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ABSTRACT

One of the greatest technological challengethefworldtoday is reducing the size and weightlu existing
products to make them portab&pecifically,in electric vehiclesuch as electric cardAVs andaero planes,

the size of battery chargeasd inverters needs to be reduseds to make space for more parts in these vehicles.
Electromagnetic Interference (EMI) filters take umare than 80 %f these power converters, the size of these
filters can be reduced by pushing the switching frequency higligh. frequency operation (> 300 kHz) leads

to a size in reduction of EMI filters though it also leads to an increase in switching lossesrpusnaising on
efficiency. Thus, soft switchingecomes necessary to reduce the losses, adding more electrical components to
the converter to achieve soft switching is a commathod. However, it increasdse physical complexity of

the systemHence, advacedcontrol methods aredopted or t oday 6s power convertert
for devices specifically ZVS turon as the turroff losses of next generation WBG devices are negligitiias,

the goal of this research isdiscovemovelswitchingalgorithmsfor soft turron.

The stateof theart control methods namely CRiEhd TCM achievesoft turnron by enabling bdirectional

current such that the argarallel body diode starts conducting before the device is turnegiRivt and TCM

reallt in variable switching frequency whidbads to asynchronous operation in mphiase and muktonverter
systems. Henc&,CM is modifiedin this dissertatioto achieve constant switching frequency, as the goal of this
research is to be able to achieve ZVS {omnfor a thregphase converteFurther, Triangular Current Mode

(TCM) to achieve soft switching and phase synchronization for-fhtnase tweevel caverters is proposed. It

is shown how soft switching and sinusoidal currents can be achieved by operating the phases in a combinatior
of discontinuous conduction mode (DEM CM and clamped modé&.he proposed scheme can achieve soft
switching ZVS turron for all the three phase$he algorithm igested andialidated on a GaN converter, 99%
efficiency is achievedt 0.7 kWwith a density of 110 W/ih

The discussion of TCM in curreliteratureis limited to unity power factor assumption, however linits the

al gorithmbés adopt i onltisishmownrhevaproposad TCM algarighm tandséanteidam n s



accommodate phase shift with #ile three phasexperatingin a combination of DCM+TCM+Clamped modes

of operationThe algorithm is testkand validated on a GaN converter, 99% efficiency is achiav@d kVA

with a density of 110 W/ih TCM operation results iB3 %higher rms currenthich leads to higher conduction
losses, 8 WBG devices have lowenresistancethese devices are tideal candidates for TCM operation,
hence to accurately obtain the device parameters, a detailed device characterization is performed.

Further proposed TCM+DCM+Clamped control algorithm is extended to dleres topologies, the control is
modified to extact the advantage of reduced Common Mode Voltage (CMV) switching states of tHevbiee
topology, the switching frequency can thus be pushed to 3 times higher as compareatdtsas SVPWM
control while maintaining close to 99 % efficien@ywo switching schemes are presented and both of them have
a very small switching frequency variation (6&6)compared tstateof-the-art methods with >@0% switching

frequency variation
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GENERAL AUDIENCE ABSTRACT

Power supplies ar e a ttechnblagicahsystems like@éro ptajggd\es,eléctricah d v a n ¢ €
cars, uninterruptible power supplies (UPS), smart gridsTéiese performance driven systems have high
requirements for the power conversion stage in terms of efficiency, density and rel\hihtthe growing
demand of reduction in size for electromechanical and electronic sy#tésrsighly desirable to ragte

the size of the power supplies and power converters while maintaining high effiditghydensityis
achievedby pushing the switching frequency higher to reduce the size of the maghégitswitching
frequency leads to higher losses if converaldrard switching methods are used, this drives the need for
soft switching methods without adding to the physical complexity of the syStesdissertation proposes
novelsoft switchingtechniques to improve the penfieance and density of AC/DC and D@ Aonverters

at high switching frequenayithout increasing the component couflte concepand the features of this
new proposed control scheme, along with the comparison of its bemefitempared taonventional

control methodologies, have been presented in detail in different chaptieissdi§sertation
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Chapter 1. Introduction

This chapter presents the motivations, objectives and overview of this dissertation. First, the
latest trend and the requirementshijh-density convertersare discussed. The challengasd
limitations of stateof-the-arthard switching continuous conduction mode (CGJl pulse width
modulation (PWM)are discussedt is shown that soft switching is required rimaintain high
efficiency forpower electronic convertegperatingat high switching frequency rarggd he need
to push power converters to high switching frequencies comes from the drive to achieve higher
power density as high frequency operation leads to a significant decrease in filter volume which
consumes most of éhspace in power converter systeihss also discussed how in wide bandgap
devices soft switched twon is more essential than soft switched 4offn A survey of the existing

soft switching schemes is presentidiowed by the dissertation outline atie scope of research.

1.1 Research Background

High performancepower electronic converteessr e t he heart oefectritabday6s
grids, aerospace systems and serasrshown in Fig. 1.1To understand the challenges of the
converterérequirements$or these high performanedectrical systemshe latest trend @lectrical

systems and the need for high density baldiscussed first.

Figure 1.1 Applications of Power Converters
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These power convertersrcaperateas power factor correctors (PR@hich are singlgphase or
threephase AC/DC converters used for improving pogulity or DC/AC inverters connected
grids (as shown in Fig. 1,21.3 1.4, 1.5and 1.6), uninterruptible power supplies (UR$)otor

drivesor PV panels.

Active
Front End

AC Input EMI Filter

Figure 1.2 Block Diagram of AC/DC Power Converter Systems
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Figure 1.3 Single phase PFC circuit schematic
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Figure 1.4 ThreePhase PFC circuschematic
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Figure 1.5 Block Diagram of DC/AC Power Converter Systems
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Figure 1.6 DC/AC threephasanvertercircuit schematic

1.1.1High Power Density Power Electroni8ystems

Power electronic converters asgidely used in electrical systems suchgaisls, servers and
electric vehiclesThe push until now has been for power electronic systems to achieve higher
efficiency,however recently the drive has been to achiégledn power density. To achieve higher
density, the size of the active bridge, dc capacitance and EMI filters has to be rd@dhecadtive
bridge size can be raded bydecrasing the number of devicegsing smaller devices and
packaging the devices matempactlyas discussed in [A.1], [A.2], [A.8], [A.17] and [A.18]

As compared to statef-the-art Si devices, GaN devicesdth similar voltage and current rating
have smaller sized package discussed in [A.14A.18] andshown in Figl.7. The capacitor size
can also be reduced by usismallerceramic and film capacitoend positioning them asear to
the devices as possiblEhe third and most spaconsumingpart in most power converters today
are the EMI filtersas shown in Fig. 1.8 he size of EMI filterscan be reducebly operating at high

frequency ranges.



Figure 1.7 Comparison of size of staté-the-art Si and GaN devices at similar breakdown

voltageandcurrent ratings

Figure 1.8 Power Converter showing 80 % of the space being taken by inputfifter50kHz

in [A.11]

The above convertdrom [A.11] is designed for ~50 kHz switching frequency operation,
hence the EMI filtersize is large and it occupies most of the space in the converter. The three
inductors shown in the red box measure gbDeach, hence they occupy a large space in the
converter. For achieving higher density, the switching frequeanbe increased to >08 kHzto

reduce the size of the filter dscussed in [B.38



Figure 1.9. DM filter size reduction from 50 kHz PFC DM filter to 1MHz singlbase PFC

DM filter from [B.3§

1.1.2High Frequency OperatiorChallengeswith Hard Switching

As discussed above, pushing the switcHieguency to > 30 kHz greatly reduces the size of
the filter, howevepushirg the switching frequency highetll also lead to more switching losses
in the devices.

1.1.2.1Singe-PhasePFC Hard Switched Continuous Conduction Mode (CCM)

In recent years, ahg with the rapid development of power electronic tectgyldhe
application of various type®f power electronic devices in the power system, industry,
transportation, family and many othézlfis has become widedowever, the harmonic pollution
and rective power ssues brought by them is becoming an increasingly serious cofidern
harmonic current and harmonic voltage in the grid can cause great harm to other electric equipment.
Under this circumstance, power factor correction (PFC) technology rhdsially become an
important subject in the field of power electronic research. As for switch power supply, it is a very
effective method, using active power factor correction technology in power electronic equipment,
to restrain harmonic current in thevper grid and to improve the power fac{ph.1] and [A.2])

Ideally, the load of PFC should be equivalent to a resistance when looking from the input, thus
enables the line side of electrical equipment a high power factor of 0.99, or even higher. Most of
the PFC topologies are based aost circuit. According to the different states of inductor current,

the control methods of APFC are classified into continuous mode (CCM), critical mode (CRM)



and discontinuous mode (DCM). In ordembaintain continuous etent, inductor of PFC under

CCM mode are usually made bigger, meanwhile higher the cost becomes. Moreover, MOSFETSs
do not achieve zero current conductanmd zero voltage switchingnaking the loss bigger. The

shut off current of diode is not zero, leaglito a bigger reverse recovery I¢p4.2], [A.3], [A.8]

and [A.10]) However, because of its continuous current, when operating under high power
condition, the inductor has small ripple current. The current stress of MOSFET is small, and the
EMI differental-mode noises alsosmall. The schematic of a singjghase PFC is shown in Fig.

1.10.

Figure 1.10 SinglePhase PFC circuit schematic

The function of power factor correction is to ensure that the output voltage magudastant
despite the change of input voltage or load. Besides, it makes the input current track the change of
input voltage, with the present state of sine wave. In this way, a single control loop will not meet
the requirements of the whole system. Usuilé/processing method is to use double control loop.
The outer loop works as the voltage control loop and the inner loop is the current control loop. The
outer loop maintains the output voltage constant, while the inner one guarantees the input current
of system track the shape of input voltage. The output of outer loop is sent to the inner one as input.

Systemcontrol structure is shown irnd= 1.11 below ([A.37]).
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Figure 1.11. Working principle of CCM boost PFZom [A.37]
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After sampling circuit, output voltageo\s transferred into sample valued/ whi ch i s vy

compared with the reference voltager\the voltage error value is fedto the Pl controller of

voltage control loopso that the output voltage,\¢an maintaa stable. The output value of voltage

loop PI controller, ¥, is multiplied by &', which is the sample value of input voltagéncethe

shape of input voltage sample value is sinusottial signal of sine wave shajseobtained This

signal isthe refeence of inductor current, and th#re current error valuis sentinto the current

loop PI controller after comparing With lrer. By corresponding algorithm, is designed to follow

lref, SO as to ensure the input current of inductor be able tottraathange ofd. Thus the input

currentis in phase with the input voltage and achieve the goal of power factor corréidtion.

inductor current and reference current in CCM is shown in Fig. 1.

Ref current

L

Figure 1.12. Inductor CurentandPhase Current of one phase



The loss breakdown forsinglephasePFCoperating in CCM aR30V Vac, 400 V Vyc,
1.2 kW R, fsw1 MHz is shown in Fig. 1.1Based on analytical model of GaN HEMhe converter
suffers from considerable twon losses making soft switching tuom a necessity for efficient
high frequency operatiorAlso, because of the diode recovery current problem, avexter

operating in CCM habkigher switching loss and noi§é.8]).

Loss Breakdown @ 1.2 kW

Loss (W)
o

7 -

Cond. Turn-on Turn-off
CCM

Figure 1.13. Loss Breakdown ddinglephase PFC

1.2 Stateof-the-art Soft Switching Control Method$or Single-Phase PFC

As shown above, the switching losses specifically theaarlosses become significant at high
switching frequencies, hence soft tanis required, i.e. the voltage across the device should reach
zero before the device is turned on and it starts touwrdrarrent.There are several methods to
achieve soft switching by adding resonant elements in the con{[&.&8]-[A.43]), however they
do not form the scope of this research as they add complexity to the circuit and the layout. The soft
switching metlbds which can achieve soft tuom by making use of parasitic componenmis,

parasitic capacitors will be discussed in this section.

1.2.1SinglePhase CRM

The mode of conduction in which the inductor conducts current continuously i.e. the inductor

current increases or decreases continuoissiialled continuous conduction mode or CCM as



discussed above. The mode of conduction in which the inductor current remains zero for some part

of the switdiing cycle as shown in Fig. 1.1glcalled discontinuousonduction mode (DCM).

~ lpEak

IAVERAGE

Figure 1.14. Inductor current in DCM

The mode of conduction in which the inductor curngeist touches zero and then starts to
increase again is called Critical Conduction Mode (CRM) or Boun@anduction Mode (BCM)
as shown in Fig. 1.19he detailed operation of CRM and how soft switching achieved in CRM is
discussed in detaiCRM for singlephase PFC tsabeen discussed in detail in [B.2], [B.6], [B.8]

and [B.22]

/ bEAK

IAVERAGE

Figure 1.15. Inductor current in CRM

The circuit schematic of singlghase totem pole PFC is shown in Fig01.lh order to overcome
the high turron los®s critical conduction mode (CRM) is a preferred control methotthe circuit
schematic in Figl.12 the two switches in the right leg operate synchronously with the mains
frequency, i.e. whem, > 0, Sy2 conducts and whew, < 0, Sy1 conducts. Here the input voltage is
assumed to be constant for one switching cycle as the switching freqdghcy>(line cycle
frequency. When input voltaga > 0 the circuit will simplify to a boost converter wi. as the

main/low side (LS) switch an8i: as the auxiliary/high side (HS) switch as shown in Fitp.



High Side (HS)

Cossi GaNFET
L A \
nrmt
i .

von( 4+ Sz C R Vac
— Si12f -
_J,.. ~ Coss2 T _
Low Side (LS)

GaNFET
Figure 1.16. Equivalent circuit schematic whep>0

The detailed switching waveform is shown in Fig.7LIhitially, switch S is closed and the
input voltagew, is applied across the inductior Thus the inductor currentincreases linearly for
a fixed on timgTon) Whose value depends on the converter output pBwé&i» is switched offat
the end ofTon. IMmediately after the turoff instant ofSi2 the capacitoCosseis discharged while
Cossi1is charged at output voltagéic where Cosszand Cossiare the output capacitors of the
switchesS» andS; respectivelyThus,the two output capacitors and the inductor form a resonant
circuit. Currenti_ increases till the voltage across the swikgh(vs1) reaches, and then it starts
to decreaseFinally, Coss2is charged td/qc andCossziis discharged to zerafter which the body
diode ofS;; starts conductingHence,Si1 can be turned on at 0 ¥fter a short delay$us is turned

on and the inductor currentfalls linearly S is turned off when. reaches 0.
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Figure 1.17 Current and Voltage waveforms in CRbr one swithcing cycle

Immediately after the turoff of Si1, resonance occurs betwe@pss; Cossz2andL, the nature of
this resonance depends upon the input voltagend output voltag&/c. If vn < Vud2, Cosszis
completely discharged and ZVS turn orSpfis achieved. I > Vad/2, Cosseis discharged t@vi-

Vde. The turn on instant &2 must coinaile with the valley switching instant to ensure minimum
turn-on losses as shown in Fi@.18. The minimum voltage achievable during the 12065

transition is:

Minimum Voltage=2 y - Y @

11



vnpv,dc;2 1L vn<vdc/2

Vdc v Ve Vs12

Zero Voltage
switching

Valley switching

instant
AL .
NV A y
(@) (b)

Figure 1.18 (a). Resonant transitiowhen input voltage is greater than half of DC voltage:
Partial ZVS achieve¢e) Resonant transitiomhen input voltage is s than half of DC voltage:

Complete ZVS achieved

The inductor current waveform for CRM is shown in Fig91The losses between CCM and
CRM for a sigle-phase PFC are compared in [B.1& a 230 VVacrms 400 V Vg, 1.2 kWP, and
1 MHz minimum switching frequencyfénin) and itis shown that CRM provides 2.5 Benefit in
efficiency. The turnon losses are < 0.1.% addition, CRM boost PFC converter can eliminate
the reverse recovery loss of power diode with ZTi% loss breakdown is shown king. 120.
Small turron losses arpresent due to partial ZVS. The devices used are 650 V, 30 A cascode
GaN devices from Transphorm.

