ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/273391544

Carrier-Based Implementation of SVPWM for Dual Two-Level VSI and Dual
Matrix Converter With Zero Common-Mode Voltage

Article in IEEE Transactions on Power Electronics - March 2015

DOI: 10.1109/TPEL.2014.2316528

CITATIONS READS
101 462
3authors:
Rohit Baranwal Kaushik Basu
Eaton . Indian Institute of Science
14 PUBLICATIONS 461 CITATIONS 111 PUBLICATIONS 1,758 CITATIONS
SEE PROFILE SEE PROFILE
Niall Mohan

Queen Margaret University

235 PUBLICATIONS 14,505 CITATIONS

SEE PROFILE

All content following this page was uploaded by Rohit Baranwal on 29 January 2018.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/273391544_Carrier-Based_Implementation_of_SVPWM_for_Dual_Two-Level_VSI_and_Dual_Matrix_Converter_With_Zero_Common-Mode_Voltage?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/273391544_Carrier-Based_Implementation_of_SVPWM_for_Dual_Two-Level_VSI_and_Dual_Matrix_Converter_With_Zero_Common-Mode_Voltage?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rohit-Baranwal?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rohit-Baranwal?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Eaton?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rohit-Baranwal?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kaushik-Basu-7?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kaushik-Basu-7?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indian_Institute_of_Science?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kaushik-Basu-7?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Niall-Mohan-2?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Niall-Mohan-2?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Queen_Margaret_University?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Niall-Mohan-2?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rohit-Baranwal?enrichId=rgreq-cc00faa16e052fb007324dbc8369b204-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM5MTU0NDtBUzo1ODgxODEzNjc5ODAwMzNAMTUxNzI0NDc3NDUxOA%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Carrier based implementation of SVPWM for dual
two-level VSI and dual matrix converter with zero
common-mode voltage

Rohit Baranwal Student Member, |EEE, Kaushik BasuMember, IEEE and Ned Mohanl.ife Fellow, |EEE

Abstract—PWM converters generate switching common-mode  Open-end winding drives consisting of two inverters are an
voltages across the load terminals. These voltages cause commong|ternative to NPC and cascaded multilevel inverters tm gai
mode currents, leading to bearing failure in motor loads and more voltage levels in the output voltage waveform. An open-

EMI problems. This paper presents a generalized carrier based S . .
PWM technique for open-end winding motor drives that com- €nd winding drive was proposed in [16] and some more open-

pletely eliminates switching common-mode voltage. The proposed €nd winding drive configurations have been presented in [17]
method is applicable to both dual two-level voltage source and [18]. Open-end winding drives not only give more voltage

inverter (VSI) and dual matrix converter based open-end winding |evels in the output, but the maximum output voltage for a
drives. Detailed analysis shows that the carrier based method given input voltage is more than that for a single converter.

requires significantly less computation compared to the corre- In additi th b trolled to eliminat d
sponding space vector implementation. This paper also outlines n addiuon, they can be controiied to eliminate common-mo

the relationship between the two implementations. The carrier Voltage across the load. In [19], a space vector PWM technique
based method is shown to achieve superior performance in terms has been presented for an open-end winding two-level wltag
of resource requirements and execution time when implemented source inverter (VSI) drive to eliminate switching common-
on an FPGA based real time control platform. Simulation and ,+4e voltage across the load. In [20], a two winding indutctio
experimental results have been presented to validate the proped . ; . . . .
method. machine drive with dual two-level inverters is presentethwi
_ _ PWM method featuring common-mode voltage elimination as
Index Terms—Pulse Width Modulation (PWM), Open-end \ye|| The idea of open-end winding drives has been extended
winding dr_lve, Carrier based Modulation, Dual two-level |nvert_er, to matrix converters in [21], where a dual matrix converter
Dual matrix converter, Common-mode voltage, AC motor drive ) . ! T .
drive with common-mode voltage elimination and grid power
factor control is presented. Dual multilevel converters fo
open-end winding drives with modulation strategies to elim
inate common-mode voltage have also been proposed in the
Pulse width modulation (PWM) is the most commonly useliterature [22]-[27].
switching technique for synthesizing adjustable mageitaidd The PWM techniques presented in references [9]-[27] use
frequency AC due to reasons such as higher quality of tepace vector implementation, except the sine PWM method in
output voltage waveform, reduced filter requirement antefas[13]. As an alternative to space vector approach, carrisetha
dynamic response. However, conventional PWM techniqueschniques are capable of producing same results as space ve
for DC/AC two-level voltage source inverters (VSI) and #hretor based approaches, as concluded in [28]. In comparisiin wi
phase AC/AC matrix converters (MC) cause high frequengpace vector modulation, carrier based techniques catireequ
common-mode voltage at the load terminals [1]-[5]. In cadess computation and result in simple implementation, ag se
of a motor load, this can cause common-mode currentsito[29]. They also give an insight into the relation between
flow through the motor bearings due to electrostatic cogplirthe duty ratios for converter switches and the referencputut
through parasitic capacitance. This leads to prematuhardai voltages and input voltages. A carrier based approach fwesp
of motor bearings and undesirable electromagnetic imterfeector PWM for two-level inverter has been presented in [29].
ence (EMI). Passive common-mode filters are employed fliris based on simple comparisons of the reference output
impeding these common-mode currents [6]-[8]. Due to theltage waveforms rather than computation of the reference
use of additional filter components, this solution leads tmutput voltage space vector along with the sector identifina
reduced power density and reliability along with additiongrocess required by space vector approach. In [30] and [31],
cost. PWM techniques have been proposed in the literatucasrier based PWM methods for matrix converters have been
both for VSI and MC, for the suppression of switchingresented. Carrier based PWM techniques for multilevel and
common-mode voltage [9], [10]. It can however, cause raultiphase (more than three phases) inverters have been ex-
reduction in the quality of the output voltage waveform anplored as well [32]-[35]. Carrier based approaches have bee
achievable maximum voltage transfer ratio [11]. Multilevestudied together with space vector based approaches tovebse
converters have also been explored for common-mode voltagéations between them and to compare them [35]-[37].
elimination: for example [12], [13] for three level neutpint The SVPWM techniques with common-mode voltage sup-
clamped converter (NPC), [14] for five level NPC and [15] fopression for dual VSI and dual MC have been proposed and
cascaded multilevel inverters. developed in isolation. However, there are similaritieshia

I. INTRODUCTION



PWM control of these two converters. A carrier based imple-  +

mentation for the PWM control of the open-end winding dual éﬁ ;l% ;]) ij)l il)l
two-level VSI drive has been presented in [38]. In this paper A %A_l LAF o e
the similarities between the PWM control of dual VSl and dual v, L ¢| B Frony B

MC with common-mode voltage suppression are identified. 4 {Jﬁ %% ﬁL} ﬁL} £L}

33

Then, a generalized carrier based PWM technique for open-
end winding drive that includes both dual VSI and dual MC
as the power converter has been presented. The generalized "N pysitive end conv.
algorithm presented in this paper results in the computatio

Negative end conv.

