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ABSTRACT

Three-Level Neutral Point-Clamped (NPC) Traction Inverter Drive for Electric

Vehicles
Abhijit Choudhury, Ph.D.
Concordia University, 2015

The motivation of this project was to develop a theell neutral point clamped (NPC)
traction inverter for a permanent magnet synchronous machine tneehreeevel inverter
helps to reduce the total inverter losses at higher switching frequencies, compared-to a two
level inverter for electric vehiclapplications. The threlevel inverter has also more power
switches compared to the t@vel inverter. This helps to reduce the voltage stress across the
switches and the machine winding. In addition, it also allows an increase in tiekDC
voltage, wheh in turn helps to reduce the Bi@k current, phase conductor size and the
associated losses. Moreover, at higheriS voltages the power switches will have lower
thermal stress when compared to tHe&l. However, the NPC inverter topologies have an

inherent problem of DAink voltage balancing.

In the initial part of this thesis, a novel space vector basedirfkGsoltage balancing
strategy is proposed. This strategy can keep the twdirlkCcapacitor voltages balanced
during transient changes in thospeed and torque. The performance of the tlenes
inverter system is then compared with a d#eweel inverter based drive to validate its
performance improvement. The results showed a significant reduction in total voltage and
current harmonic distddns, reduced total inverter losses (by%)/and was even was able to

keep the neutral point fluctuation low at all operating load power factor conditions.

The second motivation of this thesis was to reduce the computational time in {tieeeal
implementation of the control logic. For this purpose, a modified carrier and hghriter
based PWM strategy was proposed, which also kept thBnRCapacitor voltages balanced.
The modified carrier based strategy was able to reduce the switching lossesezbtopthe
conventional strategies, while the hybadrrier based strategy kept the advantages of both

carrier and the space vector techniques.

Finally, a performance comparison study was carried out to compare the total harmonic
distortion, switching les distribution, and total inverter loss of all the four proposed

strategies.
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Chapter 1. Introduction

Due to continuous increase in fuel price, reduction in oil reserves and to reduce the air
pollution, electricvehicles havebecomeviable solutons. Due to advancement in power
electronics and battery technology it is possible to design much advanced electric and hybrid
electricvehicles with improved performanceAlso, it is now possible to dve anEV with a
rangeof 480 Kmon a single charggl], [2]. In the past DC machinesverewidely used for
traction applicatios, due to simple speed control technig({ig], [4]. However, compareto
the AC machins, DC machineshave major dawbacls of high rotor inertia, costand
maintenance issues reldt® brushes. Due thesedisadvantagesnodern day traction drives
are designed with AC machines. These types of mashimave simple mechanical
constructionand low maintenance cost. However, speeatrols forAC machines araot as
simple as DC maches. They need special power electronic converters to drive [them
[14]. Switch reluctance machines are also attractive solution for electric vehicle applications
due to their simple, rugged construction and fault tolerant design of power electronics
conwectors. However, due to their higher torque ripple and acoustic noise, they are not still
preferred for EV applications. However, for high power mining tracks where noise and
torgue ripple are not of great concern, they could be us€fgl. 1.1 shows thelassification

of different types of electric machines availatdetraction applications.

Electric Machines

DC AC

Commutator |
Synchronous Induction

Wound Field PM
Brushless DC Sine Wave Reluctance

Figurel.1 Electric machines used for traction applications.

Amongall AC machinesboth indwction and synhronos machines are generally widely
used for traction applicationslowever, permanent magnet synchronous machines (PMSM)
are most favourable, due to their high power densiggnes, which helpsreduce the
machine size analeight,compare to the induction ma&hines of the same peak power rating

(kW). Due to the presence of permanent magimethe rotor, PMSMscan produce higr
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torgue anddepictfaster dynamic response. However, to operate these machines for different
speed and load torgug controlledDC/AC invertersarerequired Moreover, these types of
converters need to be designed to produce high efficidbag. to the development of
adjustable DC/AC drives, thgerformances of AC machines hawereased tremendousl.

typical structure ofn adjustatd speedirive system is shown in Fig. 1.2.

PWM Signal

—]
z N
= —> - e ]
&)
<«

| I T

Rectifier Inverter Filter PM Motor
Battery Charger Traction Drive

Figurel.2 AC/DC/AC power converter stage for traction application.

The battery charging state includes a three phase rectifier which converts the three phase
AC voltage to DC voltage to charge the high voltage battery pack. Different types-bfCDC
converters are generally being used to match the voltage levels of rectified output voltage and
the voltage of the high voltage battery patke DC-link capacitor is geerally being used to
filter out the high frequency switching ripples from the battery. Diffetgpes of PWM
techniques are tneused to trigger the three phase inverter to drive the traction machine.
Furthermore C-filters are generally used at the put of the DC/ACinverter, to make the
voltageas close as possible stnusoidal foreffective motor operation When cable length
arelong, LC-filter is essentia]15], to reduce the stress appliea themachine windingsFig.

1.3 shows the different ailable DC/AC convertarusal for medium powetraction.

Voltage source inverters (VSIs) are generally preferred in adjustable traction speed drives
to control theoutput voltage and frequency. VSIs depict faster dynamic response compared to
current sourceonverters (CSIs), since there exists no line inductor in the DC link. VSIs can
be divided into two configurati@ntypical 2level and multilevel inverters. For future high
power electric traction applications, such as EV transit bus or railway prapulsio
applications, the battery Dlihk voltage needs to be increased to about 600 V (compared to
300 V, as is the case in the commercially available Nissan T)edfor a 2level inverter
scenario, with higher blocking voltage and frequency, losses (conduatid switching)

would be extremely high. These losses are usually dissipated by a heat sink. To dissipate this



large amount of power, the heat sink size and cooling system needs to be increased, which
will increasethe space requiremesntHence, multileveinverters are suggested as a solution,
mainly because it portrays a lower blocking voltage per device, which reduces the devise
losses compared tel@vel inverters [16]19].

Medium Power Drives
| ) | )
Direct Indirect IDC-lmk
|

Cycloconverter

| |
Voltage Source Current Source
|
| |
Multilevel Inverters 2-level Inverter
|
| r |
Cascaded Flying NPC
H-Bridge Capacitor

Figurel.3 Different DC/AC mwer converters use for motor drives applications.

Fundamentally, the-vel inverterbased vector control of PMSan be divided into
two categoles current control and voltage control. bBme current control strategya
hysteresis band is generally dse¢o keep the phase curremithin a predeterminedimit,
depending ora specifiedcurrent reference valu€Q]-[24]. However, due to the presence of
this hysteresis bandt is not possible to keepwitching frequencyconstant Switching
frequencykeeps on changingdepending orthe current reference and hysteresis band. Hence,
as far as possibléhis type of controbchemas not used foadjustablespeedrives.

On the other handvoltage contrded PWM strategies are generally widely used for
adjustate speeddrives, becausehey can providea fairly constant switching frequency.
Voltage controled PWM schemescan be divided intotwo strategies; continuous and
discontinuous conductiofCPWM, DPWM) Both the continuous and discontinuous
conduction modean be further subdivided intbhe Sine PWM (SPWM) and Spacevector
PWM (SV-PWM) techniquesThe maximum phase voltage peak, which can be achieved by
SV-PWM is 57.77% of the total D@nk voltage. It is around 15% more compared to the
sinePWM technique [3]. SPWM is the simplest constant switching frequency PWM
scheme usedh adjustable speed driveblowever, itresults inreducedDC-link voltage
utilization compard to the SYPWM scheme Hence,SV-PWM technique are the most
widely used for generating stwhing pulses forDC/AC traction inverters[26]-[31].
However, sindriangle PWM with third harmonic injection shows the sameld& voltage
utilization asSVPWM based strategliscussed in [32]34].
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To improve inverter efficiency by reducing the switahiosses at peak load currents, a
control strategy was introduced by researsiretate 1990s. It is known athe discontinuous
pulse width modulation schem8g]-[39]. In this strategy, whethe inverter phase current
goes higher than a specified limdne of the phaseis forced tobe clamped toeither the
positive orthe negative DCvoltage As one of the inverter phasstogs switching forcertain
time duration(120°), it reduces the switching losses to around 38%mparé to the
conventional PWM tdmique B5].

In EVsthe main bottle neck is the battery pack, because it is the main source of power to
the motor and other control circuits which drives the vehitlee kattery pack takes a
significant amounof the space for vehicdewhich directly im@ct on the vehicle weight and
performance. One way to approach this problem is to dewelowre advanced battery
technology to increase the power density of the battery module or to increase the power
density of the inverter drives module. The main spaied by the inverter drive system is
by the heat sink, DAink capacitor and the other passive componentfySeducinghe size
of those components, it will be possible to reduce the total size of the system. The size of the
passive components iesigned by the operating frequency and size of the heat sink is
designed by the power switches losses. So increagbe switching frequencyf the
conventional twdevel inverter will reduce the passive component size. However, it will
increase the swiking losses which will directlyhave aneffect on the size othe cooling
system and heat sink size. Presently at higher machinessemce base spedige switching
frequency is generally 12kHz depending on load torque requirement andliDiC voltage
generally 45@ V to keep the switch losses low. However, it introduces more curretttefor
same amount of output power commhte the higher DC bus voltagerig. 14 shows the
generalschematic of electric vehiclirive train

To overcome these priams, a 3evel inverter could be a potential solution. It has
reduced switcimg losses and voltage rating per device arealso half for same D@nk
voltage level. Multilevel inverters have attracted special attention in high power applications
for thelast three decades, after its introduction in 1981 [40]. Due to low power ratings of the
switches used for multilevel inverters compared to-lew@l| inverters for same D8us

voltages, switching losseésducess the switching frequency increases [19].



Figurel.4 Schematic ofipure electric vehicle control.

There are other additional advantages like a reduction in total harmonic distortion (THD)
due to an increase in the number of voltage steps, whichdéddenaes EMI emission and high
dv/dt stress across semiconductor switches. Other typical problems associated setretwo
invertess like stator winding insulation break down and bearing failures can also be

significantly reduced in threlevel invertes [41].

1.1. Different Multi -Level Inverter Control Strategies
As shown in fig. 1.3, multilevel inverters can be divided into three categériéstailed

study on the different multilevel inverter strategies are explained as follows.

