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Abstract—This paper proposes two control strategies, Decouple
and Nearest Sub Hexagon Center (NSHC) algorithms fothe
open-end winding configuration of induction motor. A space
vector pulse width modulation (SVPWM) based 3-leveloltages
are generated in both methods with two 2-level inveers. In these
two methods, inverter-1 pulses are generated normgl and
inverter-2 pulses are generated with 180phase shift, resulting a
3-level line voltage waveform to the induction moto In the first
method inverter-1 output is superimpose on inverte2 output
with the both inverters are switching at the samerequency in all
states. In the second method at a particular statef switching
inverter-1 is switched in all states and inverter-2is clamped to
one active state, vice versa in the next state ofisching. It uses
the concept of imaginary switching times for SVPWMwith direct
torque control (DTC). The imaginary switching times geatly
simplifies the algorithms. This method also eliminas the
procedure for identifying the region for space volage vector.
Also, it does not require the sectors and angle idéfication of the
voltage vector. Simulation studies have been carideout for the
proposed scheme. Results have been presented toidate the
proposed schemes.

Keywords- Decoupled Algorithm, DTC, Dual Inverter, NSHC
Algorithm, OEWIM, svpwm.

l. INTRODUCTION

The main aim of the multi level inverters is to gge a
high voltage output using the devices with standaitiages.
One such a technique is cascading of two 2-lewatriers.
With this concept the same maximal 3-level voltagput can
be achieved [1] as in the conventional 3-level itere The
induction motors which are using for the low anddioe
power level applications are later changed to tigh power
level applications by feeding the 3 phase statardimig with
two separate 2-level inverters. The direct torquetrol (DTC)
for the high power induction motors was proposef tjo
decades back. Numerous of researches have beéed camnt
on the DTC of the induction motor in the past yearsl
proposed number of control techniques for the Ofmd
Winding Induction Motor drive. The work presented[8] is
results in Torque and speed fluctuations, highgplei in the
stator current. Direct Self Control technique hasrbproposed
for machine with open-end winding configuration twtivo 3
level inverters at both ends [4]. But with the thrievel
inverters on both ends leads to
complexity. The open-end winding configuration hagen
proposed for high power electric vehicle/ hybriceattic
vehicle (EV/HEV) propulsions systems [5]. In [1] $pace
Vector Pulse Width Modulation (SVPWM) techniqueuised
to control the output voltage of two inverters cectied at both
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ends of the motor winding. It should be noted thiz
switching frequency capacity of both the inveriersame. In

[1] and [6] the schemes proposed are complex due t
identification of the region since the entire reygie divided in
24 small regions or in to 7 small regions. In ortereduce the
complexity of the sector/region identification a BWM
method for open-end winding configuration has bgeposed
using the concept of imaginary switching times [fHoes not
require any sector or sub-sector identification. gheatly
simplifies the control strategy. Also, the switahiinequency of
both the inverters is same. But the above schemeehaving
more harmonics in voltage profile.

In this paper, the Decoupled, Nearest Sub Hexagorte€
(NSHC) switching schemes are proposed, the results
harmonics in voltage and current profiles are dised.

Il.  OPEN—END WINDING INDUCTION MOTOR

A schematic of the open-end winding induction mahive
is shown in Figure. 1. Tw@-level inverters, INV-1, feeds the
three ends of the stator winding A, B, C and th¥{Nfeeds
the three ends A’, B’ and C'. INV-1land INV-2 arentected
to two separate dc sources with magnitude of Vda/avoid
the zero sequence currents.
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Inverter -1 Inverter -2

Figure 1. Open-End winding configuration of the Induction MioDrive

Figure. 2 and Figure. 3 presents the switchinge stattors
of two individual inverters and 3 level space vecto
combination. The conventional definition for the iteling
state sequence of the switches for the phasé®3af of each
individual inverter is used here. In particulary fdlV-1: 1 —
100;2 - 110;3 - 010;4 —011;5 - 001;6 — 101. 1 - switch-on
state, 0 — switch-off state; and the same defimiice used for
INV-2: 1' — 1'0°0"; 2’ — 1'1’0’; 3' - 0'1'0"; 4’ - 0'1'1; 5’ —
0'0'1’; 6’ — 1'0'1’, where 1’ - switch-on state of switches of
INV2, and 0’ — switch-off state in INV-2. The poleltages of
INV-1 are V,o Vo, Vo @and, the pole voltages of INV-2 are
Vao Voo, Veo. Any leg of the two inverters can independently
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Figure 2. Switching state vectors of two individiralerters (a) Inverter-1,
(b) Inverter-2
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The effective phase voltages in the three windiceys be
represented by a voltage space vector as defined by

