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Abstract—in this paper, a harmonic elimination and suppres- well-established techniques to suppress and eliminate different
sion scheme for a dual-inverter-fed open-end winding induction harmonics in normal IM drives [8]. By using notches at suitable
motor drive is presented. Two isolated dc-link sources with voltage ,ints in the square wave certain harmonics are eliminated from
ratio of approximately 1:0.366 are required for the present drive. . . .

These two isolated dc links feeding two inverters to drive the open- the_ output [8]. Th(_ese schemes requires extensive offline compu-
end winding induction motor eliminate the triplen harmonic cur-  tations to determine the notches for different speed ranges. One
rents from the motor phase. The pulsewidth-modulation scheme of the schemes uses staircase type modulating wave to suppress
proposed enables the cancellation of all the 5th- and 7th-order the harmonics [9]. The disadvantages of all those schemes are
(6n £ 1, wheren = 1,3,5,7, etc.) harmonic voltages and na need for lookup tables and large offline computation. This

suppresses the 11th- and 13th-order harmonic voltage amplitudes ¢ . d simpl h f d
in the motor phase voltage, in all modulation ranges. The next paper presents a unique and simpie scheéme for an open-en

higher order harmonics present in the motor phase voltages are Winding IM drive, where all the 5th- and 7th-ordein( + 1,
23rd, 25th, 35th, 37th etc. 6n + 1, n = 4,86, etc.). By using wheren = 1, 3,5, 7, etc.) harmonics are eliminated and the 11th-
triangular carrier wave and proper modulating waves for each and 13th-order harmonics are suppressed to a significant extent
inverter, the open—end winding induction motor can be operated fr the entire modulation range. The other feature of the scheme
in the entire modulation range, eliminating all the 6n £ 1 . . g - - X
harmonics (@ = 1,3,5,7, etc.) coupled with 11th and 13th IS that speed contr(_)l using trlgngle carrier is p03_5|ble with I_ow
harmonic suppression. The proposed scheme also gives a smootifrfequency harmonic elimination and suppression and with-
transition to the overmodulation region. out resorting to very high-frequency pulsewidth-modulation
Index Terms—Harmonic elimination, harmonic suppression, (PWM) switchings. A smooth transition to the overmodulation

open-end induction motor, pulsewidth-modulation (PWM) drive. ~ region is also possible from the proposed drive scheme.

Il. POWER CIRCUIT FOR THE DRIVE SCHEME
. INTRODUCTION

et . X Shown in Fig. 1(a), inverter-1 and inverter-2 feed the motor
levels enhances the power circuit complexities and inturn affe¢ts \, two isolated dec-link sources. The voltage ratio of the

the cost of the system dearly. Another interesting and suitae, qc_jink sources is 1:0.366. In the present case the de-link
topology called the open-end winding induction motor (IMysjtage of inverter-1 is ¥c and the de-link voltage (Vdc) of
drive are presently being studied for high-power applicatiof§,erter-2 is 0.366 Ye.
[4]-{7]. The neutral of the IM is disconnected in an open-end rig 1(h) shows the voltage space vector positions of the indi-
winding drive and two separate three-phase inverters feed {i§ual inverters (inverter-1 and inverter-2). It can be noted that
motor from both ends of the stator winding. The inverters are fege magnitude of voltage space vector of inverter-2 is 36.6% of
from dc-link sources of half the magnitude, when compared {Rat of inverter-1 [Fig. 1(b)]. Fig. 2(a) shows the resultant space
the same in Conventional tWO'leVel inVerterS [4] In OrdertO avo%ctors using On'y Certain Space vector Combinations from in_
the flow of triplen harmonic currents in the motor phase, isolatggrter-1 and inverter-2. The voltage space vector amplitudes of
dc-link power sources or harmonic filters are required for theg®/erter-1 and inverter-2 depends on the inverters dc-link volt-
drives [4]-[6]. Similarto a conventional multilevelinverter, morgyges. To get a 12-sided voltage space vector combination, for
voltage space phasor levels can be achieved by using asymmetigosector combinations 1315, 24, 26, 35, 31, 46, 42,
dc-link voltages for the two inverters [7]. In the present works1’, 53, 62, 64 [Fig. 2(a)], the switching vector magnitude
a technique to eliminate and suppress certain harmonics ingifinverter-2 should be 0.366 times that of inverter-1 [Fig. 2(b)].
open-end winding induction motor drive is studied. There amhis can be calculated from the geometry of Fig. 2(b). Since
the switching vector magnitude of a two-level inverter is pro-
Manuscript received November 26, 2001; revised January 15, 2003. AbstrB@rtional to the value of its dc-link voltage, a dc-link voltage
published on the Internet September 17, 2003. ratio of 1:0.366 between inverter-1 and inverter-2 is needed
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Fig. 1. (a) Schematic of power circuit for the proposed scheme. Wc
0.366 Vpc. (b) Vector diagrams of individual inverters. ()
Fig. 3. Individual voltage space-vector switching pattern and its duration
1,1’ > (+-) for inverter-1 and inverter-2 for a resultant 12—sided polygonal space vector
22" > (++9) switching. (b) Pole voltagéV 1o, Vso,Vco) of inverter-1 and pole voltage
3,3 5 () (Varo,Vero Vero) of inverter-2.
4,4 — (-++)
5,5 — (--1) - ’ /
6,6' > (+-4) consisting of vectors 1526, 31, 42, 53, 64, separated by
7,7 = (+++) 30°. Therefore, if these two sets of vectors are switched (clock-
88 > (—) wise direction) with a 3@phase delay in time, the fundamental

component of both these sets add up because the fundamental of
the leading set of vectors move by°3€lockwise in space when
lagging set of vectors are switched. However, the 5th-order har-
monics (negative-sequence compondhts— 1, n = 1,3, 5,