1.1.1.H-Bridge Inverter

Fig. 15 shows the block diagram od cascaded Hbridge inverter[42]-[47]. In this
topology, each power unit, whicks composed of four power switches, is supplied by
separate DC voltage usitHence,the number of voltage steps the output voltage will be
(2n+1), where n is the total number ofseparateDC-power supply ung Hence, in
applicationsrequiring separateDC power sourcesH-bridge inverters present an attractive
solution However,for EV applicatiors, wherethe source ofDC power supply isa high
voltage battery packit would be very difficult to extractseparate connectisrout of each
battery cell or battery moduléMoreover, extra control circuits may also be required to
balance the cellswhich will add extra complexity to the systerfhus, an H-bridge

multilevel inverter may not ban optimalsolutionfor EV drives
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Figurel.5 Threephase Hevel cascaded #ridge inverter.

However, in applications where smaliscreteDC power sources are avala, such as
fuel cells, wind power, andsolar power, the Hbridge multileveltopology could provide

enormoudenefit

1.1.2.Flying Capacitor Inverter

Fig. 1.6 shows the topology of a capacittamped (flying capacitor) multilevel DC/AC
inverter. It was firsintroduced by Meynard and Foch in 1992 [48]. In this topologynfor
number of output voltage levelsn-1) numbers of capacitors are generally required. The
capacitors are connected in a ladder structure, whereby each capacitor voltage is different
from the nearest one. One of the advantages of this topology is that, it has redundancies for
inner voltage levels. In other words, two or more valid switching combinations can produce a
desired output voltage. Moreover, the phase redundancy of clamped capaeipsr balance
the capacitor voltages [49$4]. However, due to the large number of capacitors required in
this topology, serious space implications exist, which negatively influences the power density
of the inverter. Hence, this topology may not belifst choice for EV traction, where space

and passive component size reduction is of primary importance.
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1.1.3.N-Level Neutral-Point-Clamped (NPC) Inverter

Fig. 17 shows the schematic diagram #oneutral poindiodeclamped (NPC) multilevel

inverter, introduced by Nabae, Takahasand Akagjin 1981 B0]. Compare to the flying

capacitortopology, in NPC inverters,capacitors are replaced by diodasd the common

points areconnected to the DC link capacitoeutral point. For an n-level NPC inverter,

required numbers of capacitors would hel}. Hence the total numbetrof capacitors uses

reduced drastically, which helps reduase ofpassive componens. This also reduces the

overall space and weighiTherefore, comparing space, weight, and complexity of control

strategy, as well as to reduce the number of passive components, NPC multilevel inverters are

found to be the prime choice among theeéhmultilevel invertetopological options
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1.2. Different Available PWM Strategies for Multi -Level Inverters

Although, 3-level neutral point clampkinverters (NPC) have been studopdte widely

recently the DGIink voltage balancing algorithm is stillmajorconcern55] and considered

a disadvantage from a control standpoMthen the two DC-link capacitor voltagesre

unbalanced, the DA@ink neutral pointpotential (NPPxan significantly fluctuate, which may

cause failure of the switches due to oveltagestress. Increasing the DC link capacitance

may solve this problem to some extembwever, this scenarwill increase the overall cost

of the system. Therexist numeroustopologies for balancing the two Diflis capacitor

voltages, dependgon application requirements. generalthereexisttwo types of DClink

capacitor voltage balancingchemesin literature; Hardware and PWM based cohtr

techniqus. In the hardware based techniqusyo capacitor voltages are Keponstant by



using two separate rectifierdd], wherdy they need two transformers with isolated
secondary windings, which in turn, increases the total systemMostover, hey are large,
less efficientand add more cost to the systerhis type of transformer can be replaced by
connecting tw backto-back NPC converter&y]-[59].

Again, PWM based control strategider 3-level invertes can be divided ito three
categories[60]: 1. Selectiveharmonieelimination (SHE), 2. Carrierbased PWM CB-
PWM), and 3. Spacevector PWM (SVPWM). A detailed study of the available and most
widely used available D®us balancing topologies goeesentedbelow.

1.2.1.SelectiveHarmonic-Eliminati on (SHE) Based PWM Strategy

Selective harmonic elimination strategy provides certain advantages over other PWM
based control strategies [6[B4]; such as reducing the switching losses bguced
switching, béer utilization of the D@ink voltage and higer power quality by reducing the
lower order harmonic components. However, all the SHE strategies proposed so far are based
on the generati on i,0.flll)cThesenangles aré gemeratachby éqaeating U
the equation of the harmonic componeotzerq that are required to eliminat8olutions of
these equations are computationally cumbersome and take a lot of processor memory and
processing time. Hence, most of the SHE strategies are generally used for high and medium
power applications, whergwitching frequencies are in the range of -800 Hz and power
frequency of 80 Hz. Moreover, no Ddink voltage balancing strategy is shown witte
SHE strategy, which will make the system more complicated for multilevel inverters. The
DC-link of theseinverters is generally supplied by separate tpiegse rectifiers across each
capacitor for NPC inverters. Hence, for electric vehicle applications where, machine speed
goes as high as 800.0 Hz and the-ID& balancing strategy will also be incorporat&dh
the PWM strategy, SHE technique could not be of great interest.

1.2.2.Carrier PWM Based Strategy
Basedon the YWM control strategya switching frequencyptimized PWM control

(SFOPWM) wasintroducedfor NPC inverterswith DC-link voltage balancing [&. In this

strategy depending orthe DC-link capacitor voltage deviation, offsatere usedn addition

to the referencdéhreephase voltagesignals. Because @PWM, this strategy isot easily
able to utilize DGink capacitor voltage efficiengycompare to SV-PWM strategy Large
values of DC-link capacitos are used, which helps redudbe DC-link capacitor voltage
deviation.On the other handhe proposed stratedyasnot beentested fora wide rangeof

speed and torque variation, to show performaaftieiency.
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Based on average neutiadint current flowing into or outof the DClink capacitor, a
capacitor voltage balancing strategy is also proposgg&b], [67]. In this strategythe neutral
point current is integratedvhich generates the neutgdint voltage deviatiorBased on this
value, a zero sequence volta@e) is added or subtracted from the reference voltage signal
to generate the switching puls&ecause of neutral point current integratitive procedure
hasa certain timedelay assoiated with it. Hence, for high speeg@erationthis strategymay
introduce larger voltage deviation the DC-link capacitor voltages. Moreover, capacitor
values selected is also highand no transient or steady state performances are stown
validate he proposed scheme.

A hysteresicontroler for capacitor voltage balancing gesentedn [68], which keeps
the two DCIink capacitor voltageithin a certain toleranceband. Unfortunately this
technique has no restriction on the choice of switchiate sand simultaneous switching may
occur. Instantaneously switching an output through more than one level can result in
significantvoltage stressing of devices. Aldestresults showthatthe neutral point rapidly
divergeswhenthe controlsignal is emoved However, without sharing the redundant states,
the PWMcontrolleritself becomes unbalanced, and neutral point divergence is unavoidable

Another DCIlink voltage balancing scheme is also proposed based on integration of
neutral point capacitor ctantin [69]. In this studytheeffect ofaregenerative condition on
capacitor balancing is also considered.

An improved carrier based PWM (GBNM) is proposedn [70], based on NTVSVM
strategy. In this strategy zeresequence component of voltagesde on capacitor voltage
unbalanceis added to the reference voltage signal. Performance comparisoSRWIM
strategy based on NP voltage oscillatiors also studied. However, applications of the
proposed system with system transients are not showredMer, addition of zersequence
voltagecomponentsvith the reference voltagesuld lead to a modulation value, which can
clamp one of the phase voltagd@#is situation can create further unbalance at the neutral
point.

A carrierbased PWM strategy iatroduced in [80], which is capable of eliminating low
order harmonics. However, it increases the switching frequency byhwdecompared to
conventional SWPWM techniques. In this control strategy, 1)@k voltage deviation is
reduced by shifting the odified modulation signals in accordance with the capacitor voltage
differences. However, no transient results are shown to demonstrate thekD@ltage

balancing ability of the scheme and the system takes a considerable timecbef@mging
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A PI cortroller is proposed in [72]75], to calculate the NPP fluctuation wighcarrier
based PWM technique. In this strategy, neutral point current is integrated for one switching
cycle, and then it is subtracts from zero, and passes through a Pl contraenetate the
duty for redundant voltage vectors. Although experimental results show that the proposed
control strategy is capable of keeping the neutral point voltage stable, the system is highly
dependent on the PI gain.

A carrier based neutral point jgotiial regulator is proposed in [76], with continuous
change in variable offset voltage components, to keep the capacitor voltage deviation
constant. The offset is generated, by comparing the difference between the capacitor voltages,
with zera and passhrough PI control block. As a PI controller has its own settling time and
overshoot, for motor drive applications, it may lead to asymmetrical switching of NPC
inverter.

Based on the sensed motor phase currents and power factor, an analytical equation is
derived to calculate the DG@ffset voltage to remove the PI controller and the twoliDic
voltage sensors in [77]. For this analysis a balanced system is considered, and it is assumed
that all the machine parameter will remain constant. Howévesractcal system machine
parameters varies with temperature and other fgoidrich can leads to an inaccurate value
of the DGCoffset voltage. An inaccurate D@ffset value could lead to a more unstable
system. Moreover, no experimental studies are performatide the effectiveness of the
proposed system.

A carrierbased D@ink voltage balancing topology, with injection of third harmonic
component in the fundamental, is presented in [78]. TheaBmonic is added with both the
carrier and the reference moditibn signal and the NPP variation is studied. Although results
showed a stable operation of the NPP in steady state, at transients it may clamp one of the
phass and introduce over modulation.

DC-link capacitor balancing by injecting a neutral point cuoiriie proposed in [79]. The
main shortcoming of this strategy is the additional hardware and complexity of the control
system. Another method, by connecting the neutral point of inverter and the corresponding
AC-side system, is presented in [80]. The dragkbof this method is the existence of zero
sequence current on the AC side, which may not be acceptable, due to heating or magnetic
saturation of transformer.

Another carrier based strategy with offset addition is proposed in [81]. Simulation and
experimatal results are shown to validate the strategy. Results showed required steady state

stability, however no transient performances are demonstrated.
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In [82], [83] a modified carrier signal is proposed, based on thenmai control. It
divided the main cair signal in two parts for upper and lower carrier signals. It also
proposed an analytical calculation of the duty ratio that is required to add with the main
modulating signal to keep the BI@k capacitors balanced. However, it has a common
problem withthe calculation of the proper D@ifset value. If this generated Bdifset goes
out of limit, it could unbalance the capacitohsmodified carrier based PWM scheme, which
uses one carrier frequency instead of two is shown in [84]. HoweveilinRCapacior
balancing capability is not shown.

