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Analysis and I mplementation of Multiphase-
Multilevel Inverter for Open-Winding L oads

(Abstract)

Research work carried out in focusing a novel multiphase-multilevel ac
motor drive system much suitable for low-voltage high-current power
applications. In specific, six-phase asymmetrical induction motor with
open-end stator winding configuration, fed from four standard two-level
three-phase voltage source inverters (VSIs). Proposed synchronous
reference frame control algorithm shares the total dc source power among
the 4 VSIs in each switching cycle with three degree of freedom. Precisaly,
first degree of freedom concerns with the current sharing between two
three-phase stator windings. Based on modified multilevel space vector
pulse width modulation shares the voltage between each single VSIs of two
three-phase stator windings with second and third degree of freedom,
having proper multilevel output waveforms.

Complete model of whole ac motor drive based on three-phase space
vector decomposition approach was developed in PLECS - numerical
simulation software working in MATLAB environment. Proposed
synchronous reference control algorithm was framed in MATLAB with
modified multilevel space vector pulse width modulator. The effectiveness
of the entire ac motor drives system was tested. Simulation results are given
in detail to show symmetrical and asymmetrical, power sharing conditions.
Furthermore, the three degree of freedom are exploited to investigate fault
tolerant capabilities in post-fault conditions. Complete set of simulation
results are provided when one, two and three VSIs are faulty.

Hardware prototype modd of quad-inverter was implemented with two passve
threephase openwinding loads usng two TMS320F2812 DSP contrallers
Developed McBSP (muti-channel buffered serid port) communication dgorithm able
to contral the four VSIs for PWM communication and synchronization. Open-loop
control scheme basad on inverse threephase decomposition gpproach was developed
to control entire quad-inverter configuration and tested with balanced and unbalanced
operating conditionswith Smplified PWM techniques.

Both smulation and experimenta results are dways in good agreement with
theoreticd devdopments
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1. Introduction

1.1 Motivation for research

Recent research articles mostly addressing towards multiphase induction
motors due to their redundant structure, and reliability with high fault
tolerant capabilities. Increasing phase becomes more predominant factor to
have additional degree of freedom. On another hand multilevel inverter
widely replaces the conventional two-level three-phase voltage source
inverter (VSI) by their performance toward lower THD and lower dv/dt
(leakage current) stresses in output. Combing multiphase motor with
multilevel inverter technologies could be good solution for low-voltage
high-current application more suitable for industries. Several power
conversion structures addressing towards multiphase-multilevel ac motors
are proposed last decades for its reliability and performance. In this thesis
work proposes a power conversion unit based on multiphase-multilevel
inverter, which can be performed as multilevel converter, in particular vital
optimum solution for multiphase machines with respect to cost and
performances.

In this contest, significant contribution by research work contributed
towards dua three-phase induction motor modeling, control aspect, and
modulation techniques. But insignificant articles by research related to the
power balancing with symmetrical and asymmetrical voltage and/or current
contributions for six-phase asymmetrical induction motor, deliberating
keeping stator winding open-end configuration. In this dissertation devoted
towards the power balancing of a proposed novel multiphase-multilevel ac
motor drive system and exploited the fault tolerant capabilities under
different critical circumstances.

1.2 Research objectives

The main objectives of this dissertation is to study and develop a
complete model of multiphase-multilevel ac motor drive system in
numerical simulation software and to implement multiphase-multilevel
inverter for two three-phase passive loads in open-winding configuration, as
low-voltage high-current prototype hardware module using two DSP
TMS320F2812 controllers.

In detail, the objectives are focused towards:

1) To develop a comprehensive model of six-phase asymmetrical
induction motor with open-end stator winding configuration based on

Keywords: Multilevel inverter, multiphase inverter, multiphase-multilevel ac motor, dual
three-phase induction motor, multiple space vectors, multilevel svpwm, fault-
tolerance.



1.2 Resear ch objectives

2)

3)

4)

5)

6)

7)

8)

9)

three-phase space vector decomposition approach in PLECS
numerical simulation software working with MATLAB environment.

To study intensively the characteristics of dual-inverter as multilevel
converter and then to develop a multiphase-multilevel inverter
configuration much suitable for the developed six-phase induction
motor.

To analysis the multiphase-multilevel inverter developed in PLECS
numerical simulation software with some carrier based pulse width
modulation for multilevel output waveforms. Control algorithm based
on inverse three-phase space vector decomposition approach in open-
loop scheme.

To develop a control algorithm based on synchronous reference frame
which able to control entire ac drive system and to share the total dc
power with three degree of freedom in accordance to theoretical
devel opments.

To investigate fault tolerance capabilities of whole ac drive system
under different developed post-fault condition in accordance to
theoretical developments.

To implement complete low-voltage high-current prototype model of
multiphase-multilevel inverter for two three-phase passive loads in
open-winding configuration, with two real time DSP TMS320F2812
controllers.

To frame communication medium with data cable between two DSPs
using (McBSP) multi-channel buffered serial port protocol algorithm
for PWM communication and synchronization between four three-
phase VSs.

To develop control algorithm based on inverse three-phase space
vector decomposition approach using two DSP controllers in open-
loop scheme.

To develop simplified PWM (independent and level-shifted) methods
to investigate the performance of quad- inverter for its output voltages
with power sharing capabilities under symmetrical/asymmetrical
conditions and synchronization issues using two DSP controllers.
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1.3 Outlinesand original contribution of dissertation
This thesis work divided into following major parts and original
contribution to this thesis provided by chapters 4-7:

Chapter-2: “Review of multilevel inverters”

This chapter provides survey on optimal three-phase multilevel inverter
technologies, starts with traditional configurations: cascaded H-bridge,
diode-clamped, capacitor-clamped, hybrid and mixed version of multilevel
inverters in particular their benefits and drawbacks based on literatures
addressing each inverter configuration.