(@) etc.) of the leading set of vectors move by 1%hticlockwise

in space when lagging set of vectors are switched, and comes
exactly in opposition to the 5th harmonics of the lagging set of
450 switching vectors and cancel each other. Hence, the 5th order
harmonics ¢n — 1, n = 1, 3,5, etc.) of both sets of vectors
cancel each other. This is also true with the 7th-order harmonic

® Kk Vpe

Vpesinl5® = k Vpcsinds’ _ = i
S IS oS — 0366 componentstn + 1 n=1,3,5, etc.) produped by the Ieadlng
set of vectors, which rotate by 21@lockwise and comes in
®) exact opposition to that of the lagging set and, hence, cancel
Fig. 2. (a) Selected combinations of the vector positions from inverter-1 agéich other. Thus, a 3@ector disposition of switching vectors
inverter-2. (b) Calculation of dc-link voltage ratio (k) for both inverters. [Fig. 2(a)], cancels all the 5th- and 7th-ordén-1,n = 13, 5,

etc.) voltage harmonics from the motor phase.
64 [Fig. 2(a)] makes a 12—sided polygon at their vertices with
a dc-link voltage ratio of 1:0.366 between the inverters. By m
using vector positions at the vertices of the 12—sided polygon
(adjacent vectors are 3@eparate), appropriately for PWM op-
eration, all the 5th- and 7thé4 + 1, n = 1,3,5, etc.)-order  The individual inverter voltage space vector switching and its
harmonics can be cancelled from the motor phase voltage. Téigation for the two inverters are presented in Fig. 3(a). It can be
set of 12 space vectors can be divided into two sets, one cawted from Fig. 3(a) that for inverter-1 the 6Quration of indi-
sisting of vectors 13 24, 35, 46, 51, 62 and the other vidual vectors from 1 to 67) are separated into Sintervals as

H ARMONIC ANALYSIS FOR THE(6n = 1,n = 1,3, 5,
ETC.)-ORDER HARMONIC ELIMINATION SCHEME
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Ref. point Ref. point also shows that the fundamental compondiitof the switching
vector patteri I; of Fig. 3(a) leads by 135from the reference
point (i.e., vector I} leadsI{ by 120 [Fig. 4(a)] and funda-
mental componenil} of the switching vector patterhl, of

Fig. 3(a) lags by 135from the reference point (i.e., vectdr;
lagsI3 by 120 [Fig. 4(a)]. Fig. 4(b) shows the phasor diagram
(@) (b) of the 5th harmonics. The 5th harmonic componghbf the
switching vector patterd; of Fig. 3(a) leads by 75(15° x 5)
from the reference point [Fig. 4(b)] and 5th harmonic compo-
nent/3 of the switching vector patterh of Fig. 3(a) lags by 75

(15° x 5) from the reference point [Fig. 4(b)]. The 5th harmonic
component/ I7 of the switching vector patterh/; [Fig. 3(a)]
lags by 45 (135’ x 5 lead) from the reference point [Fig. 4(b)]
and 5th harmonic componehi; of the switching vector pattern

© ) 11, of Fig. 3(a) leads by 45(135° x 5 lag) from the reference
point [Fig. 4(b)], or, in other wordd,I? leads by 240 (120 x 5

= 600) fromI7 andI I3 lags by 240 (120 x 5= 600) fromI3

[Fig. 4(b)]. Table | gives the relative angular positions (Fig. 4),
of the different harmonics phasors of the switching vector pat-
terns of Iy, Iy, I1; and I, of Fig. 3(a), with respect to the
reference point. Because inverter-1 and inverter-2 are feeding
from opposite ends, the space vector of inverter-2 should be sub-
tracted from that of inverter-1 to get the resultant motor phase
voltage vector. As shown in Fig. 4 and Table | it can be noted
that all the6n + 1, n = 0, 2, 4, etc.-order harmonics of the pole
voltage of inverter-1 and inverter-2 support each other, and all
the6n + 1, n = 1, 3,5, etc.-order harmonics of the pole volt-
ages of both inverters (inverter-1 and inverter-2) oppose each
other. Hence, by selecting the dc-link voltages of both inverters
in proper ratio (i.e., the dc-link voltage of invertert¥p..) to

the dc-link voltage of inverter-2 (Vdc) equal to 1: 0.366) all the
6n+1,n =1,3,5, etc.-order harmonics can be cancelled from
the motor phase voltage. The calculation of amplitude of dif-
ferent harmonics are given below.

A. Amplitude of Fundamental and all tRén + 1,n = 1,2,
etc., Harmonics (1st, 25th, 49th, etc.)

The dc-link voltage of inverter-2,

Fig. 4. Relative position of different harmonics of the motor phase from both

inverter-1 and inverter-2. (a) Fundamental. (b) 5th harmonics. (c) 7th harmonics. Vdc = 0.366Vpc. Q)
(d) 11th harmonics. (e) 13th harmonics. (f) 17th harmonics. (g) 19th harmonics.
() 23rd harmonics. (i) 25th harmonics. Now, the fundamental component/| and/1} of Fig. 4(a)]

of sequencd; andI, of Fig. 3(a), can be written in relation

I, andI,. The corresponding space vector switching pattern f& that of sequence [Fig. 3(a}] andI; as
inverter-2 (I of Fig. 3(a) is separated into 3Mnterval space 1 1 1 1
vector switching pattern and are shown in Fig. 3(ay Asand I = 0.3661; 1Ty = 0.3661; 2)
I1>. From Fig. 3(a) it can be seen that there is & Bbase dif- whereI] andI} [Fig. 4(a)] are the fundamental components of
ference between the two sequences (i.e., between the switcligg voltage of inverter-1 for sequencisand I, [Fig. 3(a)].
vector patternd; and /> of Fig. 3(a). Similarly the switching The combination of vector patterdisandl, of Fig. 3(a) gener-
vector pattern//; leads by 120 from I; [Fig. 3(a)] and the ates square-wave pole voltages [Fig. 3(b)] with the fundamental
switching vector patteridl, lags by 120 from I, [Fig. 3(a)]. component?; (square wave) is [Fig. 4(a)]
The corresponding pole voltage waveforms for the two inverters
are presented in Fig. 3(b). E{ = 0.637Vpe = 21} cos 15°. 3)