In [85], authors showed three different type of catbi@seémodulation for NPC inverter
depending on the phase shift between the two carrier signals. Simulation studies are
performed to show the total voltage andreat harmonic distortion. However results are
shown to balance the two Diibk capacitor voltages.

1.2.3.SpaceVector Based PWM (SVPWM) Strategy

A generalized, fast SVM algorithm for multilevel inverters is proposed in [86hfor
number of levels, to redacimplementation complexity. However, no simulation and
experimental results are shown to prove the system performance.

A control strategy based on small voltage vector redundancy is presented and
experimentally verified in [87]89]. In this topology, ag d u n d a n ¢y dis finmoducem r
to utilize the positive and negative small voltage vectors, which produce the same output
voltage, but affects the two capacitor voltages differently. However, to compute the value of
AU oonline, it produces 1.0 1mec of computation delayme. This is an iterative process
which may introduce higher capacitor voltage deviation for application like motor drives with
high load transients. Experimental resdte shown only at steady state and it shiange
computational delay time to reducapacitor voltage deviation. DIk voltage balancing
for over modulation regions are also studied and implemented by researches in [90]. In this
strategy conventional nearest three vector (N3V) scheme is used at modulation indices below
1 and above thdhe proposed strategy is used.

Based on the distribution of redundant small voltage vecemotheicontrol strategy is
introduced in [91], [92]. In this topology, 4 slectors are further divided in to 6, to make
the number of switching sequences syririoal. Although experimental results show
reduced capacitor voltage variation, system transient studies are not performed. Moreover,
derivation of Udis msotshowiand sysiem cdmautational corfiplexity also

increased due to increased number ofseitiors.
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Based onthe two capacitor voltage deviation, calculated from individual capacitor
currents, a capacitor voltage balancing algorithm is also proposed93]. Switching
sequences are generally altered depending on the instantaneous states of capacitor voltages.
As capacitor voltages are calculated by integration, additional computation delay time is
introduced in the system. Moreover, in this stratégyh the positive and negative redundant
states are used in the same switching sequence, which may influence the capacitor voltage
deviation in transients.

A virtual spacevector scheme (VSVS) an advanced PWM schenie capable of
controlling the neutrgboint voltage over entire range of output voltage is presented in [94].
According to this topology, the virtual point, based on the small and medium voltage vectors,
is added in each sector, which helps to keep the capacitor voltage deviation at a
predetemined level. However, the inclusion of an additional vector, which keeps neutral
point current zero, creates a more complicated system in terms -tiihmeamplementation
and increases the switching frequency. Moreover, experimental results show ahyssiéa
results, without any transients and rapid load variations.

A more complicated system is proposed based on dividing the space vector area into more
sectors by calculation of position and length of the boundary vectors in [95]. Redundant
voltage vetors time duration are calculated usinglid& voltage unbalance, neutral point
current and D@ink capacitance.

A SV-PWM technique which can operate at deep modulation indices and at low power
factor is proposed in [96]. The proposed strategy claimsetiuce the effect of third
harmonics in the neutral. The modulation indexes are obtained directly from the unbalanced
SV diagram. Experimental results show significant am®uwit deviation in capacitor
voltages. Also, low frequency NP voltage oscillatitih gersists.

A number of modified NTV control strategies are proposed in [97], [98] wheihein
capacitor voltage deviation is kept under a certain band, by sensingptines@ currents.
Based on the-Bhase currents, the neutral point current is cated| and duty ratios of the
nearest three vectors are changed, to keep current in a particular tolerance level. The control
action is set to take place at the zero crossing of neutral current. Although this topology is
capable of keeping the neutral ponoltage at a desired level, it needs a lot of computation as
well as zero neutral point current detection, and still it produces significant amount of
capacitor voltage deviation.

An iterative technique to solve the Bi@k capacitor voltage balancing moposed in

[99], depending on the neutral point current. In this strategy, theseetence voltage is
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added at each sampling time, and neutral point potential is observed, to keep the voltage
deviation within a particular band. Although capacitor \gdtadeviation was maintained
within a particular band, system computation time is very large, and hence, makes this
strategy norsuitable for fast transient systems.

An alternative DC-link voltage balancing strategy, based on -tvepacitor voltage
sensing,is proposed in [100] and [101]. In this strategy, the duty time of the redundant
voltage vectors are changed between each switching cycle, based on the capacitor voltage
unbalance. Although the proposed controller showed fairly good performance, the system
may suffer from asymmetrical switching, due to the change in duty in between switching
cycles. Moreover, due to the switching vector change in between switching cycle, could lead
to more switching losses. Furthermore, a-PWM bagd 3-level invert controlstrategy is
also developed without considering the problem with capacitor voltage balancing in [102],
[103].

A detailed study of the effect of linear and nonlinear loads oHild capacitor voltages
is presented in [104]. However, no neutral point batamnstrategy is proposed. Based on the
symmetry between-Rvel inverter space vector diagram and tHev@l inverter, a modified
DC-link capacitor voltage balancing topology is developed105]. Although, the control
strategy developed is fairly nové,makes the system too complicated. A hybrid controller,
using SVPWM and SHEPWM, is proposed in [63]. However, the problem associated with
capacitor voltage deviation is not presented.

A new space vector modulation scheme, to eliminate even ordeotiasmn the inverter
output voltages, is proposed in [106]. However,-IDR voltage balancing capability is not
proven with the proposed scheme. A modified control strategy, by calculating the time offset,
based on phase current, and the dwell time efdmall and medium voltage vectors, is
proposed in [107]. Simulation and experimental results are presented to support the control
scheme. However, effects of the control strategy on the phase voltage harmonic distortion are
not presented.

A hybrid control strategy based on NTV and NTVs proposed in [108], [109]. The
proposed strategy uses nearest three vector (NTV) modulation scheme for each fundamental
cycle and uses NT&/ when NTV scheme is not sufficient enough to keep thelillC
capacitor voltage able. Although experimental results show required performance with
balanced load, dynamic performance of the system is not validated.

Another capacitor voltage balancing strategy based on the redundant voltage vectors is

proposed in [110]. In this strate@mpth the positive and negative voltage vectors are used in
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each switching sequence which increases switching losses by introducing more switching
states. Moreover, the redundant vestase time sharing between the positive and negative
voltage vectors,a keep the Ddink capacitor voltages balanced. However, if the time
sharing is not optimizedt would create additional voltage deviatiatneutral point. In [111]
authors presented direct torque control of induction machine with-liawreeNPC inverte

However, no Ddink capacitor voltage balancing issue is discussed.

1.2.4.0ther Available Neutral Point Clamped Control Schemes

Another critical issue with adjustable speed drives is that they inherently produce
commonmode voltages, which generate commmace currents. These currents flow though
stray capacitances of electric machines very easily. Hence, these currents directly affect
machine bearings and generate elentemnetic interference (EMI) with neighbouring
electronic devices. Multilevel invertergqauce lower EMI than a correspondinge®el
inverter of same size (kW output power rating). However, to reduce the EMI effect further, a
carrierbased PWM control strategy is proposed in 112 [113] a DCIlink voltage
balancing strategy is proposedtlwreduced common mode voltage. However, no transient
results are shown to demonstrate the controllability of the proposed scheme.

A self-neutral point balancing topology is proposed in [114], [115] whereby the switching
sequence related to the upper aodidr capacitors are used alternatively. Althqutiis
configuration is suitabléor systems with slowdynamics, for adjustable speed drives, it may
cause tremendous amount of issues. Moreover, if the capacitor voltages have some initial
unbalance, it caproduce further deviation, if it is not stabilized quickly.

A hysteresis current control basede8el NPC inverter with D@ink capacitor voltage
balancing is also proposed in [14@R1]. In this control strategy, like-vel hysteresis
current controlreference and load currents are compared and passed through a hysteresis
block to generate the PWM control signals for the switches. Althatgh a fast control
strategy, it suffers from the fundamental problem of variable switching frequency, which
keeps changing with load variations and the hysteresis band. The problem associated with
pure reactive power compensation fete8el inverter used in Flexible AC Transmission
systems (FACTS) and balancing Bi6k capacitor voltages under those conditions ar
proposed in [122].

Different fault tolerant operations of neutral point clamped inverter with active NPC is
also proposed in [123], [124]. In these strategies the NPC diodes are replaced with switches,

which can enable the system to operate for bothesiagd multiple device open and short
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circuit conditions, which intern increases the system reliability. However, with higher
numbers of IGBT switches instead of power diodes will make the system cost and total

inverter losses comparatively higher thang¢baventional NPC structure.

1.3.DiscontinuousPWM Scheme for Threelevel Inverter
In case of continuous PWM strategies, phase voltages are continuously switched between

positive, negative, or zero switching states. When the inverter load current is high, this
switching contributesonsiderable amount sfvitching losses in the converter, which lowers
the inverter efficiency considerably. In case of a discontinuous PWM strategy, depending on
load current, one of the phase stops switching fof, 128 that swithing losses are reduced.
With this strategy, the inverter switching loss can be reduced tohode compared to the
conventional SWPWM strategy. In case of-l2vel inverters, since there exists no issue
related to capacitor voltage unbalance, it is Widesed in adjustable speed drives. However,
in case of a devel inverter, it produces challenges, because of capacitor voltage unbalance.
Few research studies show possible switching schemes, which alleliinkD€apacitor
voltage balance even in a distionous zone [125]128]. However, results are not still
convincing for adjustable speed drives, with dynamic changes in load.

A detailed comparative study is performed in [2PE§2], to show the performance
comparison between carribased and SVPWWM. Results show that, when carribased
PWM is used, computation time reduces by 50%, compared to whd?PM\8W is used. It
must be noted, however, that total harmonic distortion (THD) for both control strategies are
identical.

Compared to a Surface PMSM (SPMSNiterior PMSM (IPMSM) has a broader range
of speed variation, because of larger stator inductance. Moreover, because of the presence of
reluctance torque, which exists due to the difference between the two inductaraedl,q,
torqgue produced by IPMS$/is slightly higher compared to SPMSMs for timikar perunit
stator current [133]145]. Hence, the performance of an IPMSM will also be studied, with a

3-level inverter, and its effect on Diihk capacitor voltage balancing will be analysed.

