2.6) and (2.10)-(2.11), theodulation index for both

converters using frequency-phase control is giwen b
MFPC(series) = MFC(series) X MPC(series) (2-12)
MFPC(parallel) = MFC(parallel) X MPC(parallel) (2-13)

Hence, the final expressions for (2.12) and (2at8)

() 2
o (&) + (£) + 0202 (5)]

Q
MFPC(parallel) (f ) (2.15)

o () + ()" + 02202 () Jo (7o

The modulation index, for series and parallel cotre, utilising frequency-phase

MFPC(serles) (fs) (2-14’)

control as function of% is shown in figure 2.21. In addition, the switalpiof the

o

inverter and typical waveforms for this strategy t& seen in figures 2.22 and 2.23,

respectively.
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Fig. 221 Modulation index for frequency-phase control: (a) series anpla(tallel converter.

Voct V,

T 21-5 Fundamental component
(voltage)

Tank current

Fig. 222 Voltage applied to the resonant tank by using frequeheyg control.

Voltage applied to the
resonant tank Load voltage

Tank current

(@)

Voltage applied to the

resonant tank Load voltage

Tank current
(b)

Fig. 223 Waveforms using frequency-phase control: (a) series and (b) pacaiigrter.
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With this control strategy, one inverter leg (leg gWitches at zero crossing of the
tank current (ZCS), whereas the other leg (leg@¥@nts hard switching, as shown in
figure 2.22. In order to achieve ZVS operation fgr Bz snubber capacitors can be

utilised across the semiconductor devices [1-22]8-1

To implement frequency-phase control, it is neagssa determine the switching
frequency for a defined modulation index, thus, fwdtching frequency may be
considered as a function of the modulation ind@%:,-) and, for instancea
polynomial approximation may be employed [1-2,.@; as given by (2.16).

n

fs = Z ax (Mgpc) * (2.16)

k=0

This polynomial approximation is calculated by adesing a fixed quality factor, i.e.
constant loadK,). In order to implement this control strategy watlvariable quality
factor (variable load), a different approximatioppeoach must be considered, for

example, a surface fitting approximationig@sised in 11, 12].

2.4 Summary

This chapter has briefly introduced some conveafioesonant converter topologies.
In addition, several resonant circuit configuraicend their main parameters have
been presented. Among the converter topologies, lesonant converters have been

considered in more detail, describing the strugtoperation and control.

Specifically, two load resonant converter topolsgiseries and parallel, have been
considered in this chapter. For these converténget control strategies, namely

frequency control, phase control and frequency-plcastrol, have been described.
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Chapter 3

Predictive Control of Power Converters

3.1 Introduction

Model Predictive Control (MPC) has been continuouskearched over a number of
recent decades and for a wide range of applicafii)s4]. MPC employs a model of
the process to be controlled, thus, the future Wieha of the plant may be pre-
calculated or predicted in order to determine atingm value for the control signal
[13-16]. There are several predictive control strategidsch are currently used in
industry, such as Dynamic Matrix Control (DMC), Gelsed Predictive Control
(GPC) and Predictive Functional Control (PFC), whach based on different models

that include constraints and/or disturbandes; 14).

In a MPC strategy 1[3-16], the model is utilised to predict the outputsfatiure
instants according to the prediction horizon)(Nvhich determines the number of
samples ahead which must be predicted. To calcthateptimal control signal, an
objective function, usually called a cost functionust be defined and minimised.
Generally, this is based on the error between thdigted output and the reference,
and takes the form of a quadratic function. In &ddj it may also include the control
effort. After optimising the cost function, a sdt samples for the control signal is
obtained. The number of samples is defined by th@rol horizon (N), however,
only the first value of the control signal set gphked to the system since the future
values will be recalculated considering more infation (measurements, calculations,
etc.) over future sampling periods. This procesappflying a single control signal and

carrying out the calculation of a new control sigmalue every sampling instant is
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known as a receding horizon strateldy8-16]. A scheme for MPC, considering

N,=Ns=1, is depicted in figure 3.1.

|

| Re{erence I Input Output
1 y'(k+1) L I u(k) y(k)
| —> Optimisation [ > Process >

1 1

1 1

X 1

1 Prediction :

1 y(k+1)

I Model < :

| I

Model Predictive Control
Fig. 3.1 Scheme for model predictive controj¥N.=1).

Some advantages of MPC are [1G:

= |tis relatively easy to understand and implement.
* |t can be easily expanded to multivariable control.
= |t is fairly simple to consider nonlinearities aednstraints in the control

system.

However, its dependency on parameter values angadkential requirement for a
significant computational effort are some of thenmmdrawbacks associated with this

control strategy.

Since MPC needs to perform various calculationdiag been mainly utilised to
control ‘slow’ processes. During recent decades, chiefly owing to the development of
fast processors, MPC has become a control methdak@dpp electrical systems such
aspower electronics and drives [1506]. Several characteristics of power converters
and electrical drives make MPC a suitable contraloop[16]. These characteristics

are depicted in figure 3.2.

Characteristics of power converters and drives

Finite number
of Constraints
switching states

Nonlinear
systems

Predictive
Control

Known models

Discrete-time of Fast control
implementation power converters platforms
and drives

Characteristics of present-day control systems

Fig. 3.2 Characteristics of power electronic systems which makeai@able control option.
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3.2 MPC for a SISO system

A simple MPC-based controller can be designed faingle-input/single-output
(SISO) system. This controller calculates the irgfuhe system by minimising a cost
function based on the output error and the corgffurt [13 14]. Considering the
SISO system given by (3.1), whexg is the state vectoy is the input and is the
output:

x5 (k + 1) = Ao, (k) + Bor(k)
(k) = Cox, (K) G

Then, defining the incrementsc, (k), Au(k) andAy (k) as:

Axy (k) = x0(k) — x5 (k — 1) (3.2)
Au(k) = u(k) — u(k — 1) (3.3)
Ay(k) =y(k) —y(k — 1) (3.4)

From (3.1)-(3.4), the increment of the state veetod of the output at,,, may be

written as:

Axy(k +1) = x,(k + 1) — x, (k) = Ax, (k + 1) = AyAx, (k) + Bodu(k)  (3.5)
Ay(k +1) = y(k + 1) — y(k) = Ay(k + 1) = C,Ax, (k + 1) (3.6)

Considering a new vector given by [14

k
x(k) = Af‘g,g))] (3.7)
And, from (3.5)-(3.7), arranging a new system:
Axo(k+ 1] _[ A, 0][A%, (k) B,
e ) =les, 00 1+ le,p,] 2w is
=10 1[*=®) 9
YR y(k)
Equation (3.8) may be rewritten as:
x(k + 1) = Ax(k) + BAu(k) (3.9)

y(k) = Cx(k)

In order to implement a predictive controller fbetSISO system given by (3.1), a
control horizon (Y and a prediction horizon (N must be defined, thus, the
sequences given by (3.10)-(3.12) are obtained[4]3

Au(k) Au(k+1) - Au(k+N.—1) (3.10)
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x(k+1) x(k+2) - x(k+Ny) (3.11)
yk+1) y(k+2) - y(k+Np) (3.12)

Considering W=N=1, to simplify calculations, and equation (3.9)e frediction of

the output is:
y(k + 1) = CAx(k) + CBAu(k) (3.13)

Therefore, for a given reference output valug),(a cost function (G) to minimise the
error of the output is given by (3.14), which inbds the input incremeniAg) to
consider the magnitude of the input variation (ocoinéffort), i.e. how fast the input
variable can change or how large the input variable be between two consecutive
sampling periods [1,3L4]. A coefficientA is used to makAu more or less important,

thus, whem=0, the controller does not consider how the inuies.

G =y —yk+ D]* + A[Au(k)] 2 (3.14)

When minimising the cost function [134], i.e.a'% = 0, equation (3.15) is obtained
from (3.13) and (3.14):

aG d

ETi m{[y* — (CAx (k) + CBAU(K))]” + A[Au(k)] 2} =0 (3.15)

Thus,Au is given by:

Au(k) = [y* — CAx (k)] (3.16)

B
(CB)? +2
Rewriting (3.16) by using (3.8):

CoBo

k) =Bz

[y* =y () = CoAorx, (k)] (3.17)
As a result, from (3.2) and (3.3), the predictieatroller equation is:

u(k) =uk —1) + Y = y(k) = Coloxo(k) + CoAox, (k — 1)] (3.18)

o~o [
(CoBo)? + 4

3.3 Predictive control methods for power converters

Different predictive strategies have been usedingy electronics and drives [115],
namely deadbeat control, hysteresis-based predictontrol, trajectory-based
predictive control and model predictive control.blea 3.1 summarises the main

characteristics of each method [16].
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Deadbeat control aims to make the output reachrd@fezence value (error equal to
zero) in the next sampling instant. Hysteresis-thasteategy maintains the output
within a tolerance band (hysteresis area), wheragsctory-based control forces the
system to follow predefined trajectories. With nebto MPC strategies, there are two
methods: with a continuous control set and witimdef control set. The first strategy

generates a continuous control variable, therefbre requires a modulator to control

the power converter. Unlike this, a MPC with fintentrol set method is based on the
limited number of switching states of a power catere hence, this approach controls

directly the converter without employing any modiala strategy.

Table 3.1 Predictive control strategies used in power elécsrand drives.

Predictive control method Characteristics

= Uses a modulator

= Fixed switching frequency
= Low computations

= Constraints not included

Deadbeat control

=  No modulator
Hysteresis-based = Variable switching frequency
= Simple concepts

= No modulator
Trajectory-based = Variable switching frequency
= No cascaded structure

= Needs a modulator
MPC with continuous control set = Fixed switching frequency
= Constraints may be included

No modulator

= Variable switching frequency
MPC with finite control set = Online optimisation

= Low complexity (N= N;=1)

= Constraints may be included

Model Predictive Control

3.4 MPC applied to power converters

From table 3.1, there are several predictive corgi@tegies employed in power
electronics and drives. This section is focusednodel predictive control with finite
control set or also called finite control set mogetdictive control (FCS-MPC) [16-
18], which is based on the switching model of a @owonverter and considers the
control signal of every power switch as a contratiable. As previously mentioned,
FCS-MPC does not need a modulator since the swgaignals are the output of the

controller and these are directly applied to thevgroconverter. Since the switching
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signals do not necessarily follow a defined paiténis strategy produces a variable
switching frequency. For this approach, the optatiis is carried out online at every
sampling period and, generally, a prediction arnzbiatrol horizon equal to one are
used 16-18]. Figures 3.3 and 3.4 show an example of an FCS-ME&me when

implemented on a power electronic system and tmeamt of this control strategy,

respectively.
Power
Converter
Input Output
el Filter \ Filter Loz
A
L v ) Switching | v )
Signals
References Optimisation
é +
Constraints
A
Predictions
- Model |
Measurements | (based on switching states) | preasurements
Fig. 3.3 Scheme of FCS-MPC for a power electronic system.
New optimum \
switching state 0 \\
\ \ Predictions for
e different
Reference )/ switching states

//
=

Previous optimum
switching states

<« Ts—>

tr2 T tr ter1 a2

Fig. 3.4 Concept of FCS-MPC.

3.4.1 Switching model of a power converter

A power converter can be considered as a set oépswitches, which correspond to
power semiconductor devices such as IGBT, MOSFEdded, etc. For a switched
mode converter, these semiconductor devices operat® states, namely saturation

and cut-off which function as ‘on’ and ‘off” states, respectively. To analyse the
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behaviour of a power converter, a power switcloisstdered to be ideal, appearing as
a short circuit (zero impedance) when on and agpam circuit (infinite impedance)
when off [7,19]. In addition, every change between states, from ‘on’ to ‘off” and vice

versa, is considered to be instantaneous, incueeng loss during the transition.

Although an ideal switch operation is considerecemwinalysing a power converter,
in reality, when a switch is ‘on’, there is a small voltage drop across the terminals
whose value depends on the semiconductor devicéogatpand the operational state
of the circuit. Similarly, during an ‘off” state, there is a small leakage current [7, 19)].
Furthermore, the process of turning a device on affl does not occur
instantaneously, thus, the current through thecgewvicreases or decreases gradually.
Figure 3.5 shows an ideal power switch and somégumations of power switches
based on IGBTs utilised in different converter tiogees.

L i@

@) (b) (©

Fig. 3.5 Some power switches using IGBTSs: (a) ideal swit¢hyr{lalirectional switch (current can flow
in both directions/only positive voltage across théakcan be blocked), (c) unidirectional switch
(current can flow in one direction/positive and negativeagatacross the device can be blocked) and (d)
bidirectional switch (common emitter configuration).

The switching model of a power converter is basethe on-off operation of a power
switch, which is defined by a switching functionn A&xample of a switching function
is given in (3.19). Therefore, using this functimoltages and currents of the power
converter may be obtained. Generally, the switchingctions are result of a
modulation strategy, such as pulse width moduladfvM).

1, when power switch is 'on'

0, when power switch is 'off" (3.19)

S(t) = {

Some strategies to control power converters, sagdpace vector modulation (SVM),
are based on all possible allowed combinations witcking elements. Each
combination [1618, 20], called a switching state, produces differapui and output
voltages/currents, hence, the behaviour of a pamwsarerter can be determined by
these states. In order to determine the switchtates of a power converter, it is
necessary to consider some restrictions relatetheoconverter operation. Thus,

depending on whether the power converter has aagmltor current source, the
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switching states for a similar power converter ctite, considering ideal switches,
are different in order to ensure that Kirchhoff’s voltage and current laws are

maintained. In figure 3.6, a schematic diagram dfrae-phase inverter with ideal
switches is illustrated. Figure 3.7 shows a threasp voltage source inverter (VSI)
and a three-phase current source inverter (@®th using IGBTs. In addition, table

3.2 presents the switching states for both inverter

st s

N N X

a
l b
1 C
S, S, S

NN

Fig. 3.6 Three-phase inverter with ideal switches.

J:‘} J(} N Jl; Jl;

O — .0
A

Fig. 3.7 Three-phase inverter: (a) VS| and (b) Csl.

~

(%)
—

Consequently, a switching model may be represemyethatrices, such as equations
(3.20) and (3.21) for both inverter topologies2d].

) [(51(D-5:O}-(55 (-S40}
Vab (t) | 2

|
Ve (D) | = |{53(f)—54(t)};{55(f)—56(t)}|V o (3.20)

| Vea () |50 56<t>} (519520

I,() {S3(t) — S4(O)}| Inc (3.21)
[ 1(D) {Ss5(t) — Se(D)}

1, (t)] l{51 () — S2(1)}
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Table 3.2 Switching states for three-phase inverters (MBCS1).

Voltage Source Inverter (VSI) Current Source Inverter (CSI)
Switching state Vab Vbe Vea Switching state la Iy I
% Voe 0 - Ve % loc | -lbc 0
% 0 Vo - Ve % Ipc 0 - Ipc
0 (%]
QL BC
s =
o “Voc | Voc | O | g 0 | Ioc | -loc
c c
< =
= 2
2 =
] 7]
E - Vbe 0 Vbc 2 -lpc | lbc 0
Q ©
< <
% O - VDC VDC % - IDC O IDC
% Vbc - Vbc 0 % 0 - lpc Yo
[%2]
e
ke
o 0 0 0 0 0 0 0
o) Q
£ =
S @
o =
o 0 0 0 L 0 0 0
@ S
N 7
o
3]
@) O N
Power Switch Power Switch 0 0 0
ON OFF

3.4.2 Prediction equations

For the FCS-MPC strategy, prediction equations efyevariable to be controlled are
needed, hence, to control a power electronic sys@nmodel including power
converter, load, filters, etc. must be defined.nfkrthe previous section, a power
converter may be represented by a switching matiels, in order to obtain the
prediction equations, the model of every compomérihe system (load, filter, etc.)
must be combined with the switching model, whiclovies output and input

voltages/currents of the power converter. Predictguations are usually derived
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using a first order approximation of the derivatias given in (3.22), or a discrete-

time state-space representation, as in (3.23)1[76,

d x(k+ 1) — x(k)
() = T (3.22)

x(k +1) = Ax(k) + Bu(k)

yCe+1) = Cx(k + 1) (3.23)

3.4.3 Cost function and optimisation

The controller output (switching state) is detemairby minimising the error between
the reference and the prediction of the variablegaontrolled. The expression to be
optimised is denominated cost function (G) and d#yninclude several variables
(multivariable control). Normally, this is implemiexd via the absolute value or the
square of the error [168], as given by (3.24), where' is a reference value and is
the corresponding prediction.

G = |x*—xP|

G = (x'— )2 (3.24)

Optimisation of the cost function is carried outdwaluating the cost function using
every switching state and selecting the one whidtieaes the minimum value. Since
this procedure depends on the number of switchigs, it may demand a significant
number of calculations. A flowchart of the optimiesa process is shown in figure
3.8, where\ is the number of switching states;** is the prediction at, ., for the i-

th switching statel( < i < N), x* is the value of att,, Si" is the i-th switching state,

andsy,, is the switching state to be appliectat

As previously mentioned, the cost function can aontdifferent terms, such as
another variable to be controlled, some additieeahs related to the control effort or
some constraints, for instance, minimisation ofteling frequency, reduction of the
switching losses and voltage/current limitatiod8§-18]. When the cost function is
composed of several terms, in order to consider dsilgaificance of each term,
coefficients known as weighting factors are emptbjis-18], which allow tuning of
the cost function. Equation (3.25) gives an exangflea cost function with two
variables to be controlled and an additional tei), (wherel;, A, and A; are

weighting factors.