(@)

of the d_uty cycle of each of the switches directly from the o Positive end conv. Negative end conv.
sensed input vpltage anq reference output voltagg Wayeform Oy ——— " Y
There are no trigonometric and square root operationsvedol b \1 \1 \1 \1 \1
in any computation required for the proposed algorithm as N N AN A S [op— (o™
opposed to the space vector approach. Overall, the carrier c # \( \( \( \(
based algorithm requires significantly less computaticothB & N O

.cC cB cA cA™ B |c

space vector based and carrier based algorithms have been RS
implgmented on an FPGA based platform Fo compare resource ﬁ . \L \L@‘_j ]j o
requirement and the speed of computation. Simulation and NS
experimental results have been presented to demonstete th ' (b)
working of the carrier based algorithm.

The paper is structured in a total of eight sections. Sectii§- 1. (&) Dual two-level inverter (b) Dual matrix converter
Il describes the dual converters and the space vectors to be U Us W W
used for PWM. The discussion in the section Il gives the o1t (11h) @of)  (ood)
similarities between the two-level and matrix convertesesa
and defines a general notation for the two platforms. In gecti (olljl
IV, the carrier based algorithm has been derived which is the
compared to the space vector based approach in section V. The W
simulation and experimental results are presented incsevti (0(5’1) (1062;L) (11%)) (013)
and section VIl respectively. The conclusions are preskinte (a) (b)
the last section.

Fig. 2. Two-level VSI Space vectors (a) Positive end Spacagove (b)
Negative end space vectors

II. DUAL MATRIX CONVERTER, DUAL VSI AND

SYNCHRONOUS ROTATING VECTORS ) _ ) L
complimentary fashion. So, there are eight total combamesti

A dual converter consists of two converters of a given typghys forming eight voltage space vectors. Six of these are
with one converter connected to each side of an open-exgtive vectors while rest two have zero magnitude and are
W|nd|ng three phase IOad. A dual tWO-IeVeI inVerter iS ShOWéb”ed Zero vectors. These vectors are Shown in F|g 2(a)
in Fig. 1(a) and a dual matrix converter system is shown {fiach of the six active vectors are of magnitude i.e. the
Fig.1(b). In both systems, one converter is named positiyg bus voltage and are fixed in position. As an example when
end converter and the other is named negative end convef{gfminal A of the load is connected to dc bus terminal P and
The dual two-level inverter has two two-level voltage s@urqoad terminals B and C are connected to dc bus terminal N,
inverters (VSI) while the dual matrix converter has two matr the switching state (100) is obtained. Thus the vedfar is

converters. N Synthesized_
The space vector of positive end converter (for both dual A matrix converter can synthesize three phase ac voltage
VSl and dual matrix converter) is defined in (1). of adjustable frequency and amplitude from a three phase

ac voltage source. The converter consists of nine switches
@ (realized with eighteen IGBTSs), forming three legs. Each of
these three legs can be in three different positions, iagult
The voltagesuan, vy anducy are voltages of positive endin twenty-seven total switching states. Thus there are tiyven
output terminalsA, B and C respectively wrt a poinN. The seven voltage space vectors for a matrix converter. Out of
point N is the negative terminal of the dc bus in the case tfiese twenty seven space vectors, three vectors are zeoos/ec
dual two-level inverter. In the case of dual matrix converteand eighteen vectors are stationary but of varying mageitud
the pointN is the neutral point of the input three phase aim time. These eighteen stationary vectors along with the
voltage. three zero vectors are used in the indirect matrix converter
A two-level VSI can synthesize three phase ac output ofodulation technique [39]. The remaining six vectors have a
adjustable amplitude and frequency from a dc voltage. Tharenstant magnitude o%V,; (V; is input peak phase voltage)
are a total of six switches (realized by six IGBTs). Théut keep rotating uniformly and are known as synchronously
upper and the lower switches in one leg are switched intating space vectors. Three of these rotate in counter-

o o
U = vaN +vpne? 3 4+ vpnel 3



by (3).

__ VAN + UBN + UCN
Vcom,pos — 3

) _ VAN + BN +VoN
UCOHl,an - 3 (3)

The differential common-mode voltage..m air defined in
(4) is what affects circulating currents in open-end wigdin
drives, as explained in [40]. The average of these common-

] ) - ) mode voltages defined (5) is what affects EMI, as explained
Fig. 3. Synchronously rotating vectors for positive end matonverter (a) in [1]

CCW Vectors (b) CW Vectors

(A'B'C") (A’]%’ ") Vcom,diff = Ucom,pos — Ucom,neg (4)
CDha,

Wik

Veom.sum = Ucom,pos + Ucom,neg (5)
’ 2
Based on these expressions, for the two-level VSI, vectors
U,, Uz, Us, W;, W3 and W5 have a common-mode
voltage ‘% The vectorsU,, Uy, Ug, Wo, W4 and Wy
have common-mode voltage 6%4—
Thus, the selUy, Uz Uy, W1, W3 and W5 can be used

(b) for converter control so that the common-mode voltage acros
Fig. 4. Synchronously rotating vectors for negative end imawnverter (a) the loadveem qir IS zero and the average of the common-
CCW vectors (b) CW Vectors mode VOltageFcom sum iS cOnstant ate . The other set of

vectors Uy, Uy Ug, Wa, W4 and Wg can also be used

to achieve zero differential common-mode voltagg, dis,
while keeping the averaggm sum COnstant at(z"%. The first
et is used for this paper. In the case of matrix converter, fo
Il of the CCW and CW synchronously rotating vectors (both

sitive and negative end), one phase of input is conneoted t

only one phase of output at any given time. Hence, assuming
that the input voltages are balanced and only synchronously
otating vectors are used for converter control, the common
Dde voltages defined in (3) for both positive and negative
iéeﬁds will always be zero. Hence, both differentialof, qif)

ind average vtom sum) COMmMon-mode voltages are held at

clockwise direction with the input frequency and are called
counter-clockwise (CCW) vectors. The remaining three eot
in clockwise direction with the input frequenay;, and are
known as clockwise (CW) space vectors. The CCW and C
vectors for the positive end matrix converter are shown @ Fi
3(a) and Fig. 3(b) respectively. As an example, the swighi
state ¢ab) implies that the load terminals A, B and C ar
connected to source terminals ¢, a and b respectively. T
is done by turning ON switches cA, aB and bC and thus t
vectorU.,,y, is applied. Similarly, the other vectors are forme

The space vectors for the negative end VSI are shown

Fig. 2(b). Note that the space vectors of the negative end VSk gnqid be noted that all the space vectors mentioned above

are opposite in direction 9f .those of corresponding pasm\ﬁave a non-zero magnitude. To create a zero vector (which is
end VS| space vectors. Similarly, the CCW and CW Vectofs ired in output voltage control), the same space veetor i

for the negative end matrix converter are shown in Fig. 4(@}pjied to both positive and negative converters (suchias
and Fig. 4(b) respectively. These are opposite in diredtion 5, W) to get zero voltage across the load. This is further
the CCW and CW vectors of the positive end matrix convertefis.ssed in next section.