The phasor diagram of the fundamental and different har'Hence total fundamental voltagé') for the motor phase
monic components of switching vector pattefasi,, I1; and (resultan{ of both the inverters) voltage is
11, of Fig. 3(a) are shown in Fig. 4. There is a phase separa-
tion of 3° between the vectord and/3 of Fig. 4(a). Fig. 4(a) I' = 211 cos 15° 4 211} cos 45° = B} + E3. 4)
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TABLE |
PHASOR POSITIONS OFDIFFERENTHARMONICS OF SWITCHING VECTOR PATTERNS OF THE TWOINVERTERS

Switching | Fundamental 5™_harmonic 7™-harmonic 11™-harmonic 13™-harmonic
vector and and and and and
patterns (24n+1, (24n + 5, (24n+7, (24n+ 11, (24n + 13,
(Fig.3a) n=1.2.) n=1.2,...) n=1.2,....) n=12,...) n=1.2,....)
harmonics w.r.t. | harmonics w.r.t. | harmonics w.r.t. | harmonics w.r.t. | harmonics w.r.t.
ref point ref point ref point ref point ref point
I 15° lead (15°x5) lead (15°x7) lead (15°x11) lead (15°%x13) lead
=75° lead =105° lead =165° lead =105° lag
L 15°lag (15°x5) lag (15°x7) lag (15°x11) lag (15°x13) lag
=75°lag =105° lag =165° lag =105° lead
1I; 135° lead (135°%5) lead (135°x7) lead (135°x11) lead | (135°x13) lead
=45° lag =135°lag =45° lead =45°lag
I, 135° lag (135°x5) lag (135°x7) lag (135°x11) lag (135°x5) lag
=45° lead =135°lead =45° lag =45° lead
Switching 17™-harmonic and 19™-harmonic  and 23 -harmonic and
vector patterns | (24n+17,n=1,2,....)) (24n+19, n=1,2,....) (24n+23,n=1,2,.....)
(Fig.3a) harmonic w.r.t. ref point | harmonics w.r.t. ref point | harmonics w.r.t. ref point
I (15°x17) lead (15°%19) lead (15°x23) lead
=105° lag =75°lag =15°lag
I (15°x17) lag (15°x19) lag (15°x23) lag
=105° lead =75° lead =15°lead
1I; (135°x17) lead (135°%x19) lead (135°x23) lead
=135°lead =45° lead =135°lag
I, (135°x17) lag (135°x19) lag (135°x23) lag
=135°lag =45°lag =135° lead

Substituting (2) and (3) in (4),
2.499(0.637Vpc)

D. Amplitude of all the4n + 11, n = 0,1, 2, etc., Harmonics
(11th, 35th, 59th, etc.)

I' = 24990 = (Zcos15°) 0.807Vpc. () Total 11th harmonic amplitude (motor phase voltage) from
Similarly, all the24n + 1, n = 1, 2, etc., harmonics amplitudes Fig. 4(d) and Table Iis
in motor phase voltage can be calculated and is found to be equal I = 21 cos 15° =211 cos 15°
t0 0.807 Vp./(24n + 1), n = 1,2, etc. — 211 (cos 15° + 0.366) cos 45°
B. Amplitude of all th@4n + 5, n = 0, 1, 2, etc., Harmonics = —2.449(1}"). (8)

(5th, 29th, 53rd, etc.) The amplitude of the 11th harmonic component of the square
Total 5th harmonic amplitude of the motor phase voltage cavave [combination of vector patterhy and I, of Fig. 3(a)] is
be calculated from Fig. 4(b) (Table 1) (0.637/11)
I° =2I7 cos 75° — 211} cos 45°

=2(I7 cos 75° — 0.3661 cos 45°) = 0.

Vpc = =211 cos 165°.

9)

©) From (8) and (9) the total 11th harmonic for the motor phase
Similarly, using the phasor diagram of Fig. 4 all the» + 5,  voltage [for the switching pattern of Fig. 3(a)] is

n = 1, 2, etc., harmonics amplitudes in motor phase voltage can 0.807 Ve

be calculated and are found to be equal to zero. =1

C. Amplitude of all the4n + 7, n = 0,1, 2, etc., Harmonics and all the24n + 11, n = 1,2, etc., harmonics amplitudes
(7th, 31st, 55th, etc.) in motor phase voltage can be calculated to be equal to

. . . 0.807Vp./(24n + 11), n = 1,2, etc. In a similar way ampli-
Total 7th harmonic amplitude (from both the inverters) cag,jo of a/ll(the other)harmonics in the motor phase voltage can
be calculated from Fig. 4(c) (Table ) be calculated for the inverters switching pattern of Fig. 3(a)
@) (Fig. 4 and Table 1), and the calculated values are given in
Table II.
and all the24n + 7, n = 1,2, etc., harmonics amplitudes in It can be noted that all thén &+ 1, n = 1, 3,5, etc.-order
motor phase voltage can be calculated in a similar way and &smonics in the motor phase voltage are totally absent and all
found to be equal to zero. thebn+1,n = 2,4, 6, etc.-order harmonic amplitudes are 1.267

