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Abstract

This paper presents the modeling, analysis andaloot Hexagram inverter for three phase inductiotor
drive configuration. The Hexagram inverter can bedufor both three phase and six phase applicatibhas
many advantages including reduced number of swstch@dular structure leading to easy constructioth a
maintenance, isolated dc buses. Besides, it hdtsitbdiault redundancy due to the module intercartiom. It
has lowered dc energy storage requirement compareadt of cascaded H-bridge inverter. This emireature
makes the system in high power applications. A ftran model of the Hexagram inverter fed threesgha
induction motor drive is developed in Matlab/Simidienvironment. Simulation is carried out to sttidy drive
performance at different operating conditions draresults are presented.

Keywords: closed loop control, fault tolerant feature, hesaginverter, three phase induction motor drive

1. Introduction

The medium-voltage (MV) converters have become wa beeed in high-power applications. Numerous MV
topologies have been proposed and investigate@ $iree mid 1980s (Jose Rodriguez 2002 - Krug 20DHd2.
development and application of MV variable speeivedr (VSDs) have brought significant advantages in
improved process control, higher efficiency, andrgg savings to the industry (Cheng 2006). Fromstreey
articles (Carrasco 2006 - Kim 2004) it becomes rclémat three topologies are favored by MV drive
manufacturers: Neutral-point-clamped (NPC) inver(Bendre 2006-Vargas 2007); Flying capacitor (FC)
inverter (Kim 2004); and cascaded H-bridge (CHByeiter (Du 2006 - Rech 2007). A high-voltage fast
recovery diode is used to clamp the voltage in Ni®@figuration. The configuration suffers from vagéa
unbalancing, neutral point stabilization at heavydgnamic loading, higher THD and the requiremeint.©
filter to reduce the vibration and noise of the hiae. The FC configuration is used to clamp the¢ag# and
overcome some of the drawbacks of NPC configuratitowever the number of capacitors required in@gas
when the number of levels is high and complex paeph circuits are needed (Kim 2004). At preser, th
cascaded H-bridge inverter is the best-selling pcoih the MV ASD market worldwide (Robicon). Withe
modular structure, the cascaded H-bridge invereeasy to construction and maintenance. And with th
separate dc buses, there is no voltage unbalapoitdem. However, despite its many advantages;akeaded
H-bridge inverter still suffers from following drdosicks (Cengelci 1999)t employs a large number of single-
phase inverter modules, isolated secondary windimgle input transformer, and three-phase diodéfiers,
resulting in high manufacturing cost. The dc-bysacitive energy storage requirement is high dubecingle-
phase structure. It does not have built-in fauktremt feature so that additional inverter modales necessary
to provide redundancy. The problems can be overdoyre new multilevel inverter — Hexagram invertéfegn
&.Smedley). The structure of the Hexagram inveigeshown in Figure 1 (a). The new topology is cosgabof
six interconnected VSIs in the form of six switcloduale as shown in the circle in Figure 1 (b). Tbarection
between the modules is depicted with a connectiagrdm.

There are six inner inductors connecting any oftti® modules in order to limit the circulating cemt. With
synchronized control signals, small value inducteils be sufficient to limit the circulating curréro a low
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value. Figure 1(c) shows the connection diagranwhich each triangle specifies the each invertatger and
the inner legs any two of the VSI modules inter@mted to the inductors, and the outer legs areeasiad with
motor terminals. Differing to the three-phase Vfile Hexagram inverter has six output terminals,ctvhi
provides two options to either drive a three-phastor (neutral not connected) or drive a six-phas¢or. This
paper will focus on the Hexagram inverter appliedd three-phase motor drive (Wen & Smedley 2008)tae
star connected six phase drive (Wen & Smedley 200079 new Hexagram inverter has a modular struende
no voltage balancing concern as the cascaded Hdridverter; in addition, it has following superior
characteristics:

. Fewer diode bridge rectifiers, inverter modulesd anput transformer secondary windings are
required to achieve the power level.

. Lower dc-link capacitive energy storage requiremdune to the three-phase structure. In balanced
systems, the instantaneous power of each six-switmtiule is constant so that the capacitors are not
subject to low-frequency power ripples.

. Due to the interconnected structure, Hexagram tavdras built-in redundancy for fault tolerance.
The inner legs of the Hexagram inverter which aredirectly connected to the load are connected in
a closed-loop. Therefore, if some switch of theeinleg fails (open), the overall inverter is cagatl
operating at a reduced power level.

»  The voltage stress of this inverter is reducedethimes compared to a two-level inverter with the
same output voltage.