G = /11|xi" — xf| + Az|x§ - x§| + A3F (3.25)
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Switching State
i=1

|

Prediction calculation
for one switching state no

xfth = f(x*,Sh)

Minimisation
Gopt = min( Gy, ..., Gy)

Cost function for
one switching state

G =f(x" —xfth

A 4

Optimum switching state is

selected according to G,y

i=i+1

ls’gpt

Fig. 3.8 Optimisation process.
Furthermore, when two or more variables have tardgpilated, the error of each
variable can be normalised§18], resulting in per-unit values, which leads to a
homogeneous cost function. An example is given326), wherex, x7 andx? are

the corresponding nominal values.

Yk BN o | WP o (3.26)

| + 1,
n n
X1 X2

x3
3.4.4 Delay compensation

Ideally, a predictive control strategy can minimie error at;.., by applying a new

switching statey,,;) att,, as shown in figure 3.9.

Measurements (x*~1) Measurements (x*) Measurements (x**1)
+ + +
Predictions (x¥) Predictions (x¥*1) Predictions (xk+?)
+ + +
Optimisation (G gp¢) Optimisation (G op¢) Optimisation (G gp¢)
k-1 k-1 k k k+1 k+1
X w Sopt X w Sopt X $ Sopt
DR Calculation
time
A
T T T >
ti-1 ty Ty i+t

Fig. 3.9 Ideal implementation of FQ8PC.
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Since FCS-MPC is digitally implemented, every catioh consumes time, as a
consequence, this generates a predictable delaghwhust be compensated. One
compensation approach is based on optimising thefaaction &t,.,., and applying
the optimum switching state gt,; [16, 17]. In order to implement this approach, it is
necessary to obtain every variabletat, instead of measurementstat therefore, a
simple option is to estimate the valuestat,; usng the optimum switching state
applied att; (previous result of optimisation), measurementd tie model of the
system. In figures 3.10 and 3.11, a flowchart @& diptimisation process taking into
account the calculation delay and a diagram of MFP& implemented in a digital
control platform are depicted, respectively.

Estimation based on
Sk — 3| switching state applied at t,,

opt
xHL = f(ak, 5k,0)

Switching State
i=1

yes

l isN

Prediction calculation
for one switching state no

xé{+2 — f(xk+1,S{:(+1) |
Minimisation
Gopt = min( Gll ey GN)

Cost function for
one switching state

G = f(x" —xf*?)

Optimum switching state is
1 selected according to Gopt
i=i+1 l
k+1
A) opt
Fig. 310 Optimisation process with calculation delay.
k—1 k k+1
S opt A opt S opt
Measurements (xk~1) Measurements (x¥) Measurements (xk+1)
+ + +
Estimations (x¥) Estimations (x*+1) Estimations (xk*2)
+ —o + o + —
Predictions (xk+1) Predictions (x¥+?) Predictions (xk+3)
+ + +
Optimisation (G op¢) Optimisation (G gp;) Optimisation (G op¢)
A
xkt \ Sopt xk v Sopt xkH v Sopt
—_—> —_—> —_—>
Calculation Calculation Calculation
time time time
A
7
ty-1 ty T, i1

Fig. 311 Actual implementation of FCS-MPC.
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3.4.5 Predictive control implementation

There are four basic stages in the implementatibraro FCS-MPC algorithm:
measurementsestimations predictions and optimisation. Each of these stages

explained as follows:

= Measurements: In this stage, all of the variablesded are measured, either
variables to be controlled or any state varialflé. is not possible to measure
some variable, an observer may be utilised in aestimate its value.

= Estimations: Owing to the calculation delay gerstat(actual digital
implementation), it is not feasible to minimise teor att,,, and apply the
optimal switching state af,, therefore, the entire process is shifted frigno
ty+1, and, as a result, the model is employed to etgith& variables at,,; as
well as to predict the variables @t,,. In order to calculate the estimations at
tx+1, the previous optimum switching state calculatet).a, but applied at,
Sopt(k), is used.

= Predictions: The predictions a},, are calculated by using the estimated
values of every variable af,; and every switching state. These predicted
values are used to obtain the errorst;gt, which are included in the cost
function.

= Optimisation: After calculating the predicted vafer every switching state at
tk+2, @ cost function is defined (one value for eacliiching state), mainly,
based on each error @t,,. Then, the optimisation (minimisation) is perfoane
online, i.e. it is carried out during every samgliperiod, and, according to the
minimum value of the cost function, the optimal telhing state to be applied at

ty+1 IS determined.

In figures 3.12 and 3.13, flowcharts of FCS-MPC iempéntation with and without
delay compensation are depicted. In these, a desystem is considered, hence, a
multi-input/multi-output (MIMO) state-space modelused. Outputs and inputs are
measured, and the output predictions are calculatesed on the state vector
predictions, which depend on the converter swighitates. The cost function ;@&
also given in a general form, whereis a diagonal matrix, given in (3.27), that
contains the weighting factors, amdis an additional term which represents some
constraint or other variable to be taken into aotoduring optimisation. The
optimisation process compares every value of tls femction in order to determine

the switching state that minimises it. Finally, ty@imal switching state is applied to
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the power converter. The MIMO system consideredvisrgby (3.28), wherg is the
state vectorpy is an input vector (related to the power convgrtgris a matrix of
switching functions, which is different for eachiwhing statey is the output vector

and N is the number of switching states. In (3&¥) (3.28), nm, g and r are used to
indicate the dimension of every element.

A o 0

[A]rxr = [ : : ] (3.27)
0o - /17"

[x(k+ D], = Uluan[2(O], + Bl {[SU I nag [0(O] ] (3.28)

pk+D)| = Clan[xCe+ D]

rXx

y(k) S

v(k)

Measurements

A
IS
~

=
—

x;(k + 1) = Ax(k) + B[S;(K)v(k)] ¢ &S e
yilk +1) = Cx;(k + 1) no
l Gopt =G

Gi= [yt + D~y + D] Ay G+ D~y + D] +F

I i=i+l1 |

yes

J
v
Switching state to Y

be applied at t;, END

|:| Measurements |:| Predictions |:| Cost function |:| Optimisation |:| Optimal switching state

Fig. 312 Flowchart of FCS-MPC without delay compensation.
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(k) > x(k)

v(k) v

Measurements

Sopt (k) —

x;(k +2) = Ax(k + 1) + B[S;(k + Dv(k + 1)]

!

|

6=y G +2) -y + 2] Ay G+ 2) =yl + D]+ F

I i=i+l I

j<N
no
< Gj < Gopt no
yes === -=- Sopt(k + 1)

% ¥
j=j+1 Switching state applied A 4

at ity q END
(next sampling instant)

] measurements [ Estimations [ Predictions [ Cost function [C] Optimisation [[] Optimal switching state

Fig. 313 Flowchart of FCS-MPC with delay compensation.

3.5 Summary

This chapter has introduced Model Predictive Con(idPC) applied to power
electronic systems and has focused on FCS-MPC (npoedictive control with finite
control set) that allows controlling a power congeby applying directly a switching
state during a sampling period. This switching estiat the result of the predictive
control strategy. Implementation with/without cdition delay compensation has
been presented. In addition, other predictive abnépproaches used in power

electronics and drives have also been considered.
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Chapter 4

Direct Resonant Power Converter

4.1 Introduction

This chapter introduces the direct resonant coavéRRC) and considers two DRC
topologies, namely the direct parallel resonanwveaier (DPRC) and the direct series
resonant converter (DSRC). A DPRC has been utilisgarevious work, whereas a
DSRC is the topology that this research focusesSamce this work focused on the
control of a DRC, a resistive load is considerelde Btructure, main characteristics,
model and switching states are described. Furthexnam analysis of the zero current
switching (ZCS) operation and voltage/current latians for both DRC topologies is

carried out.

4.2 Direct resonant converter

In a direct resonant converter (DRC), the invedéra load resonant converter is
replaced by a matrix converter which connects theetphase input directly to the
resonant tank. This converter has been consideredse in high voltage applications
[3-4, 2124] as seen in figure 4.1, where a diagram of a kigtage DC power supply
based on a DRC is shown. A DRC presents sepetehtial advantages [3]:4

= High power density. Since there is no dc-link cajeacand the size of
reactive components can be reduced owing to thHefrggjuency operation.

» High quality input power. Sinusoidal input curremay be obtained by using
a suitable control strategy and input filter design

= Unity power factor operation. When employing a progentrol strategy.
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= High efficiency. The losses are reduced by switghihe semiconductor

devices at every zero crossing of the output cu(&QS).

High Frequency

Direct Resonant Converter Transformer
:____________________'; High Frequency Rectifier
1 _/._I : I 1.
1 / 1 1
h I J 1 1 | ,
3-Phase 1] nput Y l/ Resonant |1 X 4 ! N 5
Input —H _ ==a B Rectifier Filter T
Voltage "1 Filter L/._I Tank i 1 | =%
1
1 — | ! 1
I 1 L e e e e e e = = J
L e ——
AC AC
Low Frequency 7 High Frequency >DC
(Three-Phase) (Single-Phase)

Fig. 4.1 Diagram of a high voltage DC power supply based areet desonant converter.

As a combination of matrix and load resonant coievsy the DRC is composed of
three main parts: an input filter, a three-phassirigle-phase array of power switches
and a resonant tank, as depicted in figure 4.1. impet filter consists of an LCR
filter, which allows current filtering as well asnsothing of the input converter
voltage. The three-phase to single-phase arragmfc®nductor devices is composed
of six bidirectional power switches which are cgufied such that any output can be
connected to any input. Finally, the resonant tamkprises inductive and capacitive
elements which, when being fed with a voltage atledined frequency by the
converter, can generate a high frequency sinusoidgiut voltage/current. Different
resonant circuits configurations were discussedhipter 2. In addition, to achieve
safe operation of a DRC, an overvoltage protedticcuit must be implemented [3-4
25-26].

4.2.1 Resonant tank

As a load resonant converter, different configoradiof resonant circuits can be used
in a DRC, such as series, series resonant pal@dlded (SRPL) or LCC circuits. In
previous work [3-4, 2P4], a SRPL tank is utilised, therefore, the loadiagé is the
voltage across the tank capacitor. In contras§ wWork employs a series resonant
tank, where the load current corresponds to theraxter output current. Figure 4.2
illustrates both direct resonant converter topasgiith a resistive load, a direct
parallel resonant converter (DPRC) and a diredeseresonant converter (DSRC),

respectively.

Since the magnitude of the voltage provided by aCDOR intrinsically variable, in

order to avoid significant distortion at the outpat higher quality factor, when
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compared with a conventional resonant invertenesded. Values of quality factor
between 4 and 10 can make the resonant tank lsssmible to the output converter

voltage variations [34].

3-Phase

Input = MI - ,' RLoad
Voltage | T 1 K
Parallel
Resonant Tank
30/20
Matrix Converter
@)
3-Phase —df 'ANI -
Input = - ,'
Voltage — | T —1 K
Series

Resonant Tank
30/20
Matrix Converter

(b)
Fig. 4.2 Scheme of a DRC with resistive load: (a) DPRC and (b) DSRC.

4.2.2 Model and switching states

The three-phase to single-phase matrix convertdr igeal switches is depicted in
figure 4.3. This circuit can be modelled by equagi¢4.1) and (4.2), whet,,, Spy,,

Seps Sans Spn @NAS,, are the switching functions for each power switch.

V(D] [Sap(®  Spp(t)  Sep(D) Viq (t) )
.v:(t)] - [Sa:(t) Sb:(t) SC:(t)] zlbgg = [vpn] = [S1[Vianc] (4.1)

ip(t)

i O] = [Sop®  Spn(® [l. o)

_iic (t) Scp (t) Sen (t)

[iiabc] = [S]t[ipn] (4.2)

i, (t)‘ [Sap @) San(t)

From (4.1) and (4.2), the output converter voltagel the output current, which
correspond to the voltage applied to the resoramk {v;,,;) and the tank current

(itank), are given by:
Vtank = Vp — Un = (Sap = San)Vig + (pr = Spn)Vip + (Scp = Sen)Vic (4.3)
ltank = ip =—iy (44)

Using (4.4), the input converter currents are dated by:
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lig = Sapip + Sanin = i = (Sap — San)itank (4.5)
lip = prip + Spnin = lip = (pr — Spn)itank (4.6)
lic = Scpip + Senin = lic = (Scp — Sen)itank (4.7)

l"
via a

Lip
Uip —

iic
Vic I .

-—d
v [
./< San tank

Fig. 4.3 Three-phase to single-phase matrix converter détd switches.

In order to prevent a short circuit between inpuages and/or interrupting the output
current path, the switching functions are constadihy [25:

Sap + Spp + Sep =1

4,
San+Spn +Sen =1 (4-8)

By considering (4.8), nine switching states, sittva&cstates and three zero states, can
be defined. Each switching state and the correspgnishput current and output
voltage are given in table 4.1. Moreover, thesechiyg states are shown in figure
4.4.

Table 4.1 Switching states for a DRC.

Switching | Switches Input current Output voltage
state e lig lip lic Vtank
1 Sp| Sn | lank | —lrank 0 Viab
E 2 Sap Sn ltank 0 —ltank Viac
- 3 Sp| Sn 0 ltank —ltank Vibc
% 4 S)p Sin | —ltank ltank 0 Viba
< 5 So| Sin | —ltank 0 ltank Vica
6 S:p Son 0 —ltank ltank Vich
% 7 Sp| Sn| O 0 0 0
: 8 | Sp|Sn| O 0 0 0
N 9 Sp | Sn 0 0 0 0
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EEEEEE
= EEE

Fig. 4.4 Switching states for a DRC.

Finally, a switching model for a DRC based on eiqut (4.3)-(4.7) is depicted in
figure 4.5.

Matrix Converter

. ()
Via —
~ iia Vtank
+ .
Vib @iib @_ (D ltank
v; T
c 11 _L U llc

Fig. 4.5 Switching model of a DRC.

4.2.3 Bidirectional switches and commutation strategies

A bidirectional power switch allows current to cilate in both directions and can
block voltage in both directions. There are sevedtfigurations for a bidirectional
power switch 25, 26], such as common emitter, common collector andelioridge

arrangements. These power switch arrangementsy USIBTS, are shown in figure
4.6. The main differences between configurationsdeedn conduction power losses
and the number of gate drive circuit power suppliesded [7, 8]. Specifically, in this

work, a common emitter bidirectional switch is eoyad.

_ N
N _

(€Y (b) (c)
Fig. 4.6 Bidirectional switch configurations using IGBT&: common emitter, (b) common collector,
and (c) diode bridge.
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The commutation strategy for bidirectional switchissa crucial process for any
matrix-converter-based topology. This allows theveo converter to operate safely
without causing a short circuit at the input andéor output open circuit when

switches are turned on/off. Thus, for a bidirectilorswitch formed of two

unidirectional semiconductor arrangements, the catation process specifies the
correct sequence to turn on/off every active devitestrategy widely used is that
denominated four-step commutati¢®5], which can be controlled by the output
current direction (current-based commutation), whéne output current sign is
measured, or by the relative magnitudes of the tingaltages (voltage-based
commutation), where the line-line input voltage sign is employed. Figure 4.7
illustrates both commutation methods considerisgr@ple two-phase to single-pleas

circuit and a defined commutation timg)

peot

Sap 00
iLoad < iLoad —p s P // /////
lLoad =P -
| T S 77,
I;lo-oop o -
[0101] [SapSan-SopSom]| [10-10] Sap
. San 0000002
iLoad €= Sp
14
Sbn 7z
1‘_’2?3‘_'4
Vg < Vp Vg > Vp Sapy/ V/
San 0777
| v AL
\ v __ 000
QHO Sen 77
[ 1001 | [Sap SunSop Son | [ 02-10 | Ser V707207,
San 777
Vap < 0 S
bp 72,
Sm __ 000000

(©
Fig. 4.7 Four-step commutation strategy: (a) circuit with iwdirectional switches, (b) current-based
commutation, and (c) voltage-based commutation.
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4.2.4 Input filter

In order to filter the high frequency componentstioé current generated by the
converter at the input, a filter circuit is conremttbetween the supply and the
converter power circuit. Normally, as in matrix gerters, a second order LCR circuit
can be used, figure 4.8(a), however, dependinghercharacteristics of the system,
for example, the resulting harmonic content or enpénted control strategy, an
optimised filter might be needed as in &l], where the filter shown in figure 4.8(b)

was implemented in order to reduce the power lo$isa input filter.

Ry Ly, Re

N YL ANA
m_ | Lfl
I 2 " W

@ (b)
Fig. 4.8 Input filter configurations: (a) input filter with daimg resistor in parallel with the inductor
(typical filter used in matrix converters), and (b) input filteplemented in [3, 24

Since the output is a high frequency current arfdssaitching operation is expected,
the input filter design could become a laboriowsktahus, different factors must be

taken into account, such as:

= Current harmonics at the input.

= Quality of the input capacitor voltage.
= Cut-off frequency.

= Size of the reactive elements.

=  Power losses.