100

50
< 9
=

-50

~1055 0.5 1 15 2 25
time(s) x 102

Figure 1.19 Inductor current for one line cycle in CRM fokdvs 115 V, Ve 270 V, B: 3.3

kW, fi: 400 Hz, §min 1 MHZz
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Loss Breakdown @ 1.2 kW

30
= 20
B
B —
0
Cond. Turn-on Turn-off
CCM = CRM

Figure 1.20. Loss Breakdown Comparison between C&MCRM at 230 Wacrms 400 V Ve,

1.2 kWP, at 1 MHzfs

As can be seen above, partial ZVS losses can be significant, also since the thisn of
dissertation is to be propose soft switching techniques for-girase converters, the correct
modeling of the valley switching point will be very difficult, herecenethod in which complete
ZV/S turnon is achieved is required. Such a modulation called Triangular Current (VIGH4&)
has been proposed in [A.3

1.22 Triangular Current Mode (TCM) Control

To overcome the drawback of losing ZVS pgeme part of thenains period the inductor
current can be allowed to go below zero (as proposed.B8))[ i.e. Si1 is kept on even after the
zero crossing off.. Hence duringnterval 4, i. keeps decreasing linearly till it reaches a negative
currentlr (as shown in Fig. 21). This techniqués calledTriangular Current ModeT(CM) control.

In TCM, Interval 1-3 are gmilar to CRM as shown in Fig. 17land1.21.

13
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Interval 1 Interval 2 interval 3 Interval 4 Interval 6
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v

S12

> >t
Toff Tz Ts2 Try

Figure 1.21 Current and Voltage waveforms in TCiisr one switcing cycle

As soon as. reachedg, Si1 is turned off and resonance occurs betw€esgs; Cossz2andL.
During this resonanceswreaches 0V (contrary to CRM) due to negative inductor currehhus
Z\V/S can be achieved over the eatmains cycle as shown in Fig22. Whenvsi2reaches 0/,
inductor current. is commutated to the body diode&$ and after a short del&- can be turned

on at zero voltage

% v,>V,/2

Ve Vsi12

Zero Voltage

L switching

w

N

Figure 1.22 Resonant transition in TCM when input voltage is greater than half afdhége:

Complete ZVS achieved
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Ir has to be chosen so that ZVS is achieved over the entire mains cycle. MihinTgimand

Ton2 required to achieve ZVS:

- 2
. :-(anl L") [2Coss @
v, L
L
T = I 3
off 2 Vdc' Vn| R| ( )
L
Ton2 = V_n ||R| (4)

whereTorre and Ton2 are the off time and on time of the main switch (during negative current)

respectively.

Average inductor currenti
If the resonant transition times are assumed to be much smalleFothafus, Tofr1, Tofr2, the
average currentyin CRM and TCM is given by:

, lv,
Iav,CRM = ETTon (5)

, lv,
Iav,TCM = Ef (rori 'Tom) (6)

Inductor current wavefornfior TCM is shown in Fig. 1.2 Loss comparison between
CCM, CRM and TCM foma 230 VVacms 400 VVqe, 1.2 KWP, and 1 MHz minimum switching
frequency fsmin) is shown in Fig. 12 This comparison has been made based on an analytical loss
model of. The loss breakdown shows complete elimination of-turdosses and a very small

(<0.05 %)increase in turoff and conduction losses.

15
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Figure 1.23 Inductor current for one line cycle in TCM fokMns 115V, Vue: 270V, RB: 3.3

kW, fi: 400 Hz, §min 1 MHZz

Loss Breakdown @ 1.2 kW, 230 V,.

30
20
10
‘il —_

0

Loss (W)

Cond. Turn-on Turn-off

CCM mCRM = TCM
Figure 1.24 Loss Breakdarn Comparison between CCM, CRM ah@M at 230 VVacrms 400

V Vye, 1.2 KWP, at 1 MHzfs

Variation of the switching frequendy, during one line cycle is given by:

\/inrm32 (V c” Virma\x Sln(Wt) )
foncru(t) = ; ZJPV | (7)
(V c Vinmax Sin(l/l/t )
fsw,TCM (t) = d | X (8)
Vdc (Ton]. + Tonz)

whereVinms andVinmaxare the rms and amplitude of input voltage respectivelyPainglthe output
power. The efficiency is improved in TCM but the switching frequency variation also becomes
higher as shown in Fig.1®2 As variable switching frequency is not preferred in tipkase

convertersand multiconverter systemsICM is modified to achieve quasi constant switching

16



frequency.The method proposed is discussed in Chaptér r2view of the existing threphase

CRM schemes is discussed in the next section.

3X 10°

frequency(Hz)
N o

-
o

0.2 0.4 0.6 0.8 1 1.2
time(s) x10°

Figure 1.25. Switching frequeay variation during half line cycle in CREhdTCM
1.3 Review of ThreePhase TCM

1.3.1 ThreePhaseDecoupledTCM

ThreePhase TCM has been proposed for miongerters (shown in Figl.26) in [C.5], [C.11]],
[C.17 and [C.1§. This techniquéds similar tosinglephase TCM, itmakes use of body diode
conduction befar the device is turned on, and hetle current is bidirectional. This technique is
called Boundary Conduction Mode (BCMjince the sofswitching conditiorfor the switchesof
the conventionahalf-bridgethreephase topology is created bystleontrol scheme, no additional
devicesor magneticcomponentsrerequired This methodalso allows for easy implementation in
a DSP and, thus, eliminates the requirement for external analog components, further decreasing the

component count.

17



Figure 1.26. Half bridge threephase DEAC Inverter

A standardalf-bridgethreephasenverteris shownin Fig.1.26. In this topology, the diodes and
capacitors paralleled with the MOSFETSs are the body diodes and parasitic output capacitors of the
MOSFETSs. The ZVS boundary conduction mode (BCM) control is implementéaigdopology.

ZVS is achieved by allowinghe bidirectional currentp o what dischargesMOSFET output

capacitorandpasseshroughthe bodydiodeprior to each switching transition.
1.3.1.1 Basic Operation

Since the DC migboint is connected to AC neutras shown in Fig. 2.1,aeh phase of three
phase inverter under BCM current control operates independéfglyce the wholesystem
behaves as three singdase converters running in parall€herefore, to analyze the detailed
operationprinciple, transtion from oneswitch to anotheronein onephaseleg of the inverteris
given.Thefollowing assumptions are made to simplify the analysis of the ZVS inverter:

1) the whole inverter system operates in steady state;
2) the output voltage (¥ is the gridvoltage.

Since the switching frequencys)(is much higher than the gribltagefrequency,the output

voltageis assumedo be constantin one switching period (Ts). Fig. 1.27 shows the current and

voltage waveforms during the transition.

18



Figure 1.27 One switching cycle in BCM control

The detailed operation stages are presented as follows

Stage 1 @i $): In this stage, as shown in FIg27, the switch & is onandtheswitchSa; is off.
The equivalent circuits are shown in Fige8 and1.29. Theinductorcurrentis linearly decreasing,
after crossing the zero point (a}, tit increases in the opposite direction. The inductor cursent
calculated according to the following equation:

V,.-V,./2

ia(t) = t +.() ()]

Vdc/2

Vdc/2

[t1-42]

Figure 1.28 Equivalent circuit duringstt,
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[t2-3]

Figure 1.29 Equivalent circuit duringtts

Stage 2 @ 1): In t3, the inductor current has reached the expaeteersevalueandswitch Sa,
is turnedoff. As the switch S is turned off, the resonant current of inductardischargesnd
chargedhe parasiticcapacitorof the MOSFETsSa1 andSaz, respectivelyThe equivalent circuit
is shown in Fig1.30. This stageendswhenthecapacitorof MOSFETSa; is totally discharged and

its voltage is zerolhe status equation for the inductor current and capacitor voltage can be written

as follows:
L (1)= i, (to)co(ng) Vel Zsin( i) a0
Veen (1) =(Vae/ 2 Vo) (Vod2 Vi) cogme } i 1) Z sifu) @y

The natural resonant frequenayo) and thecharacteristic impedancég) of the resonant tank,
composed by, Csa, andCsaz, ar e deyned,respactivehl 9) and (20

1

oo

2CL,
Z, = L, - C =G, <., (13)

W, = (12)
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[t3-t4]

Figure 1.30 Equivalent circuit duringstts

Stage 3 @ §): In k4, the voltage acrossaBdrops to zero, and the antiparallel diode of the switch
Saz1 starts to conducthe equivalent circuit is shown in Fi31. Sa: isturned ON under the ZVS
condition. During this stage, thaductor currentstartsrampingup accordiry to the following

equation:

La

V, /2-V .
(t)=% t +,(t,) (14)

a

Vdc/2

|
i S?Csz

[t4-t5]

Figure 1.31 Equivalent circuit duringstts

Stage 4 @ #): In t5, the switch & turns ON at zero voltag&he equivalent circuit is shown in

Fig. 1.32. Inductor current transfers from the antiparallel diode to the switeh é®d keeps

21



decreasing linearly until it reaches a zewue and then increasesn the oppositedirection.

Inductor current still followsZ1).

[t5-t6]

Figure 1.32 Equivalent circuit duringstts

[t6-t7]

Figure 1.33 Equivalent circuit duringstt;

Implementation of the ZVS BCM control requires setting the upper and lower boundaries (limits)

of the inductor current.
1.31.2 Issues and Limitatbns of ThreePhaseDecoupledTCM

As discussed above, the operation of tiplkase TCMs highly simnplifiedwhen DC midpoint
is connected to AC neutral, the converter afien is very similar to singiphase converter
operating in TCM mode. Eachphdsee g6 s oper at i oundecsmad intbependentle we d

Sincein TCM as the switching frequenchanges during the line cyclie biggest drawback of
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the above method of achievirtreephase soft switchings the three phase legs operate

completey different switching frequenciegsultaneously as shown in Fig.34.

20~

fs(MHz)

0 0.2 04 0.6 0.8 1 1.2
Figure 1.34 Switching frequency variation during half line cycle showing each phase leg

operating at completely different switching frequencies at the same

The first limitation of this thre@hase control scheme can be addressed by the -pingte
QCFTCM control proposed in théhapter2. The inductor current ripple of each phase can be
modified in such a way that all the phases run at the santehing frequency at the same time
although i1 taoll result iwhich vsadiscysseld inghe nexticlpaptére i n
However,decoupled TCMontrol has a second limitation too: since during ramping up, the slope
of the currentis (My2-Vod ) / L (from Eq. 21), itds necessary
half of the DC voltage (M/2>|Vad), hence limiting the modulation indéa 1. To aldress both

issues, threphase CRM vih phase synchronization from [C.7] and [G.B0discussé below.
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1.3.2 State-of-the-art Three-Phase CRM with Phase Synchronization
1.3.2.1 ThreePhase Conventional CRM

Conventional Three phase CRM has been discuss€lihgdnd[C.20] for athreephasesingle
switch boost PFC as shown in Fig3. Thedetailed operation is discussed below.

1.3.2.1.1 Theory

Figure 1.35 ThreePhase single switch Boost PFC

The threephase operation is analyzed sector wise like it is done in SVM in which the line
cycle is divided into Gectors, a sector changes whenever a phase with the maximum absolute
voltage changes. However, in this operatibm, line cycles divided into12 sectors as shown in
Fig. 1.36, where in each sector, the voltage direction eeidtive magnitude of the tbephase

input voltage is samé@&he input voltages are given by:

v, =V, sin(imt) (15a
v, =V, sin(wt -2 p/3) (15b
v, =V, sin(wt +2p/3) (15c)

One switching cycl e wayvisShownnn Figl37sEaht or I
switching cycle can be divided into 3 interval$ie input voltages are assumed#&constant for

one switching cycle as the switching frequerfey) &> line cycle frequency.
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Figure 1.36. Line cycle divided into 12 sectors
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Figure 1.37 Switching cycle waveform in Sector |

(1) Switching Modd. (0-Ty)
During switching mode lwhenQy is on, D, Ds, Dz conductand the phase currents increase
directly proportional to respective phase voltages. The equivalent circuit is shown 1n38ig),

the phase curregtsd sl opes are given

di,/dt=v,/ L (16a)
di, /dt=v, /L (16b)
dii/dt=v /L (16c)

After ip reaches peak curremps, Qb is turned offthe peak inductor currents are given by:

v

i = faTl (17a)

: v

Iy = Tle (17Db)
v

iy = le (A7c)
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(2) Switching Mode (T1-T1+T2)

During switching mode 2, when,@ off, Dy conducts and D Ds, Dz arestill conducting the

equivalent circuit is showninFig.38§b) . The phase currentsodé sl opes
di, /dt=(v, -V,/3)/ L (18a)
di,/dt=(v, 8V, /3)/L (18b)
di./dt=(v, -V,/3)/ L (18c)

This mode ends when reaches zero a& is mnimum in magnitude in sector the time

corresponding to thilling period is

3,
T, = a_T 19
AT (19)

The peak currentd2andicp2 are given by:

o di
L *d—‘;Tz (20a)
i =i (20b)

w2 = top
(3) Switching Mode8 (T1+T2-T1+T2+T3)
In this modejy, is zero while B3 and Dz continue toconduct, thesquivalent circuit is shown in
Fig.1.33co. The phase currentsdé6 sl opes are given b
di/dt= di,/dt &, v+ f2L (21)

This mode ends wheanandi, reach zeroThe fall time & is given by:

_ ‘ipr‘ _ A (wt+2v)