In addition, well developed Indirect field orientedntrol schemes and well developed SPWM technidues
VSI can be directly applied, and the six modulesda Hexagram inverter equally share the outputgrese
that the components of the inverter no need tovee designed. With the symmetrical and naturalliabaed
structure, the proposed Hexagram inverter has ndmgrent advantages. Detailed analysis of the tavaill
be conducted in section 2 to section 6, after siraulation and experiment results will be givenveaify the
analysis in section 7 and 8, then a brief conchusidl be provided in section 9.

2. Hexagram Inverter for a Three Phase Induction Motor Drive

Figure 2 shows a complete MV ASD system, composedtmnsformer with six secondary windings, siac
rectifiers, six dc capacitors and a Hexagram irrefivVen & Smedley 2008). The transformer showmid &
pulse transformer, with six Secondary windings rageal in 0°, £20° phase shift (two are identicad) athieve
harmonic current cancellation in the utility linargents, leading to clean input power. The inputent total
harmonic distortion (THD) for 18-pulse rectifier &bout 5-6%. The six secondary windings can also be
arranged in +5°, +15° +25° phase shift to form @&pRilse rectifier to further reduce the input catre
harmonics, if necessary. Diode rectifiers and dgacdors are used to convert the three-phase ait ttm
provide the isolated dc buses for the HexagramriakeReplacing the diode rectifiers with the pulgielth
modulation (PWM) voltage source converters will ldeathe VSD system with the capability of regeneeat
braking (Wen &.Smedley 2008).

3. Analysis of Hexagram Inverter
3.1 Voltage Relationship

The phasor diagram of the VSI module of Hexagraweiiter is shown in Figure 3. Phase Voltages of VSI
modules are shown in Figure 3 (a). It is seen thatphase of the VSI module is V volts whereasahigput
voltage is 3V for Hexagram inverter as shown inuFég3 (b).The rms phase voltages of the VSI modates
given in equation(1).

Vi | | Vanz| | Vass Vaiz2 Viaa Ve
Vit |7 Moz || Yss|= 7 %22" 1 %esd= 1 Ne (0]
Veaon Vewa| [ws Ven2 Veaa Voo d

Whereo is the frequency of the voltage in radius. (It @ldobe noted that (1) is true with restrictionstbe
modulation strategy. For example, for sinusoidds@uvidth modulation (SPWM), the switching frequgnc
should be an integer multiple of six times the fmmeéntal frequency). Then, the fundamental outpliages of
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the Hexagram inverter are determined and givehereguation (2).

32V sin(t)

VAO VA'O
Veo | = —| Veo | = 3J2v sin(wt - 120) @
Veo Veo 32V sin(wt + 120 )

From the equation (2) the output voltage of Hexagiaverter are three times of the VSI modules.

3.2 Current Relationship

Assume that the Hexagram inverter is connected sgnametrical three-phase load. According to (2§ th
three-phase output currents can be expressed as

i1 [ia] [ia] [ V2l sin() -
ip [=]is |= =i |==| iy | =| V21 sin@t-120)
ic Ies Ie: % V21 sin(t+120 )
The phase currents of the six VSI modules sattsfyfollowing equation:
I al + 1 b1 + 1 cl
I a2 + 1 b 2 + c 2
i a3 + I b 3 + I c 3
. . . =0 4
I a4 o b 4 o1 c 4
I asb o1 b5 o c5
L I a6 T b 6 + o c6 _|

Any two of the six modules are interconnected sat the currents inside the inverter have the falhgw
relationship:

Ib1 Ibz
Ia2 |a3
|c3 - |c4
i - i )
b4 b5
Ia5 |a6
_ICG_ _Icl_

With the inductors, the circulating current in thep formed by the connection of the six moduldiniéted to a
low value and can be neglected as

Iy Tl Flea Tl Tl s+1. =0 (6)

Combining (3)—(6), gives the result that modul®15 have the same phase current$,ass, ic, and module 2,
4, 6 have the same phase currents gsig, -ic. The result is expressed in equation (7) and (8).

i, i i V21 sin(wt)
vy | = | ibs | = | 1vs | = | V21 sin(wt-120°) @)
ey [ ics V21 sin(wt +120°)
(i, i, i V21 sin(wt-180°)
b | = [ 1pa | = |pe | = V21 sin(wt + 60°) 8
Lico ca ico V21 sin(wt - 60°)
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This result indicates that when the Hexagram imves connected to a symmetrical load, the phasemis of

all six modules are identical. The current phasagidm is depicted in Figure 4. Where the curré&agging the
corresponding voltages by degree. The phase angte is dependent on the load characteristics.The
instantaneous power of the six modules is deriveohf{(2) and (8) as

P ()= Py (1) = Py (1) = pyy (1) = py (1) = py, (1) =3VI cosd (©)
This result indicates that the six modules haveakqutput power, and the instantaneous power thraagh
module is constant, so that the dc energy stormegrement is low and the dc capacitor can be Speall.