4.2.5 Overvoltage protection

The overvoltage protection circuit, also calledngtacircuit, is used to protect the
power converter from overvoltages produced by, ifmtance, line perturbations,
commutation failure or a device failure [2Z5]. The purpose of this circuit is to create
a path for the output current (tank current) inesrtb absorb the energy stored at the
input or output when a fault condition occurs ahd tonverter is turned off. The
clamp circuit for a DRC is composed of a RC cirant 10 fast-recovery diodes, as
shown in figure 4.9. Since the energy stored inrs®nant tank is small, a low rating

clamp circuit with a small capacitor is required.
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Resonant Tank

Input Filter I
VY VY N\

3-Phase —] -’WI
Ty L

Input  —
Voltage — |

[em———————————————

Clamp Circuit

Fig. 4.9 Clamp circuit for a DRC.

4.3 Zero current switching operation

Considering that the tank loaded quality factosufficiently high, the resonant tank
can produce a high frequency sinusoidal currentwthe converter supplies a voltage
whose frequency is close to the tank resonant &gy The voltage applied to the
resonant circuit is produced by connecting the atuip a lineto-line input voltage, as
shown in figure 4L0. Therefore, considering the output frequency iscimgreater
than the input frequency, the voltage applied orésonant tank can be considered as

a variable magnitude square wave voltage.

Tank current
T S I (ks CE .
~~\ - B - -
RS \ ot : .
i Y Al e : .
. s L. ) I~ . .
5 2oe H I FI I 1S :
2% B Ha S
e oa 1 7 [~ L ‘
Line-to-line —>,--% By N2
. o e i e S G e i Y T
input voltages ——"~~<_ 1 1 1 &
A A EAT
B Y L]
e ~pc e B
e .’ e
- -~ i \ S~

A~ “~F-

st taecl
‘‘‘‘‘‘‘‘‘ _ e ==

— .
T, Voltage applied to the
resonant tank

Fig. 410 Voltage applied to the resonant tank.
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When the operating frequency is equal to the regdinaguency f.), the converter
can be switched at every zero crossing of the aoutpurent, i.e. zero current
switching, since the voltage and current are insph&lence, a ZCS control strategy

must operate at a sampling/switching frequencywide the resonant frequency, i.e.
T = (2f) 7"

4.3.1 Input converter current under ZCS

As discussed in section 4.2.2, the input convecigrent is determined by the
converter switching and the output current, thereinger ZCS, it consists of multiple
fixed-width current pulses which correspond to hajtles of the resonant tank
current, as illustrated in figure 4.11, where thgut converter current for a switching
state (switching state 1 in table 4.1) is shownaAssult, a low frequency sinusoidal
input current {;;,) (supply frequency) can be synthesised by achiesirginusoidal

current pulse distribution. Thus, in order to cohthe input current, an equivalent
rectangular pulse can be considered, as depictiéguire 4.12. Figures 4.13 and 4.14

show the input converter current and the equivatgnit current, respectively.

1 )
ltank
w/\ AN
C
Aq:?l;_;{i

l) itank

Fig. 411 Input converter current for a switching stefg,(andSy,, areswitched on).

ltank
2
....... =3
| | T tank
— e —
T, T,

Fig. 412 Equivalent current pulse.
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AN AR

il

TR
A

Fig. 413 Input converter current.

Fig. 414 Equivalent input converter current (average).
As observed in figure 4.14, the maximum value ef lttw frequency input current is
given by the average value of the output currenaximum magnitude of an
equivalent rectangular pulse). Therefore, the lmgtiency input current is limited by:

lin <

itank (4-9)

SRS

Furthermore, if the constraint given by (4.9) ist satisfied, the input converter
current will be composed of a large number of sssiee pulses, leading to

overmodulation of the DRC.

4.3.2 Par allel resonant tank under ZCS

In a SRPL circuit, the phase shift between thermasbtank currentif,,;, current
through the inductor) and the tank capacitor vatég,,, which corresponds to the
voltage across the load) depends on the loadedhygtedtor (). For high values of
Q, the load current becomes small in comparison thightank current, resulting in a
phase shift of, approximately, 90° and a resonaguency {,-) close to the natural
frequency {,). On the other hand, for low values of the quafégtor, the load
current becomes more significant, leading to a Emahase shift and a lower
resonant frequency. Equations (4.10) and1(¥)show the resonant frequency and the
current relationship as a function of the qualigtbr, wher€l.,, andi .., are the
peak value of the tank capacitor and load curresgpectively. From the phasor

diagram in figure 4.15, the value of the tank cétpawoltage when the tank current is
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zero can be calculated by (4.13), whéyg, is the peak capacitor voltage. Figure 4.16

shows voltage and current waveforms for a SRPL temder ZCS.

lecap
%
—> Vtank
ltank
iLoad
i N Higher Q
Load 4 --=- LowerQ
Vcap

@) (b)
Fig. 415 Phasor diagram for a SRPL tank under ZCS: (a) voltages and curreity aarrents for
different values of loaded quality factor.

(4.10)
-1
(4.11)
i 1
6 = tan™?! ( foad> =tan™1 <—> (4.12)
Leap Q%—-1
17cap(titank=0) = i7’7\01119(:05(9) (4.13)

Voltage applied to the
resonant tank

Vtank

N

/

ltank
Tank current

(b)
Fig. 416 SRPL tank under ZCS: (a) SRPL circuit, and (b) waveforms for a SRPL tank
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4.3.3 Seriesresonant tank under ZCS

In a series resonant tank, soft switching can Ibéesed when operating at the natural
frequency since this is equal to the resonant frrqy. Thus, the tank current leads
the capacitor voltage by 90°. Voltage and currentef@ms for a series resonant tank

operating under ZCS are shown in figure 4.17.

vcap

Ctank
Vtank RLoad

Voltage applied to the
resonant tank Tank capacitor voltage

____________ AN y

/

ltank
Tank current

(b)
Fig. 417 Series resonant tank under ZCS: (a) series resonant carmitb) waveforms for a series
resonant tank.

4.4 Limitationsunder ZCS

In this section, the limitations for the input emt and output voltage are defined. The
restriction for the input current is determined &ach DRC topology by taking into
account operation at unity power factor and themast tank characteristics. For the
output converter voltage, a study of the resuliiiigtortion considering the output

voltage waveform is carried out.

4.4.1 Input current limitation

Under ZCS, the restriction given by (4.9) must bésfied in order to avoid input
current saturation (overmodulation), which entailsw frequency distortion

Therefore, considering that the input filter rem®tee high frequency components of
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the input converter current, the constraint (4&) be rewritten as in (4.14), whdxe

is the peak supply current.

is < itank (4.14)

SIS

Thus, from (4.14), expressions for the input curtenit, for a DPRC and a DSRC, in
terms of the loaded quality factor and input voitagn be obtained.

4.4.1.1 Input current limitation for a DPRC

In a DPRC operating under ZCS, hence, operatinthetresonant frequency, and

considering (4.10), the tank capacitor voltagedlealtage) is given by:

-1

1 1
Leap = Veap = 1-= Zoleap (4.15)

ﬁcap =
Wy Ctank

Then, neglecting power losses, an expression ®rtdhk capacitor voltage can be

determined from the power balance equation:

3 1 D2
Pin = Proga = Evsls =-— = Ucap = 3UsisRioad (4.16)

2 RLoad

By using (4.11), (4.15) and (4.16), the tank curcam be calculated by:

1

R % 1 1 R 30515 Ry 0aa
lmnk=;—“fjl—@ Jl_@ = frank = /T (4.17)

Therefore, replacing the tank current in (4.14Y4$7), the constraint given by (4.14

becomes:

7T ~
> s (4.18)

o

(4.19)

4.4.1.2 Input current limitation for aDSRC

Following an identical process as that carriedfoua DPRC, the output current for a
DSRC is given by:
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L. 1 2 . 30sis
Pin = Proaa = 5 Vsls = 5 Rpoaaltank = ltank = (4.20)
2 2 RLoad
Therefore, in this case, (4.14) is transformed:into
i < 12 % (4.21)
lg S — .
y 7T2 RLoad

Zo

Then, sinceQ = for a series resonant circuit, (4.21) results e tsame

Load

constraints defined by (#9):

[E
N

i <

3
oNlu:>

Q (4.22)

2

4.4.1.3 Input current limitation in terms of converter voltageratio

The maximum voltage that can be applied to thenasbtank is determined by the
line-to-line input voltage. Therefore, considering the damental frequency
component of the square wave voltage applied tadkenant tank (section 4.3), the
maximum voltage applied to the resonant tadk,{,,, maximum output converter

voltage) is given by (4.23), whefg is the peak value of the phase input voltage.
~ 4 ~
Vo,max = E\/gvs (4.23)

Thus, a converter voltage rati#f() can be defined by:

)
M, = (4.24)

=
Vo,max

From (4.23) and (4.24), the fundamental componénthe voltage applied to the

resonant tank (output converter voltage) as a fondf the converter voltage ratio is:
~ 4 ~
D, = ;\/ngvs; 0<M,<1 (4.25)

In addition, calculating the tank current, where tbtal impedance, for both resonant

circuits, is:
Zy
1Z] = — 4.26
0 (4.26)
. b, QD)
ltank = 71 = ~7 - (4:27)
(o]
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Therefore, considering equation14), the input current for a DPRC is given by:

(Q,)?
[ — 4.28
y 3ﬁsRLoad ( )
From (4.20), the input current for a DSRC is:
D,)%R
b= (@) Ri0aa (4.29)

ts 30,72
Then, from (4.28), (4.29) and (4.14), the voltagpled to the resonant tank, for both
converters, is constrained by:

b 4.30
— (4.30)

D, <
Thus, from (4.30) and (4.25), the voltage ratioldoth converters is limited by:

V3

M, < — (4.31)

4.4.2 Output converter voltage limitation

Ideally, the converter should supply a square waokage to the resonant tank,
however, the output converter voltage)(is formed by applying a line-line input

voltage at every switching instant. Therefore, dep to determine the maximum
output converter voltage, an analysis is carriedbyuconsidering the output voltage

waveforms and the resulting distortion.

From figure 4.18, four different levels for a reepd voltage magnitude, whefg, is

the peak lingo-line input voltage, can be defined as follows:

V3 A o
A 5 UL <o <7

1. ~ V3 .
B. S0 <V < Uy

~ 1.
C. 0<170 <EULL

V3

D. Vy = ?ULL
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%W@W“B
s AVAVAVAYAYAY

line-to-line
input voltages
Fig. 418 Voltage levels considered for output converter voltageyaisal

For a required voltage in ‘A’, the output converter voltage will be given by |v,(t)| =

EN I . . P,
ngL, as shown in figure 49, leading to a voltage saturation. For a voltage in ‘B’,

the converter voltage will be mainly limited éy?LL <|v, ()| < 739LL, whereas for

‘C’, the resulting restriction will be 0 < |v,(t)] < ?ﬁLL (see figure 4.9). As a
result, a significant distabn at the resonant tank could be generated. In ‘D’, a
required output converter voltage equaT/Z—%cﬁLL is considered, thus, in this case, the

instantaneous output voltage will be restricted%byL < |v,(t)| < ¥y, as can be

seen in figure 4.9. Despite the variation of the resulting voltage for ‘D’, the distortion

at the resonant tank is minimised when operatirthiatvoltage level, and, therefore,

D, = ?ﬁLL corresponds to the optimal output converter veltag

T T T T
( {
P
T L X
\\__/b‘ Yyvy K_,A_,) /) \\/%
A B C D
(all) — Switching
AN : |
A B C D

(b)

Fig. 419 Output converter voltage: (a) resulting output voltage,(Bhdhagnitude variatioof (a).
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Since the output converter voltage is constraingdib< ?ﬁu, the fundamental

frequency component of the voltage applied to #somant tank and the converter
voltage ratio are limited by (4.30) and 34), respectively. In addition, the optimal

operating condition, only considering the conveotgiput, is given by:

6 V3
§oPt %, Mot = % (4.32)

45 Control of aDRC

Owing to the high frequency operation, control @@ghes based on pulse density
modulation (PDM) have been investigated in previoasearch, such as area
comparison pulse density modulation (AC-PDM) in [@ther attractive control
techniques for a DRC are based on model prediatomtrol (MPC). Predictive
strategies for a direct parallel resonant converie studied in [34], whereas for a
series topology, which is the subject of this wagskedictive control approaches are

considered in the next chapter.

4.6 Summary

The structure and main characteristics of a diresbnant converter (DRC) have been
described in this chapter. The switching statesrandel, which will be used in the
next chapters, have been presented. The DPRC hese ¢onsidered since this

topology has been studied in previous research.

This chapter has also included an analysis of (b8 @peration, where the limitations
for the input current and output voltage have bstemlied. This analysis has been
carried out for both DRC topologies, series andlfelr in an effort to generalise the

voltage/current limitations.

Finally, in order to introduce the control of a DR€bme control strategies for a
DPRC which were studied in previous work were citecedictive control strategies

for a DSRC, which is the topic of this research| kg presented in the next chapters.
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Chapter 5

Predictive Control Strategies for a Direct Series

Resonant Converter

5.1 Introduction

This chapter presents the ZCS predictive contnatesgies developed during this
research for a direct series resonant converteRI)SSince this research focuses on
the control of a DSRC, a resistive load is congders shown in figure 5.1. Three
predictive approaches are described in detail, namg@lyt current predictive control
(ICPC), output current predictive control (OCPCy anput-output predictive control

(IOPC). The aims of these control strategies are:

» Sinusoidal three-phase input current (reductiolowforder harmonics).
= Unity power factor.

= Sinusoidal resonant tank current (reduction ofenirpscillations).

_m Ltank
m Ctank
A 41+

m RLoad

Fig. 5.1 Direct series resonant converter with resistive load
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This chapter also includes the approach for congigmgsthe delay associated with
the digital implementation, previously discussectiapter 3, and simulation results

for each control approach.

5.2 Input current predictive control (1CPC)

The purpose of this approach is to achieve suppisents with low harmonic content
as well as unity power factor. Essentially, to abtmput sinusoidal currents, the
control strategy must switch the converter in order synthesise a sinusoidal

fundamental component at the input.

In order to have an accurate prediction and coufrtthe input current, this strategy is
based on the state-space model of the input filiee. filter utilised in this research is
a second order filter with a damping resistor implal with the inductance, as seen in
figure 5.2, where the model employed for this apptois depicted. The model of a
DSRC corresponds to the switching model presemietiapter 4.

Matrix Converter

Vse /N5 [ T @llb
Vic%_- Lic

—C;

(b)
Fig. 5.2 Model for ICPC: (a) model of a DSRC and (b) input filter circuit.

The dynamic behaviour of the input filter is giviey (5.1)-(5.2), wherey, v;, is, i;
and i; are the input voltage, the capacitor voltage, ithgut current, the input
converter current and the inductor current, re$pelgt In this model, the input

converter current is considered independent ofirthat capacitor voltage and only
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depends on the output converter currefdf,¢) and the converter switching, as

explained later in this chapter.

ElL(t) _ I Lf H[lL(t)] +I Lf H[ll(t) 5.1)
d | 1 1 [lvy@®] [ 1 1 |lus(®) -
PTG B I A "% Rl

is(t) —— |1 (t) i:(t)

m(t)] [ ‘ [le(t) ‘ [vs(t) (5.2)

Prediction equations for the supply current andiirgapacitor voltage can be defined
by discretising (5.1)-(5.2) [16] (see appendix Aence, the discrete-time model of

the input filter is as follows:

[iL(k + 1)] _ [Einll Einlz] [lL(k)] n Fin11 mlz] [l i(k) (5.3)
vi(k+1) Einz1  Einz211v;(k) Finz1  Finz2l Llvs(k) '

Then, from (5.2) and (5.3), the predictions of #upply current and input capacitor

voltage can be written as:

1

is(k +1) = Hyig(k) + Hyv; (k) + H3vg (k) + ve(k + 1) + Hyi; (k) (5.4)
f

vi(k + 1) = Ejpaq1is(k) + Hsvi(k) + Hevg (k) + Finaqii(k) (5.5)

Where:

E.
Hy = Eip11 — %21 (5-6)
f

Einll Ein21 Ein22
Hy = Eppyp + - - 5.7
2 in12 Rf sz Rf ( )

Einll Ein21 Finzz
H3 = Finlz - + - (5.8)
R¢ R} Rs

F; 21
Hy = Fin11 — Ll? (5.9)
f
E:
Hs = Einzz + _;?21 (5.10)
f
E; 21
Hg = Finzz = —5— (5.11)
f

Both predictions, (5.4) and (5.5), include the inpanverter current which, under

ZCS operation, i.eT, = ti11 — t, = (2f)7! (f-, resonant frequency), is composed
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of current pulses (half cycles of the output cuixerherefore, as previously
explained in chapter 4, the average value of thritirconverter current over a

sampling period is considered. Using table 5.1jrtpat converter current is given by:

2
i) = Ki —Teanic (k) (5.12)

In addition, the prediction of the supply currebt4) contains the future value of the
supply voltage. This value can be estimated, fetaimce, by considering the supply
voltage variation over a sampling period is negligi i.e.vs(k + 1) = vs(k), or by

using (5.13) which is based on Lagrange polynoex#iapolation [18

ve(k + 1) _Z( [(n+ - 13;,“] vk + i — n) (5.13)
Table 5.1 Input converter currentl&and output converter voltage for each switching state.
Input converter current Output converter
Switching state| j voltage
Kia,j Kib,| Kic,j Viank,
1 1 1 -1 0 Viab
2 2 1 0 -1 Viac
3 3 0 1 -1 Vibe
4 4 -1 1 0 Viba
5 5 -1 0 1 Vica
6 6 0 -1 1 Vich
7-8-9 7 0 0 0 0

Consequently, from (5.4) and (5.12), the predictibthe supply current per phase is
given by:

1
= = Hqig(k) + Hyv; (k) + H3vs(k) + ve(k+1)+-
Ry

2
+H4KU ltan(®) 5 j=1,..,7 (5.14)

Since a balanced three-phase power supply is aresidcontrol of the three-phase
supply current can be achieved by regulating onty turrents. Another option is to
transform the three-phase current into halpeta or d-q current components.

