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ABSTRACT

This paper proposes a switching table based 2-lavelter and 3-level diode clamped multilevel irtee
(DCMLI) for the purpose of direct torque controliafluction motor. The proposed scheme determines th
sector of reference vector and the voltage vestselected from switching table to generate gatiggals

for the inverter. The 2-level inverter and 3-le®CMLI are used to explain this scheme. This can be
extended to n-level inverter and to all major tagi¢s. The performance measures in terms of total
harmonic distortion (THD) and fundamental voltaddioe voltage and phase voltage are computed and
compared with and without filter. The results shimat the performance is greatly improved by indreas
the number of levels. The significant feature of firoposed scheme is that it can be utilized fozctli
torque control of induction motor with affecting simplicity.

Keywords: 2-Level Inverter, 3-Level Inverter, Multilevel Inter, DCMLI, Direct Torque Control

1. INTRODUCTION components used, the diode clamped inverter
requires more number of diodes and the flying

In recent years the industrial demanctapacitor inverter requires more number of
increases to high power equipments up to megapacitors while the cascaded H-bridge inverter
watts level. But the power handling capacity ofequires less number [4]. The CHBMLIs are used
power semiconductor devices are less only up for high voltage high power applications like
kilo volts level. The controlled ac drives in thatflexible AC transmission systems (FACTS)
range are connected with medium voltage networkicluding static VAR generation (SVC), power line
To increase the power handling capacity, multilevetonditioning, series compensation, phase shifting,
topologies are proposed since 1980s. A 2-levebltage balancing and photo voltaic utility systems
inverter generates an output voltage with two waluenterfacing [5]. The FCMLIs are used for
and 3-level inverter generates an output voltage dfstribution shunt compensation systems called
three values and so on. Increasing the number distribution static compensators (DSTATCOM) [6]
levels increases the number of steps in the outpaind transmission shunt and series compensation
The advantages of multilevel topologies are, thgystems like static compensators (STATCOM) and
voltage across each power semiconductor devicsttic synchronous series compensators (SSSC) [7].
are less, the output voltage harmonic distortian aThe DCMLI is the common multilevel inverter
reduced [1, 2]. However the drawbacks are, thieund in several applications like induction motor
required number of power semiconductor devicedrives, dynamic voltage restorers (DVR) [8],
are increased and control becomes more complerified power flow controllers [9] and static
[1, 2]. They can also used for medium or even lowynchronous compensator [10].

power application with better performance [3]. Several modulation techniques  are

The main topologies of multilevel developed for multilevel inverters. The commonly
inverters are diode clamped or neutral poinised modulation techniques are multilevel
clamped multilevel inverter (DCMLI), capacitor sinusoidal pulse width modulation (SPWM) [11,
clamped or flying capacitor multilevel inverter12], multilevel selective harmonic elimination pails
(FCMLI) and cascaded H-bridge multilevel invertewidth modulation (SHEPWM) [1, 13] and space
(CHBMLI). Comparing the devices andvector pulse width modulation (SVPWM) [14, 15].
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In SPWM, a sinusoidal waveform is compared witlaccording to the predefined switching table [28]).
triangular waveforms to generate switchinglirect torque control method first the sector is
sequence. It requires more number of trianguladentified, then the torque error and flux error is
carrier waveforms in different levels [16]. Incomputed from the actual and the desired values.
SHEPWM, the transcendental equationgo increase or decrease the torque and flux the
characterizing harmonics are solved to computguitable voltage vector is selected from the
switching angles, which are difficult to solve [1,switching table. 2-level inverter with six sectans
17]. In SVPWM the complexity is due to the3-level diode clamped multilevel inverter with
difficulty of determining the Ilocation of the twelve sectors can be utilized for this purpose
reference vector, the calculation of on-times, thwithout affecting its simplicity.

determination and selection of switching states and
the existence of many redundant switching vectors
as the number of levels increases [18, 19]. as,