The space vector of negative end converter (for both dual VSI
and dual matrix converter) is defined in (2). I1l. GENERALIZED ANALYSIS FOR DUAL CONVERTER
SPACE VECTORS

The space vectors for the positive end and the negative end

The voltages)a n, ve/n @anduvcy are voltages of negative endconverters (both dual two-level VSI and dual matrix coregrt
output terminals\’, B" andC’ respectively wrt a poinN. The to generate zero common-mode voltage across the load are
point N is the negative terminal of the dc bus in the case ghown in Fig. 5(a) and Fig. 5(b) respectively. In Fig. 5,
dual two-level inverter and the neutral point of the inputth the space vector¥J,, W, and others can be related to the
phase ac voltage in the case of dual matrix converter. two-level inverter space vectors and matrix converter CCW

For the negative end VSI, when load termin¥l is con- and CW vectors using Table I. The vectors for the positive
nected to dc bus terminal P and load termiBaland C’ are and the negative end converters can be combined to give six
connected to dc bus terminal N, the vecW; is synthesized. resultant vectors applied across the three phase load asmsho
Similarly, for the negative end matrix converter, when thi Fig. 6. For example, when space vectdd, and W,
load terminalsA’, B’ and C’ of the load are connected toare simultaneously applied, the combined space vé¢ipis
terminals ¢, a and b of the source respectively, ve®¥.,, obtained.
is synthesized. The other vectors are formed likewise. The six resultant vector¥; to Vg form six sectors labeled

The common-mode voltage at the load terminals is definédto 6 and their magnitude i$/3 times the magnitudd’

W = —(van +vprned T +vone ™ ) 2)



i.e.vaas, v anduccr.
o j2m
120 120° Vo =U+W = (vaN + vpne’ 3
_g2m ;27 _g2m
+vene 73 ) + (= (varn +vpne’ 3 +ovone 7 E))

o e
U, W, =vaa +uBp e’ 3 +uccre (1)

@) (b) Thus, the reference output voltages across the load phases

Fig. 5. (a) Generic positive end space vectors (b) Genegethes end space yv|II be defined between positive and negative end terminals,
vectors i.e. Taar = V,cos(wet), vy = V,cos(wyt — %’r) and

Voo = Vo, cos(wot + 2,7”). The average output voltage vector
Vs V, (averaged over a switching period) is formed using these
voltages. The voltage 4/ indicates the voltage across output
phase AA’ averaged over a single switching period. The
voltagesv g, andvo¢r indicate the same for output phases
BB andC(C".

The absolute speed of rotation of the reference output
voltage vector is equal to the desired output frequengy

_ . .
Vo =Taa +Tppe’3 +Tccre s = gVoe”’“t (8)

In Fig. 6 however, the frequenay,., of V, is the relative

frequency of V, with respect to the dual converter space
vectors V1, V5 etc.). This frequency is defined for the two-
level, CCW and CW vectors in (9), (10) and (11) respectively.

*27r_§

\\'/6

It can be seen that if input frequeneay; = 0, then the
Fig. 6. Space vectors for dual converter expression forw,. for two-level vectors in (9) is same as
wre fTor CCW and CW vectors in (10) and (11) respectively.
L . Wrel = W for two-level vectors 9
of individual converter space vectors. The magnitideof vel = %o ( ) ©
Wrel = W, — w; (for CCW vectors) (10)

the individual converter space vectorslig. in case of two-
level vectors andV; in the case of CCW and CW vectors. Wrel = Wo +w;  (for CW vectors) (11)
These vectors, along with three zero vectors defined in (
are used to synthesize the reference output voltage v&gsor
(bar indicates average over a switching cycle).

q)he output vector could be in one of the six sectors and the
two space vectors bounding that sector are used to syn¢hesiz
the output voltage vector on an average over a switchingcycl
For example in Fig 6, the output voltage vector is in sector 1,
Viero1 = Uy + Wy =0 SO the space vectors, ar!d V5 are to be used to synthesize
v s = U, + W, =0 it. Suppose, the duty ratios of, Vz_and Viero,1 aredy,

ZEro, y y dy andd..,, = 1 — (d1 + d2) respectively. Then the output
Viero3 = Uz + W, =0 (6) voltage vector is synthesized as in (12).

The instantaneous output voltage vect®i, of the dual di1Vy +dyVa+ (1 — di — d2)Viaeronr = Vo (12)
converter is formed by the sum of the positive end and negativ _ _ _
end vectordJ and W, as given in (7). It can be seen that thi§om (6), (12) and Fig. 6, (13) is obtained.

voltage vector is formed by the voltages across the loadgshas L AW,y +doW, + (1 — dy — ds)Wy =V (13)
X y Zz X — o

From (13), it is observed that the positive end convertetarec

TABLE | Uy is ON for the entire switching period. The negative end
SPACE VECTORS FORCCW, CWAND TWO-LEVEL CASE converter vector®V, andW, are ON with duty ratiosl; and
do respectively, while the vectdW is ON for the remaining
Generic| Two-level | CCW | CW period, i.e. with a duty ratio ofl..,, in a switching cycle.
vector | vector | vector ) vector It should be noted that in case of dual VSI, the proposed
Ux U, Uabe | Uach PWM scheme uses only one set of vectors oufltiaf, Us,
Uy Us Ucab | Upac Us, Wi, W3, W5 andUs, Uy, Ug, Wa, W4, We. This
U. Us Ubca | Ucba will lead to an imbalance in conduction losses, since thestow
W Wi Wabe | Wacb IGBTs (connected to negative terminélof dc bus) in positive
Wy Ws Weab | Whac and negative end VSI will have twice the conduction period
W, Ws Whea | Weba of upper IGBTs. This can be mitigated by using the two sets




and so on. Using these expressions in (15) yields (16).

Vo cos((wo — w;)t — 2F)
dy = — 3
5Vi
h Vi cos((wo — wi)t + %)
COS((Wp — Wj =
d2 _ o 03 () 3 (16)
5Vi
After repeating the preceding computations for all six cext
for CCW and CW vectors and using the analysis done in [38]
Fig. 7. Vo in Sector 1 for two-level inverter vectors, Table Il is obtained,
_ _ _ TABLE II
in alternate output fundamental frequency periods. Thit wi DUTY RATIOS dq AND do IN ALL 6 SECTORS
cause the common-mode voltages at positive and negative end
to fluctuate betweeds= and 2%, but at a frequency closer Sector  d; do
to output frequency rather than at the switching frequemay/ a 1 —my,  —m,
shouldn’t have effect on ground currents mitigation. 2 My my
The switching losses however will be fairly balanced, 3 —m, —My
because during three sectors, the positive end converter is 4 My m,
clamped (both in case of dual MC and dual VSI). The positive 5 —mg  —my
end converter is switching during the rest three sectors and 6 m. My

by applying the gate pulses such that each leg (in case of
dual VSI) or each bidirectional switch (in case of dual MC&V
switches four times, thus equalizing number of switchin
transitions in all legs (dual VSI) or bidirectional switch@lual
MC). The negative end converter also has the same number of  3Uaa/van + (U — Voo )Ube Vo cos((wo — wy)t)
switching transitions. Thus, a dual VSI will have total ofifo " V2 N Vi
transitions per leg. A single VSI using conventional SVPWM

(using all eight vectors) has only two transitions per legin my

here for CCW vectors, the phase modulation indexes (MIs)
707]%, m, andm, are given by (17).