Accordingly, the cost function can be defined by:

Gicee, = (isa — z'fw.)2 + (i3 — ifb,j)z D j=1,..7 (5.15)
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Note that the cost function (5.15) must be evatllifde each switching state and then,

the minimum value must be determined. A schem€®Bf is shown in figure 5.3.

Iia Iib Iic
Vig —> Vg,
< VYsp
Vii—>» Model
— Vsc
Vie < ftank
. p . p . p
Isa Isp Isc
v \4 v
.k _>Sap
Isa > —> San
* Optimisation p—»
i —»| O Stp
min{Gcpc} —»S,,
;% >
lsc — Scp
I Scn

Fig. 5.3 Scheme of ICPC strategy.

5.3 Output current predictive control (OCPC)

This approach aims to control the output convesterent, which corresponds to the
load current in a DSRC. Figure 5.4 shows a sedssmant circuit whose state-space

model can be given by:

d . (t) [ Rioad 1 1
=7 ltank - - .
dt L L ek (O1 |-
= I iank tank I [;j:p (t) + Leank vtank(t) (5-16)
dt vcap( ) |- Ctank 0
Ltank itank
~
+
v,
+ Ctank -
vtank@
) RLoad

Fig. 5.4 Series resonant tank.
Discretising (5.16) (see appendix B), the disctatee model of the resonant tank is
given by (5.17). Since the converter is switchea\atry zero crossing of the tank
current, i.€.irgnk (k) = itgnk(k +1) =0 and Ty = ti41 — tx = (2f)72, in order to

control this current, the prediction of the tanlpaeitor voltage, equation (5.18), is
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utilised to determine the prediction of the magméuof the tank current for each

sampling/switching period.

[itank(k + 1)] [ out1l outlz] [itank(k)] [ out1

vcap(k + 1) Eout21 out22 vcap (k) FoutZ

Ucap (k+1)= Eoutzzvcap (k) + Fout2Veank (k) (5.18)

| veame (5.17)

The coefficientsE,,;», andF,,., are given by (5.19) and (5.20), whesg“t, w9*t,
Zo%, 8, and y,,; correspond to the corner frequency, the dampedralat
frequency, the characteristic impedance, the dagnfgictor and the angle defined by

the poles of the resonant circuit, respectively.

out
e —Soutwo " Ts

Eoutzr = —F7——
V 1- 6gut

out
e —Soutwg"*Ts

V 1- 5gut

1 Ltank RLoad

Wit = ——— ; Z9% = ’— 5 Oout = (5.21)
° WV Ltank Ctank ° Cfa"k ot Zzgut

V 1- 631”:)

6out

Sin(wguth + Your) (5.19)

Foutz =1 - Sin((‘)guth + lpout) (5-20)

w?zut = wg* |1- 602ut 5 Your = tan_1< (5.22)

Thus, considering a sinusoidal tank current anti6( the tank current magnitude, see

figure 5.5, can be calculated by:

. d .
itank(t) = Ctank%”cap () = trank (k) = ((‘Jgutctank)vcap(k) (5.23)

Therefore, considering (5.18) and (5.23), the magei of the tank current at every
sampling period can be predicted by:

itank (k + 1) = Eoutzzitank (k) + (wgutctankFoutZ)vtank (k) (5-24)
Thus, the prediction of the tank current magnitisdgiven by:
fank] - outzzltank(k) + (w utCtankFoutZ)vtank](k) ) ] - 1 7 (5-25)

Finally, the cost function for OCPC is given by2&), where the voltage applied to
the resonant tank must be evaluated for each smgc$tate according to table 5.1,
andi;,,x is the tank current magnitude reference. A scheEm@®CPC approach is

depicted in figure 5.6.

2
Gocee, = (Tiank = taniey) 5 J =17 (5.26)
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itank (k - 1) itanllc (k) itank (k + 1)

b

/

/

Tank
current

zcs

Voltage applied to —— Ts - 5

the resonant tank i i
Veap (k - 1) Veap (k) Veap (k + 1)

Fig. 5.5 Concept of OCPC strategy.

ltank

!

Model |¢—Vj

~p
ltank

~ % Optimisation —>pr
min{Goepcd —>S,,

Fig. 5.6 Scheme of OCPC strategy.

5.3.1 Output current prediction asa function of Q

From (5.19)-(5.22), the coefficient,,;», andF,,;, can be expressed as a function

of the quality factor, which, for a series resonank, is defined by:

out
Zs

RLoad

0 (5.27)

By using (5.27), the damping factaf,(;), the angle defined by the poleg,(,;) and
the natural frequencyvG*t) are given by:

RLoad — i
2794t 20

Sout(Q) = (5.28)
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6out

2 _
Wg(Q) = W 1= 82y = w3 (—“ 420 1) (5.30)

In addition, since the converter operates under,Z@® (5.30), the sampling time

=2
Yout(Q) = tan™? (1—60ut> = tan™?! (V 4’Q2 - 1) (5.29)

can be defined by:

. m 20
Ts(Q) = DOt = it < m) (5.31)

Therefore, using (5.28)-(5.31), equations (5.19) @20) can be rewritten:

2Qe‘<@>

Eout22(Q) = _ﬁSin{wout(Q)} (5.32)
2Q3_< 452—1)
Foutz(Q) =1- EoutZZ(Q) =1+ Sin{wout(Q)} (5-33)

i1

Thus, from (5.25), (5.32) and (5.33), the outputent prediction is given by:

J4Q2 -1

20204 Foutz (Q)) Vtank,j k);j=1,..,7(534)
0

i?ank,j = Eout22(Q@)lank (k) + (

5.4 Input-Output predictive control (IOPC)

In order to control the input and output curretit®, previous control approaches can
be combined. As a result, a new strategy denondnafeut-output predictive control
(IOPC), which integrates ICPC with OCPC, can bendef. For this approach, from
(5.15) and (5.26), a cost function can be defingd(%35), whered; and A, are
weighting factors, and,, andi,, are the nominal input current and the nominal
output current, respectively.

Ai Ao

Gropc,j = 7 Gicec,j + 5 Gocee,j 5 J=1,....7 (5.35)
lSn lOn

The weighting factors can be determined by considea defined criterion for
analysing the input and output responses. In daleimplify the adjustment process
of the weighting factors, the input or output catreontrol can be selected as the

primary control, thus, the corresponding weightiagtor can be defined as equal to
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one. For instance, if the output current contrathesen as the primary control, then,

from (5.35), the cost function is given by (5.3&)d onlyA; needs to be determined.

Gocr,j Gicpe,j .
Giopcj = —3 Ai— ; J=1,..7 (5.36)
I’OTL lSTl

5.4.1 Calculation of theinput current reference

To achieve a correct correlation between the ignd output control, the input
current reference can be calculated by estimatiegpower losses. Assuming ZCS
opeaation, the switching losses can be neglected deroto simplify the analysis.
Thus, the power balance equation is given by (5.@Rgrep;, is the input power,
P, .44 IS the power absorbed by the lo&d,,:i, corresponds to the matrix converter
conduction lossesP;,x is the power dissipated in the resonant tank, Bid,,

corresponds to the power dissipated in the ingtet fi

P, = Proad + (Pmatrix + Prank + Pfilter) (5.37)
Output power Power losses

As shown in figure 5.1 and described in chapteth&, matrix converter used in this
work employs bidirectional power switches basedl®BTs, hence, to estimate the
conduction losses of the matrix converter, the tates voltage drop of the
semiconductor devices can be calculated by (5.88)(8.39), wherd/ o, Rck, ic,

Vro, Rp andip are the initial IGBT saturation voltage, the oatstIGBT resistance,
the collector IGBT current, the initial forward die voltage, the forward diode

resistance and the forward diode current, respagtiv

Von_ight = Reeic + Vego (5.38)
Von_diode = Rrip + Vio (5.39)

Since the converter is switched at every zero ergss the output current ), the
current through each device corresponds to aneehéilf cycle of the output current.

Therefore, the conduction power loss for every deiws given by:

Ts

1 . . Regitank 2 .
Peond;gpe = st [Repic(t) + Vegolic(8) dt = % += (Veeoltank) (5.40)
0
TS
1 i . RFi?ank 2 a
Peondgipge = _f [Rrip(t) + Violip(t) dt = Y + p (Vroltank) (5.41)

Ts
0
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Owing to the matrix converter utilises bidirectibrewitches, the output current
circulates through two IGBTs and two diodes, thilie conduction losses of the

matrix converter corresponds to:
Pratrix = Z(Pcondigbt + Pconddiode) (5.42)

With respect to the resonant tank, the power logsamly caused by the internal

resistance of the tank inducta®,( ). Thus, the tank power loss can be calculated

by:

~2
RLtank ltank

Prane = ———— (5:43)

The power loss in the input filter can be estimatsd (5.44), considering the

equivalent resistance at 50Hz (supply frequenchgutzted by (5.45), whergy, Ry,

Ly andw correspond to the parallel damping resistor, thernal resistance of the
filter inductor, the filter inductance and the in@ngular frequency (supply angular

frequency), respectively.

3
Pfilter = EReqlg (5.44)

Ry [Re, (Re +Ry,) + (L)

(R + RLf)Z + (wly)®

Req = (5.45)

Therefore, from the power balance equatior8{p.the following equation can be

obtained:
3 A A 3 ~2
Pin = Proaa + Prosses = Evsls - EReqls = Proga + éf (5.46)
- Converter losses
Input Input filter +
power losses Tank losses

Finally, calculating the input current from (5.46)d considering (5.40)-(5.45) and the
tank current reference, the magnitude for the inputrent reference can be
determined by (5.47), wher®,,,q4 and AP are given by (5.48) and (5.49),
respectively. However, since the input currentnexiee is based on an approximation
of the power losses, the output current controlltave steady-state error. In order to

improve the input current reference, a feedbackaggt could be implemented.

- (Eﬁs) - \/(Eﬁs)z - 6Req (PLoga + AP)
= 3Req

(5.47)
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Reg .. o, 2 . Re .. o 2 ..
AP =2 T(ltank) +g(VCEoltank) + 7(ltank) +E(VFoltank) + -

Matrix converter

~k
RLtank (ltank

2
> (5.48)

—_—
Tank inductor

Rioaa(itanik)®
Proga = Load(ztank) (5.49)

5.5 Delay compensation

To compensate the delay associated with the digit@lementation, the error between
the reference and the predicted value,at, is considered, as discussed in chapter 3.
Thus, the predictive algorithms minimise the erabrt,,, and apply the optimum
switching state at,,,. Hence, the cost functions for ICPC and OCPC edefmed

and given by:
e 2 . 2 _

Giepey = (isa —i&a?) + (i —i&2)" 5 j=1,..7 (5.50)
- . 2 .

Gocpe,j = (ltank - lf;fk,j ; J=1,..7 (5.51)

For ICPC, from (5.14), the prediction of the supplyrent per phase &t,, can be

calculated by:

1
lf,}'z = Hyig(k+ 1)+ Hyv;(k+1) + Hyvg(k + 1) + R—fvs(k +2) 4 -

2 .
oo 4 H4Ki,j;ltank(k + 1) ; ] == 1, ,7 (552)

It can be seen that prediction (5.52) includes thleeratt, ., of the supply current,
the supply voltage, the input capacitor voltage thredtank current magnitude as well
as the value aty,, of the supply voltage. From equations (5.4), (5(5)12) and
(5.24), the future values of the supply current per ph#se,input capacitor voltage
per phase and the magnitude of the tank currenbeatietermined by (5.53)-(5.65
when considering the optimum switching state aplphét; (result of the previous

optimisation, see chapter 3).
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1
is (ke + 1) = Hylg(k) + Hyvy (k) + Hyvg (k) + o= vs(k + 1) + -+
f
2,
et H4Ki,opt E ltank(k) (5-53)

. 2,
vi(k + 1) = Ein21ls(k) + Hsvi (k) + H6vs(k) + FinZlKi,opt%ltank(k) (5-54)

itank (k + 1) = Eoutzzitank (k) + (wgutCtankFoutZ)vtank,opt(k) (5-55)

The future values of the supply voltage can beredd by using (5.13), where= 2
is sufficient to estimate the values of a sinusloidaction accurately [1J6 Thus, the

supply voltage at,,, andt,,, can be calculated by:
ve(k + 1) = 3vs3(k) — 3vs(k — 1) + vg(k — 2) (5.56)
vg(k + 2) = 6vs(k) — 8vs(k — 1) + 3vs(k — 2) (5.57)

For OCPC approach, the prediction equation fottdhné& current magnitude at,, is
given by (5.58), wher& ., (k + 1) is calculated by (5.95

ilt(;nzk,j = Eoutzzitank(k + 1) + (wgutctankFoutZ)vtank,j(k + 1) ; ] = 1' '7 (5-58)

5.6 Simulation results

Simulations for ICPC, OCPC and IOPC strategies wearied out in
MATLAB/Simulink. The parameters employed, table25.are based on the

experimental system implemented in this work, whscHetailed in a later chapter.

Table 5.2 Simulation parameters for ICPC, OCPC and IOPC.

A 170V
Supply f 50Hz
P 2.1kW
Ly 1.75mH
Input filter Cr 14uF
Ry 500
Ltank 929.6uH
Resonant Lank 0.5782
e Crank 72.54nF
fo 19.3kHz
Q 5.78
Load Rioad 190
Matrix IGBTs Vego/Rek 1.2V/26n
Converter | Diodes VeolRp 1.0v/16n
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The simulation results shown in this section ineltide delay compensation approach
and the input current reference calculation. Fd?@strategy, results with different
values of weighting factors are depicted. In additthe magnitude of the load current
(tank current) is obtained by using the filterimgpeoach experimentally implemented

(detailed in chapter 7).

5.6.1 Simulation resultsfor ICPC

Simulation results for ICPC strategy considering cariput current of 104s are
shown in figures 5.7-5.12. The input current rafieesvalue is 5.664 As expected,
the ICPC approach achieve sinusoidal input currérteever, considerable distortion

is produced at the output as seen in figure 5.7
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Fig. 5.7 Simulation results for ICPC strategy: output cunmggnitude and input current control.

In figure 5.8, input power factor and ZCS operatiam be seen. The input converter
current (unfiltered current) and the input currare depicted in figure 5.9. This figure
also includes the frequency spectrum of both ctsremhereas figure 5.10 shows the
frequency spectrum of the input current in moreaifiéh order to observe the low

order harmonics.
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Fig. 5.8 Simulation results for ICPC strategy: input voltagieént, voltage applied to the resonant tank

and output current.
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Figure 5.10 shows the frequency spectrum of thetimprrrent to observe the low
order harmonics. The distortion generated at thiputudue to the input current
control can be seen in figure 5.11, where the tanmkent and the voltage applied to

the resonant tank are shown. In order to mitightedffects of the ICPC strategy on
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the output current (oscillations of the tank cutyea higher quality factor can be
utilised, nevertheless, this results in a signiftdacrease of the voltage requirements

of the resonant tank components.
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Figure 5.12 shows the supply voltage, the inpukerfilcapacitor voltage (input
converter voltage) and the supply current (inputemnt).
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Figures 5.13 and 5.14 depict waveforms for ICPChwitreference of 84s (output
current 124 which is equivalent to a converter voltage ratidf,~0.89. The effect

of overmodulation on the input and output currexats clearly be observed.
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and output current for a reference value above the Myit= ?

5.6.2 Simulation resultsfor OCPC

The main issue for the OCPC strategy is the iniftetihg. Since the output current is
regulated, the input current can become highlyodistl, which leads to a distorted
input converter voltage as well. This effect onitgut side directly affects the output
waveforms as shown in figures 5.15-5.18, where olput current reference
V3
2

high distortion of the input converter voltage, tmgput filter can be modified,

corresponds to the optimum valu€lL.6A,), i.e. M,, = —. In order to overcome the

reducing the parallel damping resistd;), however, this entails an increase of the

power loss in the input filter.