1.4.ResearchGoals and Objectives
The main focus of this projectis:

1. Develop a PWM control stratedggr threelevel neutral point clamped inverter (NPC)
which takes care of the DIihk voltage balancing with the modulation technique, without

any external voltage bahcing hardware circuit.
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2. Detailed performance comparison study between - tand thredevel inverter
considering, total voltage harmonic distortion (THD), capacitor current ripglgif,
torque ripple Trip) and total inverter loss (Switching and cantion).

3. Performance analysis of thrésvel inverter withSVPWM, carrier based PWMand
discontinuous pulse width modulation (DPWM) scheme

4. Performance analysis of the proposed thesel inverter controller with interior

permanent magnet machine (IPMSHd) wide range of speed variat®n

1.5.ResearchContribution s
Following are theéey contributiors of thisresearch:

A novelreducedswitching losdhased SVPWNMtrategyis proposedor both the $MSM

and IPMSM including field weakening operation. The devedopentroller is also
capable ofsustainingthe difference between the Ei@k capacitor voltages within a
tolerance level.

Detailed simulationexperimental andalidation studiesare carried out, to depict the
performance improvement using the proposeatrobd strategyof the 3level overthe 2-

level inverter. Comparative analyses of the rearkslso presented.

A hybrid carrier based PWM stratedgr both continuous and discontinuous conduction
modeis proposed, which uses both the carrier based awksfector strategy to keep the
DC-link capacitor voltages balanced (Hybrid PWM).

Detailed comparison studies of conduction and switching loss distribution for IGBTS,
IGBT anti parallel diodes, and NPC diodes are carried out with change in modulation
index for conventional and the different proposed control strategies. Total inverter losses,
torque ripple, neutral point voltage fluctuation comparison with change in switching

frequencies is also carried out.

The following journal papers as well as interioaial conferencepapershave been
published as a direct result of the research conduactedg myDoctoral Program.
Journal:
Published:
1. A. Choudhury, P. Pill ay, and S. S. Wil liamson,
level and thredevel DC/AC electric ehicle traction inverters using a novel Higk
vol t age bal anEEE dayrnahdf Gnoerging amdnSelected Topic in Power
Electronics vol. 2, no. 3, pp. 52840, Sept. 2014.
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2. A. Choudhury, P. Pill ay, an dlinkSoltags balaiwip forlai3lavels o n A
electric vehicle traction inverter using a
IEEE Journal of Emerging and Selected Topic in Power Electrprims 2, no. 2, pp.

296-307, June 2014.

Under Review:

1. A. Choudhury, P. Pillay, andS . S. Wi Mddified DG-bus voltage balancing
algorithm based threlevel neutral point clamped IPMSM drive for electric vehicle
applications Submitted for review inEEE trans. on Industrial Electronics

2. A. Choudhury, P. Pillay and S. S. Williarson, iModified DC-bus voltage balancing
algorithm for thredevel neutral point clamped PMSM traction inverter drive with low
power factoy Submitted for review inEEE trans. on IndusyrApplications

3. A. Choudhury, P. Pill ay, and rig&-PWMhased\Ddink violeages o n , A
balancing algorithm for a-Eevel neutralpointclamped (NPC) DC/AC traction inverter
dr i Submitbed for review inEEE Journal of Emerging and Selected Topics in Power
Electronics

4. A. Choudhury, P. Pillay, and SS. Williams o @ Modiiied DiscontinuousPWM three
level reutral point damped (NPCYractioninverterdrive for electric vehicle q@pulsion
applications Submitted for review inEEE trans. on Power Electronics

Conference

1. A. Choudhury, P. Pillay, and S. S. Willa ms A IHyprid-RWM Technique Based DC
Link Voltage Balancing Algorithm for a-Bevel NeutralPointClamped (NPC) DC/AC
Traction Inverter Drive 6 Accept ed ind&noc. gqnriEEE Applied Power n
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1.6. Organization of the proposal
This proposal is organized as follows:

Chapter 1: Presents detail literature survey on the types of inverter used faicelestticle

drive application, their drawbacks and requirement for tleeel inverter. Also different
existing DClink voltage balancing topologies are described and their associated problems for
electric vehicle drives applications are also highlighted.

Chapter 2: Investigate the root cause for Bi@k voltage unbalance and proposededuced
switching loss basedontrol stratey, which keeps the two D@nk voltages balanced in a
particular tolerance level of (5%f)etotal DClink voltage. The proposestheme also able to

use lower number of switching states comgarethe conventional ondetail simulation

and experimental studies are carried out to proof the controllability of the proposed system.
Furthermore, the strategymodified to take carefdhe lower power factor condition.

Chapter 3: Presents a details simulation and experimental study ofeve inverter with
SPMSM machine. The results are then compared with theltrekinverter based drivén
analytical expression of capacitor mmt is also derivedResults show a considerable
improvementin total voltage harmonic distortion for thré®vel inverter with the proposed
scheme and also considerable amount of reduction in total inverter losses as well.

Chapter 4. A modified carrier ased PWM is proposed, which reduced the number of carrier
signals to one and also simplifies the expression of duty cycle to trigger the IGBT switches.
Moreover, a hybrid PWM strategy is proposed which uses the carrier based approach to
generate the dutyycle with reducedcomputational time and complexity associated with the
SVPWM based strategy and uses the redundant vector approach to keep-link DC
capacitorvoltagesbalanced. It helps eliminate the Exffset adlition associated with the
carrier base@pproaclks The proposed strategy is further extended for discontinuous PWM
based control.

Chapter 5: The performance comparison sieglof different proposed PWM strategies with
change in modulation index and switching frequency is studied. Total vatayeurrent
harmonic distortios arealso considered.

Chapter 6: Space vector PWM strategy developed in chapterapplied toa IPMSM and
performance of the system is observed with change in machine speed and torque. A modified
strategy is proposad field weakening region whesystem power factor goes leading.

Chapter 7: Describe theonclusions antuture work
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1.7.Summary of Chapter 1
This chapter provides a detailed literature survey on the existing inverter topologies and

requirement of using thrdevel inverter for electric vehicle applications. Different available
DC-link voltage balancing algorithms aamalysedand problem of applying those topologies
to electric vehicles are alsmalysedResearch goals and objective, organization offtesis

are explained and research contributions are also added as well.
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Chapter 2. Three-Level Traction Inverter Drive

In permanent magnet synchronous mot@®sSMs)no field windingexistsin the rotor
hence,no slip ring is requireds ina synchronos machine. It makes the machine rotor
inertia low Also, as high power density permanent magnets are ustt notor, machine
volume isalsosignificantly low compare to aninduction machinef same size (kW rating)
Moreover,due tothe absence of rotowinding or copperconductors irthe rotor, machine
efficiency isquite high. All these features make permanent magnet mathéitgest choice
for electric vehicl§EV) applications. Therexist primarilytwo types of PMSM; surface and
interior type, depending on the location of the permanent magrigts 21 shows the surface
PMSM rotor geometry. As can be observed in surface PMSM (SPMSM), magnets are placed
on top of rotor, so the- and g- axis inductances are same. However, for interior PMSM
(IPMSM), magnets are burietth the rotor, which leads to difference in tbeand g- axis
inductances. In EV industry both the surface and interior PMSM are generally being used,
depending on application specific requirement. Interior or inset PMSM has a wider spe
range compadwkto the surface PMSM, due to its differentelq andLq value, which leasito
provide reluctance torque. In this chapter, we are going to develop machine model equations
and control topology for surface PMSM (SPMSM).
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Figure2.1 Surface PMSM rotor. Figure2.2 Phasor diagram of PMSM
2.1.Machine Modelling
The machine model equatiooan be represented as follows:
gd:rs(jci+p@d_'xe/q (21)
0,=1,0,+pj, +ul/, +/) @2
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E,. =k, Qv (2.3)

Vi = (Bt @ +i, OKF 4,0+, 0.f @9
Ja=LQ, (2:5)
/=L, ®q (26)
T, =(3P2)d &, - (L, - L,) 6, 6] (27)

Here,P is the total number of macleimole, p is the dv/dty andv, are thed- andg- axes
components of the stator voltage, respectiviglgndiqy are thed- andg- axes components of
stator current, respectivelss is the stator resistancey andt 4 arethe stator flux linkages in
the d- and g-axes, respectivel\.q andLq are thed- and g- axis inductancesa-is the rotor
magnet flux linkage, due to the permanent magnet on the rotorEgids, the induced back
EMF, due to rotor magnet flulinkage, k, is the backEMF constant,X is the winding
reactance of the machine s the machine pole pail;is the reference current vectsinown
in the phasor diagram,is the power factor angle betwees andls, and¥. is the reference
field speed. The steadgtate phasor diagram of the PMSM is shown in Rig. As for
surface PMSM (SPMSMY- and g-axis inductances are samky = Lg), (2.7) can be
expressed likeX(8).

T, =(3P2)d @, (28)

2.2.PMSM Control Strategy

Batter
Gate 1. 4
Signals | i ]
Wyef Te i f
Torque|_'x vd —>
—b- Cm?v —»  vVector v—l" pwym ] Two/ Three
v 4 i
o i p| Control |1 ] _»| Level Inverter
drel

7% 1 I,

N

(.

SPMSM

Rotor position and speed

Figure2.3 Vector control of PMSM

Fig. 2.3 shows the control circuit diagram of PMSM. To control the maghine
conventional vector control strategy is used. To implement the control strategy, we need three
current sensordor 3-phase currerstmeasurement and a position encoder. Both the signals
are feed back to the control board. From the position information speed of the machine can be
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estimated, as shown i2.9). Where d, andd+1) are instantaneous position of rotor arid
the sample time. So based tirese two variables and depending tbe reference speed
commandy ;, d- andg- axis reference voltages are generated, as showhlipgnd 2.2).
These reference voltage vectors are common for both two andldheteinverers.
Depending on the reference voltage vectors and availablnR@oltages, PWM pulses are

being generated for inverter.

W: (q(n+1) - Qn)/‘t (2'9)
For twolevel inverter total number of gate pulse will be six and for theeel inverter it

will be twelve.

2.3.SpaceVector PWM (SV-PWM) for Three-Level Inverter
As can be seen from the thdewel NPC inverter in Fig2.4, the inverter has four

switches for each leg. There exist two diodes in each leg, wbasenon points are
connected to the commaredural point of the two D@Eink capacitors. Hence, there exist a
total 27 switching combinations, out of which three are null or zero vectors and 24 are active

vectors, as shown in the vector diagram of Ei§.