4. Equivalent Circuit of the Hexagram Inverter

The equivalent circuit of the circulating curreabp is depicted in Figure 5.where,LL,s, Las, Lss, Lsg and Lg;
are the inductances of the inductors between any two of the six modules; Vi1cy, Vazhs Vesas Voaca Vasps@nd Vigas
are the instantaneous voltages depending uponatitehing of the inverter, and b, i\ 23, i34, i145, iLs6 aNd fg1
are the inductor currents derived under the zamulgting current condition and satisfy the follogiequation:

IL12 Ibl Ib3
IL23 Ia2 |a4
IL34 _ |c3 — |c5
. =17 =]. (10)
IL45 Ib4 Ib6
IL56 IaS Ial
_|L61_ _|c6_ _|c2_

The loop voltage defined as the summation of thévedent voltage sources in the circulating curreap is
calculated as given in equation (11)

lzd'fﬂ 291;;3+L 3?'&34+L 4SI'st“f’+L %Ltsm %ﬁ (11)

The circulating current will occur when the loopltage is not zero. Moreover, the inductor currezaa be
viewed as the summation of the currents deriveith@aizero circulating current condition as giverequation
(10) and the circulating current is

Vloop :Vbch +Va2bZ+V0313+Vb 4 4+Va b 5+Vc & 6+L

i’ i1, |
L12 L12

P .

I L23 IL23

I'L34 _ IL34 H

.y - . + I|oop (12)

I L 45 IL45

P .

I L56 IL56

P .

_I L61 | _IL61_

In equation (11), (MicttVa2nstVezazt Viacat VaspstVesag IS the major part, since the rest of the paréx)Q at the
equal inductance condition according to (9) ang;(&ten if not, it is small due to the small indarates. In the
ideal situations (MicitVazbnstVeszastViacatVaspstVesad €quals 0 as well. However, both unmatched swvitch
and unequal dc buses will cause it to be nonzedorasult in the occurrence of the circulating cotré he
unmatched switching has very short time duratiomalsinductances such as several micro henrysudfieisnt
to limit the circulating current. Consequently, tineequal dc bus is the major cause of the ciradaturrent.
By having the first and fourth secondary windindgghe transformer of the same phase angle, sohar¢htrd
and sixth, and fifth and second; the unequal dcdmumslition caused by the ripple voltages of thdifieation
will be entirely eliminated.

5. Closed Loop Control of Hexagram Inverter

The vector control of ac drives has been widelydusehigh performance control system. Indirectdietiented
control (IFOC) is one of the most effective veatontrol of induction motor due to the simplicity @ésigning
and construction. In order to obtain the high permiance of torque and speed of an IM drive, therrfbtox and
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torque generating current components of statoreotinmust be decoupled suitably respective to thar iftux
vector like separately excited dc motor. Figurdéves the complete schematic of indirect field aieeincontrol
for induction motor drive. The torque command isgmted as a function of the speed error signalemgdly
processed through a PI controller. The torque &md dommand are processed in the calculation bldtie
three phase reference current generated from tetiémal block is compared with the actual currenthe
hysteresis band current controller and the comtrdkikes the necessary action to produce PWM pulses
PWM pulses are used to trigger the voltage soumeerier to drive the Induction motor. The Perforeanof the
indirect vector controlled drive has been analylmdvarying speed and torque. A PI controller isigeed to
adjust the modulation index of the Hexagram invefeom the simulation results it is found that twatroller
tracks the reference speed is better at high spmege. In the low speed range the speed erroradsese
considerably and the PI controller needs furtheiniy to achieve better performance. This can besdming
Artificial intelligence techniques.

6. Comparison of Hexagram Inverter with CHB Inverter

A comparison of the Hexagram inverter and the CH®&eiter is given in Table 1 due to their similarity
modular structure and isolated dc buses. From ThHglowing conclusions are obtained:

» Cascaded H-bridge inverter requires more comporteats Hexagram inverter: six more transformer
secondary isolated windings; six more diode restifi twelve more semiconductor switches, six more
capacitors. Although Hexagram inverter needs gieiirinductors to block the circulating current, the
inductors are very small with all modules synchzergontrolled.

e The capacitive energy storage requirement is lowhen Hexagram inverter, since the instantaneous
power through each power module is constant, whédecascaded H-bridge inverter has low-frequency
pulsating power caused by the single-phase nature.