In vector form the developed torque is expgdss

ra | s
3l
|

The direct torque control technique has T, = s ® I )
been developed for low voltage 2-level inverters
an alternate to the field oriented method t
effectively control torque and flux in ac drive]2
Direct torque control method utilized the vecto
relationships, but replaces the coordinate Fo_
transformation concept of vector control method. It :

also gives the fast torque response [21]. It isluse Where,L, = L, L, — L%, and¥, is rotor flux andy
many applications instead of vector control due tQ o a{nsgle bétv&een rthh,e quxers.

its simplicity. Compared to the vector control the

here,¥; is stator flux andlis stator current.
The magnitude of developed torque can be and
rexpressed in terms of stator and rotor fluxes as,

:.-T} PP, | siny (2)

ra | L
ra |

direct torque control has no current control loop, Generally the rotor time constant is largemtha
separate pulse width modulation and co-ordinatator time constant. The rotor flux changes slowly
transformation is not required [22]. compared to stator flux [24]. The developed torque

can be varied, if the rotor flux remains constamt a

: A s_lmple control _methOd for_ multilevel stator flux and the angleis varied [24].
inverter which can be utilized for direct torque

control of induction motor without affecting it  The rate of change of stator flux is given as
simplicity. In direct torque control method the - _

sector of the reference vector is identified. Based - = Ve R, 3
the required flux and torque the next vector is

selected. Without any complex calculations it can !f the ohmic drop is neglected,

be done using a switching table. Since, the direct -

torque control method does not require any separate i Ve )
pulse width modulations the next vector is simply or

selected from the switching table. The diode AP = T, 4t (5)
clamped multilevel inverter is the common ) )
multilevel inverters used for direct torque coniwbl The stator flux can be varied by varying
induction motor. stator voltage vector for time increment.

This paper presents a switching table 23. 2-LEVEL INVERTER
level inverter and 3-level diode clamped multilevel The three phase 2-level inverters are

inverters for direct torque control methodThe normally used for high power applications. A three

direct torque control principle is explained inphase output can be obtained from a configuration

Section 2. The sector identiﬁcation, SWItChInglﬁib of six devices as shown in figure 1 [25] Each
and the output phase voltages and line--to-lingevice conducts for 180Three devices remain on
voltages of 2-level inverter and 3-level diodeyt any instant. The on state and off state of achwi

clamped inverters are explained in section 3 and #& represented by 1 and 0 respectively. The pairs S
Section 5 presents the simulation results. Si, S S and S; S are complementary.
2. DIRECT TORQUE CONTROL Therefore, §'=1-Su, $1=1-Sy and $=1-Sa.

There are eight combinations using these switching

Direct torque control method is based orstates which produce eight voltage vectors. The

control of torque and flux to desired magnitude byoltage vectors are from ¢Vto V.. The voltage
selection of the appropriate voltage vector
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vectors \f to Vg are nonzero vectors and vectors V3.2. Switching Table
and \4 are the zero vector. The switching table is formed using the sector,
the corresponding voltage vector and the switch
JES JE % state. For example, the angle of the reference
=hE i hE =k voltage is between®Gnd 66, it is in sector 1 and it

selects the voltage vector;.VThe corresponding
switching state is 100. The switch; & in on state.
vile (¥ > B The switches § and $; are in off state. The
switches &/, Spy’ and S’ are complementary. The
summary of various states are given in table 1.

Ve = .
H H H

Table 1: 2-Level Inverter Switching Table

. Sector Voltage Switch State

Figure 1: 2-Level Inverter Vector Sa1 St Sa
The sector is identified from three phase ; xz (1J (1) 8
reference voltage and the corresponding voltage 3 Vs 0 0 1
vector is selected from the switching table to 4 Va 1 0 1
generate the gating pulses for the inverter. The 5 Vs 1 1 0
vector sequence s>V ,—V3z—V—Vs— V=V, 6 Ve 0 1 1

each for 60 and there are no zero vectors. Note: Sr=1-Su, S'=1-So1 and Sr'=1-Su

3.1. Sector Identification 3.3.gutput?|/oliﬁgels dis in st i Th
The balanced three phase voltages can be tengray et ga. IS 1N sa; conr:ec 'Oni 1e
represented in two phase. The coordinatdVerer 1S operated in Six Sectors. in sector 4,

transformation from a-b-c in d-q can be obtained"itches & S, and Sy are in on state.