Waveforms for a damping resistor equal t@ and an optimum output current
reference, as in figures 5.15-5.18, are depictdijimes 5.19-5.23. Results for a load
current reference below the optimum value, outputent reference equal to 1QA
and a damping resistor of%5are shown in figures 5.24-5.25. In figures 5.16 &r2Q

it can be observed that the unity displacement pofeetor is an intrinsic

characteristic of the OCPC approach.
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Figures 5.15 and 5.16 show the input and outputents for a damping resistor of

50Q and a converter voltage ratio equa@o
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Figure 5.17 depicts the output current and theageltapplied to the resonant tank

(Rr=502 andM,, = g), whereas figure 5.18 shows the supply voltagejnput filter

capacitor voltage (input converter voltage) andobppurrent (input current).
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The input and output currents for a damping resist&Q are shown in figures 5.19
and 5.20.
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In figure 5.21, the frequency spectrum of the inputrent is shown in order to
observe the harmonic content. Figure 5.22 showstitgut current and the voltage

applied to the resonant tank.
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Figure 5.23 shows the supply voltage, the inputveder voltage and input current
(RF=5Q and M, = ?). In figures 5.24, the output current magnitude #me input

current for a reference below the optimum valuedagcted R-=5Q). The frequency

spectrum of the input current in figure 5.24 iswhan figure 5.25.
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5.6.3 Simulation resultsfor IOPC

Results for IOPC strategy considering differentreal of weighting factors are shown.
The damping resistor of the input filter corresperd 5@2. These results can be
divided into two parts. First, the output currewintol is selected as the primary
control, with 4;=0.25. Figure 5.26 depicts waveforms for IOPC for @utput

reference of approximately 11.64 which corresponds to the optimum value given
V3

by M, = > In figure 5.27, the output current reference is QA

In figure 5.26, it can be seen the input contraluaes the distortion at the input in
comparison with figure 5.15 (OCPC). Nonethelessemthe output current reference
is a value below the optimal operating point, asshin figure 527, the distortion at
the input side becomes significantly high.

Figures 5.28 and 89 show the results for IOPC with input current coh&rs the main
control, i.e.4;=1.0 andA,=0.25, for an output current reference equal to lagldw
the output optimal operation point, respectivelg. $een in these figures, although the

input control is improved, the oscillation of thatput current (ripple of the output
current magnitude) is increased.
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control.

Since the optimal operating point for OCPC corresjsoto the limit operating

condition for ICPC, as previously discussed in ¢hapt, both approaches are
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practically mutually exclusive, and, as a resulg tombination of both strategies

leads to a suboptimal control.

Consequently, to improve IOPC, a strategy for ratiigg the effect of controlling the
output current on the input current and vice vensest be considered. Hence, in this
work, a modification to the converter structurectimpensate the output converter
voltage (voltage applied to the resonant tank)rigppsed. This new compensation
approach, which combines IOPC strategy with outpoltage compensation, is

presented in the next chapter.

5.7 Summary

New ZCS predictive control strategies for a DSR@ettgped during this work, ICPC
and OCPC, have been presented in this chaptedC& approach controls the input
current, achieving sinusoidal current and unity pofactor, whereas OCPC regulates
the magnitude of the high frequency output currést.observed in the simulation
results, significant distortion can be generateemwbnly input or output current is

controlled.

In order to have input and output control, a naatsgy (IOPC) which integrates both
control approaches was investigatelbwever, owing to the characteristics of ICPC
and OCPC, IOPC cannot accomplish a satisfactoryraorHence, to enhance the
control of the DSRC, a modification to the converige proposed, which will be

discussed in the next chapter.

Predictive control strategies depend on the mofithe system (parameters) and the
measurements, therefore, the behaviour of the @oafiproaches can be affected by
errors in the model parameters and/or measurenwse.nin the next chapter, the
effect of model parameter errors is evaluated. Hewethe effect of measurement

noise and a stability analysis are considered bwpdithe scope of this work.
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Chapter 6

Direct Series Resonant Converter with Output

Voltage Compensation

6.1 Introduction

As discussed in chapter 5, since the optimal ojperabnditions for ICPC and OCPC
are different, the combination of both strategi€@P(C) leads to a suboptimal control
resulting in distortion of the input and outputreumt. Thus, in order to overcome the
issues of controlling both sides, a method for fyaalj the voltage applied to the
resonant tank is proposed in this chapter. Thegaaerpf this approach is to improve
the voltage applied to the resonant tank, redutting/oltage variation produced when
IOPC is implemented. Figure 6.1 summarises thectsffef the ICPC and OCPC

approaches.

ICPC

/ Output current
Minimise harmonic content \ p

significantly distorted
of the input current & y

(sinusoidal current) Resonant Tank

e J _rv-v-\_l

3020 Minimise distortion of
Matrix Converter the output current

OCPC /

Fig. 6.1 Effects of the ICPC and OCPC strategies.

Low-order harmonics
(non-sinusoidal current)
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The implementation of the output voltage compensamnsiders the following

objectives:

= Provide different voltage values.
= ZCS operation (reduce the effect on the conveftaiency).

» Reduced size of the reactive components.

6.2 Concept of the output voltage compensation

The voltage compensation consists of a modificatithe output converter voltage
by connecting an extra voltage source in seriels thié resonant tank. This additional
voltage source must be capable of providing difiekmltages in order to mitigate the
variation of the output converter voltage and, assallt, decrease the distortion of the
load current. Figure 6.2 shows the principle ob tholtage compensation method,

Where vpqirix @nd veomp are the output converter voltage and the compiemsat

voltage, respectively

Vcom

=

Ltank

() .
_\_/ + Nwlltank

v .
matrix + Ctan k
mn Vtank
RLoad

Fig. 6.2 Concept of the output voltage compensation.

+

The dynamic equation for the circuit depicted gufie 6.2 is:

d 1t .
17tank(t) = Ltankaltank )+ C kf ltank (D) AT + Rioqaltank () (6.1)
tank Jo

In (6.1), the voltage applied to the resonant tardgiven by:

Veank () = Vmatrix(t) + Ucomp ®) (6.2)

6.3 Implementation of the output voltage compensator

Since the voltage compensator needs to supply iablarvoltage, the use of an H-
bridge converter is suitable for this purpose. 2ii-80], an H-bridge converter has

been employed for improving the voltage ratio ofiragirect matrix converter. Thus,
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as in [2730], the voltage compensator in this work is impletednby using an H-
bridge converter which is not externally supplikdfigure 6.3, a scheme of the DSRC

with voltage compensator is depicted.

Voltage
Compensator

Ctan k

Input Filter I
| Resonant
-I— -------------- ' Tank

—l RLoad

o
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
-

30/20

Matrix Converter
Fig. 6.3 Scheme of the DSRC with output voltage compensator.
The compensator can provide three different vokags shown in figure 6.4. The
compensation voltage is defined by the capacitdiage which, owing to the
compensator is placed in series between the camnentd the resonant tank, depends

on the output current (load current).

Vcomp™= Vhp

Fig. 6.4 Operation of the voltage compensator.

From figure 6.4, the switching states for the wgdtacompensator are given in table
6.1. Furthermore, the compensator switching moslaleéfined by (6.3) and (6.4),

whereSyp11, Snpi2, Shpz1 @andSyy,, are the switching functions for each switch.
1
Veomp (t) = —3 {[Shp11() = Shp12(0)] = [Shp21(t) = Shp22 () 3Vhp (1) (6.3)

1
Inp(t) = > {IShp11(8) — Shp12(D)] — [Shp21 () = Shp22 () Yicank () (6.4)
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Table 6.1 Switching states for the voltage compensator.

Switches
ON N | Knpn | Veompn | Inbn
Shp11 | Swpzz | 1 1 —Vhp ltank
Swp1z | Smbz1 | 2 -1 Vhb —ltank

Shp11 | Snp21

3 0 0 0

Shp1z | Shp22

6.4 Predictive control of the compensator capacitor voltage

In order to avoid reducing the efficiency of thesteyn considerably, the voltage
compensator switching is synchronised with the @vifig of the main converter
(ZCS). The switching of the voltage compensatavedl regulation of the dc capacitor

voltage and, also, compensation of the output avenveoltage.

This predictive strategy regulates the capacitdtage by minimising the future
voltage error. The future value of the dc voltagediction equation is obtained from

the dynamic equation of the compensator capacithage:

(k+1)Ts

d
Chp pradl: (@) =Inp(t) = Vpp(k + 1) = Vpp (k) + T Inp (t)dt (6.5)
kT,

The integral of the current through the capacifgy)(is given by (6.6), wher&},, is

defined by each switching state in table 6.1.

(k+1)Ts 2
f Iy ()t = Ko Ty = Ly (6) 6.6)
KT T

Therefore, from (6.5) and (6.6), the predictiorthed compensator capacitor voltage is

calculated by:
P Ts 2,
V;lb,n = Vpp (k) + Khb,n C__ltank(k) ; n=1,2,3 (6.7)
hp T
Then, the cost function is defined by:

. 2
Grom = (Vap = Vipn) 5 n=1,2,3 (6.8)

6.5 Control of a DSRC with output voltage compensation

The control of the converter with compensationhaf dutput voltage is carried out by

using input-output predictive control. When the cemgation is included in this
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control strategy, only the output current contrsl d@ffected, since the H-bridge
compensator increases the available output voltagels from 7 to 21 different
values. In other words, 21 switching states, wracé the result of combining the
switching states of the matrix converter and therldge compensator, i.e. 7x3=21,
can be considered for controlling the output curréfowever, the zero switching
states of the matrix converter are not suitablettiercontrol of the output current as
these do not transfer power from the input to treal] instead, the energy stored by
the resonant tank is consumed. Hence, this cantteadsignificant distortion of the
output current. Consequently, only active switchétates of the matrix converter are
taken into account, resulting in 18 switching stdfi@r the output control, 6 for the
input control and 3 for the compensator capacittage control. These switching

states are defined in table 6.2.

Table 6.2 Switching states for the DSRC with output voltaaepensator.

Input converter coor?\}gﬂter Capacitor| Compensation Output

i current voltage | N current voltage m voltage
Kiaj | Kibj | Kicj | Vmatrix; Khb,n Veomp,n Viankm
1 -1 -Vhb 1 | ViarVho

1 1 -1 0 Viab 2 1 Vhb 2 | ViavtVho
3 0 0 3 Viab

1 -1 “Vhp 4 | ViacVho

2| 1 0 -1 Viac 2 1 Vho 5 | ViactVho
3 0 0 6 Viac

1 -1 -Vhb 7 Vibe-Vhb

3/ 0 1] 1 Vibe |2 1 Vho 8 | VinctVhp
3 0 0 9 Vine

1 -1 -Vhb 10 | Vipa-Vhb

4| -1 1 0 Viba 2 1 Vhb 11 | VipatVhp
3 0 0 12 Viba

1 -1 -Vho 13 | Vica-Vhb

5| -1 0 1 Vica 2 1 Vho 14 | VicatVhp
3 0 0 15 Vica

1 -1 “Vho 16 | Vieb-Vhb

6 0 | -1 | 1 Vi |2 1 Vb 17 | Viey+ Vip
3 0 0 18 Vich
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6.5.1 Compensator capacitance calculation

Since the voltage compensator is switched at exery crossing of the tank current
(ZCS operation), the capacitance can be determmedonsidering the voltage
variation over a sampling periodl(,;) and the nominal output currerit (). Thus,

from (6.5), the compensator capacitance is given by

Ihb(t)dt = Chb = - ) (69)

(k+1)Ts 2 TS
Chp = f nmlon

AVip e,

6.5.2 Compensator capacitor voltage reference

To determine the reference value for the compengaipacitor voltage control, the
output converter voltage must be analysed. In ormevoid saturation of the input
current control, a voltage ratio equal to 0.75, Mg = %, is considered. Thus, the

voltage applied to the resonant tank when the atewés controlled by IOPC is

shown in figure 6.

Switching

line-to-line
input voltages

Fig. 6.5 Voltage applied to the resonant tank for IOPC glyaM,, = 0. 75 (magnitude variation

Since the compensator (H-bridge) can only provideoastant magnitude voltage
(positive, negative or zero), the voltage refereisceetermined by considering the
magnitude of the voltage applied to the resonank.tdn figure 6.6, the voltage
compensation is illustratedh this figure, it can be seen that if the magratud the

voltage applied to the resonant tank is considedaghl to a 75% of the line-line

input voltage ¥, = %), the voltage variation between;, and%ﬁLL can be reduced if

a voltage equal te_r%ﬁLL is added. Hence, the reference for the compensapacitor

voltage can be selected as:

* 1 ~
Vo = 7011 (6.10)
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e ——
~a

N
5
7\
:—;\lr—‘—\

\ !
1
<
Il

@)
Voltage reduced

1./
ZULL \‘|:-—.—\.

td
r <]-]--
- S
d ~
Voltage / //’ I-.

increased -1 ~

(b)
Fig. 6.6 Output voltage compensation: (a) voltage applitiietoesonant tank and (b) compensated
voltage applied to the resonant tank (negative outdtag®is omitted for clarity).

6.5.3 |OPC with output voltage compensation

In this strategy, the control of the voltage congaar is combined with IOPC
algorithm. Thus, from (5.14), (5.256.2) and table 6.2, the output current prediction,
the input current prediction and the compensatq@acitor voltage prediction are

calculated by:

ifank,m = Eout22ltank (k) + (wgutctankFoutZ)vtank,m(k) ;o m=1,..,18 (6.11)

vtank,m(k) = vmatrix,j(k) + vcomp,n(k) ; Jj=1,..,6 n=123 (6.12)

1
if ; = Hyig(k) + Hav; (k) + Hzvg(k) + R—fvs(k +1) + -
2, .
ot HyKij—Geani(k) 5 j=1,.,6 (613)

T, 2
Vo = Vo () + Ko o leami (k) 5 = 1,2,3 (6.14)
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Considering the cost function for IOPC, equatiotB8%), the cost function for this
strategy is defined by (6.15), wherg, is the weighting factor related to the
compensator capacitor voltage control. A schemihisfapproach is shown in figure
6.7.

Ai /10 Ahb ] = 1, ,6
Gropc,m = iz_GICPC,j + iz_Gocpc,m + WGhb,n ; m=1,..,18 (6.15)
sn on hb n= 1’ 2,3
i:a g
iy
i;.—>| I0OPC
Ztank
Vi

% Ltank
J Ctank

—l RLoad

B

Fig. 6.7 Scheme of IOPC strategy with predictive control of thepensator capacitor voltage.

In this case, the process to determine the weiglitiators of (6.15) can be a laborious
task. As described in chapter 5, a primary conttah be selected and, as a
consequence, only two weighting factors need tedleulated. In order to simplify
the process, in this work, both input and outputticd were chosen as primary
control @; = 1, = 1), therefore, only the value df,;, was determined, as described
in a later chapter.

6.5.4 Input current reference

As described in the previous chapter, the input current reference for IOPC is
calculated by considering the power losses. Since the compensatoe®perat

under ZCS, in order to determine this reference, the conduction losses in the
compensator are included in (5.48). As depicted in figure 6.3 and described
later in chapter 7, the output voltage compensator utilised in thisig/bdsed

on IGBTs, thus, the conduction losses of the H-bridge converter can be
calculated by using (5.38p-.41)
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Reg npliank | 2 .

Pitgigoe = 5+~ (Vezo nvleank) (6.16)
Rp npliank 2 .

PHBgipae = 2 = +;(VF0_hbltank) (6.17)

Since the devices of the H-bridge in the currerh giepend on the switching state
applied and the tank current direction, as candem $n figure 6.4, the compensator
conduction losses can be determined by considehiadiighest power loss between
semiconductor devices. Thus, the power loss owvarthe voltage compensator can be

estimated by:
Pyp = ZPHBl-gbt (6.18)

Then, including (6.18) in (5.48):

([Reg . <y 2 . Re . 5 2. .
AP =2 T(ltank) +;(VCEOLtank) + 7(ltank) +;(VFOLtank) +

Matrix converter

RCE hb A« 2 A RL k(iZank)z
+2 { > (Ttani)® + p (Vego_nbitank } + mf (6.19)
H-bridge Tank inductor

Therefore, the input current reference can be tked by (6.20), as discussed in
chapter 5.

~ ~\2
%US) - \/(EUS) - 6Req (Proaa + AP)
Nk — -2

6.5.5 Delay compensation

In order to compensate the delay associated wighallgorithm calculationsthe
approach presented in the previous chaisteonsidered. Thus, the estimation of the
tank current magnitude at,,, is calculated by using equation (6.21) and the

prediction of the compensator capacitor voltage,as is determined by (6.22) and

(6.23.

17tank,opt(k) = vmatrix,opt(k) + vcomp,opt(k) (6-21)

T. 2
Vip(k + 1) = Vi (k) + Knp opt C—;b;itank(k) (6.22)
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k+2 TS 2 ~
Vhb,n = Vhb (k + 1) + Khb,n C gltank(k + 1) , nh= 1, 2,3 (623)
hb

Finally, the cost function for the control of thenspensator capacitor voltage is given

by:

. 2
Grom = (Vap = Vipmn) 5 n=1,2,3 (6.24)

6.6 Simulation results

Simulations for IOPC strategy with output voltagempensation were carried out in
MATLAB/Simulink. The parameters used are based ore texperimental
implementation and given in tables 5.2 and 6.3. Wwghting factor for the
compensation voltage is 0.25 as used in the expatahvalidation. The selection of

this value is explained in chapter 8.

The compensator capacitance and voltage referemceadculated using (6.9) and
(6.10), respectively. For the capacitance calautatithe following parameters are

considered:T,=25.9us, ,,=14.14A andAV;;,=5V.