« With fewer components and lower component requirgtdexagram inverter has less manufacturing
cost and higher reliability, which makes it a cotitpg topology for medium voltage variable speed
drive applications.

7. Simulation Results

The three phase induction motor drive with Hexagiawerter is simulated in Matlab/Simulink environmte
with the parameters given in Appendix. The switghfrequency for SPWM pulses is 1KHz, and the inner
inductors are 50uH each. Figure 7 shows simulatisnlts at rated condition for a modulation indé>0@.
Figure 7 (a) shows the 18 pulse transformer outptht a phase shift of 0°, + 20° at the three seaded. The
other three secondaries will have the same phafte & achieve harmonic current cancellation ie thility
line currents, leading to clean input power. Fighi) shows the rectifier output and the voltage eurrent of
Hexagram inverter respectively. The steady staeli®showing the output voltage of the invertedt apeed of
the induction motor for different modulation indéces shown in Table 2. A closed loop response ofageam
inverter with indirect field oriented control is @gzed for different operating conditions and tesults are
presented in Figure 8. The speed reference ist@hfferent values and the actual speed, torquéage and
stator current are observed and presented in Fufdne load torque is set at different values tnedspeed,
torque, voltage and stator current variations d@avs in Figure 9. It is seen that the indirectdi@riented
controller tracks the reference speed is less thsec without exceeding the design limits. The grerfince of
the drive under low speed/less load operating dimmdi are studied through simulation and preseimtddgure
10. The closed loop control of Hexagram drive hatdp performance in the low range of speed angutor
conditions.

8. Fault tolerant feature of the Hexagram inverter

The a to & leg of the inverter is opened and the output geltaand the current waveforms of the Hexagram
inverter are observed. It is seen from Figure ¢haj the inverter output is reduced to 290.69V AR®5 amps
respectively at rated condition when the innerdetp & opened. Therefore, the overall inverter is capalble
operating at a reduced power level.

9. Conclusion
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The performance investigation of Hexagram inveftera three phase induction motor drive is caroed for
medium voltage high power applications. The siniatatmodel of the Hexagram inverter is developed in
Matlab/Simulink environment. The performance of thexagram inverter is analyzed into SPWM technique.
The Hexagram inverter has reduced component comdtraquirement, built-in fault tolerance, and full
utilization of the three-phase structure, which emk a superior topology for high power applicasioA closed
loop indirect field oriented controller is designadd its performance is studied for different spaed torque
conditions. It is seen that the controller tradkes teference speed is better at high speed ramgee low speed
range the speed error increases considerably amdPthcontroller needs further tuning to achievetdret
performance. This can be done using artificialliigience techniques.

APPENDIX
Parameters of the three phase induction motor

PARAMETERS VALUES

Power 7.5KW(10hp)

Voltage 400V

Frequency 50 Hz

No. of poles 4

Stator resistance (Rs) 0.7384 ohm

Rotor resistance (Rr) 0.7402 ohm

Stator inductance (Ls) 0.003045 H

Rotor inductance (Lr) 0.003045 H

Mutual inductance 0.1241 H

(Lm)

Inertia (J) 0.0343 kg.m"2

Friction (F) 0.000503 N.m.s
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Figure 2. Hexagram inverter for a three phase itidnenotor drive.

Figure 3. Voltage phasor diagram of the Hexagraraerier. (a) Phase Voltages of VSI modules. (b) Outp
Voltages of the Hexagram inverter.
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Figure11. Fault tolerant feature of the Hexagram Inverter
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Table 1. Comparison of Hexagram inverter with cdedaH-bridge inverter.

Comparison condition Multilevel Inverter Hexagranvérter
No. of secondary windings 12 6
No. of Diode bridge rectifiers 12 6
No. of Power switches 48 36
No. of Inductors 0 6
No. of capacitors 12 6
variation of the Hexagram inverter for different tMdation indices.
Different load conditions MI-0.6 MI-0.8 MI-1
V|_ Nr V|_ Nr VL NI’
No load 365.7 1498 419 1499 640 1376
25% load 358.3 1454 413.1 1471 443.9 1523
50% load 357.5 1399 412.5 1447 517.8 1442
75% load 357.5 1330 412 1418 551.1 1360
100% load 357.1 1229 412.6 1383 443.9 1523
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