= 22
Tl ] (Vv W@y W) (22

After ip reaches zerdDgs stopsconducting resonance occurs betwekg and output source
capacitors of devices such théksop reaches 0 an@g is turned on at 0 Wgs This marks the

beginning of a new switching cycle.
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(€)

Figure 1.38 (a) Equivalent circuit in switching mode 1 (b) Equivalent circuit in switching mode

2 (c) Equivalent circuit in switching mode 3

Average phase currents can be calculated from area integral of the currefurmvavand the

calculated average currents are equated to the sinusoidal currents required given by:

i, =1,sin(t) kv, (23a)

i, =1,.sinlt -2p/3) kv, (23b;

i.=1,sint 2p/3) kv, (23c

where

k=1, 1V, (24)

From (26) and (29 the switching cycle is

A (25)
Vo +\, -V

The switching frequency can be expressed as

ol Moty % (26)

T Vol

S

The average currents are given by:
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_ (T3 +T)

ia_avg - T (27a)

ib_avg — ibplTl + (I bpl ;rbDZ)T 2 Ith 3 (27b)

|c avg — icplTl + (I cpl +cp2)T2 HEJ 3 (27C)
- 2T,

S
Hence, for synchronizatigthe phase with minimum absolute current/ voltage operates in DCM

and the other two operate in CRM.
1.3.2.1.2. Issue: Nonsinusoidal Currents

As can be seen from (34), the average currents are dependenflonTgEandTs, however, ¥},
Tz andTs are dependent on:{from eqns (26), (29) and (32P)ence this scheme has just one
independent control variabkhichis not enough to control three average curreditsce

i+, ¥+, & (28)

Two independent control variables are required to control two average currents and the third will
be dependent on the other tv@incein this method, Tis the only independent control variable,
this method can be used to achieve soft switching but it is not ermaghiéve sinusoidal currents
for all the three phases. The current for this modulation for 113:Wa/400 V Ve, 1.2 KW R, 1
MHz fsminis shown in Figl.39. It can be seen that the average current is not sinusoidal. The average
current has a distortion factor of 0.97. Also, since in the above methditdhing frequencys
dependent on line voltages which change during the line cyclee hiéis method also has variable
switching frequency as shown in Fig. 0.4dowever, since all the phases are synchronized, all the

phases run at the same switching frequency.
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Figure 1.39 Inductor current for conventional CRM
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Figure 1.40 Switching Frequency Variation of conventional CRM over one line cycle

As discussed above, just one control variable and one active deviecwtasalfficient for
achievinghreesinusoidal currents. For achieving sinusoidal currents in all the three phases, at least
two independent control variables and more active devices are required. The iSSusiodsoidh!
currents is addressed in [C]Zbr a VIENNA rectifier and itis shown how by introducing two

independent control variables, sinusoidal currents can be achieved.
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1.3.22 Boundary Mode Sinusoidal Input Current Control of the VIENNA

Rectifier

Vienna Rectiyer (VR)

ar

e usual |l y vatpsshusaidale d i n

input currents is also possible and has been applied in order to reduce the total harmonic distortion

(THD) of the input currents at light loa@[21] .

By

operating the rectiye

and CCM, zero voltage twon of the pwer transistors can be obtained in case conventional Si

freewheeling di odes

wi t h sufycient reverse

frequencies in the 10KHz range are possible without the need for SB SiC diodes.

In order to obtain sinusoitlaput currents when @pating the VR in B® a special modulation

scheme has to be used which has been outlined in det2d].[

Vy i. L iy
—@'—.rb"”“—ﬁ

Fi

N

t 11

Figure 1.41 Basic power circuit of the VR. Three bidirectional switchgsS§ S allow to cannect each

phase to the D@nk midpoint, six diodes conduct the currents during thevbkeeling states to the

positive or negative D4Ink rail, depending on the current direction.

For the analysis

of

t

h e

Bu@ &f the \R mst showm In Fig. &.44 e me |,

is considered. When operatingBCM, the boost inductor currents are zero at the beginning of

each switching period. The switching period always starts by turning on all the three switiches S

S, & simultaneouslyFor the following considerations of the currents in the boost inductors during

a single switching cycl&sit is assumed that the values of the phase voltages show a relation

30
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0 >up >uc and that all inductor currents are zero at the beginning of/the. Since the VR exhibits
phasesynmmetry and bridge symmetry [C Pthe same considerations can be applied to any other
3¥section of the mains period.

State 1 At the start of each switching cycle all switches are turned on and the currents are rising

at a rate proportional to the corresponding p
duty cycle D.
Hi’l !-d
o =— o— -
Hp 'r.I:-
| 0 =

U, I
—0 =— ol

Figure 1.42 Equivalent circuit during State 1

State 2alf all switches were turned off at the same time, the current with the smallest absolute
peak value, in this casg would drop too fast and its local average would therefore be too low. In
order to avoid this, the absolute valuewdias to be increasl. This can be achieved by turniofj
the switch conducting the current with middle absolute peak value (in thisctasey r st , bef
turning off the switches conducting the currents with minimum and maximum absolute peak value,
i.e.ip andia (see Figl1.45(a)). The duration of this state 2a is given by the duty cyele Which
has to be set such that the local average values of all currents are proportional to the corresponding

phase voltages.

Figure 1.43 Equivalent circuit during State 2a

State 2b : Alternatively, the absolute valug&abuld also be increased by leaving only the switch
conducting the current with the smallest absolute valg)dy@edon after state 1 (see Fig. 2(8)).
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This state 2lzan therefore also be used to achieve resistive mains behavior, concerning the relation
of the boost inductor currents local average values and the mains phase voltages. In both states 2a
and 2b, acurrent,i s powi ng i ntafthe DGenk capaditpr® (Fign 13). M state

2b the direction of that current equals the direction of the current with the lowest absolute value, in
state 2a it is the opposite. Therefore, the choice between states 2a and 2b offers a degree of freedom
which can be uskto balance the voltagaring between the upper and lower-i® capacitor.

The duration of state 2b is given by the duty cyclevithich has to be selected such that the local

average values of the boost inductor currents are proportional to thepomaeng phase voltage.
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-
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Figure 1.45Currentsj iy, ic in the boost inductors, current into the I midpoint in, and
control signals of the four quadrant switches during a single switching Tyaking state 2a (a)

and 2b (b) to achieve resistive behavior.

State3 After state 2a or 2b i s yni-whedingdiaded curr

Thedurat on of state 3 i s daetgkesstareabhyerd. he ti me t he

Uy Iy

-——

Uy .i'-h

I -— o—fl—— L'rnrl

~— oo
Figure 1.46 Equivalent circuit during State 3

State 4 During state 4 only two diodes remain conducting, the duration of the state is given by

the timeit takes until the currents reach zero.
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Figure 1.47 Equivalent circuit during State 4

In order to maintain resistive mains behavior as outlined in the previous section, the necessary
durations of states 2a and 2b have to be calculated by the current controller, depending on the
phase voltages, the Diibk voltage and the required input conductance to be emulated for the
mai ns which is deyned by the voltagetheDCntr ol |
side. In the previous section it is assumed that 0 >up > uc.. Consideringhe phase symmetry,

i.e. all phases feature the same circuit topology, all permutations of the phasesase also
covered. In fact, if the three mains voltages soded by their absolute values and the subscript
keywords max, mid and min are assigned to all phase quantities insteddamidac such that

U >[ U] Ui (29)

Hence,the according switch duty timesndx, Tmia and Tmin for resistive mains behavia@an be
calculatedl n BCM t he switching frequency i s varying
boundary conduction mode, i.e. state 4 is immediately followed by state 1.

The simulation resultBom [C.2]] for 400 VVac, 800 V Vg, 10 kW R, 5 pH inductance are

shown in Fig. 148.
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Figure 1.48 Simulated waveform of a phase currepnftom [C.2]]

1.3.3Issuesand Limitations of Stateof-the-Art Three-Phase CRM/TCM

As discussedbove, thregohase decoupled TCM results in decoupled phase operation and
modulation index limitation. ThBCM algorithmfor achievingsoft switching, sinusoidal currents
and phase synchronizatidor Vienna Rectifieris very specific to the topologgnd t cannot be
directly extended to hkilirectional topologies. M¥nna Rectifier has &phasediode bridge which
constitutes a major chunk the lossesDue to the diode bridge, complete ZVS tomis also not
possible Also, VR is a thredevel topologywhich is more commonly used in high voltage (>1 kV)
high power application. ffle most common topology for a thrgdhase convertarperating < 1 kV
DC bus voltage is a thrgghasewo-level converter.

Hence, TCMfor two-level converters with phase synchroti@ga and sinusoidal currents
proposed fom the next few chapters of this dissertatibhe core idea remains that for controlling
three sinusoidal phase currents, two independent control variables are re§unmdat. to the
timeline of thisresearch, work has been published for tiplease twdevel convertersn [C.23
and [C.24] with a similar fundamental of operating the converter in a combination of
DCM+CRM+Clamped modehoweverthe discussion irthese publications is limited to unity
power factor. The difference between this work and the mettisdassedn [C.23]and [C.24]is

that the methods proposed in this dissertation achieve complete ZV&htofrall the three phases
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(DCM, TCM and Clamped}ihusminimizing the losses. [C4 only discussesalley switching for
DCM phase which leads to significant losses at high switching frequency and alsotbeestsse

of switching time calculation which is very complekhe details are discussed in Chapter 3.
Further,in Chap.4 and 5 thescope othis dissertatiorns expanded toeactive power control and

threelevel converters.

1.4 Dissertation Outline

This dis®rtation is organized into sohapters.

Chapter 1 is the introduction of the research backgrolimdld ay 6 s power and en
have very high density(>50 W/ir®) and efficiency (>99 %) requirementsPower electronics
systems were earlier driven by the target to achieve high effigibogyever with statef-the-art
Si technology and hard switch&€@M control, the current ADC and DCAC converter gstems
have already achieved ~®Xfficiency at low switching frequenciés30 kHz) Recently, the drive
has shifted to achieving high powerdensith i | e mai nt aining the -same e
DC and DCAC converter systems, most of the space is consumed by EMI filters, hence reducing
the size of filter can be instrumental in achieving high power density.
High frequency operation (> 300 kHz) leads to a size in reduction ofiEds though it &0
leads to an increase in switching losses thus compromising on efficiency. Thus, better control
met hods are required for todayods power conv .
specifically ZVS turron without adding to the physical complexitfthe converterThe stateof
the-art control methods namely CRMhdTCM have been discussed as these methokievesoft
turnron by enabling bdirectional current such that the ap#rallel body diode starts conducting
before the device is turneuh.
Overview of stateofi the-art Triangular Current Mode control (TCM) for thtphase
converters is discussed. First, it is shown that when DCpiitt is connected to AC neutral,

singlephase TCM can be directly extended to tkphase operationHowever, his kind of
36



operation leads to deugding of the three phaseslgb, there is a limit to the maximum modulation
index this topology can achievieurther conventional critical mode control (CRM) is discussed
for a threephase single switch boost P&@d itis shown how the issue of decouple phases can be
solved by operating the converter in a combination of DCM+TCM mode of operation. Though,
sinusoidal currents cannot be achieved by this method. In the last section of this chajst@dadin
input currenBoundary Conduction Blde control (BCM) is discussed for a Vienna Rectifrbich

paves the way for sinusoidal line frequency curreH®wever, this method cannbe directly
extended to threphasewo-level converters. This gives the motivation to seéscl new control
technique to achieve soft switching and sinusoidal currents for the commoiphiasstwvo-level
topology.

In Chapter 2a new switching scheme, constant frequenci is proposedor a singlephase
PFCsuch that it achieves ZVS tuom, sinusoidal mains current and constant switching frequency.
TCM is modified to achieve constant switching frequebgyshaping the current ripple envelope
as the goal of this research is to be abkctieve ZVS turronfor a threephase converter without
adding ay extra resonant components to the converter.

In Chapter 3 Triangular Current Mode (TCM) to achieve soft switching and phase
synchronizabn for threephase twdevel converters is proposed. It is shown howt swifitching
and sinusoidal currents resistive mains behaviaan be achieved by operating the phases in a
combination of disontinuous conduction mode (DCM), TCM and clamped mode. The detailed
operation in one switching cycle with mathematioaddelsgoverning the circuit operation is
discussed for both rectifier and inverter mode of operaiiba.whole line cycle is divided into 12
sectors, the voltages and currents angd after every thirty degree@sving to the threg@hase
symmetry Variation ofconduction times in one sector is showurther, the whole line cycle
operation is discussed making use of the tiple@se symmetry. A simplsingle coreDSP

implementation is also proposed with average current control and zero crossing detection of
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currents. The relationship governing which phase operates in DCM, TCM or clamped mode of
operation is also discusséthe proposed algorithm is validated on a GaN converter and it is shown
how soft switching can be achieved for the phase opgratiDCM mode esulting in zero turmn
onlossesandlower CM noise. System efficiency of 99% is achieved with a power density of 110
W/in® at 300 V DC voltaged.7 kW power leveht ~500 kHz switching frequency

The discussion of TCM in curremteratureis limited to umty power factor assuntion,
howeverthid i mi t s t he aligocommetcial nétiers amdl oetters.dmcommercial
applicationsthere can be reactive power requirement from the grid in case dirsy@s discussed
in Chapter 4lt is proposedn Chapter 4 thaf CM algorithmdiscussed in Chaptercan be extended
to accommodateeactive behaviorlt is proposed that the three phases can still operate in a
combination of DCM+TCM+Clamped modes of operati®o. compensate for reactive paye
higher ripple needs to be injected in currents also resuhimggher conduction losses. Hence,
beyond a certain power factor, itrescommendetb switch to hardswitched CCMThe algorithm
is validated on a GaN convertdinal efficiency achievedsi~99% along with a power density of
110 W/ir? at 300 V DC voltage and 0.7 kVAZVS turnon is achieved for all the three phases.

In Chapter 5 proposedlCM+DCM+Clamped controilgorithm is extended to thrdevel
topologies, thewitching sequends modified to extract the advantage of reduced Common Mode
Voltage (CMV) switching states of thhreelevel topology, the switching frequency can thus be
pushed to 3 times higher as compared to-sthtee-art SVPWM controlvhile maintaining close
to 9% efficiency. Two switching schemes are proposed, both hawersg small switching
frequency variation of 6%s compared to statd-the-art methods with >200% switching frequency
variation The validation of the proposed algorithm is shown on a #lenesd NPC inverter.

Chapter 6provides conclusions of the work with the summary of actions taken and the

directions for future work.
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1.5 Contributions

A new switching scheme is proposed which achieves constatthisg frequency for a
singlephase converter operating in TCM mode, the envelope of the ripple is varied to maintain a
constant switching frequency. This research has been published in -seoeered IEEE
conference paper. WBG devices are a promising candidate for high frequeratyoop&wving to
their smal | conduction | osses, to accurately
characterization is carried and the results are published in twageewed IEEE conference
papers.