= =0.073Vpc (10)

I" = —2I7 cos 75° — 2117 cos 45° = 0
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TABLE I
HARMONIC AMPLITUDES OF MOTOR PHASE VOLTAGE

Order of harmonics in phase voltage Amplitude of the harmonic in phase voltage
24n+1, n=0,1,2 etc. harmonics (1%,25%,49% ) 0.807 Vpc / (24n + 1), n= 0,12 etc.
24n+5, n=0,1,2 etc. harmonics (57,29 53™) 0

24n+7, n=0,1,2 etc. harmonics (7%,31%,55™.) 0

24n + 11, n=0,1,2 etc. harmonics (1 10 35% ,59“5..) 0.807 Vpc / (24n+ 11), 0=0,1,2 etc

24n + 13, n=0,1,2 etc. harmonics (13“‘,37%5‘..) 0.807 Vpe / (24n + 13), n=0,1,2 etc.

24n+ 17, 1n=0,1,2 etc. harmonics (177,41, 65™,..) |0

24n+19, n=0,1,2 etc. harmonics (197,437,67%,..) |0

24n+23, n=0,1,2 etc. harmonics (23™,47",71%,...) [ 0.807 Vpc / (24n +23), n= 0,12 etc.
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Fig. 5. (@) Inverter-1 vector switching patterns @ndI.) and Inverter-2 vector switching pattern&/{ andII,) for the scheme of 11th and 13th harmonic
suppression with 15phase shift. (b) Pole voltage waveforms for Inverter-1 and Inverter-2 with the inverter switching patterns of (a) for the scheme of 11th and
13th harmonic suppression with 1phase shift.

times (0.807/0.637) amplitude of the same order harmonic oftee same symmetry in switching pattern [Fig. 3(a)], of both the
conventional inverter with square-wave pole voltage waveforimverters, the 11th- and 13th-order harmonics can be suppressed
with a dc-link voltage of \h¢. in the individual inverters by adding additional notches in the
individual inverter pole voltages. For the new pole voltage
waveforms [Fig. 5(b)] the individual inverter vector switching
patternI; and I, of inverter-1, andll; and I, of inverter-2
For an open-end winding drive with two inverters of dc-linkare presented in Fig. 5(a). The vector switching pattbrn
voltage ratio of (1:0.366) all thebf, = 1, » = 1,3,5, etc.) again consists of two similar patterns separated Bya3@l the
harmonics get cancelled for a switching pattern shown patternls of inverter-1 is similar to the switching pattefp, but
Fig. 3(a). In Fig. 3(a) the switching pattern of inverter-1 islelayed by 15%. This 15 separation is responsible for suppres-
separated intd; and I, (with an angular difference of 30, sion of 11th and 13th harmonics in the inverter-1 pole voltage
and the switching pattern of inverter-2 is separated idicand waveform. The corresponding vector switching pattéi
11, (with an angular difference of 9between them). Keeping and I I, of inverter-2 are also shown in Fig. 5(a). The leading

IV. SUPPRESSION OAL1TH- AND 13TH-ORDER HARMONICS
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Fig. 6. Switching vector duration for six-step (Fig. 5) is divided into two switching vector patférrend X, with phase separation of 3.75b) Fundamental
component of the square wave is decomposedintcand X'} separated by 3.75 (c) Inverter switching vector pattethi; decomposed into patterd§,; and

X2, respectively. (d)X'{, fundamental vector of switching pattelhy is decomposed int&’{, (fundamental vector of vector patteffy ;) andX{, (fundamental
vector of vector patterik';.). (e) Resultant switching vector pattgth ) is obtained fromX,; (shifted by 3.75/2) and X1, (shifted by—3.75°/2). (f) Relative

position of fundamental component for the inverter switching pattern of (e).

inverter vector switching pattern (1-6) dfi of inverter-1 component which is equal to that of a six-step mode operation.
is lagging by 120 from the corresponding switching (sameNow, to generate the inverter switching pattdinand I, of
time instants) vector pattern @fl; of inverter-2. The lagging Fig. 5(a), theX; or X, component of Fig. 6(a) can again be
inverter vector switching pattern (1 to 6) éf of inverter-1 separated into two patterds;; and X, which are 18 sepa-
is leading by 120 from the corresponding switching vectorrated as shown in Fig. 6(c). Fig. 6(d) shows the phasor diagram
pattern ofl I, of inverter-2. Similar phase shift between vectofor the fundamental components of the inverter switching
switching pattern/, of inverter-1 andl I, of inverter-2 can be vector pattern of Fig. 6(c). Fig. 6(e) shows the generation of
seen from Fig. 5(a). This 12(phase shift between switchinginverter switching vector pattern df of Fig. 5(a) by proper
patterns of inverter-1 and inverter-2 [Fig. 3(a) and with a dghase shifting ofXy; and X, (X;; shifted right by 3.7%/2
link voltage ratio 1:0.366] will ensure the cancellation of aland X, shifted left by 3.78/2) of Fig. 6(c). Fig. 6(f) shows
the6n + 1, n = 1,3,5, etc.-order harmonics as explainedhe relative position of fundamental components of the inverter
previously (Section Ill). For inverter-2 patterfig, andll, are switching pattern of Fig. 6(e). From Fig. 6(a), it can be noted
also 1% separated [Fig. 5(a)], ensuring the suppression of 11tiat addition of inverter switching patterfy, andXs will result
and 13th-order harmonics from the inverter-2 pole voltags square-wave switching for inverter pole voltage. Hence, the
Fig. 5(b) shows the resultant pole voltages for the inverters flumdamental componetdt; (six-step mode) of Fig. 6(b) is
suppressing the 11th and 13th harmonics. Bl