Vref :Vaa| +Vbb|ej2”/3 +Vcc'ej4n/3 (4)

This voltage space vector can be equivalently ssmied
as the sum of the voltage space vectors genergtteliwo 2-
level inverters in the Figure. 5. The 3 level aumtpf the
effective space phasor voltage is representedean-tgure. 3
contains 64 vector location with 24 sectors Figu8eand
Figure. 5. Six adjacent sectors together form aaber. Six
such hexagons can be identified with their cerltarated at A,
B, C, D, E, and F respectively. In addition theseone inner
hexagon with its center at 0. Based on these sxhgoms, a
space phasor based PWM scheme is proposed inrtieeveay
asin the case of the conventional three phase invi8le

Vdc/2.

The switching algorithm described in reference [fbd]a 2-
level inverter feeding a conventional induction arotis
extended for the dual-inverter system to compugesthitching
timings for individual inverters.

Ill.  PROPOSEDPWM STRATEGIES

The specified algorithm in [10] uses only the insé@eous
reference voltages and is based on the concepeffafctive
time’. The effective time is defined as the timehé&m the
inverter supplies power to the motor in a given glamng time
period and is denoted aks. The sampling time period is
denoted ag The instantaneous phase reference voltages are
obtained by projecting the tip of the referencetee¥sr on to
the respective phase axes and multiplying the sabiehese
projections with a factor of (2/3). The factor (R/arises
because of the classical ‘Two to Three phase’ toamstion.
These instantaneous phase reference voltages actedeas
V*, Vp* and V*. The symbols Tga, Tgb and Tgc respectively
denote the time duration for which a given motoagsh is
connected to the positive rail of the input DC powepply of
the inverter in the given sampling time period Tke timings
Tga, Tgb and Tgc are termed as the phase swittinmeg. The
procedure to generate the gating pulses for thévichal
devices using this algorithm is elaborately exmdinn [10].
For a dual inverter system, there would be two séfshase
switching times, one for each inverter. The phasichking
timings of inverter-1 are denoted by the symbola,Tigb and
Tgc , while the symbols T’ga, T'gb and T'gc dentlte same
for inverter-2.

With the above effective concept here are the mego
PWM strategies a) The Decoupled PWM strategy b) The
Alternative Inverter switching strategy

Few observations are made for the above stratdipgsare
a) To obtain the 3 level output first inverter auitpis
superposed on the second inverter output at eackorve
location. b) Hexagon ABCDEF with center O is narasaore
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Figure 4. Reference space vector for 3 level veliag



hexagon, there exist six outer hexagons namely OBHG
OCJIHA, ODLKJB, OENMLC, OFQPND and OASRQE
centered around the points A, B, C, D, E and Feetsgely
these are referred to as sub-hexagonal centerbe c3pace
vector combinations at the vertices and at theeceasfta given
sub- hexagon are obtained by clamping one invéstargiven
state while the other inverter switches in all ¢ight states.

V. DECOUPLEDPWM STRATEGY

This PWM strategy is based on the fact that theresfce
voltage space vectorgcan be constructed with two opposite
components V2 and -\/2. Subtraction of the second
component from the first achieves the desired rgttoction of
the reference vector. In other words, it is based toe
observation that the effect of applying a vectathvimverter-1
while inverter-2 assumes a null state is twice laat tof
applying the opposite vector with inverter-2 whiteverter-1
assumes a null state. Figure. 2 and Figure. 4 shewnethod
of this PWM strategy. It is worth noting that thieage axes of
the motor viewed with reference to individual inees are in
phase opposition. In Figure. 2 and Figure. 3, thetor OT
represents the actual reference voltage spaceryedtich is to
be synthesized from the dual-inverter system angivisn by
[Vsr ILaThIS vector is resolved into two opposite compdsen
OTy is (IVsr/2 ko) and O'T, is (|Vsr/2 |2180 + a). The