Proceeds to dua-inverter configuration as multilevel converter,
characterized with their complete voltages output expression and
applications, (SUR) switch utility ratios and comparison with traditional
two-level and multilevel inverters, finally discussed with fault tolerance
capabilities.

Chapter-3: “Review of multiphaseinverters”

This chapter provides survey on optimal multiphase inverter
technologies, starts with multiple space vector transformation based on
three-phase space vector decomposition approach and its inverse
decomposition transformations for analyzing a six-phase system.

Proceeds to detail analysis of six-phase converter both
symmetrical/asymmetrical versions, aso discussed other multiphase
converters: five-, seven-, and nine-phase VSls for their benefits and
applications based on literatures addressing each converter configuration.

Chapter—-4: “Quad-inverter based multiphase-multilevel inverter
configuration”

This chapter provides original contribution of this dissertation by
proposing a novel multiphase-multilevel inverter configuration for two
three-phase passive loads in open-winding configuration. Further benefits,
switch utility ratios, three-phase space vector representation of the proposed
converter were provided.

Proceeds to detail analysis of quad-inverter, its power output expression
with three degree of freedom for both symmetrical/asymmetrical power
sharing conditions, control aspect in open-loop based on inverse three-phase
space vector decomposition approach in specific representing the
modulation indices of each single inverter’s.

Finally some carrier based pulse width modulation methods are discussed
theoretically and implemented for quad-inverter using numerical simulation



4 1.3 Outlinesand original contribution of dissertation

software to show its multilevel output waveforms. Benefits and drawbacks
of each PWM were discussed with corresponding reference literatures.

Chapter-5:  “Quad-inverter configuration for multiphase-multilevel
AC motor drive”

This chapter provides the detailed survey on state-of-art-in research for
dual three-phase asymmetrical induction motor, modeling techniques,
closed loop controls schemes, advantages and applications based on
literatures addressing the machine.

Further step original contribution of this dissertation by proposing a novel
multiphase-multilevel based dual three-phase induction motor with open-
end stator winding configuration, modeling based on three-phase space
vector decomposition approach.

Proceeds to proposed synchronous reference frame closed loop algorithm
with symmetrical/asymmetrical power (voltage/current) sharing and
multilevel output waveform capabilities. Complete theoretical background
and numerical simulation results are provided for the whole ac motor drive
system.

Chapter-6: “Post-fault tolerance strategy for multiphase-multilevel
AC motor drive”

This chapter provides original contribution to this dissertation by
proposing some novel post-fault control strategies for the proposed
multiphase-multilevel ac motor configuration after detail survey for state-
of-art-in research relating to fault tolerant in ac drives from literatures.

Proceed to fault tolerant investigation under different developed post-
fault operating conditions, when one, two, or three inverter failure
conditions. Complete theoretica background and numerical simulation
results are provided under heathy and different post-fault operating
conditions.

Chapter—7:  “Hardwareimplementation and experimental results”

This chapter provides the complete hardware implementation of proposed
multiphase-multilevel inverter for two three-phase passive loads in open-
winding configuration. Also provides the open-loop control scheme based
on inverse three-phase space vector decomposition approach developed
using two TMS320F2812 DSP controllers working under McBSP protocol
for PWM communication and synchronization.

Simplified PWM techniques (independent and level-shifted multilevel
modulation) are adopted towards investigation, allowing the power sharing
with three degree of freedom.
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Complete set of experimental results are given with reference to both
symmetrical/asymmetrical conditions.

Chapter 8 - “Conclusion and future works”

The main conclusion of this dissertation based on numerical simulation
and experimental results obtained with respect to theoretically concepts.
Finaly, provides few recommendations for future research work.

References

Detailed survey on articles focusing towards multilevel, dua and
multiphase inverters, multiphase and multiphase-multilevel ac motor
technologies.

Appendix



2. Review of Multilevd inverters

2.1 Introduction

In this chapter the state-of-the-art-in research, multilevel power converter
configurations discussed based on literature survey. Several fruitful solution
based on different multilevel converter structures have been proposed and
contemporary research has engaged novel converter structures and unique
modulation strategies. Moreover, three different major multilevel converter
structures are widely reported in the most articles: cascaded H-bridge, diode
clamped (neutral-clamped), and flying capacitor (capacitor-clamped) power
converters. In precise multilevel converter suitable for low-voltage high-
current ac power systems are also elaborated in detail. In specia attention,
this chapter also focused to survey the topology based on conventional two-
level inverter to frame multilevel converter, should be valid for
performances, cost, and keep open broad research studies to develop further
multiphase-multilevel power conversion system in later version.

2.2 Structuresof multilevel three-phaseinverters

Presently industries acquire low-voltage high-current ac motor drives
with megawatt power level utility requirements. For medium voltage grid,
troublesome to connect only one power semiconductor switch directly.
Resulting, multilevel power conversion structures have been introduced as
an aternative solution for high power and medium voltage systems. A
multilevel power conversion not only achieves high power ratings, but also
usage with renewable energy sources such as photovoltaic, wind, and fuel
cells incorporated easily to a multilevel power conversion system for high
power applications [1-3]. In addition, many multilevel power conversions
employed in universal power conditioner (UPC) [4] and ac traction drive
systems [5]. Also these configurations used for recent development in
flexible AC transmission system (FACTYS) [4].