The procedure to obtain the switching vector patterns shown  E} = 0.637Vpc and X} = <7fr> ) (11)
in Fig. 5(a) and their harmonic contents are presented using 2cos 1.875°
Fig. 6(a)—(f). In Fig. 6(a) the inverter vector switching durationvith reference to Fig. 6(d),
for a six-step mode operation (vector 1-6 of switching vector

pattern! of Fig. 3(a) is split into two patternX’; and X, with X} = < X; > E; . (12)
a 3.75 duration. The addition of{; and X, will produce 2c087.5° ) (20087.5°) X (2cos 1.875°)

the inverter vector switching patteth(six-step operation) of  Now from Fig. 6(f),

Fig. 3(a). The fundamental components of individual vector

switching patterns,X; and X.) are shown in Fig. 6(b) which It = X1p x 2c0s8(7.5° — 1.875°)

are also separated by 3°75The vector addition of these two _ E} x (2cos(7.5° — 1.875°) (13)

componentsX{ and X3 ) will give the resultant fundamental ~ (2¢087.5°) x (2cos 1.875°)°
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Switching vector patterng andl, of Fig. 5(a) for inverter-1  Similarly, the 11th-order harmonic vectd;' of inverter-2
are similar to switching vector pattefp of Fig. 6(e) and are 5 is obtained from the 11th-order harmonic components of the
separated. Therefore, the fundamental vectors correspondingwatching patterng 7; and/ 1, of Fig. 5(a) and is equal to (19),
these switching vector patterns are als6 &6parated. The re- shown at the bottom of the page, wheftg! is the 11th-order
sultant fundamental vectdr} of inverter-1 [for the inverter harmonic component of the vector pattern éfof Fig. 3(a) and
switching sequence Fig. 5(b)] can be obtained from (14) is equal to 0.1706 ¥/11, and the 13th harmonic vectigy; of

1 R R R inverter-2 is obtained from the 13th-order harmonic components
1 E7 x(2co0s(7.5° — 1.875°) x (2c0s7.5°)

Vi = of the switching patterngl; andI, of Fig. 5(a) and is equal
(2€087.5°) x (2cos 1.875°) to (20), shown at the bottom of the page, wherg is the 13th
=0.637Vpc x 0.9957 (14)  harmonic component of the vector patterd éfof Fig. 3(a) and

. is equal to 0.1706 VDC/13. Therefore, by adding (14) and (17)
wh_e re.0'637VD° is the fur?damental. component qf the V.ecto{he total fundamental of the motor phase voltage from inverter-1
switching pattern off of Fig. 3(a) (six-step operation). Simi-
larly, the 11th harmonic vector;'! of inverter-1 can also be
written as (15), shown at the bottom of the page, and the 13th V! =(E] + E}) x 0.9957
harmonic vectol/;'? of inverter-1 is equal to (16), shown at the  (0.637V 01706V 0.9957
bottom of the page. =(0. pc +0- po) X 0.995
A similar approach can be used for the switching vector pat- =0.807Vpc x 0.9957. (21)
terns/1; and 1, of Fig. 5(a) for inverter-2, and the funda-
mental vectol//; of inverter-2 is obtained from the fundamental

components of the switching patterhg and/ I, of Fig. 5(a).

and inverter-2 for the inverter switching pattern of Fig. 5(a) is

Similarly, the 11th-order harmonic of the motor phase voltage

From Fig. 5(a) it can be noted that the switching patterns for in- VI =(EM + EIY) x 0.50
verter-1 and inverter-2 are similar and also the switching vector 0.1706 0.637V
sequences follow the pattern of Fig. 3(a). Therefore, = ( : 11 Pe 4 = 11 DC) 0.56
VL E} % (2c0s(7.5° — 1.875°) x (2c0s 7.5°) =0.073Vpc x 0.50. (22)
T — o o
(2¢087.5°) x (2c0s1.875°) The total 13th-order harmonic of the motor phase voltage is
= FE} x 0.9957 17)

VI =(EP + E3?) x 0.3186

whereE3 is the fundamental component of the vector pattern 0.1706 Vpe  0.637Vpc
of IT of Fig. 3(a). Referring to (2), (3), and (4), = 5 T 13 x 0.3186
=0.062Vpc x 0.3186. (23)

Ey =211 cos45°
0.366 x (0.637Vpc) o Equations (21)—(23) show that the resultant motor phase voltage

2 cos 15° X cos 45 fundamental is reduced to 99.57%, 11th harmonic is reduced
=0.1706 Vpc- (18) to 50%, and 13th harmonic is reduced to 31.86% for the new

=2 X

Vil Bt x {2cos(11 x 7.5° — 11 x 1.875°)} x {2cos(11 x 7.5°)}
I {2cos(11 x 7.5°)} x {2cos(11 x 1.875°)}

= E}' x0.50 (15)

13 EP? x{2cos(13 x 7.5° — 13 x 1.875°)} x {2cos(13 x 7.5°)}  0.637Vpc

1% 0.3186 16

1 [2cos(13 x 7.5°)} x {2cos(13 x 1.875°)} 3" (16)

yin _ B X {20051 X 75° — 1L X L8T5°)} x {2eos(1L X 759} _ py oo 19)
{2cos(11 x 7.5°)} x {2cos(11 x 1.875°)}

Vi3 _ E33 x {2c0s(13 x 7.5° — 13 x 1.875°)} x {2cos(13 x 7.5°)} _ 113 x 0.3186. (20)