%0 = v
5 et
._'_-? Dy Ty
o

Dy

| Lin ap
0

3
I LR CE LR L L T Ty Y

pr

+
t
Z
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Figure2.5 Spacevector diagram for threkevel

Figure2.4 Threelevel NPC inverter. NPC inverter.
Out of the 24 active vectors, 12 are small, which gWgg3, 6 are mediumofv, /v/3,

and 6 are large voltage vectoo$ 2Vdd3 each. Table | shows the different switching
combinations and output pole voltages. Table Il shows the list of different null, small,

medium, and large voltage vectors.
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Tablel: DIFFERENTSWITCHING STATES

Switch Status, Phase (A/B/C)
Switching State Pole Voltage
S(l 3(2 3(3 3(4 (VXN)
P 1 1 0 0 Vad2
0 1 1 0 0
N 0 0 1 1 Vgd2

Tablell: DIFFERENT SWITCHING COMBINATIONS

Switching vector combination Voltage level
PPP,NNN,O0O 0 (Null)
PPO,0O0N,POO,ONN,POP,ONO,O0OP, NNO,OPP,NOO,OPO,N V4d3 (Small)
PON,OPN,NPO,NOP,ONP,PNO Vae/¥3 (Medium)
PNN,PPN,NPN,NPP,NNP,PNP 2V4d3 (Large)

Similar to the twedevel S\\PWM, in a thredevel inverter, the refence voltage vector

is generated with a combination of the available switching states of that sector.

Vi
PPP/NNN/OOO V; POO/ONN PNN

Figure2.6 First sextant of threkevel space vector.

From Fig.2.6, it can be seen that, when the refece voltage vector is placed in subsector
two, it can be represented by the available three voltage vectors; POOMINRGN (V2),
and APO/OON (V3). Hence Ve can be represented as:

Vref O-s :Ta ®l1 +Tb ®I2 +Tc ®I3 (2.10)
Here, T, =T, + T, +T_
In Tade I, m:«/_3\/m/Vdc anav,, =W. In a similar manner, when the reference
voltage vector moves to the other sséxtors, it can be represented by the other three voltage
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vectors, which are available there. As shown in Bi§.the time duration for those voltage
vectors based on the reference vector trajectory is shown in Table Ill. Due to the repetitive

sequence of all other sectors from 0 to 360° durationlas equations can be derived.

Tablelll: SWITCHING VECTOR TIME FOR THREELEVEL INVERTER IN SECTORONE

Sub-sector Ta Ty Te
1 T(2ms i n-d)) / T{(1-2 ms i nd)) " | T«(2msin))
2 T<(1-2msing)) T( 2 msi d1) / T(1-2 ms i fAd) "/ 3
3 T(2-2ms i n ) / T«(2msind)) T( 2msi-d)-1)" / 3
4 Ts (2msind)-1) T( 2 msi-d))( ’ T(2-2 ms i nd)  / 3

2.4.Conventional DC-Link Voltage Balancing Algorithm and Associated Problems
As can be seen from Fi@.6 and Table II, in each sextant, there exists four types of

vector combinations. They have different effects on the DC link capacitor voltage
distribution.

P P| —» Pl > P ¢
v, =, - =C, v, == C1 v, =,
= d & o= 3
to t 0 ‘_; T o T 0
=, =, =, T =C, ¢
N N| <« N N

(a) Null voltage vector (b) Medium voltage vector (¢) P-type small vector (d) N-type small vector
(PPP) (PON) (POO) (ONN)

P P P P

=, ¢¢ =C, ¢ == C1 ¢ v =, ¢ ¢
Vet Vel [ Vi o Lo

= = =2 =C,

o (e T e e

(e) P-type small vector (f) N-type small vector (g) Large voltage vector (h) Large voltage vector
(PPO) (OON) (PNN) (PPN)
Figure2.7 Effects of different voltage vectors on-tick capacitor voltage.

Fig. 2.7 shows the effect of those vectors on the two capacitor voltage2.Hig), (b),
(g) and (h) are the null, medium, and large voltage vectors, while (c)e)d{f)(are the small
voltage vectors. Small and medium voltage vectors are mostly responsible for voltage
unbalance, as they differently affect the DC link capacitors. For assumed phase current
directions the positive small voltage vectors, like POO/PR€éNs discharge the upper
capacitor (c, e) and the negative voltage vectors, such as ONN/OON (d sfjddicharge
the lower capacitor. In a conventional N3V techngjlbased on the current direction

measured from the machine terminal, a decisiontdn@sade, as to which capacitor needs to
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be charged and which one needs to dischdtge .11) shows the variation in capacitor

voltage as a function of duty cycle, switching frequency, capacitance value and the output

power level.
£ - £, =PQ0
\ E,=E - P@QQ,
L @i 8=-%ca s paa
G2 + ¢2 + (2.11)
2P @0
\ V, = V- "
: \/ " Eoy 8
q:V:VI-VZ

Where,E; andE; are the energy stored in the capacitor before aed tfe discharge/;
andV; are the corresponding voltagésis the total load power andis the switch on time
duty. Fig. 2.8 shows the variation in capacitor voltage/] with switching frequency and

capacitance value variation while load powskept constant at.25 kW and duty at 0.42.

>
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0.0003
Capacitance (C) Switching Frequency (fsw)
Figure2.8 Capacitor voltage variation

From (2.11)and fig. 2.8,it can be conclude that, with higher capacitance and switching
frequency capacitor voltage differece goes down. Moreover, it should be taking into
consideration that, voltage variation also dependsheroutput power leveand the duty
ratio. So with increase in power this difference goes highiere, at 3.0 kHz switching
frequency and with 500.8F capacitor the maximum capacitor voltage deviation is around
2.6 V.
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To overcome th voltage unbalancinigsue, ther@are manycontrol strategieavailableas

discussed in the introduction. In thikaptey the performances of the proposed scheme with

thePl-based controller as well as hysteresis type controller are compared.

2.4.1.PI Controller Algorithm
As shown in Fig.2.9 in a typical Pl controller, the difference between the capacitor

voltages are passed througPRlacontroller instead of the conditiondbbk and output of the

P contr ol

sequences for all sectors ateown in Table IV.

er generates the

ko E8d].urhedswittching v ol t a

For subsector |, in®1sectorthere are four redundant voltage vectors, out of which two

discharge the upper capacit®y (POO, PPO) and two discharge the lower capadtor
(ONN, OON). So,T; andTs can be distributed into two parfBip, Tsp andTin, Tan, @S Shown
in (2.12). The PI controller will generate the valuekoAt stable conditionyalue of k will be

around 0.5, when both the capacitor voltages are equal. However, in practical scékaarios,

cannot be constant, and it keems varying with motor speed and load torque variation.

Because of this variation, the Gtine for the switche$or each cycle keeps varying, which

leads to unsymmetrical switching and increased total harmonic distortion in the generated

voltage. This effect is more visible in low speed regions, which is proved experimentally later

in thisthesis Also, due to thelifference in availability of the switching vectors, the switching

sequence is different for different sabctors, which also leads to variable switching

frequency.

T, = kT1p+ (1-k)T1N
T3 =KTsp + (1-K)Tan

(2.12)

TablelV: VECTOR SEQUENCE FOR Pl CONTROLLER BASED BIANK VOLTAGE BALANCING

Sector | Sub-sector Switching Sequence
1 NNN-ONN-OON-OOO-POOPPGPPRPPGPOOCOOO-OON-ONN-NNN
1 2 ONN-OON-PON-POO-PPOGPOGPON-OON-ONN
3 ONN-PNN-PON-POG-PON-PNN-ONN
4 PPOPPNPON-OON-PON-PPAN-PPO

2.4.2.Hysteresis Controller Algorithm

Two similarapproaches are proposed in [97], [LHDdthe switching sequence tiem

areshown in Table V. It can be seen that all the subsectors have same number of sequences,

compared to the earlier PI controlleaded schemeyhich makes theluty ratio constant.
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However, in sector three and four, both positive and negative sequence vectors are used, so

that the averageurrents drowrfrom the capacitarare balanced.

TableV: HYSTERESIS CONROLLER BASED DGLINK VOLTAGE BALANCING

Sector | Sub-sector Balancing Ability Switching Sequence

ONN/POO>0OO0ON/PPO | ONN-OON-OOO-POG-OOO-OON-ONN
OON/PPO>0ONN/POO OON-OOO-POOPPGPOOGOOGOON
ONN/POO>0O0N/PPO ONN-OON-PON-POO-PON-OON-ONN

1

1 2
OON/FPO>ONN/POO OON-PON-POOPPGPOOGPONOON
3 ONN-PNN-PON-POO-PON-PNN-ONN
4 OON-PON-PPNPPGPPNPON-OON

Furthermore, the appropriate sequence is selected for subsector one and two, depending
on the capacitor voltage difference. This type of technim#s be preferable for low
transient system operation. However, for EV traction applications, due to high dynamic
performance, the capacitor voltage may change differeMitlyeover, due to the change in

switching sequence in between switching cycle witltéase the inverter switching losses.

2.4.3.Proposed DGlink Voltage Balancing Algorithm

To overcome the problem with variable switching frequency for differenseators in
Table V and to increase the controllability of the -Ixix capacitors for wide speecha@
torque range with reduced switching lossasinnovativeswitching sequence is proposed, as
shown in Table VI. The total number of switching in each subsector is five, which is less than
the other switching schemedt helps to reduce the addition sehing sequence
corresponding lossesAlso, since switching sequences are selected depending on the
difference in the two capacitor voltages at each time pdgatiis scheme is more useful and
robust for PMSM drive applications in transient as welinasteady state conditions. It can
also be observed that, in each sequence, one of the switching combinations does not change
(for instance, in sector one subsector offey@tage vecto© is constant), which reduces the
switching losses further.

However, according to this strategy once the duty cycle is specified, due to the change in
the capacitor voltage the switching sequence may change in betwberotal switching
time periodTs, which may lead to asymmetrical switching.

To overcome this probm, the change in switching state is allowed only at thersjant
eachswitchingcycle (Ts). It makes the generated PWM more symmetrialshown in Fig.

2.9, the control logic block takes the difference in two capacitor voltages and the carrier
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signalof the SVPWM as inputs. When the capacitor voltage difference is positive W)
or negative(V,> V1), the output of the control logic block will give one or zero. This will

choose the appropriate voltage vector from Table VI.