The concept of multilevel power conversion came to has article since
from 1975 [6] and term multilevel began with the three-level converter first
time by Nabae [7]. Subsequently, several multilevel converter topologies
have been developed and proposed [1-14]. But however, basic concept of
multilevel converter achieving higher power rating by using a series of
semiconductor switches with several low voltage dc sources to perform the
power conversion by synthesizing a staircase voltage waveform. Capacitors,
batteries, and renewable energy systems used as the multiple dc voltage
sources. The commutation of the power switches aggregate these multiple
dc sources in order to achieve high voltage at the output; however, voltage

Keywords: Multilevel inverter, mixed and hybrid multilevel inverter, generalized multilevel
inverter, dual-inverter, voltage-limited devices and high power applications.
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rating of the power semiconductor switches depends on rating of dc bus to
which they are connected. The attractive benefits of multilevel converters
when compared with conventional 2-level converter are briefly summarized
asfollows[1-3]:

= Quality of output voltage: Multilevel converters generate the
output voltages with very low distortion, additionally reduce the
dv/dt stresses; therefore electromagnetic compatibility (EMC)
problems significantly minimized.

= Quality of input current: Multilevel converters draw input
current with very low distortion.

= Quality of switching frequency: Multilevel converters can
modulate with fundamental and also higher switching frequency
PWM. By lower switching frequency provides lower switching
loss and higher efficiency.

= Quality of reducing common mode voltage Multilevel
converters produce smaller common mode (CM) voltages,
therefore, the stress in the bearings of a motor can be lowered.
Further common-mode components could eliminate by using
advanced PWM strategies proposed in [8].

Even though with all above merits, multilevel converters do possess some
drawbacks in particular with greater number of power switches. Lower
voltage rated switches can utilized in amultilevel converter, but each switch
requires related gate driver circuit. Hence, the overal system becomes
expensive with complex control. In next section, most addressed available
multilevel converter structures are discussed relating to survey of optimal
configuration solution.

2.2.1 Cascaded H-bridge multilevel inverter

A single-phase configuration of an n-level H-bridge cascaded inverter is
depicted in Fig. 2.1. Each separate dc source is connected to a single-phase
full-bridge/or H-bridge, inverter. Each inverter can generate three different
voltage level outputs, +Vy, 0, and =V by connecting the dc source to the ac
output by different combinations of the four switches, S, S, S5, and ;. To
obtain voltage level +V, switches S; and S, turned on, where as for voltage
level —Vy switches S, and S; turned on. Zero level voltage can obtain by
turning on switches S;and S, or S;, and S, AC outputs of each synthesized
different full-bridge inverter levels are connected in series for summing up
to generate multilevel voltage waveform. The number of output phase
voltage n-levelsin a cascade inverter defined by n = 2|+1, wherel is
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Fig. 2.1: Single leg of n-level cascaded H-bridge multilevel converter structure.

the number of separate dc sources. As example phase voltage waveform for
n-level cascaded H-bridge inverter with (n-1)/2 separate dc sources and (n-
1)/2 full bridges. The output phase voltage generalized as Vv = Vg + Vot Vast

The Fourier transform of the corresponding stepped waveform follows [9,

5]
4\/ .
V(at) = 2 5 [cos(nf)+cos(nby) +......oceeeeeee +cos(ng)] sn(:wt) , (1)
wheren=1,3,5,7
From Egs.1, the magnitudes of the Fourier coefficients when normalized
with respect to Vg as follows:

H(n) = 7 3 [cos(nGy)+cos(Néy) +...............: +cos(ng)], 2
wheren=1,3,5,7

By choosing conducting angles, 8,, 6, . .6, such that the voltage total
harmonic distortion (THD) is minimized. Predominately, these conduction
an%les for suppressing lower frequency harmonics of 5%, 7", 11", and
13",... orders are eliminated in output [10].
Multilevel cascaded H-bridge converter, used for applications such as
static var generator (SVG), an interface with renewable energy sources, and
for battery-based system. Three-phase cascaded inverter can be connected
in star, or in delta depending on the application. Experimenta prototype
model of (SVG) multilevel cascaded converter connected in parallel with
the electrical system with flexibility to inject and/or absorbs reactive current
flow from an electrical network was given by [11-14]. In this application
multilevel cascaded inverter are controlled to regulate the power factor of
the current drawn from the source or the bus voltage of the electrical
network, where the inverter was installed. Also shown that cascade H-brige
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inverter can be directly connected in series with the electrical network for
static var compensation (SVC) experimentally given by [11, 15]. Cascaded
H-bridge inverters are ideal choice for connecting renewable energy sources
with ac grid, since need for separate dc sources which is applicable for
photovoltaic and/or fuel cells.

The main benefits and drawbacks of cascaded H-bridge multilevel
converters are briefly summarized as follows [16, 1-2]:

Benefits:
= The number of possible output voltage levels are more than twice
the number of dc sources (n = 2I+1).
= The series of H-bridges makes for modularized layout and
packaging. Enable the manufacturing process to be done more fast
and cheap.
Drawbacks:
=  Separate dc sources required for each of the H-bridges and could
generate oscillating dc source power.

Other configuration of cascaded multilevel converter with transformers
using standard three-phase bi-level converters was proposed in [8] and
detail configuration is shown in Fig. 2.2. The converter uses transformers
output to add different voltages. In particular, converters output voltages to
be added up; three converters need to be synchronized with a separation of
120° between each phase. For instant to get a three-level voltage between
outputs a and b, the output voltage can be synthesized by Vap = Vaypi+ Vor.a*
Voo ISOlation transformer is used for step up the voltage and with three
synchronized converters the voltages Vap+ Vorao+ Vanz, @€ al in phase
with tripled output level given by [1].

o

a

i

)

a;

4<} - T MI‘W

\overter 2 o)
a3

4<} > |

Inverter 3

Fig. 2.2: Multilevel inverter with three-phase bi-level converters framed using transformers.

9
TN
<
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Benefits:
= Since the three power converters are identical and thus control
become simpler.
Drawbacks:
= Three converters need separate dc sources, and additional
transformer is needed to boost up the output voltages. Leads to
complex and expensive structure.