Thus, the compensator capacitance and the volédigence are given by:

2 T
Chpy = ———lon = 46.64F ~ 50uF 6.25
hb nAVhb lon u 2 ( )
Vip = 700 = Z170\/§ ~ 73.6V (6.26)

Table 6.3 Simulation parameters for IOPC with output voltage easgiion.

Chb 50“,':
Voltage compensator
2 v, 73.6V
it IGBTs | V¢go np/Rce np 1.2v/52nm
Diodes Veo no!/RE b 1.0v/32nmD
A; 1.0
Weighting factors Ao 1.0
Anp 0.25
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Figures 6.8-6.14 show the results for an outputetuireference of 104s In figures

6.8 and 6.9, the control of the input current, atigurrent and compensator capacitor
voltage are shown.

20 T T T T T T T T

—— Reference

Output current (A)

-20
0.06 0.061 0.062 0.063 0.064 0.065 0.066 0.067 0.068 0.069 0.07
Time (s)

= Reference

Input current (A)

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)

Fig. 6.8 Simulation results for IOPC with voltage compensatigput and output control.
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Time (s)

Fig. 6.9 Simulation results for IOPC with voltage compensatiatput current magnitude and
compensator capacitor voltage control.
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The compensation voltage can be observed in fighi% and 6.11, where the output

matrix converter voltage, the voltage applied te tesonant tank and the output

compensator voltage are depicted.

Tank voltage (V) Output converter voltage (V)

H-bridge voltage (V)

Fig. 610 Simulation results for IOPC with voltage compensation: dutpairix converter voltage,

Output converter voltage (absolute value) (V)

Fig. 611 Simulation results for IOPC with voltage compensation: dutgtrix converter voltage and
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The unity power factor and the resonant tank wawe$oare shown in figure 6.12. In
addition, the frequency spectrum of the input auirrend the input waveforms are
depicted in figures 6.13 and 6.14, respectively.
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Fig. 612 Simulation results for IOPC with voltage compensation: impitage/current, voltage applied
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Fig. 613 Simulation results for IOPC with voltage compensation: FFheirput current.
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Fig. 616 Simulation results for IOPC with voltage compensati#i = %): output current magnitude
and compensator capacitor voltage control.
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Fig. 617 Simulation results for IOPC with voltage compensatitfy %): output matrix converter
voltage, voltage applied to the resonant tank and oatpupensator voltage.
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Fig.

Output converter voltage (absolute value) (V)
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618 Simulation results for IOPC with voltage compensatitfiy (= %): output matrix converter

voltage and voltage applied to the resonant tank (magnitadatior).

Figures 6.19-6.22 show the control responses wratapachange reference is applied

to the output current control and the compensatpacitor voltage control.
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Fig. 619 Simulation results for IOPC with voltage compensation: dutprent magnitude and
compensator capacitor voltage control for a step change imutiput current reference from 10A to 14A

at time 0.1s.
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Fig.

20 T

Output current (A)

—— Reference

0.096

0.097

0.098

0.099

0.1
Time (s)

0.101 0.102 0.103 0.104 0.105

Input current (A)

r

r

r

r

= Reference

0.05

0.06

0.07

0.08

0.09

0.1
Time (s)

0.11 0.12 0.13 0.14 0.15

620 Simulation results for IOPC with voltage compensation: immak output control for a step
change in the output current reference from 10A to 14Aet ©.1s.
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Fig. 621 Simulation results for IOPC with voltage compensation: dutprent magnitude and
compensator capacitor voltage control for a step change othpensator capacitor voltage reference

from 53.6V to 73.6V at time 0.1s.
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Fig. 624 Simulation results for IOPC with voltage compensation cornisigla supply impedance: output
current magnitude and compensator capacitor voltage control.
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Fig. 625 Simulation results for IOPC with voltage compensation corisigle supply impedance: input
voltage/current, voltage applied to the resonant tanloatplit current.
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6.6.1 Effect of model parameter errors

Since the predictive control algorithm is diredbigsed on the discrete-time model of

the system, it is important to evaluate the behaviof the predictive control

considering errors in the model parameters. Tehies$.6 give the RMS error of each

controlled variable for different parameter errors.

Table 6.4 Effects of the errors in the input filter model.

-50% -20% -10% +0% +10% +20% +50%
RMS error
Input current 1.154 0.870 0.834 0.812 0.802 0.799 0.817
RMS error
Output current 1.226 0.975 0.924 0.879 0.856 0.824 0.779
RMS error
DC capacitor 25,565 | 15.137 | 13.646 | 11.976 | 10.643 | 9.551 8.435
voltage

Table 6.5 Effects of the errors in the resonant tank inductaaloe.

Ltank
-20% -10% -5% +0% +5% +10% +20%
RMS error
Input current 1.675 0.962 0.831 0.812 0.811 0.884 1.186
RMS error
Output current 1.564 0.976 0.889 0.879 0.890 0.929 1.180
RMS error
DC capacitor 10.378 | 10.677 | 12.081 | 11.976 | 11.590 | 10.407 | 9.391
voltage

Table 6.6 Effects of the errors in the compensator capacitance value

Chp
-50% -20% +0% +20% +50%
RMS error
Input current 0.854 0.806 0.812 0.803 0.804
RMS error
Output current 0.948 0.901 0.879 0.848 0.857
RMS error
DC capacitor 7.512 | 10.004 | 11.976 | 14.038 | 16.488
voltage
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From tables 6.4-6.6, it can be seen that for anpater error range of 5%, the
predictive algorithm can perform with no signifi¢aerror in the calculations. For a
range higher than 10%, especially in the resonank tparameters, the correct

performance of the predictive algorithm cannot heueed.

6.7 Summary

This chapter has discussed a new voltage compensgttategy for a direct resonant
converter. This compensation approach is basedonecting an H-bridge converter
in series between the matrix converter and thengggotank in order to mitigate the
effects of controlling the input current on the puutt matrix converter voltagélhis

voltage compensator operates under ZCS in an efforeduce the effects of the

compensator on the converter efficiency.

In order to control the compensator capacitor gatathe IOPC strategy has been
expandedIn addition, the calculations of the compensatgrac#ance and voltage
reference have been discussed. Finally, simulatenlts and a brief analysis of the

effects of the model parameter errors on the cbpgdormance have been presented.
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Chapter 7

Experimental Implementation

7.1 Introduction

In this chapter, the experimental system used tifyvand validate the operation and
controlof a direct series resonant converter is describlee.main components of this

system are:

» Three-phase to single-phase matrix converter.

= H-bridge converter.

= (C6713 DSK development board (part of twatrol platform).
» FPGA board (part of the control platform).

= HPI board (part of the control platform).

= Resonant tank.

» Resistive load.

» Three-phase autotransformer.

» Voltage and current measurement boards.

= Qutput current magnitude measurement board.

Figures 71 and 72 show the experimental rig and a simplified diag@nthe system,
respectively. In figure 7.2, the dc power suppliesthe measurement boards and

converters (gate drive circuits), 15V and +5V, andtted for clarity.
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Fig. 7.1 Experimental system.
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Fig. 7.2 Connection diagram of the experimental system.

7.2 Matrix converter

The three-phase to single-phase matrix convert@iarad in this work is depicted in
figure 7.3. This converter is a 7.5kW six-layer P@®totype which is designed for
use in different matrix converter applications e tPEMC Group, University of

Nottingham. This prototype consists of six IGBT mownodules and their gate drive
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circuits, three circuits for input voltage sign @gton and three voltage transducers
for measuring the input voltage. Since this prgietyhas been utilised in several
topologies of two-stage matrix converters, a clasimpuit is included in the design,

however, particularly for the application in thesearch, an external clamp circuit was

implemented.

T
!

Clamp Circuit P

Il — g -
s Voltage Sign
7 A e Detection

Fig. 7.3 Three-phase to single-phase matrix converter.

The control platform supps the switching signals to the matrix converter aa
Samtec FFSD IDC ribbon cable. This cable also oetuthe input voltage sign
signals, which are sent from the matrix converteitite control platform, for the

commutation strategy.

7.2.1 Power modules

The 3@/2@ matrix converter uses six SEMIKRON SK60GBI1A200V/60A)
bidirectional power modules, shown in figuret.7These IGBT modules consist of

two unidirectional power swit@sconnected in common emitter configuration.

LE

—o 12,13

T

(a) (b)
Fig. 7.4 SEMIKRON SK60GM123: (a) power module and (b) pin corditjon.

17!
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7.2.2 Gatedrive circuits

Each power module requires a gate drive circuiictvlallows control of every active
semiconductor deviceThe matrix converter prototype used in this worls hsax

isolated gate drive circuits, one for every IGBTdule. Since the bidirectional switch
iS a common emitter arrangement, each gate dririitiis powered by a single
DCP020515 miniature isolated 2W unregulated dc-aweder, which can provide an

output voltage of £15V from an input of +5V.

The gate signals (from the control platform) focleanodule are connected to a
HCPL-315J dual IGBT gate drive optocoupler (0.5Aalp®utput current) via two
SN74LVC1GO07 open-drain buffers/drigetn order to ensure a fast switching of the
semiconductor devices, the dual gate drive optdeouprives two push-pull
amplifiers which are composed of two transistors,Nd?N FZT690B and a PNP
FZT790A. In addition, for each IGBT, a resistorciennected between gate and the
common point to prevent the device undesirablyitigron owing to the charge stored
in the parasitic capacitance when a gate driveuitifault occurs or the control board
is switched off and the main power supply is dnschematic diagram of the gate
drive circuit for an IGBT module is depicted indig 7.5.

+15V

+
(U
<

Vs V+

com
GND| y

DCP020515 _Il

-15v
+5V +15V

<+

[9)
=z
o

+15V

|
From -Ezmn ] 1 IW
Control (o3 0.1uF 10pF
Platform SN74LVC1G07 T 330 100 >
ﬂ o = 0duF Y
GND F”% P‘% 10k
5V
E IGBT
From -gzmn W module
Control Q + . +15V 10pF
Platform SN74LVC1G07 o 330 100
54 >
10kQ
% -15V
GND{; - T o %

HCPL-315)
Fig. 7.5 Schematic diagram of the gate drive circuit for a power marfutee matrix converter.
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7.2.3 Input voltage sign detection

To switch the matrix converter safely, a voltagedsh four-step commutation
strategy, which is described in chapter 4, is eygdo This strategy utilises the sign

of the lineto-line input voltage to control the switching seqoenof the
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semiconductor devices. To detect the input voltsige, three isolated circuits are
included in the matrix converteA schematic diagram of the sign detection circuit for

the input voltage ¥ is shown in figure 8.

+15V
+5V

V+ Vs 4

B com
V- GNDﬂ
:Er DCP020515 GND

+5V

10kQ 14
o > Control
L Platform

HCPL-0601

220kQ

A

- RS

Vob 5 >

l -|_ LBAT54s
v

Fig. 7.6 Schematic diagram of the voltage sign detection thau,y.

GND

A series resistor20k2/1W) limits the current through the input diodes l@gss than
200mA), which restrict the comparator input voltage value less than +0.8V. Since
the converter input voltage (input capacitor vadlagontains some ripple, a capacitor
is used for filtering purposes amd avoid problems associated with the sign signal
generation at theero crossing of the input voltage. The voltage sigtection circuits

are connected to the control platform through thcouplers.

7.2.4 Clamp circuit

The clamp circuit, described in chapter 4, usethis work corresponds to a design
intended to be employed in different matrix coneedpplications, therefore, this is
oversized for the converter of this research. Thisuit is composed of two rectifiers,
which utilise a totalof ten VS-8EWF12SPBF 8A/1200V fast soft recovery diodes
These rectifiers are connected to two AB@50V capacitors in parallel with two

47kQ/7TW resistors. The clamp circuit is depicted in fegid.7.
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7.2.5 Input filter

The input filter is composed af1.75mH per phase three-phase inductor connected in
parallel with three 5Q resistors. The input capacitors4uF/500V per phase, are
depicted in figure 7.3, whilst figure 7.8 shows thut filter inductor.

Fig. 7.8 Input filter inductor.

7.3 H-bridge converter

The H-bridge converter corresponds to a two-layeB Prototype which is designed
for usein multi-level converter applications in the PEMC Qupuniversity of
Nottingham. This prototype uses an H-bridge IGBTdole and includes the gate
drive circuits for every semiconductor device. Woid turning on two devices in one
leg at the same time, each gate drive containsnatogue dead-time circuit. In
addition, only two switching signals (top IGBTskareeded to control the converter,
since the switching pulses for the bottom devicesggnerated inverting these signals.
Figures 7.9 shows the H-bridge converter emplogetié experimentaig.

DC Voltage Meas.

i~y

n

Switching
Signals

AC Side

Fig. 7.9 H-bridge converter.
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The connection between the control platform andHHeridge converter is through
Avago Technologies HFBR-15217 /HFBR-25217 fibreioptansmitters/receivers. A
50uF/500V capacitor is connected to the dc side.

7.3.1 H-bridge power module

The H-bridge converter is based on a SEMIKRON SK30&34(1200V/30A) power

module which contains four IGBT$his power module is depicted in figureld.

G

el

(a) (b)
Fig. 710 SEMIKRON SK30GH123: (a) power module and (b) pin configuration.

1%

1z

7.3.2 Gatedrivecircuits

The H-bridge converter has four gate drive cirgwtse for every IGBT of the power
module. Each circuit uses an HCBIL20 gate drive optocoupler (2A peak output
current) and an NMHO0515SC isolated 2W dc-dc conveft®&V to +15V). In
addition, an SN74LVC1G06 open-drain single invetiaffer/driver is employed to
drive the optocoupler and two Zener diodes are tsdiehit the gate-emitter voltage
to +15V. Also, to prevent the IGBTs turning on aseault of the charge stored in the
device parasitic capacitance in the event of, faangle, power or control board
failure, a resistor is connected between the gamg emitter connectionsAs
previously mentioned, every gate drive includesaalogue dead-time circuit, which
is described in the next section. Furthermore, siheeH-bridge converter is designed
for different applications, an enable signal (ENfigure 7.11) is used to ensure the
bottom IGBTs are not switched on in the absencswifching signalsA schematic

diagram of a gate drive circuit of the H-bridge werter is shown in figure.T1.

7.3.3 Dead-time implementation

The analogue dead-time circuit implemented allowlsve-to-high transition to be
delayed through an RC circuit. The delay is adplstdy modifying the time constant
of the RC network. Figure 7.12 illustrates a diagiat the dead-time circuit.
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+15V

N r ah

A NMH05155C

-15Vv

N +5V

|

From 270Q L1
Control O .. O +15V
Platform 2470

SN74LVC1G06
SN74AHC1G14 SN74AHC1G00 2 > |GBT
20kQ
F -15v
GND T
GND

HCPL-3120 % 6

Fig. 711 Schematic diagram of a gate drive circuit of the H-bridgeserter.

Fig. 712 Circuit for the dead-time implementation.

7.4 Control platform

The control platform is composed of a C6713 DSKrbpan FPGA board and an HPI
card. A diagram of the control platform is depictedfigure 713. This platform
allows the system to be controlled and monitored, performs different processes

such as:

= Control algorithm calculations.

= Analogue to digital conversion.

= Generation of the switching signals for the powamnerters.

= Generation of trip signals to switch the power @ners off in case of a fault

or unsafe condition.

7.4.1C6713 DSK board

The C6713 DSK (DSP Starter Kit), shown in figurd4.is a Texas Instruments
development board based on a TMS320C6713 floatmgt@SP. A diagram of the
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C6713 DSK board is depicted in figure 7.15 [31]eTimain characteristics of this
DSK board are [32]:

= A DSP operating at 225MHz.

= 1800/1350 MIPS/MFLOPS.

=  512KB of Flash memory.

= 16MB of synchronous DRAM (SDRAM).
= 32-bit External Memory Interface (EMIF).
= A Host Port Interface (HPI).

PC

(Matlab)

HPI

Interrupt
Data Bus

Switching Pulses
(Matrix Converter)

Actel
ProAsic3
A3P400

Measurements

Input Voltage Signs {

FPGA board

—
SUtPUtt Switching Pulses
urren (H-bridge)
Sign

Fig. 713 Control platform diagram.

Fig. 714 C6713 DSK board.
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Fig. 715 Diagram of the C6713 DSK board [31].

The DSP can be programmed by using Code CompogdioS{CCS) from Texas

Instruments. In this work, this software is utidst® develop and compile the control
program (C language), which is loaded into the D®¥ard by employing an HPI

daughter card, which is described in the next secand MATLAB.

In order to ensure the entire control program cauid within an interrupt cycle

(about 2%9is), the DSP was programmed to operate at 350MHZt iseoverclocked.

7.4.2HHPI card

The HPI daughter card, developed by Educational RB8€ shown in figure 7.16,
allows the control program to be loaded into the&k®ard and the reading/writing of
variables when the control program is running frarPC via a USB connection. In
this work, MATLAB is used to monitor the system viee HPI card by implementing

an interface which is described later in sectidtD7.

usB
& Connection

Parallel
Connection

Serial
Connection

Fig. 716 HPI card.
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7.4.3 FPGA board

The FPGA board, developed by the PEMC Group of thieddsity of Nottingham for
use in power electronics applicatioms depicted in figure 7.17. This card is based on
an ACTEL ProASIC3 A3P400 FPGA. This board is maictiyaracterised by:

= 50MHz clock.
= 10 12-bit A/D channels (conditioning and protect@rtuits).
= 2 high-density connectors (26-pin and 30-pin) figitel inputs/outputs.