using the following equations (6) and (7). The phase voltages are given by,
2 1 ¥ v ¥
Vg =3 PE_E(PEJ_ v,) (6) vM:—Es.v;m:— sandvm:—gs
1 . _ _ . .
vy == [v& - UE] ) The line-to-line voltages are given by,
Using the three phase to two phaseﬁ':ﬁ? =+, vy = 0 and v, = V5

transformation in equations 1 and 2 and the linghe phase and line voltages for all sectors arengiv
voltage ¢/3 phase voltage) as reference, the d-i table 2.

components of the rms voltage (phase V0|tﬁ@3/ Table 2: Output Phase voltages and Line-to-Line
the voltages can be expressed as in equations (8) Voltages of 2-Level Inverter
and (9) as follows. Sector|_Phase Voltage Line Voltages
'; 1 o “ i Tn Var o -3 T
_ [az ST T S
Vig T 23 [Pe T s et Y| @ 1| =2 |- =2 5] 0|
'; 1 2 - _T:», B Ei ~ E, 0 -5 —5
| Tr T BT
vy = - = (v,— v 9) - I O T I
=773 e c 3 3 7 3 w0
The angle of the reference voltage can bg 4 e e A
found using equation (10). 5 A 0 | —u | =
6= tan™ [EJ (10) 6 - - d R e A
'L':q

The line-to-line voltage has two levels.
One cycle is divided into six sectors with’60 The simulation and analysis of 2-level inverter is

each. Sector 1 is from°@o +6C, sector 2 is from given the section 5.

+60° to +120, sector 3 is from +120to +180,

sector 4 is from -180to -120, sector 5 is from - 4. 3-LEVEL DIODE CLAMPED INVERTER

120 to -60 and the sector 6 is from -6 .
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The three phase 3-level diode clampedl is from -60 to -30° and the sector 6 is from -30
multilevel inverter is the common multilevelto (.
inverter used for various applications [18]. A tre 4.2. Switching Table

phase 3-level diode clamped multilevel inverter is The switching table is formed using the sector,

adopted n this paper. I.t 'S obtamed from Fhe corresponding voltage vector and the switch
configuration of twelve switching devices and six

. . S . State. For example, the angle of the reference
clamping diodes as shown in figure 2. The paiss S

voltage is between®@nd 36, it is in sector 1 and it
Sats Saz Si2s Sp1 Sor's Sp2 2 Ser S’ and Sz &2 ! :
are complementary. Therefore,;S1-S,, Suy=1— selects the voltage vector;VThe corresponding

Sy S=1-S, S,=1-S,, S./=1-S, and Sy=1 switching state is 110000. Switcheg 8nd Y, are
2 11—+l 2 —LT D2, 1—+7x1 2 —L—

S.. There are twelve active combinations werd! " state. SW'tChes?f" S’,Z’ Stlf"md ,SZ are in off
taken using these switching states which produc,%ate' Switchesz$, Sar, Spr', Sez, Sevand S are
twelve active voltage vectors. The nonzero Voltag%pmplgmentary. The summary of various states are
vectors are from Yto Vi,. given in table 3.

Table 3: 3-Level Diode Clamped Inverter

Switching Table

L sRR wbh & o & Sector | Vo'tage Switch State
§ Vector | S [ S| Su| Se | Su | S
. — 1 Vi 11|00 0} 0
. Zr Zr L 2 V2 1 1 o1 0 0
L Pk fuld Pl 3 vs |1 11100
5 4 Va o| 1| 1|10} 0
vee (¥ . 5 Vs 0ojJoj 1) 1]0}0O
6 Ve o|lo| 1|10} 1
I 7 v ol of 11| 1] 1
F F | 8 Va o|ofo| 1|1} 1
S EES -S"U Eﬁ -*L'J E? 9 Vo ol ol ol O 1| 1
§ ZL ZL ZL 10 Vio o 100|112
11 Vi1 1 1 0 0 1 1
“ w|p & el $s 2|k 12 Viz 11|00 0] 1