To conclude that cascaded H-bridge multilevel converters are good
solution for high power application with good quality of output multilevel
voltages, but increasing the level leads to increase separate dc sources
which can produce oscillating power and other version need additional
expansion of circuitry.

2.2.2 Diode-clamped multilevel inverter

In 1981 Nabae, Takahashi, and Akagi proposed neutral-point converter as
a three-level diode-clamped inverter [7]. In later vyears, further
developments several research articles published with experimental results
for four-, five-, and six-level diode-clamped converters, in particular
applicable towards SVC, variable speed motor drives, and high-voltage
system interconnections [4-5,11-22]. A three-phase six-level diode-clamped
inverter configuration is shown in Fig. 2.3. Three phases of inverter sharesa
common dc bus, with five dc-link capacitors increases the levelsto six. The
voltage across each capacitor is Vg, and the voltage stress across each
switching device limited to Vg through the clamping diodes.

Table 2.1 list the output voltage levels possible with one phase of inverter
with the negative dc trail voltage v, as reference. State condition 1 means
the switch is on, and 0 means the switch is off. Each phase has five
complementary switch pairs such that turning on one of the switches of the
pair require that other complementary switch be turned off. The
complementary switch pairs for phase leg are: (Su, Si1), (So, Sio), (S,
Sia3), (S Sva), and (Sss, Sis). Table 2.1 also shows that in a diode-clamped
inverter, the switches that on for particular phase leg is always adjacent and
in series.

For six-level inverter, a set of five switchesison at any given time. An n-
level diode-clamped inverter has n-level output phase voltages and (2n-1)-
level output line voltages. Although each active switching devices required
to block only a voltage level of Vg, the clamping diodes require different
ratings for blocking reverse voltage. Using phase ‘a’ of Fig. 2.3 as example,
when al the lower switches S; through S5 are turned on, D, must block
four voltage levels, or 4Vg.. Similarly, Dz must block 3V, D, must block
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Fig. 2.3: Three-phase 6-level diode-clamped multilevel converter structure.

2V4, and D; must block V. If the inverter is designed such that each
blocking diode has the same voltage rating as the active switches, D, will
require k diodes in series; consequently, number of capacitor at dc side C,
number of free wheeling diodes per phase D,, and number of clamping
diodes Dc, are given by C= n-1; D,~ 2.(n-1); Dc= (n-1).(n-2). Thus, the
number of blocking diodes is quadratically related to the number of levels
in adiode-clamped converter [2].

Table 2.1: Diode-clamped six-level inverter voltage levels and corresponding switch
states.
Voltage Switch leg-states
Vao
Vs =5V
Vs =4Vc
V3 =3V
Vo =2V e
V1 =1V
Vo=0

w
=
S
N
=
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Practically, multilevel diode-clamped inverter found application as an
interface between high-voltage dc transmission line and ac transmission line
given in [2]. Other application mostly devoted towards variable speed
drives for high-power medium-voltage (2.4 kV to 13.8 kV) motors as
proposed in [3, 10, 16, 2]. SVC is an additional focuses for which several
authors have proposed for the diode-clamped converter.

The main benefits and drawbacks of diode-clamped multilevel converter
are briefly summarized as follows[1-3]:
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Benefits:
=  Capacitors requirement is minimized, since al the phases shares
the same dc source. For this reasons diode-clamped multilevel
converters used as a back-to-back converter and practicaly
applicable to high-voltage back-to-back inter-connection and
adjustable speed drives.
= Possihility to pre-charge al the capacitors as a group.
= Efficiency is high with fundamental frequency switching.
Drawbacks:
= [tisdifficult to control, real power flow in case of single inverter
because it requires a very precise monitoring and control for
intermediate dc levels, which tends to over charges or discharge.
=  The number of clamping diodes required is quadratically related to
the number of levels. Fundamental frequency switching will cause
an increment on voltage and current THD, while increased number
of clamping diode makes the configuration bulky.

To conclude diode-clamped multilevel converters are good solution for
high power applications with reduced capacitor requirements and all
capacitors energized with same dc source, but increasing the level leads to
increases quadratically the clamping diodes and the configuration becomes
complex with higher levels.

2.2.3 Flying capacitor-clamped multilevel inverter

In 1992 Meynard, and Foch, proposed flying capacitor-clamped
multilevel inverter structure which is similar to diode-clamped multilevel
inverter, differences instead of using clamping diodes, replaced by
capacitors given in [23]. Flying capacitor-clamped multilevel inverter
configuration is shown in Fig. 2.4, and as a ladder network of dc side
capacitor, each capacitor voltages varies from the next capacitor. Increment
in voltage between two adjacent capacitor legs gives the size for voltage
steps in output waveform. Advantages of this configuration, it as
redundancies with inner voltage levels; means if two or more valid switch
combinations can synthesize the output voltage. Table 2.2 shows alist of all
combination of phase voltage levels that are possible for six-level circuit
shown in Fig. 2.4.

Unlike diode-clamped inverter, the flying-capacitor inverter does not
require al switches that are on (conducting) in a consecutive series.
Moreover, the flying capacitor-clamped inverter has phase redundancies,
whereas the diode-clamped inverter has only line-line redundancies [2-3,
24].
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Fig. 2.4: Three-phase 6-level flying capacitor-clamped multilevel converter structure.