= 10inputs/outputs through fibre optic or current is.

The communication between the DSK board and theA=®4&d is carried out through
the DSK 80-pin EMIF connectors (memory expansiomnector and peripheral
expansion connector). These connectors allow aldaugard to have access to the
DSP data and address buses, power supply, readimggwcontrol signals, timers,

clocks and interrupts.

Switching Signals
(Matrix Converter)

Output Current

Switching Signals
(H-bridge)

Fig. 717 FPGA board.

Particularly in this work, the FPGA board generases interrupt at a frequency
defined by the resonant tank in order to achiev& Dperation. This interrupt drives

the routine (DSP program) which contains the carmtigorithm.

7.5 Resonant tank

The resonant tank, shown in figure 7.18, consiktsvo elements: the tank capacitor
and the tank inductor. The tank capacitor, whosguired capacitance value
corresponds to 70nF, is composed of five 350nF ¥1B800V,/1500V,. capacitors
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connected in series. These capacitors were design@dmanufactured by ICW
Capacitors as required, and are characteriseddiyltiw losgesand low inductance.
With respect to the tank inductor, the required atdoce value for a resonant
frequency of about 20kHz w&95uH. This inductor was designed and bbitusing
an EPCOSJU-93/152/30 soft ferrite core and litz wire. Thedimeasured values (at

20kHz)of the tank resonant components are 72.54nF and 9#29réspectively.

Fig. 718 Resonant tank.

7.6 Voltage and current measurements

To measure the voltages and currents which areedetal implement the control
algorithm, LEM transducers LV25-P (voltage) and I15AB (current) shown in
figures 7.19 and 7.2@re used. The nominal values for both transducer§@0V and
50A, respectively. The converter input voltagep(incapacitor voltage) are measured
by three transducers placed in the matrix conveviilst the supply voltages and
currents are measured using a PCB based circuittddpn figure 721. The H-bridge
capacitor dc voltage is measured by employing amilable PCB voltage
measurement board (previously used in other syjtehmother measurement board
which is described later, has been designed to unedke magnitude of the high

frequency output current.

(@) (b)

Fig. 719 LV25-P voltage transducer: (a) transducer and (b) connection diagra
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| + o +VC
M s g RM oy
= o-VC
@) (b)

Fig. 720 LA55-P current transducer: (a) transducer and (b) connection gliagra

Fig. 721 Supply voltage/current measurement board (voltage transducersdareeath).

7.6.1 Output current magnitude measur ement

To measure the magnitude of the high frequencyuutprrent, a PCB board was

designed. This board is shown in figure 7.22 antsists of the following elements:

= A current transducer to measure the output current.

= A rectification stage.

= A Notch filter (designed to filter frequencies abd0kH2).
= Alow-pass filter (cut-off frequency of 10kHz).

= Qutput current sign detection circuit.

Fig. 722 Output current measurement board.
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In order to avoid using a low-pass filter walrelative low cut-off frequency, and, as
a consequence, losing information about the vanatf the output current magnitude,
a filtering scheme with two filters was implementéthe Notch filter is used to
attenuate the high frequency component, thenoilveplass filter allows obtaining the
average value, leading to the peak value of theubuturrent. Since the high
frequency component (about 40kHz) is reduced by Nuwch filter, a cut-off
frequency of 10kHz for the low-pass filter was s&dd. In addition, a circuit to detect
the sign of the output current was also implememtetlis board. This circuit is based
on a very fast comparator ADCMP600 and the digitdpot sign signal is sent to the
FPGA card via fibre optic. To implement the rectfiion stage and the active filters,
operational amplifiers ADA4000 (single and dual)revautilised. Figures 7.23 and
7.24 show the schematic diagrams of the circuguded in this board.

Rectification

AAA.
10kQ

20kQ

From | 10kQ BAT54SJ
Current {:‘ 10kQ
Transducer ADA4000
100Q ADA4000
AAA ADA4000
20kQ
ADA4000
| 7ema 787k
[ +
~
2 1nF
+ |
Output o
Current —— & -
Magnitude x ADA4000 3.935kQ
0.5nF 0.5nF
Notch Filter

Low-Pass Filter

Fig. 723 Schematic diagram of the output current magnitude measureiraarit.

From
Current
Transducer

100Q

5kQ

+
ADA4000

|

£y

BAT54S

: |

+5V

270Q To

<
‘ |

ADCMP600

> Control

Platform

SN74LVC1G07

Fig. 724 Schematic diagram of the output current sign detectioniti
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7.7 Autotransformer and load

A 415V/10A three-phase autotransformer is usedthedoad is composed of three
HVR Pentagon 52/1kW high-power resistors connected in parallelultésy in a
total resistance of I¥3kW. The autotransformer and the load resistorshosvn in
figure 7.25.

S

@ (b)

Fig. 725 (a) Autotransformer and (b) load resistors.

7.8 Control program

The control program is developed and compiled idéeCGomposer Studio and can be

divided into two main sections: initialisation aimderrupt routine.

7.8.1 Initialisation

The initialisation includes the declaration of ades, switching vectors definition
and the configuration values related to the FPGArthosuch as interrupt frequency,
commutation time for the matrix converter (fourpsteommutation strategy) and

control of the A/D conversion.

7.8.2 Interrupt routine

This routine, which is driven by the interrupt sijmenerated by the FPGA board,
contains the main code section of the control @ogrThis code includes A/D
channels reading, filtering of the supply voltates predictive control algorithm and

a data storage routine. A flowchart of the intetmgutine is depicted in figure Z6.
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Fig. 726 Flowchart of the interrupt routine.

7.8.2.1 A/D channd s offset calculation

Before reading the A/D channels from the DSK, a bemof interrupt cycles are
utilised to calculate the offset for each chanfilus, when every offset is obtained,

the entire interrupt routine is performed.

7.8.2.2 Supply voltagefiltering

In order to calculate the phase of the supply gelta filter designed in the d-q axis
(rotating frame) is employed. This filter corresdenio a low-pass filter applied to the
d-g voltage components, thus, avoiding the germrati a phase shift between the
original signal and the filtered one. A cut-offdreency of 25Hz was selected for the

low-pass filter. Moreover, the filtered supply vaéais used in the predictive control
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algorithm to prevent the voltage distortion affegtithe algorithm calculations. A

diagram of the supply voltage filter is shown igufie 727.

=

Vey ~ Vgar

Voo —la 8/} - Vsat
d- o- V.

Y < Vsq o Vsaf L i

N

Fig. 727 Diagram of the supply voltage filter.

7.8.2.3 Predictive control algorithm

This code section within the interrupt routine esponds to the predictive control
algorithm described in chapter Bhis contains the prediction equations, considering
delay compensation, and the optimisation proce$® minimisation of the cost
function selects a switching vector which is stared FIFO register in the FPGA that
is driven by the interrupt signal. A flowchart dfis code section is shown in figure
7.28.

START

Calculation of values at t,,,
based on switching state
applied at t;

}

| Predictions (t,,) |

Next Interrupt
Event

A4

h

| Cost function calculation |

Optimisation

New switching state
(applied at t,,,)

Fig. 728 Flowchart of the predictive control algorithm.

7.8.2.4 Data storage

To store data from the control program, a routitéctv utilises vectors of 10000 data
values is implemented. These vectors can be traadféo MATLAB for monitoring

the control program.
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7.9 FPGA program

The program used is based on an FPGA program dmalon the PEMC Group,
University of Nottingham, for matrix converter ajgations. Modifications were made

for this particular direct resonant converter.

The memory registers programmed in the FPGA arepadhjinto the CE2 region of
the DSK external memory (EMIF CE2). This memoryioegs for use with daughter
cards and comprises the hexadecimal address raf8@ B0O00-AFFF FFFF. To
communicate with the DSP, the FPGA program usesdieess bus (only seven bits
EA[8:14]), the 32-bit data bus (EDJ[0:31]), the chgmable 2 signal (CE2), the
asynchronous output enable signal (AOE), the agsgnclus write enable signal
(AWE) and the asynchronous read enable signal (ARE).

Different processes/blocks are programmed in th@ARsuch as a FIFO memory for
switching signals generation (originally used tglement space vector modulation),
an interrupt timer (to generate the interrupt sign&/D conversion block (to
transform the serial data from the A/D convertets i12-bit numbers), and the four-
step commutation block (to implement the commurtatgirategy for the matrix
converter). A schematic diagram of the FPGA progiandepicted in figure 7.29
where VSAB, VSBC and VSCA are voltage sign signals.

VSAB VSBC
VSCA

Interrupt
From A/D ' A/D 1 Timer
converters Measurements

o : Interrupt Interrupt
XE)ZE ] Generation (to DSP)
ARE psp | o Pulses

ARE Interface » | bridge

EA[8:14]
ED[0:31] <

\ A 4

4-Step
Commutation

- FIFO

P Pulses MC

Multiplexers
(reading)

Data Bus Address Bus Data Bus Address Bus
(for writing) (for writing) (for reading) (for reading)

Fig. 729 Schematic diagram of the FPGA program.
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7.10 MATLAB Interface

A MATLAB interface, shown in figure 730, was developed in order to operate the

system. This interface allows modifying referenatues, control strategy and plotting

different waveforms. The data transference ftorthe DSK board is carried out by

the HPI card as previously explained. To load ttegmam and read/write variables, a
set of functions (C8X_DEBUG), developed by EducaiddSP, is used.

Interface MATLAB-DSP v1.1 (EFRM)

SRS

£

113.2034  Characteristic Imp (Ohm)
19.0 Load (Chm)
57622  Quality Factor (Q)

— Input Filter
50.0 Resistance (Ohm)

175 |Inductance (mH)

14.0 Capacitance (uF)

— Mominal Values
2100.0 Power (W)

3000 Voltage L-L (Vpeak)
8.0829  Input Current (Apeak)
146608  Output Current (Apeak)

1659 6485 Tank Cap Voltage (Vpeak)

10 |Output Control

1.0

Firal weighting factors (cost funchor
calculated based on nominal values

10 Input Current Ref (Apeak) [ OP1Ons——

1.0 Output Current Ref (Apeak)

@ Auto

Tank Cap Voltage (Vpeak)
1.0 DC Voltage HB Ref (V)

Upload

Step (enable

semmerns \Valogme SR
Interface MATLAB-DSP C6713 v1.0 (EFRM)

Pragram
— PARAMETER —MPC —Plot
WhEHEC I csatied SUM (e hing '
— Resonant Tank- — Predictive Control ‘empiored When o e y@u o e
presikie cort sireg s Pt seacen fom rwiload Data
9296 |Inductance {uH) Enabis MPC (@ Disable MPC VG g sehn vu-Oua Cornimay
2 mplemestan IV s usihg e 1SS
7254 Capacitance (nF} — Weighting Factor
19.3813  Comer Frequency (kHz) 1.0 Input Cantrol

7.11 Summary

Fig. 730 Matlab interface.

The entire experimental system used to implemaetiitext series resonant converter

with output voltage compensation has been describethis chapter. The power

converters, the control platform, the resonant tanét the measurement boards have

been described. Hence, emphasis has been plac#dtk omain circuits included in

each component (gate drives, sign detection, giltetc.) as well as on the DSP and

FPGA programs utilised to validate the proposedrobstrategy.
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Chapter 8

Experimental Results

8.1 Introduction

This chapter presents the results obtained witregperimental system described in
chapter 7 in order to validate the proposed coevexrhd the control strategi€he

parameters of the system correspond to those ugyigiven in tables 5.2 and 6.3.

In this chapter, the selection of the weightingtdador the compensation voltage
control, as discussed in chapter 6, is experimgnd@monstratedwWith regard to the
experimental resultsvaveforms for the DSRC with voltage compensatioarafing

at nominal conditions are presented. In addititthoagh this research focuses on the
steady-state operation of the converter, resultsidering a step change reference for
the output current and compensator capacitor veleag shown in order to verify the

control responses.

Finally, experimental results for the DSRC withoubltage compensation are

presented and an estimate of the converter effigiencalculated.

8.2 Selection of the weighting factor A,

In order to select the weighting factor related ttee control of the voltage
compensator, experimental results for differentigalofi,;, were obtained. Then, the
RMS error of the output current, input current aminpensator capacitor voltage
were calculated. Figure 8.1 depicts the RMS erraimsgl,;,, where the initial value

corresponds tdy;, = 0, i.e. without voltage compensation. The systemmpisrated at
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nominal current (104.). Figure 8.2 shows the data in detail, whereritloa seen that
for A;;, = 0.25 the error of the output current is minimised. Qyvio the importance
of the distortion at the output, this value waestd.

. L i . . T T L L

DC wltage
,,,,,,,,,,,,, Output current ||
Input current

Root mean square error (normalised)

0 r r r r r r
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Weighting factor - DC voltage control (A, )

Fig. 8.1 RMS error againd,,.

0.14 t ' L L L L
DC woltage
,,,,,,,,,,,,,, Output current

.13~ 5
0.13 Input current

0.12}-
011F

01k
0.09|-
0.08]-

0.07 -

Root mean square error (normalised)

0.06 - -

0.05~ '

0.04 r r r r r r
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Weighting factor - DC woltage control (khb)

Fig. 8.2 RMS error againdt,;, (detailed).
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8.3 Experimental resultsat nominal output current

Waveforms for the DSRC with output compensation atirey at nominal current

(10A.9 are shown in figures 8.8-1Q0 The high frequency waveforms were
reconstructed using MATLAB and the data acquiredte@control platform, such as
input capacitor voltage, output current magnitudd awitching state applied. Figure
8.3 explains the reconstruction concept considdtirgsinusoidal output current

Data generated
with Matlab

O
V2 N
VA S
Y2 \
’ \
/7 \
’ \
7 \
7 \
7 \

/ \
/ \
1 \
/ \

\ ] \ 7
\ ’ \ ’
! / A ’
\ / \ /
\ / \ /
\ / \ /

\ ’ \ ’

3 / \ /

\ / A ’

A3 / \ /

\ ’ S, /

N, / S, /

\ ’ pJ ’

o 507
\ Samples /
(measurement)

Fig. 8.3 Reconstruction concept: high frequency outpueotirr
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Fig. 8.4 Input and output current control (experimental).
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Figure 8.5 shows the control of the output curi@magnitude) and the compensator
capacitor voltage. Figure 8.6 depicts input wavegrinput voltage and current, and

also output waveforms, voltage applied to the rasbmank and tank current (load

current).
20 T T T T T T T T
2
<
@
5 15 “\fmp‘ku il ‘\“ww “w“um‘\w i |uu‘w 'w“*‘q1“‘“”"”“M‘mwmm‘mm Wil i \\“‘\"m \‘\wp‘mv" l\‘nmw'm‘\ “‘“‘\w n‘w‘ w‘w‘vhmm‘ww\“l il ‘I"N‘I“‘"'“”I‘\““‘W‘HI‘II'HN‘\“"\‘MU“”W[\ mw\|‘w\““wm“w\““\‘WH Il “““IW‘“\H“"\"““"““‘
2 (A A Y M"PHHH y LA
g
€ 1o ]
=
g
2
S 5- .
=
p=l
o
0 r r r r r r r r r
0 0.02 0.04  0.06 0.08 0.1 0.12 0.14 016  0.18 0.2
Time (s)
120 T T T T T T T T
= Reference
100 .
g o "\“‘w i ‘IJ‘W\‘H Al ‘”.\“ |\JM\'\H‘\H‘v‘|“\‘\“W‘w“\i \‘\”\\‘UH.u\“J“MW\‘\MH”I‘\w h.‘h‘mm\‘\m‘l\““M‘h‘u\« ‘\\H\HT\‘\ “‘L“\“l\“\‘\u‘l“‘ﬂ"\‘lm\w“L\“\\“ \I‘m‘\ ‘““h““H‘“‘“J‘W““H"J‘N‘“.M“‘\“J”‘.““H““ i
W bR o Wkl L
o
>
8 4o .
20 .
0 r r r r r r r r r
0 0.02 0.04  0.06 0.08 0.1 0.12 0.14 016  0.18 0.2
Time (s)
Fig. 8.5 Output current magnitude and compensator capsgoitage control (experimental).
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Fig. 8.6 Input voltage/current, voltage applied to themasat tank and tank current (experimental).
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In figure 8.7, the output matrix converter voltagige compensator voltage and the
voltage applied to the resonant tank are depidiedrder to observe the voltage
compensation, figure 8.8 illustrates the magnitudeation of the matrix converter

output voltage and the voltage applied to the rasbtank.
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Fig. 8.7 Output matrix converter voltage, voltage appliettiéaresonant tank and output compensator

voltage (experimental).
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Figure 8.9 shows supply voltage, input capacitdtage (input converter voltage) and
supply current, whereas figure 8.10 shows the fwsttion value (result of the

minimisation) and the switching state applied te tdonverter (matrix converter and

compensator).
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Fig. 8.9 Supply voltage, input capacitor voltage and lsupgrent (experimental).
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Figures 8.11-8.15 show waveforms for operationahinal output current acquired

from the oscilloscope utilised.
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Fig. 812 Input and output current.
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Fig. 813 Output matrix converter voltage (top) and voltage apptetié resonant tank (bottom).
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Tek Prevu 290MHz Moise Filter
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Fig. 814 Output matrix converter voltage (top), voltage applieth&oresonant tank (middle) and output
compensator voltage (bottom).
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Fig. 815 Output matrix converter voltage (blue), output compemsatitage (purple), voltage applied to
the resonant tank (cyan) and tank current (green).