TCM is further extended to thrgmhase conerters such that the phases operate in a
combination of DCM, TCM and Clampedodes ofoperation the switching frequency variation
with the proposed algorithm is just 346 compared to >100 % in decoupled TG the phases
have complete ZVS turan, thus pushing the efficiency high€®9 %)and the common mode
noise lower. This algorithm is further extended to reactive power control which is required for
motor drives and grid connected inverters. A mathematical model for the proposed schemes is also
presented. This work has been awarded a patent and two peer reviewed IEEE conference papers
have been published. Furthepaperis being preparetbr transactions on power electronics from
this research. A very simpkngle CPUDSP implementation of thproposed algorithm is also
presented.

The proposed DCM+TCM+Clampegberation is extended to thrsel converters such that
it employs the benefit of lower CMV offered by the three level topologies.maximum CMV
magnitude is reduced by 33 Fhis improvement also reduces the switching frequency variation
to just 6%. Two switching schemes are proposed and both of them haappked for patenting.

The switching schemes lead to a hugg (®provement in the powetensity of the threéevel
inverter. This research has also been published inrpe@wed IEEE conference paper and a

paper is being prepared for transactions omgvaelectronics.
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Chapter 2. Proposed Constant Frequency TCM dr

Single-Phase Converters

Power factor correction (PFC) rectifiers form a very essential part of ac/dc/ac converter
systems. Efficiency close to 100% is ueed in PFC rectifiers. Singlehaseconventional boost
PFC rectifiers consist of a diode bridge followed by boost converter. However, this topology
suffers from high conduction losses in the diode bridge. Basic bridgeless topologyljn [
eliminates the diode rectifier bridge which decesathe number of semiconductor devices thereby

decreasing the converter losses.

Totem Pole Bridgeless PFC rectifiefs 2] further decrease the converter losses, however this
topology has two active switches and two diodes. The conduction losses cehdrenfiinimized
by using active switches instead of diodes as-ioridge PFC A.3]. The circuit schematic of H

bridge PFC is shown in Fig.1.
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Figure 2.1 SinglePhase PFC Circuit Schematic

As discussed in the previogbapteythe most commomodulationtechniquehard switched
CCM suffers from highurn-on losses which are reduced in CRM and completely eliminated in
TCM by ZVS turnon. The technique used in these switching schemes is passing bidirectional

current in eaa switching cycle such that the body diode starts conducting before the device is
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turned onHowever,switching frequency varies in CRM and TCMcéithat it is maximum when
the input voltage is minimums shown in Fig. 2.2. This frequency varies with laad DC voltage
also. This also poses a challengetfon e s c he me 6 s -phase asmbtheghases will t hr e

operateat completely different switching frequencies simultaneously.

3X 10°

frequency(Hz)
- N
&) () [

o

0.2 0.4 0.6 0.8 1 1.2
time(s) x10°

Figure 2.2 Switching frequency variation in CREhdTCM over half line cycle

2.1 Theory

The basic idea afonstant frequencydM lies behind making the frequency v/s tioenstant
If we choose the minimum switching frequency of CRM and TCMhasoperatingswitching
frequency of QCFTCM, it is desirable to decrease the switching frequency where it is maximum,

i.e. increase the switching period for that part of the mains cycle.

This can be achieved by increasing the reverse current to increase the time periodebut if t
reverse current is increased, the peak current has to be increased accordingly to maintain the same

averge current as shown in Fig22.
2.1.1 Mathematical Model

The equations to shape the current ripple are given by:
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1. 1 2L Po |Vn|
Ton=—=(— + 30
" 2 ( fsw Vinrmsz) 2fst dc ( )
1,1 2Po,  |w
Tonz== (— 31
’ 2 ( fsw VinrmsZ) 2 fsN dc ( )
Toff1 = V™ |Vn| Tonm (32)
Vol
Tof2 = Voo ™ [Vl Tonz (33)
Vol
lr= %TRV (34)
|peak = %T on (35)

The QCFTCM control is derived from CRM, in CRM the auxiliary switch is turned off after
the current reaches zero. In QCFTCM, zero current is detected and after ZCD a variable delay of
Totr2 is given to turn off the auxiliary switch. In CRM, the maivitsh conducts for a constant-on
time while in QCFTCM, the main switch conducts for a variabltime equal to the sum Gbn1

andTonz.

’L peakl

QCFTCM

Figure 2.3 Inductor current for one switching cycle in TGMdQCFTCM

2.1.2Verification by Simulation

Variation of Ton andTrvover fullline cycle is shown in Fig2.4@a). The simulated plsa

current is shown in Fig. 2(8).
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Figure 2.4 (a) Variation of Ton andTryfor full line cycleand(b) Simulated inductor

@

currentfor Vaems 115V, Vi 270 V, R: 3.3 kW, f: 400 Hz, £ 1 MHz

2.13 QCFTCM and Pulse Width Modulation (PWM)
QCFTCM isderived from CRM but since it is a quasinstant frequency modulation it is

important to find similarities and differences between QCFT&i PWM. The duty ratio in

QCFTCM is given by:

d — Tonl +T0n2 4 m (36)
T. V.

S

When the same duty ratio is appliedeft alignedconstant frequenagarrier based PWM, it is

expectedo give same results as QCFTCM. Thougihfurther analysis othe inductor currenit

can be seen that both resuldifferent inductor currents and differentestege currents as shown

in Fig.2.5(a) and (B. The inductor current spectrums look similar but on viewing closely, it can be
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seen that in QCFTCM the switching frequency varies in a small range around 1MHz while in

PWM only the switching fr eqaséawnigFica26(d)andifbhs har |
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(b)
Figure 2.5 (a) Inductor current for one line cycle in @QCFTCM (b) PWM for Vacms 115V,

Ve 270V, B: 3.3 kW, f: 400 Hz, £ 1 MHz
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Figure 2.6 Inductor current spectrum for (a) QCFTCM (b) PWM

This is due to the presences®cond order harmonics output DC voltag&/qc of PFC while
in caculationsVgc is assumed to be constant. As control methods of QCFTCM and PWM are
different, this ripple has different effects on inductor current in both of them. This change in DC
voltage will affect the falling slope of inductor current. In QCFTCM, sindeictor curent zero
crossing is detected tontrol the current, the envelope of the current ripple cannot chaddbe
duty ratio adjusts itself to generate sinusoidal currgrénce, in QCFTCM there is a jitter in
switching frequency aroundMHz as iown in Fg.2.6a).

In PWM, since there is a constant frequency carrier wave, the DC voltage ripple changes the
envelope of the current ripple thereby changing therage current as shown in Fig. 2.
Morover, in PWM the switching frquency harmonics are vdgarcand prominent while in
QCFTCM they are distributed over a range of frequency around the switching frequency and a
single frequency component is not that prominent.

Thus, this modulation is called Quainstant frequency TCM as thereotically, thetskng
frequency should be constant but in simulation a small jitter around the switching frequency is
observed. Furthermore, PWM cannot be useddébireving sinusoidal curreand soft switching
operation simultaneously as it does not give the desire@ge inductor current while QCFTCM
compensates for the DC voltage ripple by continuosaiypensatinghe conduction timeand

switching frequencyAchieveing constant switching frequency and ZVS {ommpaves the way to
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the goal of this resaerch which ie propose TCM for thephase convertersiith phase

syncronization
2.2 Control Implementation

A straightforward way of implementation tie start the switching cycle from Zero Crossing
Detection (ZCD)of inductor currentaind then use prealculated switching timesz and TrvtTon
for the turnoff of the auxiliary device and the tuom off main device respectively. However, the
use of precalculated times can lead to distortion due to-wl@alities not considered in theoatel
(as discussed in [A.8]) such as desde effect, controlleswitch delay etc., hence closed loop
control implementation using average cutreontroller is proposed in [B.42r CRM.

In CRM, Ton is generated using average current contro@ECFTCM can be implemented in
a similar way with the only difference that aym®grammed variable deldy is given after ZCD
of inductor current. and the ortime of deviceSi2 (TrvtTon) is generatedrém thecompensator
as shown in Fig. Z. Thus, thes two control variableSr andTrvt Ton are used to control the two

outputs constant switching frequency and average inductor current respectively.
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Figure 2.7 Closed loop Implementation for QCFTCM using average current control

2.2.1Verification by Simulation
The simulated phase current with the above implementatiofydms 115 V, Vic: 270 V,

Po: 3.3 kW, f: 400 Hz, £ 1 MHzis shown in Fig. 2.6.
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Figure 2.8 Simulated inductor currendf Vacms 115 V, Vi 270 V, RB: 3.3 kW, f: 400 Hz,

fs 1 MHz
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2.3 Efficiencyand EMI Noise Comparison

Based on analytical loss model and simulation, a loss comparison is shown be&ow.
converter specifications fe@ach modulation are shown in Table. Z.thie loss comparison is shown
in Fig. 29. A key point to note is that in hard switching condition€{@M, the turron losses are
much higher (due to reverse recovery process of body diode of auxiliary switch) thanff turn
losses which necessitates the need of soft switching turn on. The turn off losses are almost

independent of current during the entiamge of operation and very lag compared to the turn

on losses.

CRM TCM CFTCM
Vinrms 115V 115V 115V
Po 3.3 kW 3.3 kW 3.3 kW
ILrms 28.7 A 28.7 A 28.7 A
Ve 270V 270V 270V
L 0.8 uH 0.74 pH 0.74 uH
fsw 1-2.5 MHz 1-2.5 MHz 1 MHz

Table 2.1 Converter Specifications

120
100
80
60

0
Low Low High GaNFET MOS
Side Side side cond. cond.
turn-on turn-off turn-off

ECRM sTCM mQCFTCM

Loss(W)

Figure 2.9 Loss Comparisonf CRM, TCM andQCFTCM

EMI noise measurementethod discussed in this paper is based on the procedure discussed

in [A.9]. This procedure is based on the analysis of conducted EMI problems and the use of an
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EMI diagnostic tooinoise separator. The noise separator is used to separate differetel

(DM) and commormode (CM) noise which greatly simplifies the filter desigrocess. Fig.

2.10@a) shows the setup diagram of a typical conducted EMI measurement. The line impedance
stabilizing network (LI SN) required in the me
resistors as shown in Fig.10(b). The noise currenhat flows through these resistors, expressed

in frequency ranging from 150 KHz to 30 MHz for EXBOE limit, is by definition the conducted

EMI . The noise current, fl owi ng t hmodau(GM) t he -

noise and differentiamode(DM) noise. The DM currenifu) and CM currentiéw) are given by:

. [ i, ¥
lom = 5 2I2|'|CM -|LI12 ZI (37)

whereirandirar e the currents flowing thr2d®cgh t he
The CM current flows through the parasitic drorgate capacitanceQpc) of the GaNFETs

whose value is approximately equaltF.

1
tWr

0.1uF

To 500 termination

1kQ
or spectrum analyzer

(b)
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Figure 2.10(a) Test setup for conducted EMI measurement (b) Equivalent circuit of LISN (c)

Circuit schematic for measurement getu

The simulatd noise spectrum for CRMnd CFTCM is shown inFigs. 2.11and 2.12
respectivelyAs CRM and TCM current ripple is similar, TCM noise spectrum is not shown. As

expected, the DM noise of CFTCM is larger owing to high ripple in the current.
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Figure 2.11 Simulated EMI noise for CRM (a) Base line CM Noise (b) Base line DM Noise
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Figure 2.12 Simulated EMI noise foEFTOM (a) Base line CM Noise (b) Base line DM Noise

2.4Summary

Since CRM control leads to variable switching frequency, in this chaptemodkfied to
achieveconstant switching frequency by shaping the envelope of current ripple accordimgly.
current has higher negatiaadpositive current peaks leading to larger ripfleis technique has
Z\V/S turnon during the entire mains period which results in lower switching losses. However due
to highercurrent ripple, QCFTCM has 67 % marenduction losseat 270 V DC voltage and 3.
kW power level

The efficiency achieved in QCFTCM is higher than that of CRM but lower than TaCM
GaN 650 V/ 30 A devicesince QCFTCM has higher current ripple, it requires a larger DM filter
but interleaving can be considered to solve this issperésct ripple cancellation can be obtained

in quasi constant frequency case. Further, QCFTCM can be extended {phhaseesystems
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Chapter 3. Proposed TCM for Three-PhaseTwo-Level

Converters: Unity Power Factor

As discussed in the previouhapters due to high turron losses, efficient high frequency
operation necessitates soft taon. In earlier chaptergt, was mentioned how ZVS twon can be
achieved by pulling current in both directions such that the bodiediati parallel to the device
starts conducting before the device is turnedTtmus,the current has high frequentijangular
ripple, hence this control is called Triangular Current Mode (TCM) conthrad ripple has to be
maintained such that the avgeacurrent is sinusoidal.

In stateof-the-art TCM control for thregohasetwo-level converters,if phase synchronized
operation is maintained, tleeragecurrents are not sinusoida discussed in Chapter th case
of unity power factor, th@veragecurrent has to be in phase with the voltagéh a distortion
factor of >0.99 However, conventional CRMith phase synchronizatiaa unable to generate a
sinusoidal waveformit is shown in Chapter 1 howooventional CRM is modified in a VIENNA
Rectifier in [C.21] by adding another switching state in the switching cycle. This switching state
pulls the DCM current higher adding a required second degree of freedom to control two phase
currentsHence, TCM with phase synchronization and average sinusaidahts is proposed in
this chapter fotwo-level converters running irectifier and inverter mod&he conveter topology
is shown in Fig. 3.

A combination of CRM+DCM leads to phase synchronization, in unidirectional topologies in
each sector one phasperated in DCM and two operate in CRM. It is shown in this chapter how
one of the phases can be clamped in bidirectional topologies saving on tb& tasses. Thus
the converter is proposed to operate in a combination of TCM+DCM+Clamped modes of

opeaation.
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Figure 3.1 Threephase twlevel converter operating (a) rectifier mode (b) inverter mode

The concept of operating the converter in a combination of CRM+DCM+Clamped modes is also
introduced in research published in similar timeline [C.28wever the discussionni these
publications is limited to unity power factor. The difference between this work and the methods
discussedn [C.23] and [C.24] is that the methods proposed in this dissertation achieve complete
ZVS turnon for both DCM and TCM phasehus minimizingthe losses. [C.24] only discusses

valley switching for DCM phase which leads to significant losses at high switching frequency and
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also creates the issuef accurate deatiime calculatiorand modeling of the converteonsidering
all norridealities.

3.1 Rectifier Mode

The circuit schematic of a thrgghase twdevel boost PFC is shown in Fig.13The currents
flowing out of the grid areonsideredositive, the basitheoryfor achievingsoft switchingand
sinusoidal currentss discussed belowThe basic principle behind achieving soft switchin
remains the same as in singlease converter, tlow the body diodé¢o conduct before the device
is turned on by pulling current in negative direction. However, for achieving sinusoidal currents

in all the three phases, as mentiopeeviously two independent control variables are required.