Redundancies allow a choice of charging/discharging specific capacitors
and by incorporating the control system for balancing the voltages across
the various levels. In addition to the (n-1) dc link capacitors, the n-level
flying capacitor-clamped multilevel inverter will requires (n-1).(n-2)/2
auxiliary capacitor per phase, if the voltage rating of the capacitors is
identical to that of the main switches. Flying capacitor multilevel converter
found employing application for SVG is given in [2-3]. The main benefits
and drawbacks of flying capacitor-clamped multilevel converters are briefly
summarized as follows [2-3]:

Benefits:
= Phase redundancy is available for balancing the voltage levels of
the capacitors.
= Controlled real and reactive power flow.
= Large number of capacitors enables the inverter to ride through
short duration outages and deep voltage sags.
Drawbacks:
= Control is complex to track the voltage levels for al capacitors.
Pre-charging all capacitors as a group to the same voltage level
and startup are tidies.
= Switch utility ratio and efficiency are poor for real power flow.
= The large numbers of capacitors are both costly and bulky.
Inverter construction is also more difficult with increasing
levels.
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Table 2.2: Flying capacitor-clamped six-level inverter voltage levels and corresponding
switch stateswith redundancy in levels.

Voltage Switch leg-states
Vao So| Su | So | Se | Su [ Ses [ S | Sws [ Seo [ S
Va0 =5Vge (NO redundancy)
5V [1J 12 1] 1] 1JoJoJoJo]Jo
Va0 =4V (4 redundancy)
5V Ve 1 1 1 1 0 0 0 0 0 1
ANy 0 1 1 1 1 1 0 0 0 0
5Vae-4Vact3Vic 1 0 1 1 1 0 1 0 0 0
5Vie-3Vict 2V 1 1 0 1 1 0 0 1 0 0
5Vie-2Vact Ve 1 1 1 0 1 0 0 0 1 0
Vao =3V (5 redundancy)
SVae-2Vee 1 1 1 0 0 0 0 0 1 1
AVa-Vac 0 1 1 1 0 1 0 0 0 1
Ve 0 0 1 1 1 1 1 0 0 0
5Vae-4Vict3Ve 1 0 1 1 0 0 1 0 0 1
Vdc
5Vae-3VactVae 1 1 0 0 1 0 0 1 1 0
AV -2Vt Ve 0 1 1 0 1 1 0 0 1 0
Vao =2V (6 redundancy)
5Viue-3Vie 1 1 0 0 0 0 0 1 1 1
5Vae-4VactVae 1 0 0 0 1 0 1 1 1 0
4V e-2Vc 0 1 1 0 0 1 0 0 1 1
IVge-3Vact Ve 0 1 0 0 1 1 0 1 1 0
3V Vee 0 0 1 1 0 1 1 0 0 1
3Vae-2VictVae 0 0 1 0 1 1 1 0 1 0
Ve 0 0 0 1 1 1 1 1 0 0
Vao =4V (4 redundancy)
SVac-4Vee 1 0 0 0 0 0 1 1 1 1
AVge-3Vec 0 1 0 0 0 1 0 1 1 1
3Vae-2Vie 0 0 1 0 0 1 1 0 1 1
2Vdc'Vdc 0 0 0 1 0 1 1 1 0 1
Ve 0 0 0 0 1 1 1 1 1 0
Va0 =5V (0 redundancy)
0 [oJoJoJoJoJJ11J]1J]1]17Ja

2.3 Structuresof other multilevel three-phase converters

Apart from the three basic multilevel inverter structures discussed in
previous sections, other multilevel converter configuration have been
reported in literatures, specifically addressing to “hybrid” networks that are
combinations of two basic multilevel structures or with dight variations.
Additionally, the combination of multilevel power converters can be
designed to match with a specific application based on the basic
configurations. In the next section, some hybrid network based multilevel
converters are surveyed from literatures and described in detail as point of
interest towards optimal solution.
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2.3.1 Generalized multilevel converter structure

Generalized converter structure by which traditional diode-clamped
and/or capacitor-clamped multilevel converters can be derived and such
structures so called P2 multilevel converter configuration and illustrated in
Fig.2.5 given by [25]. The generalized multilevel converter can balance
each voltage level by itself regardless of load characteristics, active or
reactive power conversion and without any assistance from other circuits at
any number of levels automatically. Hence the structure provides a
complete multilevel configuration that embraces existing multilevel
convertersin principle. Fig. 2.5 shows the P2 multilevel converter structure
per phase leg. Voltages in each switching device, diode, or capacitor’s are
1V, for instance, 1/ (n-1) of the dc-link voltage. Any converter with any
number of levels, including the conventional bi-level converter could derive
by this generalized structure proposed by [1, 25].

2.3.2 Mixed-level hybrid multilevel converter structure

In order to minimize the number of separate dc sources for high-voltage
and high-power applications with respect to multilevel converters, diode-
clamped or capacitor-clamped converters can replace the full-bridge cell in
a cascaded converter and such configuration example is shown in Fig. 2.6
proposed by [26]. A nine-level cascade converter, incorporated a three-level
diode-clamped converter as the cell. An original cascaded H-bridge
multilevel converter needs 4 separate dc sources per phase leg and 12 for
three-phase converter. So, if a five-level converter replaces the full-bridge
cell, the voltage level is doubled effectively for each cell. Thus, to achieve
the same nine-level voltages for each phase, only requires 2 separate dc
sources per phase leg and 6 separate dc sources for a three-phase converter.
This configuration as mixed-level hybrid network multilevel units as it
incorporated multilevel cells as the building block of the cascade converter.

Fig. 2.5: Three-phase 6-level flying capacitor-clamped multilevel converter structure.
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et \'Il
Fig. 2.6: Three-level diode-clamped converter as cascaded converter; (Mixed-level hybrid
configuration for increasing output voltage levels).

Benefits:
=  Thisconfiguration requires only less dc separate sources.
Drawbacks:
= Disadvantage leads to complex control of the configuration due
to its hybrid network.