_ 30aAVeN + (Tep — Teo )Van, Vo cos((wo — w;)t — 2F)

switching period in all sectors. Thus, the dual VSI has twice %Vf %Vi

the number of transitions compared to a single VSI. Butas the 35, 4\ + (Tp — Too )ven Vo cos((wo — wy)t + ZE)
voltage transfer ratio for dual convertery&3 times that of a 7z = 92 = 3y

single VSI we can operate dual VSI % times the DC bus 20 20 17)

of the single VSI to achieve same maximum output voltage. _
Hence, switching losses will increase B times for the dual For CW vectors, the Mlsn,, m, andm. are given by (18).

converter. _— 3UaAVaN — (UBB — Toor)Ube Vo c08((wo 4 wi)t)

x

Q‘/Z - QV
271 27
I\V. DERIVATION OF CARRIER BASED ALGORITHM - @ voc) , (oo )t — 25)
i ; ; - VAA’UbN — (UBB/ — VCC’ ) Vcs »cos((wy, + w; )t — =
The duty ratiosd; andds will now be derived in terms of my = @ — 3

9172 EAVA
the reference output phase voltages and input phase veltage 2V 2Vi

Suppose the output voltage vector is in sector 1, as shown in  30aaven — (Upp — Doc )vab Vo €0S((wo + w;)t + 27)
Fig.7. M= = %Vf - %Vi
For the CCW vectors, Table | and (13) give (14). (18)

Uabe + @1 Weab + d2Wpea + (1 — di — d2)Wape = Vo For dual two-level inverter, the Mis:,, m, andm_ are given
(14) by (19).

Using (1), (2), (8), (14) and imposing that —_— Uaar Vo cos(wol)
= — — T Vdc B Vdc
Vaar +Upp +vocr =0
vpp Vo cos(wet — %ﬂ)
the duty ratiosd; and d, can be derived in terms of input my = Ve Vv,

voltages and average output voltages as in (15). 5

Teer  Vocos(wet + %)

3UAA VN + (VBB — Dy )Vab mz = = 19)

dl = Vdc Vdc
3(Uvaab - UCN’Uca)

& — STAAUbN + (TR’ — Ve )Vea
) =

Hence, in every sector, the duty ratios are a function of the
(15) phase modulation indexes (MIg),, m, andm..
3(VbNVab — VeNUea) For the dual two-level inverter, the Mls are equal to refer-
The quantity in the denominator is a constant and simplifience phase voltageB s+, g/, Tcc) divided by the dc bus
to —33—3%2. Also, v,n = V; cos(w;t) anduaar =V, cos(w,t)  voltage {4.). The frequency of these Mis is equal to output




TABLE Il
DuUTY RATIOS IN TERMS OF MODULATION INDEXES

MI with maximum absolute] MI with maximum absolute
Duty value is positive value is negative
ratio me | my | m. me: | my | m;
du, 1 0 0 1-|ma| | M| [ma
de 0 1 0 [my| 1-|my| Imy|
du, 0 0 1 |m.| |m.| 1-|jm.|
Fig. 8. Modulation indexes’ waveforms dw Ljme| Ima| Imal 1
dWy [y | 1-[my| [y 0 1 0
dw, |m.| || 1-jm.| 0 0 1
frequencyw, which is also equal to the relative frequency for
two-level case defined in (9). S
For the dual matrix converter, the amplitude of these mod- @
ulation indexes is the ratio of peak phase output voltége _
and 1.5 times of input peak phase voltage The frequency 3 S e on, 1 addition
of the three CCW Mils in (17) is equal to relative frequency [ vt Ve ki — koo, Bkanr |
wre defined in (10). Similarly, the frequency for the CW Mls —
. . : . . 4 multiplications
in (18) is the relative frequency defined in (11).
With these observations a common algorithm can be used 3kaarva, 3kga/ve
to find the duty ratios for different phases for both dual imatr (kpp — kccr)Vbe: (kppr — kocr)vab
converter and dual two-level inverter. Fig. 8 shows theehre 2 additions/subtractions
phase modulation indexes against time. e £ (hnmr —koor)s
In the figure, the maximum and the minimum modulation Sea e £ (hopr — koo yony,
indexes are highlighted in alternate sectors e.g. sectardl a 2 muftiplications )
sector 2 (both bounded by vertical dotted lines) have the 1 addion =< gy;
maximum MI and the minimum MI highlighted respectively. Mg, My, Mz
Following observations are made. 3 comparisons
« In sector 1, the absolute value of phase modulation index | [mal, Imgl, ] |
m, 1.e. |m,| IS maximum among absolute values,|, > compatisons
|m,| and|m.|. In sector 1, the phase modulation index P
m, IS termed as the absolute maximum MI and the other [ Maximum of absolute value$
two Mis (m, andm.) are termed non-maximum Mis. 1 subtraction
o Throughout the sector 1, the positive end converter is | 1-|maxin;um VT
clamped and always applies one space vectorllg. _
and the modulation index:, is absolute maximum and 3 comparisons
positive, as seen in Fig. 8. In other sectors as well, the Determine which Ml is absolute maximum and its sign
sign of the Ml which is absolute maximum decides which Determine duty ratios of vectors using Table Ill
converter is clamped (positive for positive end converter

and negative for negative end converter). The space vector
applied by the clamped converter is corresponding to Ml
which is absolute maximum., i.&J, in sector 1 and so
on.