1]
Sas SEII SEII]

v _B _fi

Figure 3.2 Circuit Schematic of threphase sixswitch twalevel boostPFC

3.1.1 Theory

The ine cycle can be divided into twelgectorglike in conventional CRMliscussed in Chap.
1) as shown in Fig3.3 where in each sector, the voltage direction and relative magnitude of the

threephase input voltage is same. The input voltages are given by:

v, =V, sin(ut) (38a)
v, =V, sinumt -2p/3) (38b)
v, =V, sin(wt +2pl/3) (38c)
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Figure 3.3 Line cycle divided into twelveectors

One switching cycle wavef or m3i Ractsswitchingcycld ( 0 < ¥
can be divided int® intervalsincluding the dead time§he input voltage are &sumed to be
constant for one switching cycle as the switching frequeisgy>( line cycle frequencifi). The

detailed operation in each interval is discussed below.
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Figure 3.4 One switching cycle waveform f@roposedlCM in Sector |

Interval | (0-T1)
During interval | Saz, Se2, Scoconductj.e. all the phases are connected to N point of the DC bus,
the phase currents increase directly proportional to respective phase voliagesquivalent

circuitisshowninFig3.5, t he phase currentsd sl opes are gi
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di, /dt=v,/ L (39a)

di, /dt=v, /L (39b)

di, /dt=v,/ L (39c)

Figure 3.5 Equivalent circuit in Interval |

The peak currents are given by:

iy =V, T/ L (40a)
iy =V, / L (40Db)
e =Vl / L (40c)

Aftericreachescp1, Scois turned off as shown in Fig.4. Since the magnitude phase A voltage
(Va) iIs minimum in sector lia reaches least peak value in magnituge)(

Interval Il (T1-T1+tq1)

After&2is turned off, resonance occurs in betwe
(Cos9 andLc as shown in Fig. 3.8y the end of this interval/sscoreached/o andVascireaches 0
(as shown in Fig. 3)4the body diode o%c; starts conducting arttie switch can be turned on at

oV.
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N

Figure 3.6 Resonace between device output source cépas and inductors durinigterval 1l

Interval 1l (T1+tgr-Tittart+To)

At the beginning of interval 1llSc;1 is turned onthusia continues to increas@he equivalent

circuitis shownin Fig3.72The phase currents?©o

di,/dt=(v, M /3)/L
di,/dt=(vy, V,/3)/L
di./dt=(v, -2V,/3)/L
The peak currents are given by:

I ap2 a

=iy +I:I:'(va W/ 3)T,
1

Ibp2_|bp1 T(Vb \A_o/3)T2
i

=i, %(vc /3T,

cp2 C|

After ia reachesapz, Sazis turned off as shown in Fi§.4.
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Figure 3.7 Equivalent circuit in Interval 1lI

Interval IV (Ti+tgr+To- Titar+ T+ d2)

AfterSvi s tur ned

andLa as shown in Fig. 3.8y the end of this interval/ssaz reaches/, andVgsaireaches 0 (as

of f,

resonance

occurs

i n

bet we

shown in Fig3.4), the body diode o&a: starts conducting and the switch can be turned on at 0 V.

S

P

N

Figure 3.8 Resonace between device output sourceamajors and inductors during Interval IV

Interval V (Ti+tgr+To+t gz Tat+tartTo+taz+T?a)

At the beginning of interval Va1 is turned orat 0 V. Thusia starts to fall the equivalent circuit

isshown in Fig3.9, t

di, /dt=(v, V,/3)/L

di, /dt=(y, ®V,/3)/L

di, /dt=(v, -V,/3)/L

h e

phase

currentséo
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Figure 3.9 Equivalent circuit in Interval V

The peak currents are given by:

. . 1 \
lhps = lop2 T(V o N, I3)T, (44a;

Icp3 =1 cp2

4%(\/c V[ 3)T, (44b)

Since in sector | the magnitudeafis minimum,ia reaches O first anthis interval ends when
ia reaches zer&a: is turned off at the end difiterval V.

Interval VI (Ti+tar+Tottao+Ta- TotartTo+tao+Ta+Ta)

In this mode,Ss2 and Sc1 conduct,the equivalent circuit is shown in Fig.10 The phase
currentsod6 sbyopes are given

di,/dt= di/dt &, v+ v)/2L (45)

Figure 3.10 Equivalent circuit in Interval VI

Thusic falls to zero during this intervathis interval ends wheig reaches zero.

Interval VIl (Ti+tgitTottao+ Ta+Ta- TottgrtTottaot Ta+T4+Ts)

In CRM, the device is turned off right after the current reaches zero, however in TCM a small
negative current is allowed for full ZVS as discussed in Chap#étel.ic reaches 05 is allowed
to conduct for a little more time till reaches a negative valliewhich is enough to discharge the
phase C devicesd out put-onoits. Moeeequvaept@icuitiseche s f or
same as in Interval VI. At the end of this inten&d, is turned off.The peak negative currelut

is given by:
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I, = M + \SL‘VC)-E (46)

Interval VIII ( Ti+tar+ Tottaot Ta+Tat Ts- Tittart Tottaot Ta+Tat To+tas)

AfterScii s turned off, resonance occurs in betwe.
andL. as shown in Fig. 3.1By the end of this interval/sscireached/, andVgsczreaches 0 (as
shown in Fig.3.4), the body diode o%c: starts conducting (gés<0) and the switch can be turned

onatOV.

Tt L Tt

Il
)
WV
X

=]

'

N

Figure 3.11 Resonace between device outmaurce capacitors and inductors durimigrval
VIII

Interval IX (Ti+tgi+ Tottgot TatTatTs+gs Tittar+Tottaot Ta+ TatTs+HaztTe)
At the beginning of IntervdlX, Sc2is turned on (as shown in Fig.4), the equivalent circuit is
shown in Fig3.12 Thephase ur r ent s6 sl opes are given by:

dip/dt= di/dt & /2L (47)

Figure 3.12 Equivalent circuit in Interval IX

The peak negative curremtis given by:

- (Vb B Vc)TG

I =2 (48)
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Thusic starts to increase again and this interval ends vihiand i, reachzeroand a new
switching cycle starts forrhere.
As the switching cycle times depend on phase voltages which vary during line cycle, the

switching frequency varies iRCM.

3.1.2Mathemaical Model

While calculating the switching times, ideal devices are considered, dead times are neglected for
average current calculation as they are very s(aalD1 %) as compared to the switching times
The current ripple caused by parasitic capacitors is also negfectalitching times calculation
as a model including the effect of parasitic capacitors on average cisnesg complex.

Ts andTs, calculatedrom (46) and (48are given by:

=2l (49a)
(Vo + Vb _Vc)
= 2l gL (49b)
(Vb - Vc)
Tz andTs can be derived in terms ®f andT» derived from the following equations:
. 1
| apo +E(Va V3T, & (50a)
ibp3 +%WT4 =3 (50b)

Whereiap2 andippz arederived using Egn (40), (42) and (44ThusT: and T2 can be derived

from average current equatians

A . T . T
) Iap1§l+(|ap1 +ap2)52 Hénzé
Iaavg = a T :klva (518)
ii1-6 I
A P . T. . T, . T, T.+T
Ibp171+(|bp1 +bp2)72 (W b}'ﬁ)i I b;374 I )
g = —2 2 2 42 2 kv (51b)
bavg T ' T VDb
ar at
il1-6 i16
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Wherek; is given by:
k =2P /3 (51c)
Po- Output Power

Vm- Peak phase input voltage

VENFY (52)
Vims RMS of input phase voltage

From the above equationigtswitching timed; andT; arecalculated as

T, =2Lk (53a)

_20L+ 2K, [, 42%,)

T2
v, +2V,

(53b)

The switching times for a 1.2 kW, 400 Vb M.15 Vinms, fs~ IMHz, L= 4 pHare shown in Fig.
3.13 The inductance is chosen to obtain the desired minimum switching freqiinaypum Ir

for ZVS turnon is calculated a4 A.

0.8

0 0.05 0.1 015 0.2
t(ms)

Figure 3.13 Switching timesl.2 KW R, 400 V \;, 115 V Vinrms, L~ 4 pH
3.1.3Full Line Cycle Control
As mentioned above, after every’3the operation is repetitive, hertbe same formulae can be
used after every 3y replacing the phase that operates in DCM, TCM and clammoelé The
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decision of mode of operation for each phase is based on the relative magnitude of average
currents. For unity power factor, the relativagnitude of required average currents and phase
voltages is the same. Theeragghasecurrentscan be denoted §isy|min, |iamedand|iajmaxwhere

the rehtionship between these voltage defined as:

(53)

avkae > Fad s F al

The following modes of operation are assigasger the relative absolute value of average phase
current:

liaminY DCM

liavmedY TCM

liamaxY Clamped

The phase with maximum current is clamaiilar to clamped SVM technique to minimize
the losses.

Sincein sector |,

Phase A |iamin

Phase B |ia]max

Phase @ |iaymed

Hence, phase A operates in DCM, phase B is clamped and phase C operates in TCM. As
mentioned above, this relative relationship changes after everg@@oeghe phases operating

in DCM, TCM or clamped mode of operation. The full line cycle control is shown irBHig.
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DCM mClamped to N mClamped to P ®TCM

Figure 3.14 Full line cycle control showing control synetry after every 30

The total switching cycle tim@ys) is given by:

T=aT (54)

il1-6
The switching frequencyd is given by:
f,=1/T, (55)

The switching frequency variation for@l is shown in Fig3.15 The graph is symmetrical

after every 3@

0-60°

0 005 01 015 02 025 03 035 04
t(ms)

Figure 3.15 Switching frequency variation for 1.2 KW,,R00 V Vo, 115 V Vinrms, L~ 4 pH
3.1.4 Verificationby Simulation
Theconverter is simulated fropre-calculated switching timed{, T2, Tz, Ts andTs). T4is not
pre-calculated, the end dfs is detected byero crossingof TCM phase The simulated pdse
currents are shown in Fig. 3,lideal devices are considered in this simulatidme zoomed in
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waveformsn sector | are shown in Fig. 3.1lf is shown hw ZVS turnon is achieved by driving

the current negative.

10

-10]

29 3 3.5 4 4;5 5
t(ms)

Figure 3.16 Simulated phase currerfte 1.2 KW R, 400 V Vo, 115 V Viirms, L~ 4 pH

(A)
(A)

400 Vieco 400 Viscz
> 200 S 200
0 vdsC 0 vds
S S,
1.0 c! 1.0
0-5 1 | 005 1
S Sc2 ‘
0.0 c2 0.0
380 3.90 4.00 x 1e-5 1.060 1.070 1.080 x1le-4
t(s) t(s)
() (b)

67



i i

5 a c
= XX
10 To |

400 vdsCf vdsC.?
E 200-
0
1.0 Scy Sc;
LI
0.0

1.990 2.000 2.010 xle-4
t(s)

(c)
Figure 3.17 Zoom in current and gategnal waveforms showing ZVS tuom for TCM phase

in (a) beginning (b) middle and (c) end of sector |

The loss breakdowoomparisorbetween CCMat 68 kHz and proposed TCM+DCM+Clamped
algorithm at 1 MHzs shown in Fig3.18 As compared to statsf-the-art Si threephase converters
operating in CCM at ~50 kHz, there is a ~2.5 times increase in power density as the filter size is

reduced by 60 %. Thus TCM achieves high density while maintaining the same efficiency.

Loss Breakdown @ 1.2 kW

15
210
a
3 5
0 -
Cond. Turn-on Turn-off
CCM @ 68 kHz
" TCM @ 1 MHz

Figure 3.18 Loss Breakdown Comparison of CCM at 50 kHz and TCM+DCM+Clamped at 1

MHz at1.2 KW R, 400 V Vo, 115V Viims
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3.2 Inverter Mode

TCM for converter operating in rectifier mode is discussed ahdweever,a bidirectional
converter operates in both invertard rectifier modeln inverter modepower gets transferred
from DC-AC. Solar panels connectad grid and motor drives operate converter in inverter mode
for most of the timeThe schematic of a three phase two level inverter is shown i3 E@.t is
to be noted that here, the currefhdsving into the grid are taken as positive unlike for a rectifier,

the currenflowing out of the grid is taken gmositive.

P
Sas1 Sgll SEI
ii} > L
—_ L Ly v,
mt—— Y n
Vil [e« L, O
Saz Sg Se fe

N
Figure 3.19 Circuit schematic of threphase sixswitch twalevel inverter

The basic theory for achieving soft switching and sinusoidal currentsvith
TCM+DCM+Clamped algorithmis discussed below. The basic princigé achieving soft
switching remains the same as in sigl@ase converter, to make the body diodedtict before
the device is turned on by pulling current in negative direction.

3.2.1 Theory

The line cycle castill be divided into 12 secto(similar torectifier mode)as shown in Fig3.3,
where in each sector, the voltage direction and relative magnituide thfreephase input voltage
is same. The input voltages are giverHu)38.

One switching cycle wavefor m 320 Ead switching | ( 0<
cycle can be dided into6 intervals the detailed operation during dead time is not discussed for
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the sake of brevityThe input voltageare assumed to be constant for one switching cycle as the
switching frequencyfés) >> line cycle frequencyfi). The detailed operation in each interval is

discussed below.

A L ] L ] L ] L |

P i |::

Sa1 o
1

Se1 i L]
Sz T i
1 ot

Pt I I

! L

CR . et

11 i I“

11 1 H

1 il
0 ! Tk
11

11

0 |
I‘Iclr lt
I

I

I

I

I

I

Figure 3.20 One switching cycle waveform for TCM in inverter in Sectwricase awhenia

reaches 0 beforiereaches peak valug..

Interval | (0-Tz)
During intervall, Sa1, Sg2, Sc1conduct leading to increaseimandic, the equivalent circuit is

showninFig3.2, the phase currents6é sl opes are given

di, /dt=(V, /3 -v,)/ L (56a)
di, /dt=( 2V, /3 v)/L (56b)
di_ /dt=(V, /3 -v)/L (56¢)
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The peak currents are given by:

Iapl = MT:L (57a)
L
-N, 13 -y
e (57b)
i = wt (57¢)

After ia reachessp1, Sa1is turned off as shown in Fig.20

v I

QY
&

a

Figure 3.21 Equivalent circuit in Interval |

Interval Il (T1-T1+T2)

AfterSsi s turned of f, resonance occurs in betwe
(Cos9 andLa,, Because of this resonanad&saireached/qc andVgsazreaches 0, the body diode of
S starts conducting and the switch can be turned on at 0 V. &fies turned onj, starts to

drop. The equivalent circuit is shown in F&j22 thep has e ¢ u rsaregivéndy sl ope

di,/dt=( V. /3 v)/L (58a)
di, /dt=( V,,/3 v)/L (58b)
di, /dt=(2V, /3 -v,)/ L (58c)
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Figure 3.22 Equivalent circuit in Intervalll

Interval Il can end in two cases. The first one when cursgetiches zer@la), the second one
whenic when reaches peak curregb beforeia reaches @lIb). Ila happens near the beginning of
sector | whervy is relatively small and 1lb happens near the end of sector | whistomparable
to vc. Both the cases are discussed below.