2.3.3 Multilevel converter with soft-switching configuration

In multilevel converters for minimizing the switching losses and to
maximizing efficiency effectively, soft-switching techniques employed with
additional L or L-C tank circuits. For instant in case, H-bridge cascaded
converter, each converter cell is a bi-level circuit, employing the soft
switching techniques in similar and with no difference that of conventional
bi-level converter. Whereas in cases of capacitor-clamped or diode-clamped
converters, soft-switching circuits needs different circuit combination. One
such configuration of zero-voltage soft-switching with auxiliary resonant
commutated pole (ARCP), coupled inductor with zero-voltage transition

Fig. 2.7: Hybrid capacitor-clamped multilevel inverter with zero-voltage switching circuit.
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(ZVT), and their combination leads to tank circuit isillustrated as shown in
Fig. 2.7 found in [1, 27].

2.3.4 Diode-clamped multilevel converter as back-to-back converter

Two multilevel converters can be connected in a back-to-back
combination and then can incorporated easily to the ac grid system as
series-shunt compensators as shown in Fig. 2.8. In this way series-shunt
multilevel compensators controlled simultaneously for the voltage delivered
from the grid generator to the utility load and the current demanded from
the utility grid. This series-shunt multilevel active power filter has been
referred as a universal power conditioner (UPC), when considered from
electrical distribution systems [28-34] and as universal power flow
controller (UPFC) [35-39] when incorporated to ac transmission system,
also generalized flexible ac transmission systems (FACTS) devices.

A back-to-back diode-clamped multilevel converter configuration shown
in Fig. 2.9, for the purposes of high-voltage dc inter-connection between
two asynchronous ac systems or as a rectifier/inverter for an adjustable
speed drive for high-voltage motors was proposed and given in [2]. The
diode-clamped multilevel inverter has been used, overcome the other two
basic multilevel circuit structures with following benefits and to be used in
auniversal power conditioner.

Benefits:
= All six phases (three on each inverter) share common dc link.
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Fig. 2.8: Series-parallel combination of multilevel inverters for ac transmission system.
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Fig. 2.9: Series-parallel combination of multilevel inverters for ac transmission system.
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Dual three-phaseinvertersas multilevel converter

= Conversely, the cascade inverter requires that each dc level be
separate, and this is not conducive to a back-to-back
arrangement.

=  The multilevel flying-capacitor converter also shares a common
dc link; however, each phase leg requires several additional
auxiliary capacitors. Substantially increase the cost and the size
of the conditioner.

Drawbacks:

= Diode-clamped multilevel converter acting as a universal power
conditioner expected to compensate harmonics and/or operate in
low amplitude modulation index regions, a more sophisticated,
higher-frequency switch control than the fundamental frequency
switching method will be needed.

Finally, the majority of available work deals with the development of
conventional multilevel converter structure modifications and focusing
towards reducing dc separate sources or balancing the capacitor voltage
across each cells and/or reducing the semi-conductor switches. This needs a
more dedicated precise control schemes and leads to complex
configurations. Moreover, for multilevel converters are used for reduced
THD in their output voltage, for this purpose increasing high switching
frequency leads increases the switching losses which become especialy
significant at high power levels. For this issue soft-switching multilevel
converters are proposed by adding an LC resonant tank circuit to the basic
configurations. But disadvantage of such configurations, inverter voltage or
current peak values are considerably higher than that of basic multilevel
converters, which leads to increases the required device ratings. Also the
addition of resonant circuitry will increase the complexity and cost of the
inverter control. In the next section, a possible solution with respect to cost
and performances was discussed and provides an optima survey of
multilevel converter configuration.

2.4 Dual three-phaseinvertersasmultilevel converter

Dud-inverters are derived from classica H-bridge cascaded
configuration with dlightly re-arranging the dc sources. A typical dual-
inverter configuration and its corresponding equivalent circuit in three-
phase space vectors representation are depicted in Fig.2.10a and Fig. 2.10.b
[40-42]. This configuration can be framed by connecting two similar three-
phase two-level inverters in ‘phase-opposition’ at the two ends of open-
winding load, in order to get output voltages as a differences of two ingle
inverter’s leg potentials as shown in Fig. 2.11. Correspondingly, dual-
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@ (b)
Fig. 2.10: Schematic diagram of dual —inverter. (a) Dual-inverter consists of two 2-level VSIs
with open-winding load. (b) Equivalent circuit in terms of three-phase space vectors.

inverter output voltage with |-leg voltage levels with two 2-level inverters
includes zero-level state given by d = 2(4n-3)-1 = 8n-7, where d gives the
number of different output voltage levels. When each single inverter’s
modulated as a three-level inverter’s, maximum of nine-level phase voltage
can be generated across open-winding with different voltage levels as -
AVl 3,-Ve,-2Vo/ 3,-Va/ 3,0,+Vof 3, +2V o/ 3,+ Ve, +4Viof 3.

Dual-inverter with proper multilevel stepped waveforms (9-levels) output
voltages based on modified multilevel space vector PWM techniques are
proposed with experimental prototype model showing good power sharing
with symmetrical and asymmetrical conditions in [42]. Advantages of this
topology are has like traditional multilevel inverters reduced THD and
lower dv/dt (leakage currents) at output voltages. An additional benefit
includes no circulation of homo-polar or zero-sequence components, if the
dc sources of the two inverters are insulated. Subsequently, no need of
additional  zero-sequence compensator circuits and/or  additional
compensation algorithm in the PWM techniques. Since two dc sources are
insulated it provides additional degree of freedom to have two different
power sources (fuel cells or batteries or photovoltaic cells) in such case
power balancing of two sources become quite convenient. More recently
such investigation carried out experimentally with dual-inverter fed from a
photovoltaic system with maximum power point tracking (MPPT)
algorithm under different irraditional conditions as active filter able to inject
and/or absorbs reactive power flow connected to the grid given by [43] and
it is an evident application of dual-inverter for renewable energy sources for
future demands. In the next section, a detail analysis for determining output
voltages expression is given briefly for three-phase dual-inverter.
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2.4.1 Output phase voltage calculation

Expression for the output voltages of dual-inverter can be derived from
standard two-level three-phase VSIs, taking into account that in case of
dual-inverter there is no single inverter’s (H and L) star point to express a
leg phase voltages, i.e. line-to-neutral output. Hence, considering an
artificial star point (N and M) between two series connected inverters as
shown Fig.2.11, for expressing their individual (artificial phase voltage)
line-to-neutral voltages.

