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This paper presents a novel idea of developingleolute, general choice
multilevel asymmetric power converter for switchretlictance motor (SRM)
drive suitable specifically in electric vehicle dipptions. For SRM drives,
the suitability of a particular inverter circuit amges with the motor
geometry. It is in contrast to the drives operatiith sinusoidal voltages and
currents where the inverter topology is independeinthe motor design.
Specifically, in the case of SRM, the number of stegor/rotor poles and the
related issues of the dwell angle and current apedarameters affect the
inverter choice. The multilevel power converteremwpp a great deal of
possibilities in control and can be used to achisable current profiling
but with the added benefit of lower switching frequies and hence less
converter losses. The idea is to use a matrix atevéopology for finer
control on flexible current profiling with threerteinals of dc voltage source

at the input. To illustrate the potential benefifsthis converter, with SRM
for EV applications, a Simulink model of proposediltitevel matrix
converter was tested in interface with finite elatmmodel of the SRM.
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1. INTRODUCTION

Two of the major problems associated with over&Msperformance are high torque ripple and
excessive machine vibration leading to undesiraaeustic noise. Both issues can be addressed by
introducing some form of current profiling when egieing the phase. The multilevel conversion calitstbi
offers the possibility of reduced high-frequencygtee ripple without excessive power converter dhiitg
losses. However, SRM drives have still not yet fblmoad industry acceptance, they continue to dttra
research interest, stimulated mainly by the prorofseimple and rugged motor construction, the folési
of high motor speeds, high torque-to-inertia radio,inverter with a reduced number of power swisclnd
an overall robust drive. This research activity femulted in a number of inverter topologies, safhich
have been described in the literature [1-6].

For SRM drives, the suitability of a particular @rter circuit changes with the motor geometrysit i
in contrast to the drives operating with sinusoidaltages and currents. where the inverter topolisgy
independent of the motor design. Specifically,Ha tase of SRM, the number of the stator/rotor paled
the related issues of the dwell angle and curreetlap parameters affect the inverter choice. Théilevel
power converters open up a great deal of pos&dsilin control and can be used to achieve flexibigent
profiling but with the added benefit of lower switng frequencies and hence less converter losses.

Among the popular SRM drive converter choiceshé turrent overlap can be restricted to speeds
where the motor-magnetizing voltage is below apipnately one half the dc-link voltages, the most
advantageous circuit is Miller Circuit. Howevemee the majority of SRMs operate with a currentrtape
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over most of their speed range, the classic invéeomes most attractive topology in that casso Ahe
SRM starting torque very much influences the irsteraiting. In order to provide a rated torque sigrfor
any rotor position, the inverter rating may havééoincreased several times over the value requbiyettie
motor-rated power. Conversely, if the starting eats are limited to their rated value, the startmmgjue is
severely reduced for worst-case rotor initial gosit To achieve operation at higher dc-linkvoltagas
multiple voltage level approach needs to be adopteere a power converter can be realised usingrlowe
voltage rated power switches. This approach wibadllow operation at higher switching frequendhen
would otherwise be possible with much high voltageaver switches.

The need for a high PWM frequency is not as stron§RM drives as in induction motor drives
because the total phase inductance-is importamt phst the leak inductance like in IM. Freewheeling
inverter states also permit reduced PWM frequencytife same current ripple. Therefore, in ordemtke
SRM popular on industrial and manufacturing leveé need for improvement in SRM converter drives is
direly needed where extremely close design cootidimdetween the motor, the control and the invege
possible. That coordination has to be much cldsan tn the case of brushless drives and indicatgsIRM
applications may be more successful if special psgpr OEM-type drives.

Therefore, a novel multilevel matrix converter iegented in the paper. In order to prove the
validity of the proposed topology, a simple outputitage control strategy is described and utilized.
Operation principles and current commutation sgiateare analyzed in detail. The operation withustion
model developed with experimental results of the $kvitched reluctance motor is tested experimental
results are provided to validate the proposed atere

2. CLASSICAL SRM MULTILEVEL CONVERTER TOPOLOGIES

Multilevel converters are finding increased attentiin industry and academia as one of the
preferred choices of electronic power conversiarhfgh-power applications. Although it is an enabliand
already proven technology, multilevel convertergsgnt a great deal of challenges, and even more
importantly, they offer such a wide range of podisigs that their research and development i$ gtibwing
in depth and width. Researchers all over the wariel not only contributing to further improve energy
efficiency, reliability, power density, simplicitygnd cost of multilevel converters, but also broateir
application field as they become more attractivé @@mpetitive than classic topologies.