Three-
c,— Wi Level CT PMSM
+ NPC [0
Ve T N Inverter =)
C—”—— (V, J ‘
Position
Sensor
Gating Pulse
G ?G * Vector Control
v ; Control . S V. Block
V-PWM d I
V, Logic <l Control |
7
Carrier signal

Figure2.9 Threelevel inverter and control strategy model.

TableVI: PROPOSED D@ INK VOLTAGE BALANCING SEQUENCE

Sector Sub-sector Balancing Ability Switching Sequence

1 Vo> Ve O0OO-POOPPGPOC0O00
Vae>Ver NNN-ONN-OON-ONN-NNN

5 Vo> Ve PON-POO-PPGPOO-PON
1 Vae>Ver ONN-OON-PON-OON-ONN

3 Vo> Ve POO-PON-PNN-PON-POO

Vae>Ver ONN-PNN-PON-PNN-ONN

4 Vacr>Vcz PPGPPNPONPPNPPO

V4c>Viycr OON-PON-PPN-PON-OON

2.5. Simulation Results
All the simulation studies are carried out in Matlab/ Sim(lifkatform the DGlink

capacitor voltage was kepbnstant at 270.0 V and tlwapacitor values are 500:F each

All the machine parameters are provided in the appendi&gs. 2.10, 2.11and2.12shows

the performance of Pl controller based algorithm, the proposed control strategy, and the
proposed control strategy with the reduction in harmonic distoriiothe simulation setup
machine speed, phase voltage,-[M& capacitor voltage difference, and the stator currents
are compared. Speed is increased fi@0.0 rpmto 800.0 rpm and the variations in other
waveforms are observed. From the phase voltageeform, it can be observed that, number

30



of steps or level has increased for all the three strategies with change in speed, which makes
the phase voltage more sinusoidal. From the difference of the capacitor voltages, it can be
observed that the PI contlel based algorithm is good for a system with low transients. The

PI controller has a specific settling time in terms of dynamic machine performance, which

may be lead to switch damage due to overvoltage.
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Figure2.10 Simulation results for PI controller based algorithm, with change in speed 501 rpmto
800.0 rpm (a) Motor speed; (b) Phase voltage; (c) Difference in two capacitor voltages; (d) Stator current.

From the comparison study of the Bi@k capacitor voltage variation, it can be observed
that the variation isNPP) 1.0 V for PI controller based strategy, 0.3 V for the proposed
control strategy and 1.4 V for the proposed control strategy with low order harmonic
reduction based strategyMoreover an initial difference in capacitor voltages for PI
controller based algorithm below 0.7 seconds can also be observed, which is not present for
the other two control algorithms. This initial offsetpresent, due to the settlinghé of the
Pl based comsller. There is not much difference in steady state currents for all the control

strategies.
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Figure2.11 Simulation results for proposed Blok voltage balancing algorithm, with change in sp&ed
1500 rpm to 800.0 rpm(@) Motor speed; (b) Phase voltage; (c) Difference in two capacitor voltages; (d) Stator
current.
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Figure2.12 Simulation results for proposed Elidk voltage balancing algorithm, withdeaced low
harmonic distortion while change in spdeaim 150.0 rpm to 800.0 rpnfa) Motor speed; (b) Phase voltage;
(c) Difference in two capacitor voltages; (d) Stator current.
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Figure2.13 Simulation results for Pl controller based algorithm, with chandead torque from 6.0 ih to

24.0 N-m; (a) Motor speed; (b) Phase voltage; (c) Difference in two capacitor voltages; (d) Stator current.
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Figure2.14 Simulation results for proposed Elidk voltage balancing algorithm, with changeload torque
from 6.0 Nm to 240 N-m; (a) Motor speed; (b) Phase voltage; (c) Difference in two capacitor voltages; (d)

Stator current.
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Figure2.15 Simulation results for proposed Bi@k voltage balancing algorithm with reduced low harmonic

distortion, with change in load torque fr@®0 N-m to 240 N-m; (a) Motor speed; (b) Phase voltage; (c)

Difference in two apacitor voltages; (d) Stator current.

In Figs.2.13 2.14 and2.15 the load torque is changed from 6.0 Ntm 24.0 N.m,
while speedvaskept constant &00.0 rpm and changes in capacitor voltagee observed.

As is clear from the results, the cajpacvoltages are balanced and the differences for the
three control strategies are as follows: for the PI controller based topology, it is 4.0 V, for the
proposed control strategy, it is 0.4 V, and for the proposed control strategy with low order
harmonicreduction, it is 4.0 V. It can be observed that capacitor voltage difference of the
proposed control strategy is 10% of the Pl control based topolbgyugh, low order
harmonic reductiomasedtechniquehas almosthe similar voltage differences of Pl based
strategy,proposed strategy has lowew order harmonicend batter controllability of the
DC-link capacitor voltages, compared the Pl based topology. The difference in the
capacitor voltages between the two new control strategies exists, dioe tact that the
second strategy uses less number of switching modes, compared to the other one. The phase
voltage waveforms and steadiate armature currents are almost similar, with good

controllability of machine speed, during change in load torque.
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Figure2.16 Phase voltage at a mdulation index.(Mof 0.33 with carrier signal.

Fig. 2.16 shows the phase voltage wavefomith the proposed control strategy a
modulation index of 0.33. Two switchingdes of the phase voltage are shown, with the
carrier waveform proving that the proposed control strategy works with symmetrical
switching frequency. It can be observed that phase voltage is symmetrical on both sides of the

middle of carrier signal.
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Figure2.17 Total harmonic distortionTHD) comparison of phase voltages.
Fig. 2.17shows the comparison of the phase volt#J¢iD of the three control strategies
for different modulation indices. The new caitstrategies depict almost the same THD as
the Pl based controller for low modulation indices and have better performance for high

modulation indices.

2.6. Experimental Setup and TestResults
Detailed experimental studies are carried out to show the perfoenmdrtbe proposed

system. The control strategies are implemented using dspased real time implementation
tool, the DClink capacitor voltage was kept constant at 270.0 V and the capacitor values are
500.0>F each Simulation step time was kept at 25usec. The switching frequency of the

carrierwaskept constant at.@ kHz. During the experimental procedure, the-® voltage
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was kept constant at 210V. Fig. 2.18 shows the experimental setup for a thieeel

inverter, which feeds a surface PMSM. A DC dynamometer was used to load the machine.

¥ Torque transducer
meter

- Three-Phase rectifier for
Dynamometer field

Yokogawa Scope

Figure2.18 Experimental setup for the thedevel inverter.

Figs.2.19to0 2.21show the experimental test resuftts speed change frotb0.0 rpm to
800.0 rpmusing Pl and the two new proposed control strategies. From the experimental
results of the PI controller based algorithm, it can be observedhbd@C-link voltage
variation is almost 30V at low speed andt &igh speed it is about 8.0 V. Hence, as a result,
a large voltage deviation occurs, which may increase the dv/dt value, and damage the

switches.

o @) s

275 rpmidiv
E‘ ®

15 A/div

Figure2.19 Experimental results for Pl controller basedaaithm, with change in speed frat80.0 rpm to

800.0 rpm (a) Motor speed; (b) Phase voltage; (c) Difference in two capacitor voltages; (d) Stator current.
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Figure2.20 Experimental results for proposed Bi6k voltage balancing algorithm, with change in speed from
150.0 rpm to 800.0 rpnta) Motor speed; (b) Phase voltage; (c) Difference in two capacitor voltages; (d) Stator

current.

Figure2.21 Experimentatesults for new D&ink voltage balancing algorithm, with reduced low harmonic
distortion, with change in speed frdB80.0 rpm to 800.0 rpy{a) Motor speed; (b) Phase voltage; (¢)
Difference in two capacitor voltages; (d) Stator current.

On the other hah the voltage deviation between the two capacitor voltages for the
proposed balancing strategies is about 5.0 V. This is much lower than the PI based control
strategy, which saves the switches from high voltage breakdown. The proposed control
strategy wih reduced low order harmonic has a much lowerliDK voltage difference

compared to the second control strategy.
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Also the capacitor voltage differences aea steady D€evel. Phase voltage wave
shapes are almost similar, with increased in number thg®llevels, with change in speed.
With the PI based controller, the stator current has more spikes and transients, compared to
the other controller, which is due to the poor controllability of the capacitor voltages.

A 8 000s/ai]

B { : : : ‘ : : . 250 rpm/div

Figure2.22 Experimental results for the Pl control algorithm, with 6:nNoad torque (a) Motor speed; (b)

Phase voltage; (c) Difference in two capacitor voltages; (d) Statoent

T ©

10.

V/div

RN I. L0 A/div_§

Figure2.23 Experimental results fqeroposedDC-link voltage balancing algorithm, with change in load
torque from 6.0 Nm to 24.0 N-m; (a) Motor speed; (b) Phase voltage; (c) Difference in two capacitor voltages;
(d) Stator current.

Figs.2.22to 224 show theperformance of the system during change in load torque from
6.0 N.m to 24.0 N.m. Speed of the motavaskept fixed at500.0 rpm It can be observed
that the capacitor voltage variation is now 30.0 V even at no load, and due to this large

voltage variationload change was not possible to be performed for the PI control strategy.
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This increase in voltage difference occurs, because of the voltageafioa in the low speed
region.

s | ; : ; ; : ; : “(b)

150 ‘V/div
RiCH

10 V/div

Cloaddiv T

Figure2.24 Experimental esults for new Dé&ink voltage balancing algorithm, with reduced low harmonic
distortion, with change in load torque from 6.6niNto 24.0 N-m; (a) Motor speed; (b) Phase voltage; (c)

Difference in two capacitor voltages; (d) Stator current.
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Figure2.25 Total harmonic distortior®%THD) comparison of phase voltages.

Due to thelargevoltage fluctuation in positive and negative direction in Pl controller at
low speeds, compared to the proposed controller,g& lamount of clockwise and counter
clockwise forces are inflicted on the machine shaft. This loosens the coupling, which in turn,
creates large voltage deviations even in the-Bjgged range. The capacitor voltage deviation
for the two new proposed conttrstrategies are around 4.0 V, which is about 1.48% of the
total DC link voltage. For theimilar stator current, the PI controller has high phase current

transients, compared to the other strategies, even at lower torque values, because of the
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reason sta&d above. All the other control strategies have better phase current shapes;
moreover, the capacitor voltage difference is also steady.