Relation between the phase voltages and leg state can be determined for
single inverter H (Fig. 2.11) from standard two-level three-phase inverter
given by:

33
™ F:F‘I_L
e

B A S

i

N M
Fig. 2.11: Schematic diagram of the dual-inverter with star point for singleinverter (H and L).

VIN T V14 * Vi
Von = Vou *Vun ! (3

Van = Vay * VN

where ‘H’ is the negative pole of the dc link and presumed ‘N’ is the
artificial star point of the single inverter H. To be noticed that vy, Vou, Van
takes the values either V4. or zero. If the loads are unbalanced, then
inherently contains zero-sequence voltage component independently from
the connection of the star point and its components are given by:

1
VNH = §[V1N +Von +V3N]' 4
Suppose the load is balanced and dc sources are insulated, then no
circulation of zero-sequence component of the load voltages, it yields Egs. 4
to zero.

Single inverter H its phase voltages (artificial line-to-neutral voltage) can
illustrate by:
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1
VIN :§[ZV1H ~Vou ‘VsH]
1
Von :5[‘V1H +2Voy ‘V3H] ! )
1
Van = g[‘VlH ~Vay +2V3H]
Egs.5 can be expressed in terms switching states of ‘leg” voltages as:

VIN :%Vdc[zsm -S4 ‘SsH]

1
Von = Vdc[‘slH * 25,y ‘SsH] ' (6)

= wl

Van = 3Vdc[_SlH = Son +2$3H]
where S={0, 1}.

Similar approaches can be made to single inverter L. Hence, the relation
between the phase voltages and leg state can be given by:

Vim = Vi +Vim
Vom = VoL +Vim ! (@)

Vam = V3L *Vim
where ‘L’ is the negative pole of the dc link and presumed ‘M’ is the
artificial star point of the singleinverter L.

To be noticed the same v, Vo, V5 takes the values either V. or zero. If
the loads are unbalanced, then inherently contains zero-sequence voltage
component independently from the connection of the star point and its
components are given by:

1
VmL :§[V1M +Vom +V3M] : (8)

Suppose the load is balanced and dc sources are insulated, then no
circulation of zero-sequence component of the load voltage, it yields Egs. 8
to zero.

Hence, single inverter L its phase voltage (artificial line-to-neutra
voltage) can be obtained by:

1
Vim = 5[2V1|_ -V ‘V3|_]

1
Vom = g[‘vlL 2V ‘V3|_] ! ©)

1
Vay = §[‘V1|_ VoL *2V3|_]

Eqgs.9 can be expressed in terms switching states of ‘leg” voltages as:
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1
Vim =3 Ve [251,_ S - 53|_]
Vom = %Vdc[‘su_ +2Sy - S3|_] ) (10)

1
Vay = §Vdc [_S_LL Syt ZS3L]
where S={0, 1}.

Finally, voltages across open-winding (phase voltage) of the dual-inverter
can be expressed as the difference of single inverter voltage H and L:
vV =V, v,

Vi =Vin Vi (12)
Vo =Von ~Voum
V3 =Van ~Vau

Taking into account Egs. 5 and Egs. 9, substituting in Egs. 11 lead to the

phase voltages across open-winding of the dual-inverter given by:

Vp = (20 =V ) = (Vo = Vo) ~ (Vg —Vg,))

Vo = (=(Vy = Vi) + 2(Vo =V ) = (Vg —VaL)) s (12)
V3= (= =Var) = (Vo = Va1 ) +2(Vay —Vg,))

Egs. 12 can be rewritten in the form of symmetrical matrix for
emphasizesin simplified way as:

D/]_D DZ -1 _1D|]/1H D EQ -1 _lDB,]_L [

G,0-101 » 0y, 0107 o a0 C (13)
0°0 30 M0 30 ™ C
V[ 0l -1 2 [ Van [ 71 -1 2 Va3

Vy v

If the load is not properly balanced or/asymmetric and the corresponding
zero-sequence component of the dual-inverter is given by:

1 1
N-m T g[le *Von +"3N] _§[V1M *Vom +V3M] ’ (14)
If the load is symmetric Eqgs. 14 leads to zero, and Egs. 14 can be
expressed in form of simplified matrix as:

Opn-wd 03 0 00,0 3 0 Oy L

Q. 0=10 1 o0, 010 1 o, L (15)
Ll 3 %) ("0 3 %) -C
Ya-n-m U 0 1% O 0 10V C

VN-H Ym-L
Egs. 13 and Egs. 15 also can be expressed in term switching states of leg
voltages as:
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v, O 1 @ -1 -1O0s, 0 [12 -1 -10%5, C
Q’z 0=~y g _1DD52H _1DD32|_ . (16)
00 3«0 0 3 Vie D B
Yz [ ol -1 2 D n U ol -1 2 D L [

vy v
Ny n-m U 1, [1 0 O&, 0 [1 0 OLLE [ 17
%Z—N—ME 3 Vie OD]SZH 3 Vie OD%L ’ (17)
[Ya3-n-m [ %’ 0 l%&H U %’ 0 1%3

VN-H M-L

where S={0, 1}. From Egs. 3 to Egs. 17 the dual-inverter can be analyzed
in a simplified format for expressing its voltages and homo-polar
components.