The matrix converter belongs to the direct conegrgamily since it directly connects the input ac
lines to the output ac lines through bidirectiogaltches and without need of energy storage devsreh as
capacitors or inductors. As a consequence, theémgths are important weight/volume reduction and
inherent four-quadrant operation, which are de&rdbatures for transportation systems (electriciales,
more electric aircraft, military vehicles, etc.)h& lack of energy storage devices does not faver th
possibility to arrange semiconductors in such a et higher voltages and more voltage levels can b
reached. This is why this topology was limited twlpower and a small application scope. However,
recently several multilevel matrix converter topgts have been reported. Most of them are actbalbed
on the three classic multilevel topologies: thesStical Matrix Converter, the Indirect Matrix ar tFC
matrix converter

3. CONCEPT OF PROPOSED MULTI-LEVEL QUASI MATRIX CONVERTER FOR NON-
SINUSOIDAL CURRENT MOTORS

For more than 20 years, the matrix converter han lgiscussed academically. The traditional
matrix converter offers an all silicon solution fA€-AC power conversion as shown in Fig.1. The Sear
Matrix Converter is used to simplify when all oktBwitching states are not required for supplyoagk in
which only one current direction is required. Theus of matrix converter drives research has lgrgeéen
on sinusoidal motors (induction, permanent magyettsronous and the like). However, it is also palssio
use the matrix converter to drive non-sinusoidajpoticurrents, typically with nearly rectangulartpout
current waveforms [7]. Such non-sinusoidal exadtativaveforms can also lead to increased torque per
ampere realizations with particular motor designs.

For EV applications, the converter is designed ¢ooperated with 3 level DC voltage connected
through the battery which is contrary to classidriraonverter design, therefore, the convertardmed as
“Quasi” matrix converter. 3-level DC to 4-phase rxatonverter consists of an array of 16 bi-direntil
switches arranged so that any of the output lifié¢seoconverter can be connected to any of thetilipes as
shown in Fig. 2. The switches are modulated in sualay as to generate the desired output waveform.
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Fig. 1 A Classical AC-AC Matrix Converter Circuit

The inherently bi-directional matrix converter rageates energy, which is very desirable in EV
applications. It draws sinusoidal input current aegending on the modulation technique, it canrbenged
that unity displacement factor is seen at the sugpie irrespective of the type of load. The sia@ be
greatly reduced compared to conventional technekgince there are no large capacitors or indudtors
store energy. Recently there has been considematdeest in the potential benefits of matrix corneger
technology, especially for applications where sizeight and long term reliability are importanttas such
as electric powertrains.

Number of phases is not limited. By using nine fadiional switches, the matrix converter is able to
create a variable output voltage system of a désmeuency and magnitude. Normally, a BDS is boylt
two collector— or emitter-connected insulated dapmlar transistors (IGBTS). This enables a higlitahving
frequency which is necessary to decouple input@rtgut systems of the matrix converter. Altogethist,
IGBTSs for the BDS are more than 12 IGBTs neededfdc-voltage link converter with power regenenatio
However, it is a fact that the size of IGBT chigeded to build up a comparable matrix convertgrower,
is reduced[8]. A further aspect is the reductiomiot volume by renunciation of a chopper resistiod a live
time limiting dc-link reactance. The input powectiar can be adjusted with little reduction to thativae
power transfer ratio. The sinusoidal voltage trangfatio is limited to 0.86 on principle. To handle
concerning the commutation behaviour and at pul§eeo reliable protection at pulse-off is required.
Multilevel technology is a good solution in mediamhigh voltage power conversion. However, the téxgs
multilevel converters have their limitations suchcascaded cell multilevel converter requires tpid C
supplies while the capacitor clamping converter thasalance the capacitors while diode clampings tnesdf
the DC-link voltage and many of the switching statannot be used.
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Fig. 2. Configuraﬁon of dc-ac sparse matrix Coteer