Fig. 225 shows the total harmonic distortio%{HD) comparison for the three schemes.
It can be observed that the Plsbd topology has much more distortion compared to the
proposed stratégs as predicted. This is due to thear i at i on of sharing
transient conditiorand change in duty in between switching cycles. The new proposed
control strategy with lowetow order harmonic distortion strategy hesducedvoltage
distortion compared to the basic one.

2.7.Effects of Lagging Power Factor on D@Aink Capacitor Voltages
Fig. 2.26shows the states of the two capacitors while phase current changes its direction.

For positive phase current direction (a, e), vectors associated with upper capacitor ih sector
(POO/PPO) is going to discharge and for reverse current direction it will be going to charge
(b, f). Same is true for the redundant voltage vectors associatethaithwer capacitor (c, d,

g, h). Hence, if the system power factor gets below a certain level, tHalb€pacitor is

going to charge, when they requte discharge and mayetdischarge, when they nestb

charge to keep the two capacitor voltagaibced. In earlieproposedwvork, system power

factor was assumed to be high enough, so that this situation does not occur. However, a
system with lower power factor like as in the case for induction machine or synchronous
reluctance machine, it might lessential to take current direction into consideration.

Fig. 2.27 shows the change in phase current direction with change in power factor angle
(0° to 90°) for sector I, 1l and Ill. Fig2.27 (a), (b) shows the current directions associated
with the redunent voltage vectors POO and PPO for sector |. Phase A clyrasdociated
with POO is positive for the entire range of power factor. Howdverssociated witiPPO
has gone positive after certain power factor, which will affect theiblCcapacitor valage
deviation, if proper switching states are not taken into consideration. Sector Il and Ill has the
same trend, where the first set of redundant voltage vectors showed in ¢, e (PPO, OPO) do
not change their direction with power factor angled only the second set of vectors d, f
(OPO, OPP) changes its direction. Hence, the switching sequences associated with 1, 2 and 4
subsectorsonly need to be changed instead of the entire subsectors as generally proposed
by researchers. Moreover, there is a maxmpower factor angle, below which power factor
correction need naio be considered. Hence, for applications where power factor angle is
below that critical valuel,), the current direction is independenttbé capacitor voltage

balancing capability.
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Figure2.26 Different vector combination and their effects on-Iik capacitor voltage based on current

25

direction.

Equation 2.13 shows the analytical derivation of the critical value the power factor
angle (i¢;). In sector I, as shown in Fig.27 (b) phase C current changes its direction and

goespositive after certain pawwehen Ifiszera or angl e.

| @in(d-/_ - 4@3/3) =sin(n®) (213
Here,g=P/2, asdis in sectoil and I, O
\ j,=PI/6

Hence, it can be concluded that if, thsteyn power factor is below 3@°will not affect
the @pacitor voltage balancing capability of thde8el inverter. Henceforth, as permanent
magnet machines operate at high power factavjllitnot affect the capacitor voltage ability
of DC-link. A modified control strategy is psented in the following séon and detailed

simulation and experimental studies are carried out.
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Figure2.27 Change in current direction with power factor angle.
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Figure2.28 Threelevel inverter and control strategy model.

2.8.Modified DC-link voltage balancing algorithm
Fig. 2.28shows the control circuit diagram of the proposed balancing scheme with stator

three phase currents taken into consideration. The difference betieéno cgacitor
voltages is passed through a control logic block, which gives the command signal for the SV
PWM. The command signal changes its state only at the start of each switching cycle to

reduce the possility of asymmetrical switching, as already explaine the earlier proposed
SV-PWM strategy.
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The difference between the previously proposed strategy and the modified strategy is the
presence ofhe current sensing block which issed in the S\VPWM controller.The vector
sequence for the earlier schemeh®wn in Table/I for sector |, and the modified strategy

corresponding switching sequendessector lis shown in Table Ml
TableVII: MODIFIED DC-LINK VOLTAGE BALANCING ALGORITHM

Balancing Current
Sector Sub-Sector - S Switching Sequence
Ability Direction

Vger>Ver <0 OOO-POOPPGPOCO0O0O
1 >0 OOO-POC-OON-POOOOO
Ve Vaer <0 NNN-ONN-OON-ONN-NNN

>0 NNN-ONN-PPOONN-NNN

Vaer>Vie <0 POOPPGPONPPGPOO
2 >0 POOOON-PON-OON-POO
1 Ve Veer <0 ONN-OON-PON-OON-ONN
10 ONN-PPOPON-PPGONN

3 Vaer>Vae2 1.>0 POOPONPNN-PON-POO

V4>V 1,>0 ONN-PNN-PON-PNN-ONN

Vacr>Vic2 lc <0 PPGPPNPONPPNPPO

4 >0 OON-PON-PPNPON-OON

Ve Vaer l. <0 OON-PON-PPNPON-OON

>0 PPOPPNPONPPNPFO

2.9. Simulation Results
All the simulationparametersre kept as itspreviouslyset valuesFig. 2.29 shows the

simulation results for change speed from 150 rpm to 8000 rpm, while load torquevas
keptconstant at 6.0 N.m. Fig.30shows the performae of the system with change in load
torque from 6.0 N.m. to 24.0 N.m. Duritige change in load torque, speed was kept constant
at 500.0 rpm. From the simulation results it can be observed that, with the proposed control
strategy the Ddink capacitor vaiage was kept well below 2.5 % of the total Ik
capacitor voltage. Moreovemodified control strateg shows almost thsimilar results as the
earlier proposedtrategy This is because of the high power factor operation of the surface
PMSM, which is lelow 30° and hencelagging power factor does not affect the Ik
voltage balancing capability to a large extent.

Fig. 2.31 shows the total harmonic distortion comparisontf@ both proposed control
strategies. Although, both of them follows the samend, the modified control strategy

shows a reduced order harmonic distortion compared to the earlier proposed control strategy.
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Figure2.29 Performance results for the thrlswel inverter with the modiéid control strategy during change in
speed from 150 rpm to 8000 rpm; (a) Change in machine speed; (b) Phase voltage; (c) Difference between

the two DCIlink capacitor voltages; (d) Stator cent.
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Figure2.30 Performance results for the thrlesel inverter with the modified control strategy during change in
load torque from 6.0 N.m. to 24.0 N.m. at 500.0 rpm; (a) Change in machine speed; (b) Phase voltage; (c)

Difference between the two DItk capacite voltage; (d) Stator current.
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Figure2.31 Total harmonic distortion comparison for both control strategies.

2.10.Experimental Verification
Hardware testing is done withe samé.0 kW surface PMSNs mentionedbefore Fig.

2.32 shows the result with change in machine speed from.@$Pm to 8000 rpm, at 6.0
N.m. of load torque and Fig@-33 show the result witlthe change load torque from 6.0 N.m.
to 24.0 N.m.while machine speed kept constant at.60pm. From both the control strategy
results, it can be concluded that the controller is able to keep tHmlb€apacitor voltages
at the desired tolerance level. Results are quite similar with the earlier propoged/igVv
strategy, as also verified by the siation studies.

250 rpm/div

|||—|

10 A/div

Figure2.32 Experimental results for the thrémvel inverter with the modified control strategy during change
in speed from 150 rpm to 8000 rpm; (a) Change in machine speed; (b) Phasiage; (c) Difference between
two DC-link capacitor voltages; (d) Stator current
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Figure2.33 Experimental results for the thréevel inverter with the modified control strategy during change in
the load drque from 6.0 N.m. to 24.0 N.m. at 500pm; (a) Change in machine speed; (b) Phase voltage; (c)

Difference between the two DIGk capacitor (d) Stator current.
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Figure2.34 Experimental results for tdtaoltageharmonic distortion comparison for both control strategies.
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Figure2.35 Experimental results for total current harmonic distortion comparison for both control strategies
b) Corresponds to thaitially proposed SWPWM strategy, (c, djor the modified SWPWM strategy
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Figs. 2.34, 2.35showthe totalvoltage and currernttarmonic distortion comparison for
both the control strategies. Both of them folfive similar strand as already been seemf
the simulation studie®uring the current harmonic distortion calculation, the system was run
at 18.33 Hz and 0.44 modulation index.

2.11.Performance ComparisonbetweenSimulation and Experimental Results

2.11.1.PI basedcontrol algorithm

There is a significant ifference observed betwedhe simulation and experimental
resultsfor the Ptbasedcontrol algorithm. Due to themechanicabendin the motorshaft
DC-link voltage fluctuatios as well as thd®l controllersettlingtime, a cumulativeaction
occurs Hence the DC-link capacitor voltage variation is larger experiments, compared to

the simulation studie3.his phenomenon algeflects inthe motorarmature current.

2.11.2.Novel,reduced harmonicDC-link voltage balancing strategy

In this case, theimulation andexperimental resultfllow almost thesimilar pattern
However, hardwareexperimentalresults have much more transients than the simulation
results.This is becausan caseof the experimentshereexistsa time delay between two
complementary switchesto prevent shoot througliaults; this introduces additional
harmonics.This occurrence&an alsobe observedrom the % THD comparison betwedhe
simulation and experimental results. Moreovere DC-link capacitor voltage variation
observedn the experimental results islightly higher thanthose observed ithe simulation
results.Sinceit is challengingto get the actualalue of motor inertia and other mechanical
parametersan additional load factor is superimposedtl@ practicalsetup whichin turn,
affectsthe DClIlink capacitor voltage deviatiorBame argument hols for the modifi&V-

PWM control strategy for gging power factor operation as well.

2.12.Summary of Chapter 2
This chapter introduced different permanent magtchronousmachines (PMSM)

available and their application for electric vehicle (EMathematicaimodellingof PMSM is
also carried out. It is then followed by spamxtor PWM (SVPWM) technique of three
level inverter and their duty cycle calculation. Available-rk voltage lalancing topology
is described and a new reduced switching loss basetinR®@oltage balancing topology is
proposed.The proposed strategy is than furthereexted to reduce theffect of lagging
power factor.Detail simulation and experimental studievéndoeen carried out to verify the

performance of the proposed system. Results show satisfactory transient and steady state
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performance of the proposed system with improved total voltegke currentharmonics
distortion (THD).
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Chapter 3. Performance Comparison Studyof Two and Three-Level Inverter Drives
for the Surface PMSM

To performa comparison study between twand thredevel inverter based PMSM drive,
a twolevel inverter is implemented. Both the simulation and experimental studies raed car
out to compare the total harmonic distortion (THD), capacitor current ripple with a 6 kW
SPMSM and 3000 V DC-link voltage. To compare the switch losses (Conduction and
switching), total inverter losses, torque ripple and capacitor voltage differarie® kW
SPMSM generally being used for electric vehicle (EV) applicatisnsonsideredvith 6000
V of DC-link voltage

3.1.Space Vector Pulse Width Modulation (SWPWM) for Two -level Inverter
Fig. 3.1 shows the twaevel inverter based PMSM traction drsszeonnected witla car

wheel. linvims, linvavg |capmsare the RMS value of total inverter current supplied to the load,
average current supplied by battery and the RMS ripple current supplidte IDC-link
capacitor. Total RMS capacitor current and agervalue of currents supplied the battery

can be represented by equatiodd) and 8.2).