vector OT;is synthesized by inverter-1 in the average seyse b

switching amongst the states (8-1-2-7) while thetareO'T;, is

reconstructed by inverter-2 in the average sensswitgching

amongst the states (8'-5-4’-7"). The switching @i¢hm

described in reference [10] for the implementatainspace
vector modulation for a 2-level inverter feedingnarmal

induction motor is extended for the computation tbe

switching timings for individual inverters of thesa-inverter
system. The advantage with the proposed decouplettot is

that the inverter switching timings of both the enters need
not be computed. However, in this approach, bothriers are
to be switched.

V. NSHCSWITCHING STRATEGY

This scheme is based on the observation of thasphee
vector combinations at the vertices and the ceoftex given
sub hexagon are obtained by clamping one invertdr an
active state, while the other inverter switcheallreight states.
The center of the nearest sub hexagon is obtaireed the
instantaneous reference voltage quantities whichi e
discussed here in further steps.

In the figure — 4, Vector OT represents the refeeevector
with its tip located in sector 7 ( in the triangdHG). It is
resolved in to two components OA and AT. The ve&éx
may be output of inverter -1which is clamped tdesth (+ - -)
through the sampling interval and the vector AT nhaythe
output of other inverter -2, which is switched Ihedght states.
i.e the inverter -2 is switched with center A (thearest sub
hexagon center of OFSGHB). Otherwise the firstaeQA is
the output of the inverter -2 which is clampedhe state 1 (+ -
-) and the vector AT is the generated by switchirginverter -
1. At each step of the interval the nearest suladp@x center is
identified by resolving the OT vector in to two gpoments and

first component is the output of the one inverterctamped to
an active state and other inverter is switched linemht

centers. In this scheme for the odd numbered ceimeerter -1
is clamped i.e for A, C, E sub hexagon centerstaadnverter
-2 is switched, and for the other centers i.e BF@enter sub
hexagons inverter -1 is clamped and inverter -8wgched.

The roles of the individual inverters at each cenig

summarises in Table. 1.

Table. 1. Roles of Individual inverters at each N®ters

Center A B C D E F

Inverter
-1

Clampec
toB

Clampec
toD

Clampec

Switching| o E

Switching| Switching|

Inverter| Clampec
-1l to A

Clampec
toC

Clampec

Switching| o E

Switching| Switching|

The instantaneous phase reference voltage dengteédd)
Vbs, Vcs corresponding to the reference voltageepactor
OT are obtained by projecting the tip of OT ontee t
respective phase axes and multiplying them by torfd@/3).
The symbols Vds and Vqgs denote the components afroffie
d and g axes, respectively. The reference voltages
corresponding to the actual switching vector ATnated by
Va, Vb and Vc, are obtained by the following prooed

1. By using classical 3phase to 2 phase transformation
method we can obtain the equivalent two-phase
system references Vds and Vqgs of the reference
vector OT from the instantaneous phase reference
voltages Vas, Vbs and Vcs.

3 Vas

Vds| |2 0 0 Vbs
Vgs 0 @ _ ﬁ
2 2

Vcs
2. The Sub Hexagonal Center situated nearest to fthe ti
of the reference vector OT is then determined.
Awt=180°

|
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Figure. 5. Principle of Nearest Sub-Hexagon switglicheme



3. The coordinates of the nearest Sub Hexagonal Centéne time for which the inverter supplies powertte motor in a
(NSHC) in the Vd — Vq plane (the point ‘A’ in this given sampling time period and is denoted by Teffhe
example, Fig. 5), denoted Mdnshc andVgnshc are  sampling time period is denoted by Ts. The symbgia, Tgb
identified for all the six Sub Hexagonal CenteFer  and Tgc, respectively, denote the time durationvibich a
example, the coordinates of the point ‘A’ in the ¥d given motor phase is connected to the positiveofaihe input
Vq plane are given by (Vdc/2, 0), similarly the DC power supply of the inverter in the given sanygpltime
coordinates of the point ‘D’ in the Vd —Vq planesar period Ts. The timings Tga, Tgb and Tgc are termsdhe
given by (-vdc/2, 0). phase switching times.