Note: Sr'=1-Su, S2=1-Se2, Sr'=1-So1,
S$2=1-S2, Ser'=1-S1 and $2'=1-S2
Figure 2: 3-Level Diode Clamped Inverter 4.3.0utput Voltages

The sector is identified from three phase The load is in star connected. The inverter is
reference voltage and the corresponding voltagierated in twelve sectors. In sector 1, switchgs S
vector is selected from the switching table ta2 So1's Sv2s Sei’ and 7' are in on state.
generate the gating pulses for the inverter. Th]ehe phase voltages are given by,
vector sequence is;V¥-> V,— V3 — V4 — Vs— Vg ) ) )

— V7> Vg— Vg— Vyo— Viu— Vip— Vi each g =+ B Mg = — L and v, =— L
for 3. ' : ' : ' :

The line-to-li It i by,
4.1. Sector Identification € line-to-line voltages are given by

The angle of reference is found using equatioiw,; = +V; .17, = 0 and v, = -V,
(10). In 3-level inverter one cycle is split into

twelve sectors with each 30Bector 1 is from Dto The phase and line voltages for all sectors arergiv

+30, sector 2 is from +30to +6C, sector 3 is from in table 4.
+60° to +90, sector 4 is from +90o +120, sector Table 4: Output Phase voltages and Line-to-Line
5 is from +120 to +150 and the sector 6 is from Voltages of 3-Level Diode Clamped Inverter
+150@ to +180, Sector 7 is from -180to -150 .

. ! ) ! Phase Voltage Line Voltages
sector 8 is from -150to -120, sector 9 is from - | Sector —— — 2 — T g____
12¢ to -90, sector 10 is from -90to -6CF, sector ) i ) 4 = c.)- =
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Figure 4: 3-Level Inverter Sector Identification
The line-to-line voltage has three levels. The o Hee g
simulation and analysis of 3-level inverter is give i e B L
H ]
the next section. ] —— s
5. SIMULATION RESULTS 'Emn 0005 1] 00ts e 03 00 00s O0M 0 065
o ‘ 1 1 1 1 1 1 1
]

The simulations of 2-level and 3-level e e T SR B o el e B -
inverters were carried out with dc supply of 400 V. iy e T

The phase V0|tage and line VO|tage waveforms R B R TR VT
i)

without and with filter are plotted. Using FFT
analysis the fundamental values and total harmonic >
. : —— -
distortion are found and tabulated. @
0 0005 (i} 0015 oo 035 0o 003 004 05 00
The sectors are identified as discussed in "

Figure 5:2-Level Inverter Phase Voltages

section 3 and 4 for 2-level inverter and 3-level Without Filter

diode clamped inverter. It is shown in figure 3eTh
phase voltage waveforms without and with filter are

Phase Voitages

shown in figure 4 and 5. The FFT analyses of phase™ T ] ]
voltage waveform without and with filter are given s e — g —
in figure 6 and 7. The line-to-line voltage
waveforms without and with filter are shown in ' ™ ™ ™ ™ & W m wowe w
figure 8 and 9. The FFT analyses of line-to-line e e -
voltage waveform without and with filter are shown " I T
In flgure 10 and 11' .SUUD 0005 oo 0015 cm 002 003 003 004 0045 005