4. MATHEMATICAL MODEL AND DESIGN OF PROPOSED CONVERTER

This paper demonstrates a technique to drive an fmmp 8/6 four-phase Finite Element model of
the SRM using a quasi multi-level sparse matrixveoter using RB-IGBTs. A simple modulation strategy
has been developed to produce the step multi-lmwiglut currents for each phase independent of etgr
keeping the fault-tolerant characteristics of SRMe configuration of the proposed multilevel matrix
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converter is shown in Fig 3. Since the inputs oftitewel converter is connected to voltage sourtes,input
lines must not be short circuit, and due to theuatide nature of the load, the output loops musdtlefi
opened. If the switching functions of switches ig.F, are defined as (1) shown at the bottom efribxt
page. The general direct forms of voltage and ctreguations of matrix converters are given by(2))-
With these constraints, the proposed multilevelrixatonverter in Fig. 3 finds 729 available switoti
modes. The switching schemes can generate thetalddée The state tables show the options for paelse.

u u* +v, my; My My3][R

[U] =|(v'+vy, | =M1 My My3||S|= v, = My;...(1)
* m m m

w2 w'+ v, 31 32 33 _7;

Vo M Vi

ig myy Mip; Maz]" iy
is|=|Mm21 Mgz mMu3| |i,|= iy = MTi,..(2)

ir Mgy Mgy Mgz3] i,
N ——
i mT io

3
where 0 < m; < 1,2 m; i=1{1,2,3},j=1{1,23}
j=i

At any instant, the input voltages can be sortéd the maximum, median and minimum voltages.
In the discussion below, a particular combinatibremabled switch connections between input linest the
output legs is called a switch state. The switchirlg is as follows: During motoring operation, fasitive
leg is switched between the median and maximumagek via the forward conducting RB-IGBTs. The
negative leg is switched between the median andmim voltages via vM is the DC output phase voltage
and is close to the value of the phase back-ertiefoad. During a given switching period, all thdtage
levels may be assumed to be invariant. Clearlgngtinstant, each of the two legs must be conndotedy
one of the input lines because they are inductiveature.
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Fig. 3. (a) Configuration of ac-ac sparse matrin@erter. (b) Configuration of dc-ac sparse matnixti-
level Converter
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In the discussion below, a particular combinatibemabled switch connections between input lines
and the output legs is called a switch state. Titchking rule is as follows: During motoring opecat, the
positive leg is switched between the median andimax voltages via the forward conducting RB-IGBTSs.
The negative leg is switched between the mediannsindmum voltages via the backward conducting RB-
IGBTSs. Let the variable x denote the switch positaf the positive leg; x = 0 denotes a connectmithe
median voltage and x = 1 denotes a connectiondonthximum voltage as per the switching rule above.
Similarly, let y denote the switch position of thegative leg; y = 0 denotes a connection to theianed
voltage and y = 1 denotes a connection to the mininoltage as per the switching rule above.

There are four allowed switch states denoted by)(x, (0, 0), (0, 1), (1, 1) and (1, 0). Theseedat
are shown in Fig. 5. Let _xy be the duty cyclehe state with the positive leg at x and the negdéyg at y.
During a switching cycle, the converter goes thioad four states. In Fig. 2, one of the output ggsis
assumed to be inactive, carrying zero current.hia tase, one of the other active output phaseagesar
positive current and the other active phase cao edsry negative current. At any instant, the debir
voltages levels are obtained for different phasés the maximum, median and minimum voltage levlels
three levels are desired.
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5. ANALYSISOF COMMUTATION STRATEGIESFOR ALLOWED SWITCHING STATES