In figures 8.4-8.15correct operation of the DSRC with voltage comp#&osacan be
observed operating at nominal output current, adigesinusoidal input and output
current and unity power factor. In figures 8.7,,8813 and 8.15, the voltage
compensation process can be seen. In addition, &feBation is evident in figure
8.15.

8.4 Control responses under step changereferences

In order to test the transient behaviour of thedjgtere control algorithm, step
changes of the output current reference and thepensator capacitor voltage
reference were utilised. In figures 8.88-9 the output current reference is varied
whereas the compensator capacitor voltage referaasechanged in figures 8.20-
8.23.
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output current reference from 10.5A to 14.5A at time 8s0(@xperimental).
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output current reference from 10.5A to 14.5A at time 8s0(@xperimental).
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In figures 8.20-8.23, the compensator capacitotagael reference is varieérigure

8.20 shows the control response.
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Fig. 820 Output current magnitude and compensator capacitor voltagesfep change in the
compensator capacitor voltage reference from 53.5V to 78 5%he 0.078s (experimental).
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Fig. 822 Supply voltage, input capacitor voltage and supply currera &ep change in the compensator
capacitor voltage reference from 53.5V to 73.5V at time8s{@xperimental).
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Fig. 823 Cost function minimisation and switching state applietthéoconverter for a step change in the
compensator capacitor voltage reference from 53.5V to 7& %ivhe 0.078s (experimental).

Since the compensator capacitor voltage dependseoautput current, for a change

in this current, the control algorithm modifies thwitching of the H-bridge in order

to regulate the compensator capacitor voltage. atti®n can be seen in figure 8.16
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On the other hand, when a change of the compensapacitor voltage occurs, there
is no significant effect on the output current cohtsince the control algorithm
regulates the compensator voltage via switching tled H-bridge converter.
Furthermore, in figures 8.1849, the effect of the different dynamics present irs thi
converter topology (input filter, resonant tank atmmpensator capacitor) on the
output current control can be observed. Moreoverctist function minimisation for a
step change of the compensator capacitor voltaghdsn in figure 8.23 in order to
compare this with figure 89. As seen in figure 8.23, the control algorithm does
need much effort to control the compensator capaeibltage compared to that for

the output current control (figurel®).

8.5 Effects of the converter over modulation

As discussed in chapter 4, a DR@& the same limitations as a conventional matrix
converter considering input current control, ile voltage ratio is limited to 87% in
order to achieve good quality input currents. FeguB.24-8.27 show results for
M,~87%. In figure 8.28, the low frequency distortiohthe input current due to

overmodulation can be observed.
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Fig. 824 Input and output current control f8f,,~87% (experimental).
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Fig. 825 Output current magnitude and compensator capacitor voltedgekfor M,,~87%
(experimental).
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Fig. 828 Input current distortion owing to overmodulation.

8.6 Resultswithout voltage compensation

Experimental results without voltage compensati@nsiown in figures 89-8.31. In
this cased,,=0 and the H-bridge is disabled, except for two peremdly on switches

which allow the current to flow between the matonverter and the resonant tank.
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In figure 8.32, the output current magnitude angutncurrent without and with
voltage compensation are shown. As can be seemligtegtion of the output current

(magnitude ripple) is reduced by approximately 40%.
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Fig. 832 DSRC without/with voltage compensation: output current ritade and input current
(experimental).
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In figures 8.33 and 8.34, the frequency spectrh@iinput current for the DSRC with
and without voltage compensation (respectively) slewn. The total harmonic
distortion (THD) calculated, for both cases, cqumesls to 2.7% (with compensation)

and 4.4% (without compensation).

Input current (FFT)
T T T T T T T T T T

0.6~ -
0.4 1

0.2~ -

Magnitude (normalised)

_02 r r r r r r r r r r
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Frequency (Hz)

5000

Low order harmonics
0.1 T T T T T T T

0.08 B

0.06 - !

0.04 -~ !

Magnitude (normalised)

0.02 ~ !

(0)=3 r

T

P

7

T

f

200

400

600

800
Frequency (Hz)

1000

1200

1400
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8.7 Power losses and efficiency estimations

The main focus of this work has been on controltttd DSRC and, therefore,
experimental investigation of the converter lodsas not been attempted because of
time constraints. Direct electrical measuremerbss$es via an input-output approach
is extremely difficult due to the complex waveforf@ath significant high frequency
components) at both the input and output sidesoraétry [33, 34] would provide a
feasible way of evaluating overall losses, but nepu significant experimental
development, and time consuming calibration andings However, it is still
instructive and valuable to estimate the expectedds, particularly, for the extra
losses associated with the compensator. In thisosetosses are estimated using the

methodology developed earlier in section 6.5.4.

In order to estimate the power losses and theiefidy of the power converter, a
nominal output current (104 is considered. The power losses calculated us$iag

parameters given in tables 5.2 and 6.3 are shownablle 8.1. Table 8.2 gives the
efficiency of the DSRC with and without voltage qmemsator. Since the converters

operate under ZCS, the switching losses are naidered.

Table 8.1 Power losses of the DSRC with voltage compensation

Matrix H-Bridge Resonant Tank Input Total
Converter Converter Inductor Filter Losses
48.01W 32.01W 57.80W 3.87W 141.69W
(33.89%) (22.59%) (40.79%) (2.73%) (100%)
Table 8.2 Efficiency with/without H-bridge converter (voltagenpensator).
Output Power o
Input Power Efficiency
(Load: 19Q)
With H-Bridge 1.9kwW 2.04kwW 931%
Without H-Bridge 1.9kwW 2.01kwW 94 6%

Table 8.3 and 8.4 give the estimation of the polesses and efficiency based on
measurements carried out in the experimental systé&m output current considered

for calculations is 9.82A.
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Table 8.3 Estimated experimental power losses.

Resonant Tank
Inductor Other losses Total Losses
55.72W 160.16W 215.88W
(25.81%) (74.19%) (100%)

Table 8.4 Estimated experimental efficiency.

Output Power o
Input Power Efficiency
(Load: 19Q)
1.83kwW 2.05kwW 89.5%

From table 8.1, the power loss associated wititH#eidge compensator (conduction
losses) corresponds to 22.59% of the total losBess, this power loss reduces the
converter efficiency by 1.5% approximately, as shoiw table 8.2. In order to

decrease the compensator losses, different semictorddevices, such as MOSFETS,

can be considered to implement the H-bridge coavert

8.8 Summary

This chapter has presented the results oatawith the experimental converter. The
selection of the weighting factor related to thenpensator capacitor voltage control
has been described. Various results for the coewemperating at nominal output
current and considering output voltage compensahame been depicted. These
results have shown the correct operation for thep@sed voltage compensation

strategy and for the proposed control strategiesgdly.

In addition, step changes in reference have bedisedt in order to verify the
operation of the control approach described in chraptewWaveforms for an output
current reference above the limits previously dedim chapter 4 have been depicted
to show the distortion generated at the input heotto verify the analysis given in
segion 4.4 Results for the converter operating with and withotoltage
compensation have been presented to demonstrateeffbets of the voltage

compensation proposed in chapter 6. Thus, the rd@toof the output current
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(magnitude ripple) and the input current THD haeerb reduced by approximately

40%; the input current THD being decreased from 4.4%.7%.

The power losses and the efficiency of the expertaleconverter have been

calculated in order to estimate the effect of thkage compensation strategy on the
converter efficiency. The efficiency of the expesmtal system reaches 89.5% (with
voltage compensation) and the power loss due tditheidge compensator is about
22.6% of the total losses. Owing to the inclusidnttee voltage compensator, the

converter efficiency is reduced by 1.5% approxiryate
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Chapter 9

Conclusions

One of the main desirable characteristics of dipeatver converter topologies is the
potential increase in power density in comparisdth wonventional converters. This
characteristic has been the reason for using di@uterters in various applications,
such as electrical drives. Another application Wigan utilise the high power density
characteristic to advantage in high power supplies. Modern high power supplies
utilise resonant converters, which avoids significpower loss when operating at
high frequencies. These resonant converters aadlydfiased on an inverter topology
whose dc input voltage is stabilised by the inpapacitor, which often occupies a
significant proportion of the volume of the powerpply. Therefore, in order to
achieve compact high power supplies, research grioging a direct topology in a
power supply is interesting. Thus, a resonant caerv®ased on a direct topology has

been investigated in this work.

A direct resonant converter (DRC) allows the direonnection of a three-phase
power supply to a resonant circuit and a load. Albaded resonant converters, the
resonant circuit is used for generating a highdesgy sinusoidal waveform. Since a
DRC is operated at high frequency, in order to eghia power supply as compact as
possible, the control strategy of a DRC must carsidinimising the power losses.

Hence, a DRC, like a conventional resonant conkeideexpected to operate under

zero current switching (ZCS) and/or zero voltagéavng (ZVS).

In this thesis, control strategies for a directieseresonant converter (DSRC) were
investigated. Since the converter operates at fnegfuency, model predictive control

was considered. This control technique allows appibn of an optimum switching
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state to the power converter. In order to minintlse switching power losses, the
control strategies developed in this research Bwitte converter at every zero

crossing of the output current.

Three predictive control strategies were developedhis research, namely input
current predictive control (ICPC), output currergdictive control (OCPC) and input-
output predictive control (IOPC). ICPC strategy iaubs sinusoidal input currents,
however, considerable distortion can be producethatoutput since the predictive
algorithm does not include the output side in tipénoisation process. In contrast,
OCPC allows the control of the output current, heevethe input current becomes
highly distorted. As a consequence,ist necessary to control both sides of the
converter. Hence, a predictive algorithm that idelsi both the input and output
currents was analysed. Although, the IOPC appreoaalrols both currents, owing to
the difference between the input and output optiopa&rating conditions, distortion of
both currents is generated. In order to reducedik®rtion at the output, a new

voltage compensation approach was proposed inhbsss.

The voltage compensation approach introduces amidgé converter connected in
series between the matrix converter and the resotanrk. Since the H-bridge
converter (compensator) can provide three diffexaitages (positive, negative and
zero), the output voltage of the matrix converten be compensated, resulting in a
decrease in the distortion of the voltage appliedhe resonant tank. The voltage
across the H-bridge capacitor is controlled byudelg it in the predictive algorithm.
This voltage is regulated via the switching of tHebridge compensator, since the
current through the capacitor corresponds to thpublcurrent, i.e. no separate dc
supply is needed to feed the capacitor. In ordeediuce the power losses due to the
compensator, the H-bridge converter operates undéf. In addition, the
compensator capacitance value needed is smallmpagson with the capacitance

utilised in conventional resonant converters.

In order to validate the proposed control and campton strategies, simulations
were developed and an experimental prototype wasstieated. Comprehensive
results were shown in the thesis. In the simulatma experimental results, the
expected operation of the converter, including tdmmpensation approach, was
demonstrated. Good performance of the predictiverobstrategies developed was

also demonstrated.
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Finally, the achievements of this research are samsed as follows:

= Predictive control strategies for a direct seresonant converter have been
developed.

= A voltage compensation approach to improve therobmaind performance of
the converter has been developed.

» The current/voltage limitations for a direct resan&onverter have been
analysed in detail.

= Simulations of the proposed control and compensaticategies have been
carried out in order to verify the performancelad system.

= A direct series resonant converter with an outmltage compensator has
been built in order to experimentally validate theposed control and

compensation strategies.

9.1 Further work

To continue the research on this topic, some stiggssare given:

= Apply the compensation approach to a direct segesnant converter with
unbalance supply voltage.

= Consider a direct series resonant converter witbudput stage (rectifier and
output filter).

= Verify the compensation approach for a higher pdesel.

» Investigate operation with a magnetron load.

9.2 Published papers

E. F. Reyes, A. J. Watson, J. C. Clare and P. W. Wheeler, “Comparison of Predictive
Control Strategies for Direct Resonant High Voltage DC Power Supply,” PEMD
Conference, Bristol, UK, 2012.

E. ReyesMoraga, A. Watson, J. Clare and P. Wheeler, ‘“Predictive Control of a Direct
Resonant Converter with Output Voltage CompensdtiorHigh Voltage DC Power
Supply Applications,” EPE Conference, Lille, France, 2013.
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Appendix A

|nput Filter Model

The input filter utilised in this work is depicté@adfigure A.1.

R .
fip
ls I
i L
+ .
+ v + Tk
Vs vy Cf

Fig. A.1 Input filter.

The dynamic equations of the input filter are gilmn(A.1)-(A.3), wherev,, v;, v;,
is, ic andi; are the input voltage, the inductor voltage, thpacitor voltage, the input

current, the capacitor current and the input casvewurrent, respectively.
d .
vs(8) = v (O) +vi(6) 2 vs(6) = Ly i () + vi(6) (4.1)

ts(t) = ic(t) + () = is(t) = Cf%vi(t) + () (4.2)

[vs(t) — vi(®)]

is(t) = iy (t) +ip(t) = is(t) = i, (1) + R, (A4.3)
Thus, the second order filter can be modelled by:
d [ _i1 [ i]
@ _|" wor, | " o e i
d =11 [vl(t) T [vs(t) (4.-4)
" [c—f ‘Rfch - & R_J
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The output variables{ andv;) are given by:

- o

Thus, discretising (A.4), the discrete-time modéahe input filter is given by:

— [iL ®
Vi (t)

[iL(k +1)] _ [Einll m12] [lL(k)] [ in11 m12] [ii(k)

= A.6
1% (k + 1) Ein21 ln22 Vi (k) Fm21 ln22 vs(k) ( )

amwo Ts .
Eini1 = sin (wén 1- 6i2nTs + lpin) (A.7)
\\/ o)

_5mwo Ts
Ein12 = — I sin w‘” 1— 62 T> (A.8)
2 f
\ fi-e /

_5ano Ts
Einz1 = sin wm 1 — 62 (4.9)
\ Cf/
1—
_5lnwo Ts
Einzz = sin <w”‘ 1— 64T l,l)m> (A.10)
\ o) 0

_6m(‘)o Ts
Fipp=1-— sin <wm 1— 64T + l/Jm> (A.11)
\1—62/ “

‘Smwo Ts
Fipiz = \ Lf/ sin wm 1-62 T> (A.12)
1— o

_5mwo T
Fipp1 = ﬁ sin| 0 [1— 62 > (A4.13)
/ —a2 )
_6mwo Ts\
Finzz =1+ \ /sm <w,§n /1 — 84 Ts — zpl-n) (A.14)
1 —_
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Wherew" is the cut-off frequency of the filteands;,, andiy;,, are given by:

1—52\
in _ 1 . — 1 Lf . /

e Sp=— L oy =t 4.15
“o TG =28, [C, an- \ / (4.15)
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Appendix B

Resonant Tank M odel

Figure B.1 shows a series resonant circuit whosamtyc equation is given by:

d . 1t .
Veank (t) = Ltank a ltank () + C_kf ltank (T)AT + Rioaaltank (1) (B.1)

tank Jo
Ltank itank
~A

+U
+ Ctank - oop
Vtank @
i RLoad

Fig. B.1 Series resonantiia

This integro-differential equation can be represénby a pair of differential

equations:
d . ,
Vtank (t) = Ltank E ltank (t) + Ucap (t) + RLoad ltank(t) (B- 2)
, d
ltank(t) = Crank Evcap () (B.3)

From (B.2) and B.3), a state-space model for the series resonactitican be
definedby:

d . (t) |— RLoad 1 1

=7 ltank - - ,

dt L L k(D1 |-

d =| iank tankH éjzp(t)] + | Loanr | Veank () (B.4)
dt vCap( ) |~ Ctank 0
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Discretising (B.4), the discrete-time model of tlesonant tank is given by (B.5)-
(B.11), wherewd*t, w9, Z9“, &, andi,,, correspond to the corner frequency,
the damped natural frequency, the characteristfiedance, the damping factor and

the angle defined by the poles of the resonantitinespectively.

[itank(k + 1)]

[Eoutll Eoutlz] [itank (k)] + [Foutl
Veap(k + 1)

Veank (K B.5
Eouta1  Eoutaz] 1 Veap (k) Foutz] tank (F) (B-5)

e_aoutwguth
— : out
Eoutll - = > Sln(wd Ts - lpout) (B-6)
1- 6out
e_soutwgut’rs

Eoutlz =T
Zgut\/ 1- 5gut

Zgute—éoutwguth

sin(w3*T,) (B.7)

Eout21 = > Sin(wguth) (B.8)
v 1- Sout
e_aoutwguth
Eoutzz = > Sin(wguth + Yout) (B.9)
~ CYout
e_5outw3uth
Foutt =~ sin(w§"*Ty) (B.10)
Zgut\/ 1- 53111:
e_aoutwguth
Foutz =1— —ZSin(wguth + Your) (B.11)

1- 6out

1 Liank Rioad
WwOUt = . gout — ’_ R S (B.12)
° vV LiankCrank ° Crank o zzgut
vV 1- 6gut>

Sout

wgut = wg* |1- 63ut 5 Your = tan_1< (B.13)
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