{2cos(13 x 7.5°)} x {2cos(13 x 1.875°)}
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e

switching pattern of Fig. 5(a), when compared to the respecti  steeees

2001/09/01 13:08:18
: Smsydiv

harmonics in the previous switching pattern of Fig. 3(a). (Smsydiv)

. NORM:200kS /s

In Fig. 5(a) it is shown that the switching vector pattdin
consists of two vector patterns separated b§. 3the corre-
sponding switching vector pattern of inverter-2, showr I
of Fig. 5(a) consists of two vector patterns: one pattern laggil
by 12¢ from the lagging switching vector pattern of inverter-. %
and the other pattern leading by 2Xom the leading switching
vector pattern of inverter-1. Hence, the different harmonic co
tents (1, 5, 7, 11, 13, 17, 19, 23, 25, etc.) of the pole volta i : : :
of inverter-1 and inverter-2 for the new switching scheme (11 | S s T L
and 13th suppression) will have the same phase relationshif 5 v : .
presented in Fig. 4 and Table | (inverter switching scheme =Filter= =offset= =Record Length= =Trigger=

Fig. 3(a) with the magnitude of different components scale pw - for. " Giz : 00000y eom : 10K  Tepe : EDGE cH1 &
. Delay : 0.0n:
down proportionally. Hold OFF ©  MINIMUM
Hence, albn +1, n = 1, 3, 5, etc.-order harmonics are can- )

celled for the present scheme, with 11th- and 13th-order har-
monic suppressed (11th is reduced by 50% and 13th by 31.86%) 15
with the switching waveforms of Fig. 5(b). The combined effect

of all the patterns with the phase voltage [i.B., [ 11, I, 115

of Fig. 5(a)] will give the fundamental, 11th harmonic, and 13th
harmonic amplitudes equal to the value shown in (21)—(23), re- 119
spectively. The resultant pole voltages for the two inverters are
presented in Fig. 5(b).

The two inverters are operated with different dc-link volt-
ages with the ratio 1:0.366. The fundamental component con- s}
tribution from both the inverters toward the resultant machine
phase voltage can be derived from Fig. 4(a). The fundamental
voltage component magnitude contributed by inverter-1 and in-
verter-2 are in the raticos 45°/ cos 15°) 0.366 [Fig. 4(a), (2),
and (3)]. This will produce aresultant voltage space phasor mag-

nitude of1.223 Vp, (Fig. 2), when compared to a conventional (b)
two-level inverter with a voltage space phasor amplitudeéf. stompent . oo et vacracnz
The inverter voltages for the two inverters (to produce a rest : ; [ omeyd

NORM:ZQUKS /s

| B

tant space vector amplitude oY) of the present scheme are in
the ratio (inverter-1 to inverter-2) 0.79: 0.21. Current being th
same, the voltage ratio of 0.79:0.21 also indicates the resulti
power sharing between the inverters. Therefore, the additior
low power inverter (inverter-2) of the present scheme can be |
alized with low-voltage devices such as MOSFETS. For the e
perimental verifications, a dc-link voltage of 200 V is used fo : ; : ;
the inverter-1 and for the low-voltage inverter (0.366200 V) e :
the appropriate ratio is achieved using a step-down transforn 3 : : :
and then rectifying the mains for the dc link.

=Filter= =Offset= =Record Length= =Trigger=
Smoothing : ON CH1 : 0.0v Main 10K Mode @ AUTO
BW @ FULL CH2 : 0.0000V Zoom : 10K hs e : EDGE CH1 £
V. EXPERIMENTAL RESULTS Doty G.ons

The above-described method is simulated and experimentally
verified for a 1-hp induction motor with open-end winding. ©

For the PWM operation, triangular wave is compared withig- 7. Phase voltage—modulation index 1.0 (overmodulation). Without
11th and 13th suppressiolr. axis: 75 v/div; X axis: 5 ms/div. (b) Fourier

appropriate quulating waves, which a.re generatgd froarﬂactrum of phase voltage—modulation index 1.0 (overmodulation).
the corresponding pole voltages for the inverters. First, th@thout 11th and 13th suppression. (c) Phase current (no-load operation)—
6n+ 1.n = 1.3.5. etc.-order harmonics elimination methodneodulation index= 1. Without 11th and 13th suppressidri. axis: 1 A/div;

. ’ N . . axis: 5 ms/div.
with overmodulation. Switching vector patterns of Fig. 3(a
are experimentally verified [modulating waves derived from
pole voltages of Fig. 3(b)] and the results are shown in Fig. @n + 1, n = 1,3,5, etc.-order harmonics are absent in the
Fig. 7(a) shows the phase voltage of the motor. The phaseurier spectrum, with 11th and 13th as the next higher
voltage is analyzed for harmonic contents and its Fourierder harmonics in the motor phase voltage. Fig. 7(c) shows
spectrum is given in Fig. 7(b). It can be noted that all thine motor phase current waveform under no-load operation.
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a — Modulating wave (11" and 13" harmonics suppressed)
and triangle carrier wave (inverter-1)

b — Inverter-1 pole voltage e R o S e R~ - | - o
¢ — Modulating wave (11" and 13" harmonics suppressed) B 1 Oz | Ou0EY Foom | 4K Typa | BDOP OHi F

and triangle carrier wave (inverter-2)
d — Inverter-2 pole voltage

(@) (b)

TR | Stopped q 2001/09/07 14:51:53
.......................................................................................... : : - - - : Bms7div
(5Smsydiv)
NORM:200KS /s

wrvnernfoaroae rronaforrardoan oo feosroafosnae frosa oo

y SR PR

7

I

=Filter= =Offset= =Record Length= =Trigger=
Smoothing : ON CH1 : o.0v Main : 10K Mode @ AUTO
BW @ FULL CH2 : 0.0000V Zoom @ 10K Type : EDGE CH1 &
Delay : 0.0ns
Hold OFffF : MINIMUM
() (d)
1.5 T — T = T T r T T Stopped | 2001/09/07 14:55:29
B B T T B H T Bms/div
(5msydiv)