Interval lla

Whenia reaches @eforeic reaches peak valuge, the peak currents are given by:

. . 1
lhp2 = b T( V-4 3 VI, (59a)
icp2 :icpl +]L;(a/dc/3 VC)TZ (59b)

This interval endsvhenia reaches OAfter ia reache®, Sazis turned off as shown in Fi§.20

Interval llb

Whenic reaches peak valug:2 beforeia reaches 0, the peak currents are given by:

iap2 :iapl %( V-dc/3 V5)T2 (608.]
. . 1

bp2 =1 b T( V-,./3 VT, (60Db)
oz e (/3 VT, (600)

One switching cycle with currents and gating signals for this case imshdwyg. 3.23 This
interval ends whei reachepeak valudcpo. After ic reaches peak valuey, Sciis turned off as

shown in Fig3.23
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Figure 3.23 One switching cycle waveform for TCM in inverter in Secttoricase b: when

reaches peak valug: beforei, reaches 0.

Interval llla (T1+T2- T1+T2+T3)

Sa2is turned off at the beginning diterval llla as shown in Fig. 3.2@s2 and <1 continue to
conduct. The equivate circuit is as shown in Fig. 3.24 h e p h a s "opes are givenrby: s 0

di,/dt= di;/dt EV; v.+y/2L (61)

Whenic reachescps, Sc1is turned off as shown in Fi§.2Q this marks the end of Interval llla.

The peak currents are given by:

. . 1
lbps = bp2 "Z(V'dc VE V), (62a)
. . 1
Icp3:|cp2 -'Z(vdc Ve V#TS (62b)
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Figure 3.24 Equivalent circuit in Intervallla

Interval lll b (T1+T2- T1+T2+Ta)

After S is turned offat the end of Interval lllrenance occurs in between phasd @ vi c e s 6
output source capacitor€ds9 andphase inductol, Because of this resonandasca reached/qc
andVugsc reaches 0, the body diode &> starts conducting and trssvitchis turned on at 0 V.
After S2is turned onig starts to droandia continues to drops shown in Fig. 3.23he equialent

circuitisshowninFig. 25, t he phasesaregwvenbyent sé6 sl ope

di, /dt=( &)/ L (63a)
di, /dt=( )/ L (63b)
di,/dt=( v)/L (63¢)

Figure 3.25 Equivalent circuit in Intervalllb

This interval ends whei reaches OWhenia reache®, Sazis turned off as shown in Fi§.23,

this marks the end ohterval Illb. The peak currents are given by:

. . 1
Ibp3 =Ibp2 T( V'b)Ts (643)

s =i %( V)T, (64b)

cp3
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Interval IV (Ti+T2+Ts- To+To+Ta+Ta)

After S is turned offat the end of intervalllla r esonance occurs in bet
output source capacitor€ds9 and L like in the beginning of interval lllb. Because thifis
resonancgeVascireachesV/qc andVasczareaches 0, the body diode &> starts conducting and the
switch is turned on at 0 \&Gince S2is already on at the beginning of interval llib¢continues to
dropin interval 1V after interval lllbHence, whether the currsrfollow case a or b (Fig.200r
Fig. 3.23, from interval IV, the waveforms follow the same sequence. VEsgand S conduct
(the equivalat circuit is shown in Fig..26),icdrops t he phase currentso sl

di,/dt= di,//dt & /2L (65)

This interval ends wheig reaches 0.

Figure 3.26 Equivalent circuit in IntervalM

Interval V (T1+ To+ Ta+Ta- T+ Tot+ Ta+Ta+Ts)

After ic reaches 0Sc2 is allowed to conduct for a little more time tdlreaches a negative value
lrRwhi ch is enough to discharge the phaeneof C dev
Sc1. The equivalent circuit is the same as in Interval V. At the end of this int&yaf turned
off. The peak negative currelgtis given by:

- (Vb 3 Vc)-IZ')

I 66

R oL (66)
Interval VI (Ti+ To+ Ta+Tat+ Ts - Ti+ To+ Ta+Tat Ts+Te)

After S2i' s turned of f, resonance occurs in betwe

andLc, thusVuscireached/qc andVyscz reaches 0, the body diodeS# starts conducting (ag<0)
and the switch is turned on at 0 V. The equivalent circuit after is shown i8.Efy.The phase

currentsod6 slBgpées are given by
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The peak negative currehtis given by:

I . - (\/dc + Vb _Vc) -I; (67)
2L

Thus, i starts to increase again and this interval ends vihiand i, reach zeraand a Bw

switching cycle starts forrere.

3.2.2 Calculation of Conduction Times

While calculating the switching times, ideal devices are consideredfidezdare neglected for
average current aallation as they are very smalk compared to the switching timds andTe
are calculated from (66) and (6fr a givenlr. For a parin the beginning ofectorl, case a is
followed and after a certadegree depending on the relative magnitude of DC and phase voltages,
case b is followed.

Case A

For case ATz andTs can be derived in terms @f andTs from the following equations:

, 1 )
Iapl +E( Vdc/3 Va)Tz 0= (683-,

. 1(v.-Vv,)
lops +ITbT4 o) (68b)

Whereiap andinpzcan be derived using Eqns. (57), (59) and.(6BusT. andTs can be derived

from average current equations:

(Rt
apl
iaavg:pa—i e (69a)
if1-6 I
N N N P ) T+T
Bl 19 T
s ™ AT ¥ 2 v, (69b)
a at
ii1-6 iie
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Case B

For case B when DCM phase conducts for 3 switching stBi@sd T4 can be derived in terms

of T1 and T2 from the following equations:

iap2+%( v )T, 6 (70a)
. 1(v.-v,)
s * = A Y (70Db)

Whereiap andippz can be derived using Egns. (57), (60) and.(64usT1 andT> can be derived

from average current equations:

A T . T
: Iaplzl-l-(lapl +ap2)32 It&é
laavg = = :klva (71a)
aft
il1-6
i T ¢y L) T+T
. Ibplzl-'-(ibpl "‘bpz)zz (L b-&)—; i bmé | 5 , 6)
e ™ AT * AT Vs (71b)
a art
ilr1-6 i ie

The switching times for a 1.2 kW, 4004, 115 Vnrms, fs~ 1IMHz, L= 4 pHare shown in Fig.
3.27. The inductance is chosen to obtain the desired minimum switching freqliienards the
end of the sectofi;z touches Othat is the point where the switching sequence transitions from a to
b.l;is set asl A, the same as in rectifier mode, however, later it is found that a very small negative
current is required for full ZVS turan in inverter mode.

x10~

7

6 T3
5h Ty

T/< i /
2 ==

1
0(
0

t(s)

N W

2
t(s) %10

Figure 3.27 Switching timedor 1.2 KW R, 400 V Vg, L~ 4 pH, 115 V Vacrms
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The full line cycle control and the decision of DCM, TCM and Clamped mode of operation is
the samas in rectifier mode form Fig.B4. The phase with the minimum absolute average current
is in DCM, the phase with maximum absolute averageentirs clamped and the third one operates
in TCM. The switching frequency variation from@0° is shown in Fig. 28. The variation is
symmetric after every 30

x10°

13-
1.25-

fs(Hz)

0 1 2 3 4
t(s) %10

Figure 3.28 Switching frequency variation for 1.2 KW,R100 VVg4e, L~ 4 pH, 115 V Vacrms
3.2.3 Verification bySimulation
The converter is simulated from pealculated switching timed{, T2, Ts, Ts andTs) and zero
current detection (ZCD) of TCNdhase. The simulated @e currents are shown in Fige® ideal
devices are considered in this simulatibhe zoomed in waveforma sector | are shown in Fig.

3.30 The estimated loss breakdown is similar to that of a rectifier a shown iB. Ff@s the peak

currents are very similar.
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Figure 3.29 Simulated phase currerfte 1.2 KW R, 400 V Vi, 115 V Vinrms, L~ 4 pH,

inverter mode

10 .
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0.0 E s 0.0
V. Vv v Vv
400 dect — 400
= 200 > 200
0 0
1.70 175 1.80 1.85 x1le-5 9.45 9.55 9,65 9.75 x le-5
t(s) t(s)
(a) (b)
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0.5
0.0
400 vdsCi VdECZ
> 200
0
2.025 2.035 2,045 xle-4

t(s)
(©)

Figure 3.30Zoom in current and gate signal waveforms showing ZVSdaarfor TCM phase

in (a) beginning (b) middle and (c) end of sector |

3.3 Control Implementation

The times shown above are calculated for ideal devices (neglecting the eftagt afid L
resonane ripple on average current). This causes distortion in average current when the above
switching times are used with device parasifidse switching waveforms without and withs€
are compared in Fig. 3.3It can be seen that&can cause significant rippspeciallyin DCM
phase. This ripple affects tlaerage currents such that the simulation becomes unstable in the
middle of sector I. ie model considering the effect of this ripple on average currents is very
complex, henceo solve this issuefeedback control is required such that the average current
follows the desired sinusoidal referenEeedback controllers controllingeragecurrent can be

used like in B.42].
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(a) (b)
Figure 3.31 Phase currentis, ip andic (a) with ideal devices and (b) consideringC

The closed loop implementatishowninFig.3.32 The grid voltagesd phe
phase locketbop (PLL) and average sinusoidal currents are generateed Basthe relationship
in Eg. 53 the controller assigns a mode of operation (DCM, TCM or clamped) to eachAlsase.
if the phase with the maximum absolute value has positive current, @npet to P and if the
current requirement is negative, the phaseamplked to N as shown in Fig. 3.32re,T1 andT3
denotethe conduction times @1 and S respectively in one switching cyclBased on Eq. 53
and Fig. 3.33the controller divides #i,, in, ic phase currents intedwm, itcm and & as shown in

Fig. 3.34.
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Figure 3.33 Full line cycle operation showing assignment of DCM, TCM and Clamped mode

of operation
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Figure 3.34 Reference currents divisionto DCM, TCM and clamped operation

(A)

The controlleblock diagram shown in Fig. 3.3hows phase A DCM and phase C in TCM
(sector 1), however as discussed above due to symmetry, the same control block diagram is valid
for the whole line cycle with just DCM and TCM gées changed depending on Eg. 53 and Fig.
3.33

3.3.1 Verification bySimulation: Inverter Mode

As discussed above and from Fig. 3.32e reference currents are generated from, Rh&
averagdine frequencycurrents are measured byllsgensors as shown in Fig. 3.33e hall sensor
bandwidth is aroun80 kHz such that ibnly measures the average current and filters all the high
frequency noiselhe error between the reference and measured cuatdims frequency for DCM
and TCM phasess inputfor the compensater The compensators then generate the switching
timesT1 andT1+T2+T3in the case of inverter as st in Fig. 3.32

The converter is simulated with the above implementation, the results are discussed below for

different designs of compensator§he currents from the above implementation without
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considering Gssin the device model is shown in FB35. The compensator is a PI controller with
feedforward control. The bandwidth of DCM controllehigher than that of TCM controller, i.e.

the DCM controller is faster than the TCM controller.

ic(A) ib(A) ia(A)
So5 S5o0b 508

25 30 35 40 45x1e3
t(s)

Figure 3.35Phase currents from proposed implementation with controller parameters:

Kpdcm:le7, Kidem= 192, Kopten— 498, Kitem= 262, Kffdcm=5€91 Kf‘ftcm=5€9

The simulated phase currents for the model considergggat® shown in Fig. .36 and the

zoomed in waveforms are shown in F337. ZVS turnon is achieveas shown in Fig3.37.
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Figure 3.36 Phase currents from proposed implementation (considering constaisG pF)

with controller parameter& paen=1€’, Kigenr= 562, Kpten= 3€8, Kitem= 2€2, Kfgem=5€11,

Kfﬂcmzlelo
. i
< o
i
-10 b
Sci S
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0.5 0.5
0.0 V 0.0
Vigscs Vdscz Viscs Vi
400 F 400
0 i 0
2.85 2.95 3.05 x le-5 1.085 1.095 1.105 x le-4
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Figure 3.37 Zoom in current and gate signal waveforms showing ZVSdaarfor TCM phase

in (a) beginning (b) middle and (c) end of sector |

3.3.2Verification by Simulation: Rectifier Mode

The above implementation can alsodoeployedior rectifier mode as shown inigr. 3.38 with a

low bandwidth (~5 Hz)utput voltage controllewhich generates the magnitude of reference

average currents.
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Figure 3.38 Digital controller block diagram faectifier modefrom 0-30

The above implementation is validated for rectifier mode, the simulation results are shown in

Fig. 3.39a). ZVS turnonis shown in Figs. 3.38], (c)and(d).

ia ib ic

25 30 35 40 45x1le3
t(s)

@
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Figure 3.39 (a) Phase currents from proposed implementgbp@oom in current and gate
signal waveforms showing ZVS tuon for TCM phase in beginning (c) middle and (d) end of

sector |
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3.3.3 Implementation with DSP

A detailed controller architecture is shown in Bg4Q According to the phase generated by
PLL, the controller generates phase voltageiphase currents basedwhich it allocates a sector
in which the 3phase system is operating. This phase is gpdateach ADC interrupt cycle. Based
on the relative magnitude of phase currents, the controller segregatgs to ipcw, itcmandic

based on the following equation:

|ICI|2 ||TCM| ZI' DCM| (72)
Ve Inverter Load
| |
ZCD ———
Sabc c abc -E I ]-
I I
: PWM Counter TCM,,zcD |!
I
R | 11 | 4 .
TCMph |abcﬁltmeas
ADC Interrupt
T idcmmeas
1 Sector
PWM Decision [ ' 2se
Compare DCM/TCM/CL
Regs TCM — Classification | Reference
T, Compensator - Average
temmeas Currents

Figure 3.40 ControllerArchitecture: Single core DSP implementation

The error between reference andasured currentsfied into the DCMandTCM compensators
which generate switching tim@s andTs, T: andTs are fed to the PWM compare registérsese
times are updatedn every ADC interrupt cycle (16us) while the PWM counter is reset in
synchronization with the ZCD signal. As discussed above, the ZCD signal is a variable frequency
signal, hence to reset the counter at this variable frequency is a challengesvdischised in the

next section.
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The biggest challenge is to generate variable frequency PWM signals, one method can be to reset
the CPU counter of MCWhich would make a dual core operation necessary for TCM. However,
PWM modules in microcontrollers have a separate counter which is gerengliyyed for PWM
generation. Figure 3.4howsthatthe PWM modules can be synchronized with an extsigahl
(EPWMSYNCI). The counter (CTR) can be reset to apregrammed value TBPHS whenever

the controller encounters a synchronization signal.