I inv_rms

L Jﬁj o)

Iinvfﬂ'vg

s
-|'I

I Iiuvgrap '
| I ;

Battery DC-link Two-level Inverter Module

Figure3.2 Spacevector diagam for twalevel

Figure3.1 Two-level inverter ,
inverter

Fig. 32 shows the spaeeector diagram for twaevel inverter. As shown in the diagram,
reference voltage vector.¥in sector one can be constructed by using the three available
voltages on that sector. Equatio®.l) shows lhe representation dhe reference voltage

vector as a summation of other three voltage vectors.

V., G, =VT, +V,T. +V.T, (31)

ref

Where,I. =T _+T, +T
V1,V are the two nearest voltage vectors ¥pnt thezero voltagevector.
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Ta, Toand T, are therespective time duration for those voltage vectors appéisdshown in
(3.2).

T, = (may,)sink, - dg/ sin()
c3 = 3
T, = (mC"TS)sin(d)/sin(g) (3.2)

Tz :Ts - (Ta +Tb)

Where,m= \/_3\/ref /Vdc andTsis the total switching time duration.

3.2. Analytical Calculation of Capacitor current

3.2.1.Two-Level Inverter Capacitor Current

According to the analytical calculations shown for capacitor currentl#4€,[ an
analytical expression for the capacitor current is derived from the inverter positive bus
current. Average valueotthe inverter current, which is mainly supplied by battery, can be

computed by finding out the average value of total inverter curignt.g, as shown in3.3).
35 . .
I invavg = (,_) g(l poo O-a +1 ppo O-b)dd

(3.3)
\ —gc"imc")mcosf)

invavg

Where,lpoo = ImCOSEF0), lppo = -Imcos@ -G-4 B/, 8¢ the phase currents associated with the
active voltagevectorsPOO and PPQ,, is thepeak value oper phase load currerdz ¥ t
andd is the power factor anglén a similar manner, the total RMS inverter currdit, {m9

can becalculated, as shown iB.4).

l invirms = l m \/(E)E(l 9002 d-a + I PPOZ c"]-b )dd
(3.4)

L = C.{/m(']}4®o§(/)+1)
invrms m 2@
Now, as the total inverter current is composed of the average load current, supplied by

battery, and RMS value of ripple current, which is supplied by capacitor, thedaptgitor

current (caprmg Can be calculated as shown in (3.5
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Figure3.3 DC-link capacitor current rippld pmJ-

lonne= A owme = Vinvae
caprms invrms invavg

(3.5)
I :ImJ— 30 cos(j) +

caprms 7

20n(4@os(j ) +1)
p
As is clear from 3.5, RMSvalue of capacitor current is a function of modulation index,

m, and the power factor anglé, Fig. 3.3 shows the variation in RMS ripple current, due to
the change ifm and (i, while keeping the peak load currehf)(at unity. It can be observed
that cajacitor current reaches its peak value, witaraches approximately 0.5

3.2.2.Three-level Inverter Capacitor Current

Fig. 3.4 shows the vector diagram of sector |, withur subsectors. Whemm is in
between 0 and 0.54, the reference vector lays in ssbctorone; and above that value, it will
use subsector 2, 3, or 4. As seen in subsector I, there toastsmall voltage vectors, which
are redundant. Either the positive one can be used, which utilizes the upper capacitor, or the
negative one could be usedhich uses the lower capacitor. In a switching cycle, in order to
keep the voltage in the two capacitors balanced both the voltage vectors are used equally,
which is valid for other subsectors as well. To calculate the capacitor current, sector | is
divided into two regions. Region | includes sséctor 1 and region 1l includes ssbctors 2,
3, and 4. For this analysis, thé' tapacitor current is considered. As in the balanced
condition, both the capacitor voltages should be equal; the two capacitentsuwill be

symmetrical as well.
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Figure3.4 Sectorl, with four subsectorfor threelevel inverter

Region |

As shown in Fig3.4 subsector 1, in order to keep the two capacitor voltages balanced,
POO/OMN and PPO/OON vectors have to be used equally. As ONN and OON vectors are
using only the lower capacitor, to calculate the upper capacitor RMS current, only the POO
and PPO vectors are considered. @kierage an@RMS invertercurrent calculation is shown
in (3.6) and (3.), with the same procedure followed, as that for thelevel inverter. The
time period for which redundant voltage vectors (POO/ PPO) will be applied can be
calculated by their corresponding time period shown in TahleHHpter land nultiply them
with 0.5, to equally distribute the time period between the upper and lower capacitors. For
null, medium and large voltage vectors, full time period will be considered, because only one

voltage vector is available.

E
s = () 1 (1,6, @5 + (1,0, @) + (04,))dU
_ 2.7208)_ Gncosf ) (3.6
\ Iinvavg_ D
3.5 y
— \/ ()1 (1.2, @5 +(1,,2 & d5) +(06T,))dU
— (3.7)
\ 1, =1_,/0.318300n{@2&0s (j ) +0.5)
From 3.6) and @8.7), RMS capacitor current can be calculated as:
o= [J- mM@0.74996n G0 (/) - 0.6366G0S (/) - 0.1597) ) (3.8)

All the parameterare already explainaduring twclevel inverter currentalculation.
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Region I

When the reference vector is in regibnthe trajectory will cross the theesubsectors 2,
3, and 4. L& sssume the reference voltage vector will cross the subsectdrsaatl dy;
hence, the calculation for total average and RMS current of the inverter positibaDéan
be shown in3.9) and 3.10. The total RMS ripple current supplied by capacitor is shown in
(3.11). Fig. 3.5shows the variation in capacitor curredtging change imodulation index
(m). It can be observed that the peak capacitor current is same-#s/éloapacitor current
value. Hence, during the design of capacitor current rating for the-ldweleinverter, the
RMS current rating will be conseded the same as that of the l@gel inverter. However,

the voltage will be half of thewvo-level inverter correspondingC-link voltage.

3 &10,,,4, dn.5+|pmdc+|pmdh)d0+}j(| a, @s5+1,, ., +1, 4. Cb).s)dog

poo

invavg = (7) e 3 . . .. .. - 0
g&d.-;(lppocrc @5+1,, 4, +1,,,4,)dU 6
3, (3.9
V= I, &n® ({0.866(20sf ) + arcsm&) @0.477@in(/ ) - 6.36e*° cosf )))o
invavg —
m éﬁr M.119Gin( ) &/406n 1 0.2067Gin( ) @
3 B0 %000 O, @5+ 1 200 T, #1700 CT,) AU+ 7 (1 2500 T, @5+ 1 %0 (T, + 170 T, .5)d0 G
iiiiii = (7 - ' 0
@ 3 (1% O, @5+ 120 (T, +1%,(T,)dU 0
¢ ' (3.10

| &’ (0.159- 0275(B|n(2())+0636®0§(/))+m(x/ - 1 318G Gos(j )
V1= O 0.318GIn(2 G ) +0.358Gin(2 G ))) + /400 - 1 318(33“0:052(/) 318"

invrms

m = 0.034Gin(2G )) - 0.059Gin(2¢ ) 5

From (3.9) and @8.10, RMS capacitor current can be calculated as:

m* Qarcsin&s) 2@ 0.227+0.227@0 (/ ) +3.03%@™ Bin(2¢) )) + arcsin&s) @-0.4163in(2%)
+1.10%° ®0§(/ ))-0.75@0¢ (/ )) + m* (§0.159- 0.275Gin(2¢ ) +0.63620< (/ )

m? @Ja0n? - 1¢- 3.18( o< (f ) +0.113d0 (/ )@rcsm&f’) 0. 11:{arcsm{£3) (3.1)

+0.7592™° Gin(2Q) Qrcsm&s) +0.0348in(2¢))) + arcsm&S) @-1.3162™ Gln(ZQ )

-0.197b0s (/ ) +0.197)+0. oseccosz(/ )-0.056+0. 537@|n(2(]) ) +40n? - 13- 0.04¢0g (/)
+0.049-0.0348in(2() )) +0.02820< (/ ) - 0.059Gin(2¢} )-0.028

_
m

caprms

Hereq =—- sin (—) d, = (—- sin}( CDn)) lpon =1 ,080- /)1, =1, cosU- j )and

.. 4
Ippﬂ:-lmCOSU-/- 3).
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Figure3.5 RMS capacitor current in thrdevel inverter, forta) m = 0 to 0.&nd(b) 0.6to 1.0.

Whenm lays between regions | and I, it uses vectors friooth subsector 1 and 2. For
the sake of simplicity of calculation, the third i@g is not considered for RMS capacitor
currentcalculation This is clearly depicted in regions | and Il. For this reason, a discontinuity
is observed at arounah = 0.6. Moreover, film capacitors are used for -k capacitos,
which have very low ESR.c effects of ESR aralsonot considered for this study.

3.3.SIMULATION RESULTS
Figs. 3.6 and3.7 shows the total harmonic distortion (%THD) for phase voltages applied

to machine and the variation in capacitor RMS current for change in modulation index. It ca
be observed that in case of thteeel inverter the harmonic distortion is almost 50%édess
than the two level inverter for same modulation index. This significant reduction in harmonic
distortion will be going to reduce the passive component sides,tlie load side filter
inductor, EMI filter which are used in source side and #@t®omachine losses. Capacitor
current is also shown for both twand thredevel invertes. It can be observed th#te
capacitor current peak ocsuat near 0.5 modulatioindex, which are correlated with the
analytical expression. It can also be observed thahd¢héral current shown for thrdevel
inverter B almost double to the capacitor current. The reason behind is that, when the
modulation index is lower than 0.the control strategy try to use the two capacitor equally,
so either for upper or lower capacitor current is going to come back through the neutral point
or it is going to source from neutral point. Again when the modulation index is higher than
0.5 the nedium vector is going to use the neutral point. So the total currentsdoctire

neutral wire is almost double than each capacitor current.
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