« In sector 1, for the negative end converter, the duty ratias
for space vectors corresponding to non-maximum M
(my, m.) i.e. Wy, and W, are equal tod; and d
respectively. As seen from Table I, = —m, and
dy =

Pulse routing

Total computations: 6 multiplications, 8 additions/subtiats
8 comparisons, 1 shift operation

1g. 9. Carrier based implementation of matrix converter PWMg<CW
d CW vectors

—m,, i.e. the negative of non-maximum Mis. InSimilar analysis can be done for other sectors to derive the

Fig. 8, the non-maximum Misn, andm. are negative duty ratios for all the vectors. The information for all serst

in sector 1. Hence], = |m,| andd, = |m.|. Thus,W,

and W, are applied with duty ratios equal to absolutepace vectors in terms of Mis,, m, andm..

value of corresponding Mis.

is summarized in Table Ill, which gives the duty ratios fdr al

In the table, the duty ratio of space vecfOr, is denoted

In sector 1, the duty ratio of the negative end convert®y dy,, and so on.Uy, Uy and other space vectors can be
for space vector corresponding to absolute maximum Ntentified using Table | for CCW, CW and two-level inverter
(my) i.e. Wy is equal tol — (dy +dz) = 1+ (m,+m,) vectors. Note that the Mis:,,, m, andm_ have been defined

i.e. 1 —m,. This can be rewritten ab— |m,| sincem, in (17), (18) and (19) for CCW, CW and two-level inverter
is positive in sector 1 as seen in Fig. 8. cases respectively. A flow chart for calculating duty ratios



using carrier based algorithm for open-end winding matrix 1

converter drive is given in Fig. 9. As a preliminary step, du,, k )—K /
the CCW and CW modulation indexes defined in (17) and 0 ] ]

(18) respectively are rewritten as shown in (20) and (21) 1
respectively. deo % L: [ % E ~

_ 30aAVaN + (UBB — Do) Ube
My = 912
271

2
= k /Uy, k /—k ’ c —_—
[Bk a4 van + (kBB CC)Ub](QW)

_ 3UAA/UN + (UBB — Ucc! )Vab
Yy 97,2
5Vi

2
= [Bkaaven + (kpp — ko ) Vab) (9Vi>

m, = —(mg +my) (20)

_ 30aAVaN — (UBB/ — Do) Ube
my = 972
2 Vi

2
= Bk anvan — (kpp — koo )ope] [ ——
[Bkaarvan — (kBB cc)Ub](gvi>

_ 3UaA/UeN — (UBB! — Ucc! )Vab

— 3k (kinr — koo V] [ —=
= [3kaa/veN B — koo )Va] | gy
my = —(mg +m.) (21)
where
UIr
ki = I=AB 22
1T ‘/1 ) 7C ( )

Thus, the eXpreSSiOITBk‘AA/Ua + (kpp — kcc/)?]bc}&ggfvi)
equals CCW MIm, when+ sign is used in place and
equals CW MIm, when— sign is used in place of. Also,

expression3kaa ve £ (ks — ke ) Vap) (9%) equals CCW

MI m,, when+ sign is used in place of and equals the CW

MI m_, when — sign is used in place of.
It is assumed thak 4/, kg and koo defined in (22),
the input voltages.n, vpn anduvey and the quantltyW are

1

dy,
0

1

dw
(o

1

e M
Oi
1
Ov

0 2 Wrell —=

Fig. 10. Duty ratio waveforms for all positive and negativel epace vectors
(and switches)

CW Mis m, and m. as explained in (20) and (21).
Calculatem, = —(m, + m,) for CCW vectors or
m, = —(mg+m.) for CW vectors [ addition]. Now all
the Mis required for duty ratio computation are obtained.
[Total: 2 multiplications, 1 addition]

5) Find |m|, |m,| and|m|. [Total: 3 comparisons]

6) Comparelm,|, |m,| and|m| to identify maximum of
these three. [Total2 comparisons]

7) Find 1{Maximum MI|. [Total: 1 subtraction]

8) Determine which is the Ml whose absolute value is
maximum by comparingm,|, |m,| and|m.| with the
absolute maximum Ml found in step @ fomparisons].
Then, find the sign of this absolute maximum Ml [
comparison]. [Total: 3 comparisons]

9) Use the Table Ill to get the duty ratio of individual
vectors and hence the individual switches using Table
l.

As seen from above explanation, the carrier based algorithm
requires a total o6 multiplications, 8 additions/subtractions,
8 comparisons and 1 shift operation. These computations have

given at the beginning of the algorithm. The flowchart in Fidalso been shown denoted in Fig. 9.

9 is explained as follows:

1) Compute3k 4. [1 addition, 1 shift operation], v.;, [1
subtraction], vy, [1 subtraction] and kgg — koo [1
subtraction] . [Total: 3 subtractions, 1 addition, 1 shift
operation]

2) Computedkaa van, 3kaarven, (ke — koo )vbe and

As an example , lefm, | be maximum andn, be positive.
Then using Table IlI, the positive end converter is clamped t
space vectolU,. The duty ratios of negative end converter’s
vectorsWy, Wy, and W,are|m|, 1 — |m,| andm_ respec-
tively. If the CCW vectors are being used, then using Table
I, the positive end matrix converter is clampediQ,;. The

(kpp' — koo )vap, USING quantities computed in theduty ratios of space vectoM apc, Weab andWy,c, arejm|,

previous step. [Total4 multiplications]

3) Compute 3kaavan £ (kBB’ — k'CC’)ch [1 addi-
tion/subtraction] and 3kaA VN (kBB/ — kcc/)vab [1
addition/subtraction]. The plus sign+ is for CCW

1 — |m,| andm_ respectively.

It should be noted that despite using space vector equations
to arrive at the carrier based algorithm, the finalized earri
based algorithm mentioned above doesn'’t require any knowl-

vectors and the minus sign is for CW vectors. [Totakdge of space vectors.

2 subtractions/additions]

4) Compute(SkAA/de + (kBB’ — kCC’)ch)gv [1 mul-
tlpllcatlon] and (3kAA’UcN + (kBB’ — kCC’)'Uab) [1
multiplication]. This gives CCW MIsm, and my or

The duty ratio waveforms for the three positive end vectors
and the three negative end vectors derived using the carrier
based algorithm are shown in Fig. 10. In the figude;,
denotes the duty ratio waveform of positive end generalized



TABLE IV
DuUTY RATIOS IN EACH SECTOR

Dy~ S g1 5 | 3 | 4 | 5 | 6
Ratio
du, 1 di 0 dzero 0 da
de 0 d2 1 dl 0 dzero
U, 0 dzero 0 d2 1 dl
dWx dzev*o 0 d2 1 dl 0
dw, di 0 dzero 0 da 1
dw, da 1 d1 0 dzero 0

vector U,. The other waveforms similarly denote the duty
ratios of corresponding generalized vectors. The six wave-
forms are identical in shape and size but are displaced in

time. The waveformdy,, anddy, lag du, by 120° and240°
respectively. The negative end vector duty ratio wavefan

is displaced byi80° wrt to corresponding positive end vector
duty ratio waveformdys,,. The negative end vector duty ratio
waveforms are also displaced H0° wrt to each other. It
should be noted that the frequency of all these duty ratio

waveforms is the relative frequency.