15

4. Since the vector OA is output by the clamping
inverter, the coordinates of the switching vectT (
in the present case) denoted Wysw and Vgsw are :
given by E

Vdsw = Vds —Vdnshc
and Vgsw = Vqgs —Vgnshc

5. By using the classical two-phase to three-phas@m’
transformation, the modified reference phase veklag §
Vasw, Vbsw and Vcsw for the switching inverter are
then obtained by transformingdsw, Vgsw into the 14
corresponding three-phase variables ' Thton D

r 7 Figure. 6. Recognition of the nearest sub hexagmekrs with

g 0 instantaneous reference quantities.
Vasw 3
Vbsw [=l-1 L Vdsw VI.  PROPOSEDDTC OFOPENEND WINDING INDUCTION
v 3 3 | Vosw MOTORDRIVE.

csw . .
_ l _ i The reference stator flux can either be derivednfithie
3 \/§_ reference speed or it can be controlled indepehdenttile the

) _ o position of the reference flux space vector candxéed from
6. Ifinverter-2 is employed as the clamping invertee  the torque error and actual rotor speed. Torquer eis
modified references are used directly to genefae t ronortional to slip speed as explained in [2] adding it with
switching vector AT with inverter-1. On the other ycqq) rotor speed gives the synchronous spedttatference
handt; if |nver:]er-1 LS used d‘?]‘c.s éhe cflampmg Inveite plux space vector. The actual stator flux spaceoreis derived
Eegoatgg)uts(; t;ealie:a'?e ';?]z Isl\?vitcr:?ngr?/rg:?gr rR'IIJ'Stvvith rom the motor model itself. The error between ¢hweo stator
inverter-2 flux vectors generates the fictitious imaginary dimeference
' vector. The d-q components of imaginary time vectan be
7. It is important to note that the most importanttgdr ~ determined from the following
this algorithm is to find the nearest sub hexagona,,.
center to the tip of the reference vector OT. The
instantaneous reference voltages Vas, Vbs and Vc
normalised with respect to Vsr and their respective
negations are shown in figure. 6.

Rel. Vector calculator H PWM |

T’ s |

Calculation of
T v

From the figure.6, it may be noted that Vas is npositive Tf]\
guantity amongst these six quantities wheh<6@< 120 and
A is the nearest sub hexagonal center as recoghizéidure 5.

lerlt-

Similarly —Vas is the most positive amongst these s o] v
quantities when 240< 6 < 300 and D is the nearest sub Sl 1y [
hexagonal center. Thus it is clear that by finding maximum =) ! i
value amongst these six quantities, one can deterrtiie ;
nearest sub hexagonal center. frsracie
The basic switching algorithm described in [10] fbe Figure 7. Control Scheme of DTC of OEWIM drive
classical case of a two-level inverter feeding ¢baventional ~The induction motor stator voltage equation,
three-phase induction motor is extended for thd-uwarter —
system to compute the switching timings for indiad V:%_IRS (6)

inverters. This algorithm accomplishes the autonati s
generation of the gating pulses for the individealitching
devices while placing the effective time exactlyha centre of
a given sampling time period. The effective timaléfined as

can be approximated as



Ay =V._ It
W =V, tho

(7) Figure 12. Similarly Figure 15, results have bebavwa for

starting of the motor with a reference speadmand of

Over a short time period if the stator resistarsciggmore from
the above equations if a voltage vector is applied changes
the stator flux to increase the phase angle betwleerstator
flux and rotor flux vectors, then the torque proefcwill

increase. The schematic of the proposed methagl sh@wvn in
Figure. 7. In this method, speed of the referestedor flux

DA, 0.Ais Flux

is derived by the addition of slip speed and actua

vector ‘t//*s

rotor speed. The actual synchronous speed of #terstux
vector‘ws‘ is calculated from the adaptive motor model. After

each sampling interval, actual stator flux vec@rs\ is

corrected by the error and it tries to attain tefenence flux
space vec:tq(,g*S . Thus the flux error is minimized in each

sampling interval. In this paper, the direct axisl guadrature
axis components of the reference voltage vectocaated by
corresponding direct axis and quadrature axesrdtatoerror

components respectively. They derived as follow$efRRace
value of the direct axis and quadrature axis stétxes and
actual value of the direct axis and quadrature sigitor fluxes
are compared in the reference voltage vector almublock
and hence the error in the direct and quadratuge sbator flux