TBCTR([15:0]
oxFrrF 4

TBPRD
(value)

TBPHS
(value) —»

0000

EPWMxSYNCI

CTR_dir

CTR = zero

CTR=PRD

CNT_max

Figure 3.41 PWM counter can be resetagprogrammedalue aftethe SYNCI signal goes
high whereTBPRD: PWM time period register valuEBPHS: PWM reset phase register value

EPWMSYNCI: External Synchronization Signal (Z&a) andCTR: PWM Counter

If the period of PWM signals (TBPRD) is programmed to be greater tleatintie period of

external signal, a variable frequerfeWM signalcan begenerateés shown in Fig3.42
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TBPRD == e e e e e e e e
CTR
0000 /I >
TBPHS H i i H I R
1 1 1 1 1 1
1 1 1 1 1 1
I_ I_ I_ I_ 1 I-
EPWMSYNCI
}
1 1 1 1 1 1 t
1 1 1 1 1 1
CTR=
0 >
t

Figure 3.42 Variable frequency PWM signals generated using EPWMGSI signal

Frequency: 1 MHz

SYNCIN: 2 V/div

Figure 3.43 PWM output synchronized with external signal

It can be seen from Fi@.43that there is an 80 ns delay in the time which the external signal
transitions from high to lovandthe PWM signal changes from low to highhe effect of this
delay plus thelelays caused by the hardware are discussed in the next section.

Another important aspect of theplementationis the compensatodesignand tuning. The

compensator is a traditional Pl + feedford/@ompensator a shown in Fig. 3.44g. 3.45shows
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T, and T3 derived from the mathematical model right next to the D&hdl TCM reference
currents. The shape ®f andTs is similar toipcm anditcmrespectively. Thus, it can be concluded
that feedforward control will help in controlling the currents. Also, it lsarseen that the teaof
change inT1 andipcwm is greater than that dfk anditcwm. Thus the bandwidth of DCM controller
should be greatéhan the bandwidth of TCM controlléFhe vales of Plandfeedforward gains

are shown in Tabl8.1.

w le=7
5.0 ici 6.0
g - 55 I3
2 i 5.0
4.0 TCM 4.5
3.5 4.0
3.0 - 3.5
=25 it
2.0 >0
1.5 15
1.0 1.0
0.5 0.5
0.0 0.0
00 05 1.0 1.5 2.0 x1le-3 0 1 2 3 ® le-4
t(s) t(s)
@ (b)

Figure 3.44 (a) DCMandTCM reference currents (b} &ndTs control times from

mathematocal model.

Ib:merr

C .
+ +
i Kis = Ts

* |
temref K

@) (b)

Figure 3.45(a) DCMand(b) TCM compenstaor
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Parameter DCM TCM

Kp 3*107 2.25*10°
Ki 0.00864 0.00253125
K 1+10°10 1*10%0

Table 3.1 Table showing compensator values

3.4 Experimental Verification

3.4.1Hardware Setup

The abovealgorithm istested on a threghase twdevel GaN converte(shown in Fig.3.46)
with 650 V/ 60 A GaN deviceS he characterizatioand phase leg design with these devices is

discussed is Appendix A. The top and bottom device are on ¢oppides of the PCB making it

an ultralow inductancerertical power loop.

Figure 3.46 ThreephaseGaN converter withultra-low inductance vertical power lodpr 650

V/ 60 A GaN devices
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The converter with filter inductors is shown in Fig. 3. #ie converter specifications are 400 V
Ve, 115 V Vaerms 1.2 kW R and inductor is designed for 4 pH inductasaeh that the minimum

switching frequency is 1 MHz.

Figure 3.47 GaN converter with filter inductors deigned to operate at ~1MHz switching

frequency

A crucial and the most important part of the control algorithm is theratecaero crossing
detection (ZCD) for instantaneous phase currents. The ZCD signal of the TCM phase triggers the
start of a new switching cycle. This makes accurate zero crosstagtion very important. In
[B.23], ZCD is done by adding a small shuntisés in series witlithe inductor as shown in Fig.

3.48. The voltage across this resistor is compared to zero withmgarator (as shown in Fig.
3.49, ZCD signal is triggered whenever this voltagarmges signThis reduces the complexity of

sensing théigh frequency instantaneous currents.
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Figure 3.48 Shunt Resistor in series with the inductor

b R Voe/2 :
0 I
R -I- * " Isofator p—
CﬁT I
|
a Cr I

Figure 3.49Voltage across shunt resistor is compared to zero

The ZCD bard schematic is shown ing- 3.5Q0 The comparator outpus fedinto a digital
isolator which is then transferred to the controller. The ZCD boardasvalry small as shown in

Fig. 3.51 The ZCD board tegesults are shown in Fig.52
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Figure 3.50 ZCD circuit schematic
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Figure 3.52 ZCD board testing results wheren\Woltage across shunt resistor
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Thefiltered currents are sensed by connecting hall sensors in series witadh€he rardware

setup is shown in Fig..53.

._-/',’/y,'
GaN Converte
- / B

s

Inductors "% = :.
Sensing Circuit

Figure 3.53 Experimental setup showing GaN converter, inducodsensing cicuit.
3.4.2Revised Algorithm
As shown abovehe ZCD board is unable to detect exact 0 V crossing, it rather de@e¢té
crossing which along with hardware delays such as ZCD board to controller signal transfer delay,
80 ns controller input to output delay and PWM signal transfer delay leads to further drop of

negative current as shown in F&)54 Thus the current dps to-2.8 A before &2 is turned off.
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Figure 3.54 The delays in hardwarsensing circuiandcontroller leading to higher negative

current than desired.

Henceto reduce this negative current the algoritismevised as shown in Fi§.55 Ts andTs

are programmed to be 0, thus the switching sequendedrasvitchingintervals now.

Figure 3.55 Revised algorithm witAs andTe= 0.

This causes a reduction in negati vibishghrrent,
negative current also causes #watching ripple to go higher amslvitching frequency to drop.
Thus,the EMI filter capacitor needs to be increased accordifigig.final values are discussed in

the next section.
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3.4.3 DCM Phase ZVS Turon

Negative currenih TCM phase=nsures ZVS turon of TCM phase, however DCM phase turn
on will still be hard switched if the algorithm is ndésigned forsoft switching The simulation
results are shown for the sameFig. 356. It is shown how the DCM phase does not turn on at O

V if 1tds turned on j4immenddiatly aftér heC® bffT@M phasdn e end

__ 300 i
%mN—\ UI F\
T 100

!
345 355  3.65 x1leS5
t(s)

Figure 3.56 DCM phase does not turn on at 0 \&ifi is turned on immediately after

turn-off of So.

However, if the DCM phase is turned on with the TCM phase, i:€isSurned on with & or

after that, then the DCM phase can bedaron at 0 V as shown in Fig53.
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3.40 3.50 3.60 x le-5

Figure 3.57 DCM phase does is turned on at 0 \&di is turned on after a delay after

turn-off of So.

3.4.4 Experimental Results

TCM and DCM phase ZVS turon is validated and shown in Fig58 and3.59respectively.
The operating conditions are:

Va= 300 V

Po= 675 W

Vacrm§86.25 V

101
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Veontar: 3 Vidiv
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-
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Figure 3.58 Phase A operating in TCM mode, controller signal goes high afterhas

reduced to O V.

Ic: 10 Ardiv

Veontas: 3 Vidiv

wo E)
Rl ™ |
o SET)

Figure 3.59 Phase A operating in DCM mode, controller signal goes high afterhas

reduced to O V.

Full line cycle currents are shown in Fig. 3.dhe measuksystem efficiency is 98.7 ®t the
above specified conditions. This reguoltludes the inductor losses, ZCD shunt resistor losses and

connector losses. Switching frequency range is 880 kHz, this drop is owing to higher negative

current issue. Filter capacitor had to be increasedu®fdom 0.8uF. The final density achieved
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is 110 W/irf which can be improved by a more optimized assembly of the system. Measured

filtered currents are shown in Fig. 3.@i¢ THD is 6.59 %.

-2 L B J

Ic: 10 A/div

L e B

Ici: 2 Aldiv

Figure 3.61 Filtered phase currents, measured THD= 6.59 %

3.5 Summary

As shown above, TCM with phase synchronization is achieved by a comlmnatbf
DCM+TCM+Clamped operation. The switching frequency variation is reduced to 34% as

compared tanore than 2*variation in statef-the-art decoupled TCMThe key to achieving
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sinusoidal currents is two independent switching times to control three @irasets. One ohie
challenges faceds calculation of switching times considering riolealities which leads to
implementation with average current control. However, high frequency ZCD is still important
which indicates the start of a new switching eydhe inability of ZCD cirait to detect close to

0 A andthe hardware delays lead & revision in algorithm with npreprogrammed negative
current.

The challenges faced from implementat&tandpointare synchronizing the microcontroller
with a variabé frequency ZCD signal without halting allettoperations of the MCU. Irhe
proposed implementation, DSPWM module isemployedlike in common powerconverter
control techniquesThus, a singl€PUimplementation is shown in this chapter.

The discussion in previous literature is limited to only TCM ZVS tam however in this
chapter, it was discussed how DQiflase can also be turned o at by adjusting the timing of
the turron. Thus, all the three phastirn on at 0 V reducing the loss&sdCM noise.The final
system efficiency measured is 98.7a%300 V DC voltage, 0.7 kW and 4830 kHz switching
frequency. The power density achieved 1€ W/ir?.

However the above discussion was only limited to unity power factor which isufétient
for commercial applications. Reactive powentrol is also desired for commercthreephase

converters which is discussed in the next chapter.
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Chapter 4. TCM for Three -Phase TweLevel Converters:

Reactive Power Control

The stateof-the-art CRM/TCM control is limited to unity peer factor mode of operation

However, for commercial applications, unity povi@ctor operation is not guarantedthere can

be reactive power requirement from the grid in case of inv@seshown in Fig. .4) or the EMI

filter can also introduca phase lag between ac voltages and boost inductor cuioeriisth

rectifier (as shown in Fig. 4.2nd inverterhence TCMcontrol needs to be extended to operation

when reactive power is consumed/ delivered.

]
_H _E-l}
Sa> Sg;
n

Figure 4.1 Reactive power requirement from the grid and the EMI filter causing a phase lag

between boost inductor currents and AC voltages.
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Figure 4.2 Phase lag introduced by EMI filter between bandtictor currents and AC voltages

4.1 Theory

As discussedn chapter3, in the case of nity power factor operatiqrthe average phase
currens can be expresseds directly proportional to respectiyghase voltages. For active
+reactive power or purelyeactive power generation, the average phase current phasor can be

expressed as the vector addiction of two voltage phasors as shown 4BH. The average

currents are given by

i_=1_sin(t -9 kv, ky, (73a)
i, =1 _sint -2p/3 -f k@, kw (73b)
i =1_sin(t 2p/3 -f kg, kv (73c
where

k,=(cosf +sin FA3). V. (74a
k,=(2sinf IN3)_ N_ (74b)
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i, =kyv,+kv,

kv
Lo ph iy =k + kv,
I =ky, + k:ri
' ’,UD LIIIIr.',!

(a) (b)
Figure 4.3 Average currents (a) directly proportional to phase voltages for unity power factor

case (b) expressed as sum of two phase voltages for active + reactiveypparation

The above mathematical expression is physically equivalgniling the current from two
voltage sources insteaaf just one as there can laenonzero current requirement when the
corresponding phase voltage is zero and vice vélgaphenomenon can be clearly seen when

the voltages and currents are viewedhmntime axis a shown in Fig.4

time(s) «10°

=== Lagging Current
Figure 4.4 Average currents fornity power factor and current with a phasg

4.2 Active + Reactive Power

Similar to unity power facto operatipthe phases still operate in DCM, TCGMdclamped

mode. Usually in standard SVNhe phase with maximum magnitude of current is clamped as
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was done in the case of unity power fadtoprevious chaptei~or example, in the case of 30
laggng power factor shown in Fig. 4.phase (has maximum magnitude of current in Sector I.

If phase C is clamped to P apdase A is in DCM as it has minimum magnitude of current

|Iir|{.|ﬂ.';|

Ilai.ﬂ.]

fh o thegn o e o tfh oo

kbl

ic{A)

irne
u.p.f. current
=== Lagging Current

Figure 4.5 Reference currents for unity power facamd30° lagging power factor

The simulated currents when phase C is clamped to P, phase A is in DCM and phase B is in
TCM are shown in Fig. 4.6. It can be seen thatbody diode of & starts to conduct current in
the positive direction when phase A is programmed to be off. This cuipele is undesirable

and cannot be compensated bg tontroller as shown in Fig.64
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73 74 75 7.6 x1le5
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Figure 4.6 Phase A current ineasing in positive direction as body diodesgfbecomes

forward biased

Thus, phase with maximum voltage idamped. Hence the phase shift for which this
algorithm gives significant improvement as compared to CCN1&30° as beyond 30 when
phase withmaximum absolute voltage will be clamped, it will also be the phase with minimum
current magnitude and the higher current phases will be switching. This is discudséallin

section 4.5.
4.2.10ptimal Range of Phase Shift30°-3(°

The averageurrents for 3Dphase lag are shown in Fig7. It can be seen that the challenge
is to generate average currents that are not directly proportional to input voltages thus generating
zero average current when the voltage is not zero and vice versawvAésothere is a phase lag,
it is possible that the currents and voltages do not have full circular symm#éig/\adtages are
symmetric aboubnephase angle anti¢ currents are symmetric abaudlifferent phasangle.lt

can be seen in Fig.7 that for 30 lag, currents and voltages are not symmetric after eveityus0
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the three phase symmetry still holds after every 60Hence, t wo sector so

in detail for this case

=== Lagging Current

Figure 4.7 Average currentor unity power factorand 30 lagging cases
4.2.2 Mathematical Model
Sector | (O0<¥yt<’"/6)
Each switching cycle can be divided into 6 switching intervals (the dead times are not

included as operation during dead time is very similanttyypower factocase) as shown in Fig.

0p e

4.8. The gating signals are also included to show the switching sequence. As can be seen in Fig.

4.7, average phase A curremda(g is negative, henca ripple should be negative as opposed to
unity power factoralso A phase (phase in DCM) is only allowed to conduct for two switching
intervals as in the end of sector |, average zero with positive phase voltage, hence tifies

andTsz should be zero at end of sectpthle detailedbperation is discussed bai.
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Figure 4.8 One switching cycle waveform for 3phase lag inector |

Interval | (0-T1)
During interval 1 Ss> andSc2conduct,c increasegroportional tgphase voltagelhe equivalent
circuitis shown in Figd.9,thephase currentsd sl opes are given
di,/dt= di./dt (v w)/2L (75)
The peak currents are given by:

i M- Vo) (76)

bpl = l'cpl 2|_

After ic reachescp1, Sc2is turned offas shown in Figd.8.