... NORM:200kS /5

=Filter= =0Offset= =Record Length= =Trigger=
Smoothing : ON CH1 : o.ov Main : 10K Mode @ AUTO
BW @ FULL CH2 : 0.0000V Zoom : 10K Type : EDGE CH1 &
Delay : 0.0ns
Hold Off : MINIMUM
(e) ®

Fig. 8. (a) Modulating wave and triangular carrier wave (overmodulatfel)f = 12. (b) Pole voltage of inverter-1 (overmodulatiof).axis: 100 V/div; X
axis: 5 ms/div (experimental results). (c) Pole voltage of inverter-2 (overmodulatioayis: 100 V/div; X axis: 5 ms/div (experimental results). (d) Modulation
index= 1.0 Overmodulation. Phase voltage. With 11th and 13th suppre¥sadis: 75 V/div; X axis: 5 ms/div. (€) Modulation index 1.0. Overmodulation.

Fourier spectrum. With 11th and 13th suppressed. (f) Modulation irdéx). Overmodulation. Phase current. With 11th and 13th suppre¥sedglis: 1 A/div;
X axis: 5 ms/div.

Then, the 11th- and 13th-order harmonic suppression wigheater than the triangular carrier wave amplitude) for phase
6n + 1, n = 1,3,5, etc.-order harmonics elimination method4 phaseA’. The corresponding experimental waveforms of
(modulating waves derived from pole voltages of Fig. 5(b) igole voltage of both inverters and the motor phase voltage are
experimentally verified. Fig. 8(a) shows the simulated pokhown in Fig. 8(b)—(d), respectively. The Fourier spectrum
voltage waveforms and triangle waveforms used for PWIFig. 8(e)] shows the absence®f + 1, n = 1,3, 5, etc.-order
operation of both the inverters (inverter-1 and inverter-2) in thearmonics and the 11th- and 13th-order harmonics are sup-
case of overmodulation (amplitude of the modulating wave gessed compared to the same given in Fig. 7(b). The phase
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current waveform (under no-load operation) obtained fro  steepes : 3 : - -2001/00/G7_iraTs]

experiment is shown in Fig. 8(f). e o . : o Smeyaiv)
To operate the IM in the entire speed range (from zero to rat : : : -
speed), it is required to vary the input voltage with frequenc : g
Therefore, a PWM scheme in which a triangular wave is cor ... ...[.|
pared with the pole voltages of Fig. 5(b) as the modulating wa - JLH :
is used for the operation of the inverters under variable modu ~
tion indexes. : : ;
In order to retain the elimination of all tia +1, n = 1,3, 5, i T -
etc.-order harmonics in the harmonic spectrum a triangle ci ' 5 : 5
rier frequency ofn, n = 1,2, 3, etc., is required [11]. In the
case of a modulation index less than one, if we compare t

. . . . . . . =Filter= =Offset= =Record Length= =Trigger=
modulating wave with a triangle carrier with six times the fre smooting : on cn1:™ a0y main : 10k Mode 1 GUTO .
quency(fec = 6f), then the effect of 11th- and 13th-order har Delay :  amslre
monic suppression is nullified because of the additional 11tii-
and 13th-order harmonic generatitiifc + f) due to the tri- @

angle carrier wave [11]. Hence, a triangle frequency of 12 times
the fundamental is used so that the next higher order harmonic
contributed by the triangular carrier are 23rd and 25th [11].

Fig. 9(a) shows the phase voltage waveform obtained from ex-
periment for the modulation index 0.45. Its harmonic content 119
is shown in Fig. 9(b). It can be noted that the 11th and 13th ®
harmonics are suppressed and the next higher harmonic due to
triangle carrier are at 23rd and 25th order. There is also no pres-
ence of anyin + 1, n = 1, 3, 5, etc.-order harmonic in the har-
monic spectrum [Fig. 9(b)]. Fig. 9(b) also shows that a slight
increase in 23rd- and 25th-order harmonics compared to that
of square-wave operation of Fig. 8(c). This is because of the 2
PWM action where additional harmonics(@ffc + f) are gen-

©

051

erated due to the PWM action [11]. The phase current waveform ®)
of the experiment is shown in Fig. 9(c). Another set of experi-  ,, pea 3 2001/06/07 17:46:53

mental results is given in Fig. 10 for a modulation index of 0.9 ; : ? : PR G A
(6n+1,n =1,3,5, etc., are completely eliminated with 11th- e b e NORNEIANEZS,
and 13th-order suppression).
Therefore, with the proposed PWM scheme all @het 1,
n = 1,3,5, etc.-order harmonics can be eliminated along
with suppression of 11th- and 13th-order harmonics for the »
entire modulation range. With the square wave with symmetric
notches type modulating waves for both inverters a smooti : : : ; ; .
transition from PWM mode to overmodulation mode is also | ....... R ....... ..... e
possible for the present scheme. - ‘ ’ ' i
In the conventional sine-triangle PWM technique, a very 5

high-frequency carrier wave is needed to suppress the low-fre  _quer= offset= =Record Length= =Trigger=