The knowledge of matrix converter commutation isdfamental in understanding the difficulties
the converter. On a single output phase, as showkig. 3 the commutation process can be studiec
contrast to the well#hown devoltage link convertera commutation cannot be initiated without ¢
knowledge of the commutation conditions. To perfancommutation, the voltage between the invol
BDS or the load current must be measured. For armedation, ory the sign of one of the two quantities
important, as the sign determines commutation sequence. A weasklected sequence enable:
commutation without short circuiting the input \ages or breaking the load current. In K4, all applicable
sequenes are listed in its legal quadre for 4-level output.The shown sequences are “four <
commutations.” This means that, before a commutattowhole BDS in an output phase is switched
After a commutation has passed, this BDS is off aBDS conected to a different input phase is switcl
on. There are 12 ways to perform a commutation. 4 can explairthe paths from a starting situation w
BDS 11 switched on. In order to deal with the delayes of the IGBTS, a little dead time is keptvieen
each commutation step. The two sequences on tlseomky need the evaluation of the sign of the ir
voltage but are independent of the current siges€lsequences are named “voltage commutationtidn
sequences on the axis only need the evion of the sign of the load current and are namearrént
commutation”.

The remaining sequences need the evaluation ofdigiis. This fact makes them harder to har
As a result, voltage or current commutation shdiddused. Another idea to achiex commutation is the
“two-step commutation.” The basic idea is to switch othly IGBT in a BDS which will lead the lo:
current. In addition, all IGBTs in the matrix whietill not conduct are switched on. This will reduite
total time of the commutatioand opens additional fr-wheeling paths for the load current in case ofre
The twostep commutation can be voltage controlled or aciircentrolled. The commutation logic deals o
with the switching commands of the PWM generatat the utilized gn of commutatior

The matrix converter should mimic a classifour phase inverter while drivingn SRM motor. In a
rotation through 360 electrical degrees, each phatge motor goes throu four distinct bac-emf regions.
These regions determine thenduction mode of the phase leg X (= u, v or wilaswr in Fig 5 Let the
variable x denote the switch position of the pusitieg; x = 0 denotes a connection to the medidtage
and x = 1 denotes awnection to the maximum voltage as per the svng rule above. Similarly, let
denote the switch position of the negative leg;  denotes a connection to the median voltage andl
denotes a connection to the minimum voltage aghgeswitching rule above. There are four allowedcw
states dested by (x, y) = (0, 0), (0, 1), (1, 1) and (1, Dhese states are shown in F4.
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Fig. 4 Theory of commuataion strategies for allowed shiitg states. a) Transition of switching st¢
diagrams (b) Timing diagrams.

Let xy be the duty cycle of thstate with the positive leg at x and the negateg dt y. During
switching cycle, the converter goes througtallowed states. In order to get a leg-voltage of 2Im at th
output, the duty ratios have to be suitably chosérchhoff's voltage lav is averaged over one switchi
cycle to give 2Im. where m is the modulation ind€kese duty ratios ensure that the average of utput
voltage is a fixed DC value. This is actually arga-based scheme similar to elementary PWM scheme
inverters.
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6. TESTING SETUP AND VALIDATION MODESWITH VIRTUAL MACHINE INTERFACE

The proposed sparse matrix converter is used tohei®RM under the conditions stated in Table 1.
In this section, a brief description of the implatation of the system in simulations and in theual
machine interface is given. Fig 5 shows the actuwatched reluctance motor which is simulated faritei
Element Analysis. Table 1 states the machine cleniatics of the SRM used.

Fig. 5. Experimetal Switched Reluctance motor ufedsimulation model. (&) The rotor and stator
snapshots. (b) Experimental setup.

Table 1: Operating Conditions for the testing @& fnoposed Converter under static and dynamic FE
Analysis

Characteristics Value

No. of Stator/poles 8/6
No. of phases 4

Rated power 1hp

Rated Current 45A

Rated Speed 3000rpm

Loading conditions ~ No Load

Input +24V dc

Output Step current pulses
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Fig. 6. Switched Reluctance motor simulation model.
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Fig.7. Multi-level output waveforms from the MatiGonverter circuit generated from a single DC power
supply (Randomly selected gate signals). (a) Aagaat 4 independent phase current profiles. iffipg
diagram of switches.

7. CONCLUSIONS

This paper proposes a multi-level quasi-sparse exvervof the SRM that is a modified circuit from
an AC-AC sparse matrix converter for lighter wejdbdttery operated, energy efficient applicatiomshsas
EV applications. When SRM run, the higher voltageld be also applied to phase windings and obtain
faster excitation current and demagnetization curi®o it can also improve current tracing effelytnamic
performance and efficiency and reduce the torgppleisimilarly without using any bulky short lif@an
passive components.
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