The waveforms in Fig. 10 are duty ratio signals for space
vectors. However, in any of the three sets (two-level, CCW,
CW), one leg (in case of dual two-level VSI) or one bidi-
rectional switch (in case of dual matrix converter) is retat

to only one space vector. As an example (usifg, Uz and

Uj for modulating positive end converter), in the dual two-
level VSI, the leg connected to output phaseds turned ON

(or connected to dc bus termin&l) only when vectorU;

is applied and is turned OFF (connected to dc bus terminal
N) when any other two vectordJs, Us) are applied. Thus
in Fig. 10, the waveformiy, corresponds to the duty ratio
waveform of U; (using Table I) withw,.; = w, and hence

Va, Vb, Ve

kAA/, kBB/ y I{,'CC/
1 multiplication,

2 multiplications, 1 subtraction

1 subtraction

Va = Vqa
vg = %
1 division
2 multiplications 1tan—1!

1 addition
1 square root |g, = tan—1! 2£
1 division Vo
1tan—?!

m:,/mi«km%

m
0, = tan—1 £
Mo

2
Mo = gkAA'!

mﬁ—

=

5.75kpp —kcor)

B

1 addition/subtractiore—

0o £ 0;
L0 comparisons,
'2 subtraction

Sector and anglex
60° — a

2 sine operations

sin , sin(60° — ) |

2 multiplications
1 addition, 1 subtraction

di = msina, d2 = msin(60° — «)
dzero =1- (dl + d2)
Determine duty ratios of individual
vectors using Table IV

A

Pulse routing

Total computations: 1 square root, 2 divisions, 7 multiplmas, 2tan—!

2 sine, 8 additions/subtractions, 10 comparisons

ig. 11. Space vector based PWM of dual matrix converter usidgv@nd
» CW vectors

is the duty ratio waveform for the inverter leg connected t@nd CW vectors is shown in Fig. 11. It is assumed thai.,
output phase\. In the matrix converter case, when using CCW s andkcc: defined in (22), the input voltages,, v, and
vectors, the switcheaA, bB and ¢C are turned ON only v. are given at the starting of the computation.

when the CCW vectolJ .y, is applied and are OFF when any The flowchart for space vector based approach in Fig. 11 is

other CCW vector is applied. In Fig. 10, the wavefody,,

corresponds to the duty ratio waveform O, (using table
) with w,e; = w, —w;. Hence, this is the duty ratio waveform
for switchesaA, bB and ¢cC when using CCW vectors. A

similar explanation is applicable for CW vectors.

It must be noted, in case of simple carrier based operation of
a VSI, modulation/duty ratio signals can be directly coneplar
with a carrier to generate gating waveforms. In this case an
additional simple combinatorial operation with the geteda
pulses is necessary to avoid over lapping of two active gulse
in time. For example in a carrier/sampling cycle the pulses f

aA (Uape) andcA (Ucap) must not overlap in time.

V. COMPARISON BETWEEN CARRIER BASED AND SPACE
VECTOR APPROACHES FOFPPWM OF DUAL MATRIX AND
TWO-LEVEL VSI

An algorithm for the space vector based approach for PWM

explained below:
1) The input phase voltagesy, v,n andvey are converted

to af axis, usingv, = voy and vg = "bc [1
subtraction, 1 multiplication]. Input voltage phasé is
calculated agan~' -2 [1 division, 1 tan™']. [Total: 1
muItlpI|cat|on 1subtract|on 1 division, 1 tan™']

) Mo = gkAA/ [1 multiplication] andmg = Wg(k;BB, —

kcer) [1 subtraction, 1 multiplication] are calculated.
[Total: 1 subtraction, 2 multiplications]

The output modulation indexn = /m2 +m3 is

computed 2 multiplications (for computing m? and
mﬂ) 1 addition, 1 square root]. Output voltage angle
is computed usingd, = tan~' -2 [1 division, 1
tan—!]. [Total: 2 multiplications, 1 addltlon 1 square
root operation, 1 division, 1 tan—!]

0; + 0, is computed (either added for CW vectors or
subtracted for CCW vectors)1 [subtraction/addition]

of open-end winding matrix converter drive using both CCW 5) To determine the sectof, + 6; is compared with the



TABLE V
COMPUTATIONS REQUIRED FOR CARRIER BASED ANISPACE VECTOR
BASED APPROACHES FORPWM OF DUAL MATRIX CONVERTER

TABLE VI
RESOURCE REQUIREMENTS OF CARRIER BASED ANSPACE VECTOR
BASED APPROACHES FORPWM OF DUAL MATRIX CONVERTER

Computation Carrier based Space vector based Resource used Carrier based Space vector
approach approach approach approach
Comparison 8 10 No. of slice flip-flops 71 (1%) 2436 (26%)
Shift operation 1 0 No. of 4 input LUTs 461 (4%) 2670 (28%)
Addition/Subtraction 8 8 No. of Logic slices 271 (5%) 1590 (34%)
Multiplication 6 7 No. of MULT18X18SI0s 6 (30%) 7 (35%)
Division 0 2
Sine 0 2
tan™" 0 2 TABLE VI
Squal’e root 0 1 SIMULATION AND EXPERIMENTAL PARAMETERS FOR DUAL TWO-LEVEL

INVERTER AND DUAL MATRIX CONVERTER OPEN-END WINDING DRIVES

upper and lower angular bounds of each sectty Dual two Dual matrix
PP : : d . . [ Parameter level inverter converter
comparisons in worst case]. Then, anglex is determined
b b . ; ltiol f DC bus voltage 100 V N/A
y subtracting appropriate multiple of from 6, [1 Input voltage (line-line rms) N/A 69.2 V
subtraction]. Then (0°—«) is computed 1 subtraction]. Input frequency N/A 60 Hz
[Total: 10 comparisons, 2 subtractions] Output voltage (line-line rms 87V 69.2 V
6) Computesin a andsin (60° — «). [2 sin operations] SO'Ltjt‘I?‘lL'Jt fr;equency SOKHZ §8k:2
; _ y _ witching frequency z z
7) Compute duty ratiosd; = msin(a) and do = Load 31.0/39.0° O | 15.4/36.0° O

msin(60° — «) [2 multiplications]. Calculated..,, =
1 — (d1 + d2) [ 1 addition, 1subtraction]. [Total: 2
multiplications, 1 addition, 1 subtraction]

With sector,d;, ds and d..,, known, Table IV and change at the beginning of the shaded region (marked by
Table | are used to determine which space vector & arrow). The outputly, i.e., the duty ratio of vectolU,
applied with what duty ratio. This part is commor(top signal denoted as Wz in the figure) changes after two
with the carrier based algorithm and takes the san§éock cycles (shown in the shaded area). In Fig. 12(b), the
computations (a case or if else statement). Hence, itifputs kaas, kpp: and kccr (denoted KAApr k_BBpr and

not be considered in the comparison. k_CCpr respectively in the figure) change at the beginning

Based on above discussion, the total computations nee%&he shaded region. The outpi,, i.e., the duty ratio of
a

for the space vector based implementation of PWM for du € zero vector (top signal deqoted as dz in the f|gure). in the
: . current sector changes after thirty three clock cycleswsha

matrix converter using CCW and CW vectors dresquare the shaded area). Thus, latency of the carrier based dlgorit

root, 2 tan—!, 2 sin, 2 divisions, 7 multiplications, 8 addi- ' ' Y go

tions/subtractions, 10 comparisons. The flowchart in Fig. 9 as seen in Fig. 9 is two clock cycles. The latency of the space

for carrier based approach for dual matrix converter PWN, ctor based approach_as seenin Fig. 11 has a Iatencygfthwt
three clock cycles, which is much more than that of carrier

using CCW or CW vectors is explained in Section IV and thg

. ) . . ased approach.
various calculations req“'fed for the steps have been el The carrier based and space vector based approaches for
before as well as shown in the flowchart.