Figure 8. Two fluxes (D—A‘xfs and Q- Axis )of stai@ecoupled)

Statun @A Flus

0 B H
Stir Db Flue

Figure 9. Stator D-Axis and Q-Axis Flux Plot (Depted)

vectors is obtained as

Al)[/ds = l)[/ds’t _l//ds (81)

Aqu =l//qs* _l//qs (82)

Torque(N-m)

The knowledge of flux error and stator resistivepdallows the

determination of appropriate reference voltage spagctors
along direct axis and quadrature axis, which iggias

1000

Speed (RPM)

V. =R +% (9.1) !
TS

Ve =Rl + % (9.2)
T b

S

The above derived direct & quadrature componentghef
reference voltage vector are then fed to the PWddlhlfrom
where the gating pulses for two inverters are geedr

VII.

To validate the proposed method, simulation studées been
carried out by using MATLAB/SIMULINK. A 4 KW, 400V, r
30 N-m, 1470 rpm, 4-pole, 50 Hz, 3-phase inductiotor
having the following parameters: Stator resistaiRe =
1.57ohm, rotor resistance Rr = 1.21ohm, stator dtahce
Ls=0.17H, rotor inductance Lr=0.17H, mutual inducE&
Lm=0.165H, moment of inertia J=0.089Kd¢-m The
simulation results of the proposed drive are showRigure 8
— Figure 25. For the decoupled method, in Figurer&8ults
have been shown for the starting of the motor witeference
speed command of 1200 rpm and in Figure 11 at thadef
condition at t=0.6 sec here we can observe thectiethuin the ¥
speed and increase in torque of the motor and salvef the
speed command of -1200 is applied at t=0.8 sedeaseen in

SIMULATION RESULTSAND DISCUSSIONS
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Figure 13. Two fluxes (D-Axis and Q- Axis )of stafdplSHC)
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Figure 18. Variation in Simulated stator flux magde (Decoupled)
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Figure 17. Change in Speed from 1200 rpm to -1208pno-load condition
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Figure 20. Voltage harmonic spectrum (Decoupled)
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Figure 21. Current harmonic spectrum (Decoupled)

1200 rpm and in Figure 16 at loaded condition & 6=sec
here we can observe the reduction in the speedarehse in
torque of the motor and reversal of the speed camnud -

1200 is applied at t=0.8 sec can be seen in FigdreThe
phase A voltage is shown in Figure 19 and 23 focdbeled
algorithm and NSHC algorithm respectively. It shothat

three-level voltages are generated by two 2-lawatiters for
the two schemes.

Figure 20 and 24. Shows the harmonic spectra foetfective
phase voltages, similarly and harmonic spectratier phase
currents can be observe d in the Figure 21 ane&%ectively.
From these results it is clear that NSHC schentmidng less
harmonics when compare with the decoupled stratéhg

main advantage of the decoupled strategy is itmdas and
simplicity so this scheme can easily implement. the

proposed methods complex calculations of regiomssfmace



voltage vector, angle calculations sector iderdtfan are not

required.
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Figure 24. Voltage harmonic spectrum (NSHC)
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Figure 25. Current harmonic spectrum (NSHC)

VIIl. CONCLUSION

The described PWM schemes use only the three tastous
phase reference voltages for the implementatioa. ctimtrol

reduction of the ripple and harmonics and distartd stator
current. In these two approaches the decoupled atieih
having same frequency of the operation and theitwerters
are switched in the switching time period and ie #iternate
inverter switching one inverter is completely cladpand
other is switched therefore the two inverters stthee load
equally and the switching time is reduced halfhaf $witching
time required in decoupled algorithm. The curreav& forms
are superior in case of the alternative inverteitching than
the decoupled switching. The performance of thepgsed
control strategy improves towards full load as bdbe
inverters are operated and equally loaded.
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