- . . . Smoothing : ON CH1 : ov Main 10K Mode @ AUTO
guency harmonic amplitudes. This can also increase th ew: ru OW2 i 000DV Zoom : 10K Type : EDGE OMI &
. . . . . elay : .0ns
inverter switching losess. Moreover, to fully utilize the inverter Hold OFF i MINIMUM

dc-link capability, the PWM scheme has to go through the non-
linear overmodulation regions. Therefore, extra complicated o ) . )
computations and lookup tables are needed for linearizifif; 5, JCCc i 75 Vich:x . 5 majdn () Modulation index
the overmodulation regions. In the present scheme, the trian-.45. Fourier spectrumfe = 12f. With 11th and 13th suppressed. (c)
gular carrier wave is compared with dc levels of the squaidulation index= 0.45. Phase currentfc = 12f. With 11th and 13th
waves (with additional notches to suppress the 11th and 15t{Pressed” axis: 1 Aldiv,.X axis: 10 ms/div.

harmonics), and the height of this dc level can be adjusted

(compared to the fixed triangular amplitude) in proportiohigh-frequency carrier waves are not needed, in the proposed
to the modulation indexes. At higher speed range (highscheme, for the low-frequency harmonic amplitudes reduction,
modulation index) by increasing the square-wave amplitueénen compared to a sine-triangle comparison technique. The
the output voltage level can be increased proportionally, wigresent PWM scheme with open-end winding drive is analyzed
smooth transition to the six-step mode in which the dc levelar its harmonic contents in the entire speed range for different
are just above the triangular amplitude. At the same tinmodulation indices(fc/f = 12,24,48). The amplitude of

©
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Fig. 10. (a) Modulation index= 0.9. Phase voltagefc = 12f. With 11th  Fig. 11. (a) Relative harmonic ratio versus modulation indexf = 12.
and 13th suppressed axis: 75 V/div; X axis: 5 ms/div. (b) Modulation (P) Relative harmonic ratio versus modulation indéx/f = 24. (c) Relative
index= 0.9. Fourier spectrumfc = 12f. With 11th and 13th suppressed. harmonic ratio versus modulation indde/f = 48.

(c) Modulation index= 0.9. Phase currentfc = 12f. With 11th and 13th

suppressed” axis: 1 A/div; X axis: 5 ms/div. to 24 the high-amplitude harmonics will be shifted to 47th and

49th times the frequency of the fundamental and at the same
low-order harmonics and fundamental for the entire modulatidime eliminate all thén + 1, n = 1, 3, 5, etc.-order harmonics.
range(fc/f = 12) is computed and the relative harmonidn case offc/f equal to 48, the amplitude of fundamental and
amplitudes with respect to fundamental are shown in Fig. 11(&armonics for the entire speed range for the high-amplitude low-
It can be noted that all thén + 1, n = 1,3,5, etc.-order order harmonics are also computed and are shown in Fig. 11(c).
harmonics are absent in the entire speed range, fwiti equal Here, the high amplitude will be shifted to 95th and 97th times
to 12 the next high-order harmonics are at 23rd and 25th tintkee frequency of the fundament@ fc + f) [11]. Therefore,
the frequency of the fundamental in Fig. 11(b). Wfdy f equal from Fig. 11 it can be noted that the fundamental varies linearly
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for the entire modulation range. Also, by properly choosing [5] E. G. Shivakumar, K. Gopakumar, S. K. Sinha, A. Pittet, and V. T.
fe/f (12, 24, 48) at different speed ranges (0-50 Hz) the in-
verter switching frequency can be kept within 600 Hz and as
well the harmonic current amplitude can be controlled within [6] K. Gopakumar and R.-G. Hie, “Configuration of high power VSI drives
an acceptable limit for variable-speed applications.

Rangathan, “Space vector PWM control of dualinverter fed open—End
winding induction motor drive,” inProc. IEEE APEC 2001, pp.
399-405.

for traction applications using multilevelinverters and multiphase induc-
tion motors,” inProc. KIEE Fall Conf, 1997, pp. 500-504.

[7] E. G. Shivakumar, V. T. Somasekhar, K. K. Mohapatra, K. Gopakumar,

VI. CONCLUSION

Aharmonic eliminatiorf6én+1, n = 1,3,5...) and suppres-

sion scheme (11th and 13th) witli f control was proposed for

an open-end winding IM drive. The scheme is experimentally

verified for a 1-hp IM drive. For the present scheme the neutral
of a normal induction motor is opened (open-end winding IM)

and is fed from both sides using two two-level inverters. The

salient features of the proposed scheme are as follows.

MOTOR PARAMETERS:. 1-hp THREE-PHASE IM—FOUR POLES

(1]
(2]

(3]

(4]

Two inverters with asymmetrical dc-link voltage of ratio
1:0.366 are needed. [t
For the high-voltage inverter a square-wave modulating
wave with two symmetric notches per half cycle is used
for PWM control and for the other low dc-link voltage;
inverter a square wave with four symmetric notches p
half cycle is used as a modulating wave for PWM contr
A carrier wave of frequency 12 times the frequency of th
modulating wave is used experimentally foff control |
for the entire speed range. :
Allthe 6n £1,n = 1, 3, 5,etc.-order harmonics are elim--
inated from the motor phase voltage in the entire spe
range and 11th- and 13t-order harmonics are suppressed.
A smooth and linear transition to the overmodulation r
gion is possible for the present drive.

The relative harmonic amplitudes with respect to fund&
mental are computed for the entire speed range for f
qguency-modulation ratios dffc/f) 12, 24, and 48 and
the results are presented.

By properly choosing the frequency modulation ratio (12
24, 48) at different speed ranges, theswitching freque
of both inverters can be controlled within 600 Hz.
Since two inverters with asymmetric dc-link voltage ar
needed, transformer-isolated dc-link power supplies are
needed for the scheme, which will also ensure the isolati
of triplen harmonic currents from the motor phase.

APPENDIX

R,
R,

=2.08 Q
=4.19Q
L, =0.28 H
L, =0.28 H
M =0.272 H.
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