PtWM of open-end winding two-level inverter drive are special

Itis observed from the above discussion and the flowchafts o ¢ corresponding approaches for PWM of open-end
that the carrier based approach takes fewer computati@ams thi

nding matrix converter drive. So, the carrier based and

the space vector approagh for the'PWM control of ‘?'“a' mat@bace vector based approaches for PWM of two-level inverter
converter. The computations required are summarized mer&émpare similarly
Table V. '

The Verilog code for both the methods was developed and
implemented using Xilinx ISE Editor to check the resources.
The FPGA used was Xilinx Spartan 3 XC3S500E. The re- The parameters used for the simulation of dual two-level
source requirements of both techniques is given in Table \ihverter drive using carrier based PWM are given in second
which shows that the resource requirements are much mewumn of Table VII.
in space vector based approach. The CORDIC IP core fromThe simulation results for dual two-level inverter are show
Xilinx was used to do the square root and all trigonometrig Fig. 13, Fig. 14 and Fig. 15. The positive end and negative
operations needed by the space vector approach. end pole voltages and common-mode voltage are shown in Fig.

The latencies of Verilog code for carrier based and spat8(a) and Fig. 13(b) respectively. The voltages acrossubutp
vector based approaches for open-end winding matrix cquhases and differential common-mode voltage is shown in Fig
verter drive are shown in Fig. 12(a) and Fig. 12(b) respebtiv 13(c). Dead times and device drops have been included in the
In Fig. 12(a), the inputsk44/, kpp and kcc (denoted simulations to remain close to experimental conditiongs It
k_AApr, k_BBpr and kCCpr respectively in the figure) observed that barring the small glitches due to device drops

8)

VI. SIMULATION RESULTS
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Fig. 12. Latency in Verilog code for PWM of dual matrix converta) Carrier based approach (b) Space vector based approach
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Fig. 13. Simulation results for Dual two-level inverter (grpatch in top graphs indicates the length of one cycle of wtufpndamental frequency) (a)
Positive end pole voltages (top three graphs) and common-maitege (CMV) (bottom graph) (b)Negative end pole voltagep three graphs) and CMV
(bottom graph) (c) Voltages across load phases (top thraghgj and CMV (bottom graph) across load

and dead times [40], the positive and negative end commahe output currents. The Fourier spectra of voltagg: across
mode voltages are held flat at 33.33 V, which is equ%rtlhof output phase\ are shown in Fig. 15(b) for carrier based and
the dc bus voltagé’;.. Thus their average sum and differencepace vector based techniques respectively. The spedra ar
should also have constant values (ignoring non-idedljtiemearly identical, which implies that the carrier based rodth
which should help in mitigating the problems of circulatinggenerates identical pulses to that of space vector approach
currents and EMI. In all these figures, a gray patch has beerLastly, the Fourier spectra of voltage across load phase
drawn in the top graph to denote one cycle of the outpate shown for dual VSI with CMV elimination and single
fundamental frequency,. In Fig. 14, the positive end andVSI using conventional SVPWM (all eight vectors) in Fig.
negative end pole voltages and voltage across output phakg&). It is seen that they are nearly identical, indicatingt
have been shown for one switching cycle for easier viewinthe differential mode power quality of dual VSI with CMV
Fig. 15(a) displays the output currents and the circulatirelimination is same as that of single VSI with conventional
current. The output currents appear balanced and sinusole&®/M.
as desired, while the circulating current is much smallanth  The parameters used for simulation of dual matrix converter
using carrier based PWM are given in third column of Table
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Fig. 14. Simulation results (Zoomed voltages for Dual twaelemverter) (a) Positive end pole voltages (top three gsapind common-mode voltage (CMV)
(bottom graph) (b)Negative end pole voltages (top threplgghand CMV (bottom graph) (c) Voltages across load phdsestiree graphs) and CMV (bottom
graph) across load
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Fig. 15. Simulation results (dual two-level inverter) (a)r@& phase load currents (top graph) and circulating cultttom graph) (b) Fourier spectrum
of voltagewa o+ across load phasé& using carrier based method (top graph) and space vector métbttdm graph) (c) Fourier spectrum of voltagg 4/
across phas@ for dual VSI (top graph) and Fourier spectrum of output phaslieageva,, in single VSI (bottom graph)

VILI. a gray patch has been drawn in the top graph to denote one
The simulation results for dual matrix converter are showgycle of the output fundamental frequency. In Fig. 17, the
in Fig. 16, Fig. 17 and Fig. 18. The positive end and negatiy®sitive end and negative end pole voltages and voltagessicro
end pole voltages and common-mode voltage are shown in Fagtput phases have been shown for one switching cycle for
16(a) and Fig. 16(b) respectively. The voltages acrossubutgasier viewing. In Fig. 18(a), the input voltagg; and current
phases and differential common-mode voltage is shown (filtered and zoomed five times) are shown. It can be seen
Fig. 16(c). Commutation periods and device drops have beiat they are nearly in phase, indicating unity power factor
included in the simulations to remain close to experimentaiich is due to equal utilization of CCW and CW vectors
conditions. It is observed that excluding the small glickdee [21]. Fig. 18(b) displays the output currents and the cating
to commutation periods and device drops [40], the positivirrent. The output currents appear balanced and sinussda
and negative end common-mode voltages are held flat ati€sired, while the circulating current is much smaller than
V. Thus their average sum and difference should also be zenatput currents. Finally, in Fig. 18(c), the Fourier spaatf
(ignoring non-idealities), which should help in mitigadithe voltagevaa. across output phaseare shown for carrier based
problems of circulating currents and EMI. In all these figyre
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Fig. 16. Simulation results for Dual matrix converter (graycpan top graphs indicates the length of one cycle of outpntihmental frequency) (a) Positive
end pole voltages (top three graphs) and common-mode voltadg® ) (bottom graph) (b)Negative end pole voltages (top thgegphs) and CMV (bottom
graph) (c) Voltages across load phases (top three grapldsCE (bottom graph) across load
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Fig. 17. Simulation results (Zoomed voltages for Dual matrirvester) (a) Positive end pole voltages (top three graphd)c@mmon-mode voltage (CMV)
(bottom graph) (b)Negative end pole voltages (top threplggrand CMV (bottom graph) (c) Voltages across load phdegstiree graphs) and CMV (bottom
graph) across load

and space vector based techniques respectively. The aeetr implemented using a Digilent Spartan 3 Starter board with
nearly identical, which implies that the carrier based radth Xilinx XC3S1000 FPGA. A diagram of the circuit is given in
generates identical pulses to that of space vector approachFig. 19. A dead band of 2s is present between the pulses
of upper and lower switch of any leg in the inverter. The
experimental settings for two-level inverter setup areegiin
second column of Table VII.