- o o

— —
400

0 0005 ool 0015 o 0025 003 0035 004 0045 005
Tme

Figure 6: 3-Level Inverter Phase Voltages
Without Filter
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Figure 7: Filtered Phase Voltages (a)2-Level Ineei(b) 3-Level Inverter
Line Valtages Lie Vola
_ ges
H ] =T '—T ! a
T TN A H—'I
A L L L A0 h 1 I
0 L 1 3 UJ? 005 0% oW ke b 1 s oo 0o nnz [n"a nnz nnaa nna EIEIAE [li3
" W ! ﬁ o T —— T T T —
: | : i i R
i i an | R M e N
0 UUUE UJE 005 UUS 00 UM UW i 0 [nna nm nn2 (s 00 00 00 006 i3
il 0
kil L i o i I i \—‘
0 0005 on [ D 1172 0 03 0035 004 106 0 005 0o 0 [HE 0 [IZ C [I"E 0oz 0 [ISE 0 [IA [I[ME 0oe
Time Tirme
(@) (b)
Figure 7: Line to Line Voltages Without Filter pa)evel Inverter (b) 3-Level Inverter
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Figure 8: Line to Line Voltages With Filter (a)2tel Inverter (b) 3-Level Inverter
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Figure 9: FFT Analysis of 2-Level Inverter Phasdt¥ge (a)Without Filter (b) With Filter
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Figure 10: FFT Analysis of 3-Level Inverter Phasatage (a)Without Filter (b) With Filter
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Figure 11: FFT Analysis of 2-Level Inverter Lineltime Voltage (a)Without Filter (b) With Filter
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Figure 12: FFT Analysis of 3-Level Inverter Lineltime Voltage (a)Without Filter (b) With Filter
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e r 1 1 I Phase Voltage Line-to-Line Voltage
: | | ‘ ‘ Inverter | Without With Without With
el Ly g :”nl I ds ] HH | i Linl filter filter filter filter

/ (’V Fundamental Voltage
o il 2-level 254.8V 180.8V 441.6V 313.9\
‘ ‘ : ‘ ‘ | ‘ 3-level 245.8V 238.4V 425.8V 412.9\

! Total Harmonic Distortion
2-level 30.79% 1.42% 30.759 1.83%
3-level 16.79% 1.01% 16.78 % 0.96%

205

Al

The simulation results show that harmonics are
very much reduced and the fundamental voltages

N N S NN S N L
166 1662 1664 1666 1658 167 1672 1574 1676 1578 168

Tine are also increased in 3-level diode clamped inverte
(@) Figure 13 shows the steady state no load toque of
M A R direct torque control of induction motor with 2-
o RSN SRS SUSS SS S——— level inverter and 3-level diode clamped inverter.

shows that the torque ripple is reduced using 3-

WMMMWWWA*W 7 level diode clamped inverter

The switching table based 3-level diode clamped
inverter has better performance than the 2-level
I inverter and it is suitable for direct torque cohwof

e induction motor.

= =

BN 6. CONCLUSION
\
* 166 1.662 1664 1566 1.668 167 1612 1674 1676 1678 168

Tineea This paper provides the comparative

(b) analysis of switching table based 2-level inverter

Figure 13: Steady State Torque (a) 2-Level Invet®r  and 3-level diode clamped inverter. A particular
3-Level Diode Clamped Inverter emphasis on fundamental voltages and total

) _harmonic distortion has been studied. The
Figure 9(a) and (b) shows the harmonigimuylation results suggest that increasing thelseve
spectrum of the phase voltage of 2-level invertef jnverter can achieve the higher fundamental
The fundamental phase voltage without filter isutput voltage and low total harmonic distortion.
254.8V and with filter is 180.8V. The total compared to 2-level inverter, the presented 3-level
harmonic distortion is 30.79% and 1.42%. Figurgjiode clamped inverter is also easily implemented
10 (a) and (b) shows the harmonic spectrum of thg direct torque control of induction motor. The
phase voltage of 3-level diode clamped inverteisimylation result shows the reduction in steadiesta
The fundamental phase voltage without filter igorque ripples of the induction motor. It is a slenp
245.8V and with filter is 238.4V. The total control method for the 3-level diode clamped
harmonic distortion is 16.79% and 1.01%. inverter for direct control of induction motor
Figure 11(a) and (b) shows the harmonigyithout affecting its simplicity.
spectrum of the line-to-line voltage of 2-level
inverter. The fundamental line-to-line voltage i
without filter is 441.6V and with filter is 313.9V. REFRENCES:
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