Figure 4.9 Equivalent circuit in Interval |
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Interval Il (T1-T1+T2)

After Sz is turned off, the voltage acroSs; drops to zero due to resonance between dgvice
capacitors and inductdag, henceSc: is turned on at 0 V&az is also turned on aridbegins to fall

The equivalent circuit is shown in Fi4g1l0. The phase currentsodo sl opes

di, /dt=(v, V,/3)/ L (77a)
di, /dt=(v, @V,/3)/L (77b)
di_/dt=(v, V,/3)/L (77¢)

The peak currents are given by:

iap2 = %(Va _\/0/3)T2 (783)
. . 1

bp2 =1 T(Vb &,/ 3)T, (78b)
iCpZ:iCpl -%(Vc \/‘0/3)1'2 (78c)

After iz reachesapz, Sa1is turned off as shown in Fid.8.

Figure 4.10 Equivalent circuit in Interval Il
Interval lll (T1+ T2 - Ta+ Tot+ Ta)

After Sa1is turned off, the voltage acroSs. drops to zero due to resonance between device
capacitors and inductdr, henceSaz is turned on at 0 VAt the beginning of intervdll, Saz is

turned on. Thus, starts torise the equivalent circuit is shown in Fidg.11, the phase

slopes are given by:
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di, /dt=(v, A,/3)/L (79a)
di, /dt=(y, A,/3)/L (79b)

di_/dt=(v, 2V,/3)/L (79¢

The peak currents are given by:

. . 1
Ibp3 =1 bp2 T (Vb \)4‘0/3)1-3 (803.)
lepz =1 oo %(vc &/, 13)T, (80b)

This interval ends wheig reaches zer®a; is turned off at the end dterval lll .

Figure 4.11 Equivalent circuit in Interval 11l
Interval IV (Ti+ To+ Ta- To+ To+ Ta+Ty)
In this mode,Ss2 and Sc1 conduct,the equivalent circuit is shown in Figh.12. The phase
currentsod sl opes are given by:
di/dt= di./dt & w+ /2L (81)

Thusic falls to zero during this interval, this interval ends whaeaches zero.

Vo o iz Ly V,
”l v;g Ij:f;: ElI"'_

Figure 4.12 Equivalent circuit in IntervalV
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Interval V (T1+ Tot+ Ta+Ts- Tat+ Tot Ta+Ta+Ts)
After ic reaches 01 is allowed to conduct for a little more time tdlreaches a negative value
Ir. The equivalent circuit is the same as in IntetValAt the end of this intervake: is turned off.

The peak negative curremtis given by:

| = (\/o + Vo -Vc) -E (82)
2L

Interval VI (Ti+ To+ Ta+Ta+Ts - Tit+ Tot Tat+ Tat+Ts+ Te)

After &1 is turned &, resonance occurs in betwedsvices 6 o0 ut p oapaciter® and c e
inductors ThusVgscireaches/o andVgscareaches 02 is turned on (as shown in Fig.8), the
equivalent circuitis showninFig.13 The phase currentsé sl opes

dip/dt= di,/dt & /2L (83)

The peak negative curremtis given by:

V- V) T;
| =2b ¢/ %6 84
Thus, i starts to increase again and this interval ends wdeedi, recahzero again and new

switching cycle starts fra here.

Vp iy Lp

&
[V gt

47
Figure 4.13 Equivalent circuit in IntervaVI
Thus,negative ripple is achieved in phasahen thephasevoltage is positivand ZVS tura
on is achieved by a combination of DCM, TCM and Clamped mode of operation.
Sectorl (" / 6 <¥}Y <"/ 3
From Fig.4.7, it can be seen that phase currents and voltages are in the same direction now.

While the magnitude of phase A average current is minimum, the corresponding phase voltage is
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much higher posing a challenge for the choice of switching states. The switcheéprm for

one switching cycle is shown in Fi¢14.

n/6w<t<n/3w
F 9 - - - - - -
| | | 1 1 |
Sas ] i1
| | | 1 1 |
Bl | 1 1 ] ] 1
S o o W
i 1 | 1 1 |
[ | 1 1 |
| ] 1 1 1 i
| | | 1 1 |
11 ! I ! !
L1 '
0 P |'t
iy Hepal TR
i [ [
Iy
| |
0 . | |
Ippil : i P11
*l ubpz H';”’j (I
F I, 101 T raT,)

Figure 4.14 One switching cycle waveform for 3phase lag inector |

Interval | (0-T1)

During interval 1 Ss> andSci conduct,c increaseproportional tgphasevoltage. The equivalent
circuit isthe same as in interval | of sector | @®wn inFig49), t he phase current
given byEqg. 75 The peak currents are given By. 76 After ic reachescp1, Sa2 is turned o as
shown in Fig4.14.

Interval Il (T1-T1+T2)

After Sa is turned onija begins tarise The equivalent circuit is shown in Fig.15. The phase

currentsod6 sl opes are given by:
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di,/dt=v,/ L (85a)
di, /dt=v,/ L (85b)

di, /dt=v,/ L (85c)

Figure 4.15 Equivalent circuit in Interval Il

Thepeak currents are given by:

iap2 = V_ETZ (86&)
. . V.

lop2 = b "TaTz (86b)
o =l T, (86c)

After ia reachesap, Si2 is turned off as shown in Fig.14.

Interval lll (T1+ T2 - Ta+ Tot+ Ta)

After Sy is turned off, the voltage acroSs: drops to zero due to resonance between ddvices
capacitors and inductdr,, henceSa: is turned on at O VAt the beginning of intervdll, Sa is
turned on. Thus, starts tofall, the equivalent circuit is shown in Fig.16, the phase <cu

slopes are given by:

di,/dt=(v, 2V,/3)/L (87a)
di, /dt=(y, A,/3)/L (87h)
di_/dt=(v, N, /3)/L (87¢)
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Figure 4.16 Equivalent circuit in Interval lll

The peak currents are given by:

. , 1
Ibp3 :|bp2 T(Vb \A-O/B)TEB (888)
s e A0, W, (83b)

This interval ends whein reaches zerca: is turned off at the end dfiterval l11.

Interval IV (T1+ To+ Ta- To+ To+ Ta+Ta)

In this mode Sg2 andSc1 conduct the equivalent circuit isthe same as in interval IV of sector |
(asshowninFigd12). The phase cur r ebg.@BlsTousisfdllotpzersdusnge gi v
this interval, this interval ends whereaches zero.

The operation of Interval V and VI is similar to Sector I, hence it is not discusskail for
the sake of brevityThe switching times considering ideal devices are calculated from the
following equationsTs andTs are calculated fron82) and 83) for a givenlr. Tz andT4 can be

derived in terms of1 andT> from the following equationor sector i

iap1+%(va V3T, & (89a)
ibpg+%—(\’°+‘;b T (89b)

Whereiap: andippz can be derived using Eqng6j, (76) and 80). For sector II,T3 andTs are

derivedfrom the following equations
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. +%(va N, I3T, 8 (90a)

ibp3+%—(v°+\;b AN (90b)

Whereiap: andippzcan be derived using Eqns. (78), (88) and (BBlsT: andT2 can be derived

from average current equations:

(T
apl
e =pa—$ KV, (91a)
ii1-6 I
A . T . T, . T T+T
) Ibpl§1+(| bpl +bp2)32 (H'bpz I b'ﬁ'a)é I bpsé I &'5726)
Ibavg = T + e k:1Vb (glb)
art at
ii1-6 ile6

The switching times for a 1.2 kW, 400V 4c, 115 Mams, L= 4 pH converterare shown in Fig.
4.17. The inductance ithe same as in unity power factdinimum I, for positive solutions of
conduction times is calculated &3 A as to compensate for the reactive power, higher ripple is

needed.

Figure 4.17 Switching timedor 1.2 KW R, 400 V Vg, L~ 4 pH, 115 V Vaems 3C° lagging

power factor

The full line cycle controshowing phases operatilycM, TCM andClamped mode is shown

in Fig. 418. The phase with th@aximum absolute voltage is clampednimum abslute average
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current is in DCM and the third phase operates in TCOMe switching frequency variation from
0-6PisshowninFig4d.19itbs only 12.5 % as comparedTheo

variation is symmetric after eve6p .
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u.p.f. current ims)
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Figure 4.18 Full line cycle control for 30lagging power factor
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Figure 4.19 Switching frequency variation for 1.2 KW,,R00 V \,, L~ 4 pH, 115 V Vyms, 30

lagging power factor

4.2.3 Verificationby Simulation

The converter is simulated from pealculated switching timesT{, T», Tz, Ts and Te), T4 is
detected in real time by@D of TCM phase. The simulated phase currents are shown id.E@).
ideal devices are considered in this simulation. The zoomed in waveforms in saotdl are

shown in Fig. 4.21 and4.22respectively
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Figure 4.20 Simulated phase currerfta 1.2kVA, 400 V Vo, 115 V Vagms, L~ 4 pH, 30°

lagging power factor rectér mode
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Figure 4.21 Zoom in current and gate signal waveforms showing ZVSdaarfor TCM phase

in (a) beginning (b) middle and (c) end of sector |
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Figure 4.22 Zoom in current and gate signal waveforms showing ZVSdaarfor TCM phase

in (a) beginning (b) middle and (c) end of sector |

The loss breakdowoomparison is shown in Fig.23. Despite higher conduction losses due to

higher ripple, the converter can still maintain ~99 % efficiency at 0.8 MHz.

Estimated Loss Breakdown,

15 Rectifier Mode @ 1.2 kW
210
&
©, o
0

Cond. Turn-on Turn-off
CCM@68kHz mTCM @ 0.8 MHz

Figure 4.23 Loss Breakdown Comparison of CCM at 50 kHz and TCRL.8&MHz at1.2

KVA, 400 V V,, 115 V Vinms, 3C° lagging power factor
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4.3 Control Implementation

The DSP implementation is very similar to unity power factor mode in Chapter 4, based on
the relatve magnitude of average curremsd voltagesthe catroller assigns DCM, TCM or
clamped mode of operation to each phase. The tifnesd T> are generated by the average
current compensators.

The operation for 3Uagging inverter mode is very similar to rectifier mode. The gate signals
for one switching cycle in sector | and Il for ime&r mode are shown in Fig. 4.2d)andb).

Average reference currents and voltages for inverter mode are shown4rbig.
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1 1 1} Ipzs 111t
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Fopz 1003 111

. 1L T,

(a) (b)
Figure 4.24 One switching cycle waveform for 3phase lag in (a) Sector | (b) Sector Il

inverter mode
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Figure 4.25Full line cycle control for inverter mode

The classified phase currents BE€M, TCM andclampedcurents areshown in Fig. 46.
Since after every 6Ghe phase clamped is changed and the clamping decision is taken based on
voltage magnitude, hencecin has a jump after every 60The closed loopmplementation is

shown in Fig. 4.27
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Figure 4.26 Reference DCMandTCM currents symmetric after every®%0
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Figure 4.27 Controller implementation for sector |

It can be seen in Fig..2B that the currents are symmetric after everyyasdl the TCM reference
current has a jump after every®6This jump is also visible inilin Fig. 417, hence it can be concluded

that a high feedforward gain is required in the compensator for phase shifted currents.

4.3.1 Verification bySimulation

The simulatiorresultswith the closed loop implementation fbr2 kVA, 400 V V4, 115V
Vacrms L= 4 pH, 30 lagging inverter modeare shownn Fig. 4.28 The detailed operation in
inverter mode is very similar to re¢éf mode The zoomin current waveforms are shown in Figs

4.29 and 4.30.
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Figure 4.28 Simulated phase currerfte 1.2 kVA, 400 V Vi, 115 Vaerms L= 4 pH, 3@ lagging

inverter mode
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Figure4. 29 Zoomin current and gate signal waveforms showing ZVS-aurrior TCM phase

in (a) beginning (b) middle and (c) end of sector | for inverter mode #&@fing power factor
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Figure 4.30 Zoomin current and gate signal waveforms showing ZVS-aurrior TCM phase

in (a) beginning (b) middle and (c) end of sectdot inverter mode at 30agging power factor

The filtered phase currents are shown in Fig. 4.31, the currents are able to follow the reference

currents.
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Figure 431 Filtered phase currents
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4.4 Experimental Verification

The proposed algorithm is validated on the Gaidverter shown in Chap. Jhe initial
compensator design is the same as discussed in Chap. 3 for unity power factor, however even after
P1 controller tuning, the filtered currents had >10 % THBe causes for the same are investigated
below.

4.4.1 Revised Compensator Design

The key challengefor phase shifted current operatiare implementation with asymmetry
combined with hardware delays causing higher negative current making the system more
complex.Thus,to model the simulatioas close as possible to teperimentasetup, thalelays
caused by ZCD signatpntroller and coverter delays are integrated into the system. The values

used for the TCMandDCM compensators are shown in Tablé.

Parameter DCM TCM
Kop 4*10°8 5+10°8
Ki 3*108 5106
Kt 2¢1077 1*108

Table 4.1 Compensator gains

The simulation results with hardwaaadcontroller delays included in the model are shown
in Figs. 4.32 and4.33. The results shown in Fig. 4.8%&re from a model not considering these
delays. It can be seen from Fg32that the ripple increases after delays are included, also the

filtered phase currents havetglies. These glitches occur after ever§. 60
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Figure 4.32 Simulated phase currents after considering delays in the model
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Figure 4 33 Simulated filtered phase currents after considering hardware delays in the model.
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The control timed1 and T, areanalyzedo get a deeper understandingdled issueThe plots
for T1 andT2 are shownn Fig. 4.341t is clear that likdrcm (from Fig. 428), T1 also requiresra
offset after every 60 This offset is partlysupplied by feedforward control howeveret
feedforwardgain cannot be further increased as higherl&ads to distortion in currents in the
middle d sectors. One of the methods that could be employed adfset additionin Ty after
every 60. An offset of 100 ns is added T after every 60and the siralated results are shown

in Fig. 4.35.
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Figure 4.34 T, andT, jumps inT; required
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Figure 4.35 Simulated filtered phase currents after an offset is add&datiter every 60

The position of offset is same feB°-3(° phase shift, it occurs after every®@3® shown in
Fig. 4.36. The simulation results f0r95 lag, 400 V W and 1.2 kVA are shown in Fig. 4.3X.

generic simulation model is built for the range &°-30° phase shift
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Figure 4.36 Reference DCM and TCMurrents for (a) 0.95 lag and (b) 0.9 lag
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