The proposed PWM technique was tested on prototypeThe experimental results for dual two-level inverter are
hardware setups of dual two-level inverter and dual matrigiven in Fig. 20 and Fig. 21. The positive end and negative
converter open-end winding drives. In this section, a brieid pole voltages and common-mode voltage are shown in Fig.
description of the hardware setups has been given along wath(a) and Fig. 20(b). The voltages across output phases and
key experimental results. the differential common-mode voltage are shown in Fig. R0O(c

The dual two-level inverter was built using two MicrosemA gray patch in the top graphs of these three figures indicates
APTGF90TA60PG IGBT modules. The gate drivers useahe cycle of output fundamental frequency. It is observed th
are Concept 6SD106EIl. The proposed PWM technique wid positive end and negative end common-mode voltages are

VIlI. EXPERIMENTAL RESULTS
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Fig. 18. Simulation results (Dual matrix converter) (a) Inputrent (zoomed five times for viewing ease) and voltage of @hat) Three phase load

currents (top graph) and circulating current (bottom gj&oh Fourier spectrum of voltage, 5/ across load phasé& using carrier based method (top graph)
and space vector method (bottom graph)

j l pole voltages and common-mode voltage are shown in Fig.
@%z@k 23(a) and Fig. 23(b). The voltages across output phases and
HT the differential common-mode voltage are shown in Fig. R3(c
Gate' 1Gate A gray patch in the top graphs of these three figures indicates
pulseL Xilinx pulses one cycle of output fundamental frequency. It is observed th
5C bus ngggi‘gb% the positive end, negative end and th_e diﬁeren@ial common-
voltage mode voltages are held at zero, barring the glitches due to

commutation periods times and device drops [40]. Zoomed
versions of all these voltages are provided in Fig. 23(df)23
for better viewing. The input phase voltaggxn and phase
held at a constant value and the differential common-mo@denti. are shown in Fig. 24(a). It can be seen that the
voltage is held at zero, barring the glitches due to deadstim@Put voltage and current (filtered) are nearly in phasererur
and device drops [40]. Zoomed versions of all these voltagl§&ds slightly due to input filter), indicating unity powerctor
are provided in Fig. 20(d)-20(f) for better viewing. Theaar due to equal usage of CCW and CW vector [21]. The three
phase load currents and circulating current are shown in FRj!ase load currents and circulating current are shown in Fig
21(a). The currents appear as balanced and sinusoidal. TA&)- The currents appear as balanced and sinusoidal. The
circulating is current non-zero, however much smaller th&ireulating current is non-zero, however much smaller tfen
the load currents. Fourier spectra of the voltaga: are given 10&d currents. Fourier spectra of the voltage.- are given for
for PWM of dual two-level inverter using carrier based anfWM of dual matrix converter using carrier based and space
space vector based approaches in Fig. 21(b). It is seerhhat{eCtor based approaches in Fig. 24(c). Itis seen that tretrape
spectra are nearly identical and devoid of low order hargegoni @€ néarly identical and devoid of low order harmonics.
Finally, Fig. 25 shows the high frequency spectra of
The dual matrix converter setup was built using six Micommon-mode voltages generated by a single two-level VSI,
crosemi APTGT75TDU120PG IGBT modules and the ga% dual two-level VSI with common-mode voltage elimination
drivers used are Concept 2SD106AIl. The proposed pwafd a dual matrix converter with common-mode voltage elim-
technique was implemented on a Xilinx XC3S500E Fpgjation. The single VSI and dual VSI were operated at 100
board. A diagram of the setup is shown in Fig. 22. Fouf dc bus voltage and the dual matrix converter was operated
step commutation was used with a total commutation periddth @ line-line peak voltage 97.86 V (rms 69.2 V) for this
of 1.5 us. This requires sensing of the load currents. THOMParison. It can be seen that the high frequency common-
experimental settings for dual matrix converter setup areng Mode voltage generated by the dual converters is nearly an

Fig. 19. Diagram of the experimental setup for dual two-leweerter

in rightmost column of Table VII. order of magnitude lower than that generated by single VSI.
The filter components used afg; = 12.5 2, Ly = 1.4 mH
andC; = 35 uF. VIIl. CONCLUSION

The experimental results for dual matrix converter aremive In this paper, a generalized carrier based pulse width mod-
in Fig. 23 and Fig. 24. The positive end and negative endation technique has been developed for open-end winding
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Fig. 20. Experimental results for Dual two-level inverteralg patch in top graphs indicates the length of one cycle ¢fwiufundamental frequency) (a)
Positive end pole voltages (top three graphs) and common-moltege (CMV) (bottom graph) [X axis: 2 ms/div (top three grapl200 us/div (bottom
graph), Y axis: 50 V/div] (b) Negative end pole voltages (thpee graphs) and CMV (bottom graph) [X axis: 2 ms/div (topénhgraphs) 20@s/div (bottom
graph), Y axis: 50 V/div] (c) Voltages across load phasep (tree graphs) and CMV (bottom graph) across load [X axis: &limgtop three graphs)
200 ps/div (bottom graph), Y axis: 50 V/div] (d)Positive end paleltages and CMV (zoomed) [X axis: 28/div, Y axis: 20 V/div (top three waveforms)
50V/div (bottom waveform)] (e) Negative end pole voltaged &MV (zoomed) [X axis: 2@s/div, Y axis: 20 V/div (top three waveforms) 50V/div (bottom
waveform)] (f) Phase voltages and CMV across load (zoomed)xiX: 20us/div, Y axis: 20 V/div (top three waveforms) 50V/div (bottoraveform)]
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Fig. 21. Experimental results (Dual two-level inverter) Tdree phase load currents (top graph) and circulating sttottom graph) [X axis: 2 ms/div, Y
axis: 1 A/div] (b) Fourier spectrum of voltage, 5, across load phasé using carrier based method (top graph) and space vector m@ihttdm graph) [X

axis: 5 kHz/div, Y axis: 10 V/div]
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Fig. 22. Diagram of the experimental setup for dual matrix eoter

PWM ac drive. A detailed analysis shows the relationshi
and a comparison in terms of computational effort of the pro-

posed method with the existing space vector based modulatio
technique. The superior performance of the proposed carrie
based method in terms of resources consumed and execution
time has been confirmed by implementing both algorithms
on an FPGA based real time control platform. Finally, the
simulation results verified by hardware have been presented
to demonstrate the proposed technique applied to both two-
level and matrix converter cases.
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