2.4.2 Output phase voltage calculation in terms of line-to-line voltages

As the fact dual-inverter posses no single inverter star point, the phase
output voltages can aso be calculated from their line-to-line voltages viy_o
y Voraq » Voo s Vor-a and can be obtained by

Vin-1e T Vac-ar = Van-on tVou-oL

_ ’ (18)
Vor-aL ¥ Vo -3 = Voy-3n +Vap-aL
Rearranging the Egs. 18 lead to:
Vinar ~Von-2t T Vin-2n " Vi-ae (19)

Von-2L " VaH-3L = Von-3n T VaoL-aL

By subtracting above two equations, determines the phase voltage v, as:
Vin-it ~Van-20 T Vin-2n TVi-oL
Von-2L ~VaH-sL = Van-3H ~VaL-aL

v+ =3, = v, - + © (20
Vin-ie T @Von-at TVan-sL T T NVop-or T Vap-2H T Va-ar T Von-sn T Var-aL
_ 21

Vo = VoL =3 ﬂvzH -3H ~ V2L—3L) - (VlH —2H ~VaL-2L ) B

Analogous way the representation of three-phase voltages can be
expressed as:

_ _1
Vi=Viga =3 ﬂle —2H ~ V1|_—2L) - (V3H Aan " VaL-w ) B

= =1 21
Vo =VopooL =3 ﬂVZH —3H V2|_—3L) - (VlH —2H ~ViL-aL )E (21)

1
V3 =Vay3L =3 @V?»H Aan ~ V3L—1L) - (VZH —3n ~VaL-aL )@
From Egs. 21, it is to be noticed output phase voltages are measured
or/calculated from four simultaneous voltages which leads to a complicated
approach, but benefits avoid electromagnetic interferences (EMI) problem.
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In next section, the advantageous of dua-inverter are detailed in
comparison to classical three-phase and also with multilevel inverters.

2.4.3 Uniqueness of dual-inverter with other multilevel inverters

In comparison with other traditional multilevel inverters, dual-inverter
posses own uniqueness for its merit shown by Fig. 2.10aand Fig. 2.12a, are
briefly summarized as follow:

2.4.3A Comparison with standard 2-level inverter

When compare with standard 2-level inverter, dua-inverter can have
maximum of nine-level multi-stepped output voltages leading to reduced
THD and lowering dv/dt. For a standard two-level three-phase inverter with
available dc bus voltage V. can provide phase voltage (line-to-neutral) in
terms of peak and rms values as:

Whereas in case of dua-inverter if the dc sources are insulated and of
same amplitude, therefore with available dc bus voltage Vg can provide
phase voltage across the open-winding in terms of peak and rms values as:

A NE
Vieak = (2 %Vdc W E%Vdc =114 — Vims = 0816V (23)
Viy Vi

From Egs. 22 and Egs. 23 confirms the dual-inverter can provides the
double the phase voltage of standard three-phase inverter [44], to be noted
dual-inverter posses double the dc bus and also switch configuration.

2.4.3B Switch utilization factor comparison with standard 2-level
inverter

The cost of switch depend on the voltage and current rating, for the
required power level application and increases with required number of
switch quantities for different converter configurations. Voltage of the
switch are rated to reverse blocking voltage Vsy =Vq requirements and
inverter current output related to the peak values lgy =1.414l, .. Switch
utility ratio (SUR) is factor related to the converter output power & to the
sum of power of the switches, for standard two-level three-phase inverter
SUR given by considering the continuous peak current [45] as:

S 3 30408V, 01
NVgy gy 6NgyOgy 60V GB/21

Since continuous peak current can not be applied, therefore the proper
factor should take into account for continuous current rating. Moreover, due

UR=

=0.144 (24)
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to the physical reasons switch peak and continuous current ratings are
usually proportional then:

UR= S _ I _ 3408, O
NVgy Ogy 6V, Ogn 6v,. d
Similarly for the dua-inverter SUR calculation can be made with two
sources having equal potential V. then:
Wr=__ X _ v _ 304082V, [
NVgy Ogy 120V, Ogy 2,0
From Egs. 25 and Eqs. 26 observed that dual-inverter structure posses no
advantages in comparison to standard three-phase inverter in term of the
number of switches. The benefit of dua-inverter arises from the fact that
use of components with lower voltage ratings enables bigger efficiency,
since the MOSFETSs on-state resistance is a strong function of the blocking
drain-to-source (Vpss) Voltage rating. Hence MOSFETS can be good choice
for low-voltage/high-current applications (less than 200v). Higher current
rating can be achieved my connecting number of MOSFETs in parallel. The
same power obtained by using single standard three-phase inverter with
parallel switches, but this solution as few disadvantageous:

=0.204 (25)

=0.204 (26)

= The output current is doubled, which makes problems with load
windings, losses and connections.

= Pardleling switches add additional problems, such as difficult
current protection, different driver circuits, unsymmetrical
current sharing.

2.4.3C Comparison with cascaded H-bridgeinverter

Cascaded H-bridge multilevel inverter can easily scalable to higher
number of levels but requires increasing insulated dc separate sources and
also switches (Fig. 2.1). For example requires three dc separate sources and
12 switches for three-level version, but with oscillating power from each dc
sources and requires additional compensations. A cascaded H-bridge
inverter version with reduced switches proposed in [46] for five-levels and
avoids the need of galvanic insulation. It is a scalable structure, but the
bottom inverter has not a standard connection layout and all its switches
must be rated to full dc voltage.

In this point, configuration shown in Fig. 2.10a and Fig. 2.12a could be
simple connection of two standard 2-level inverters. Although it can not be
scalable more than 9-levels but represents a viable solution to supply
transformer and ac motors with two different insulated dc power sources
(fuel cells or batteries or photovoltaic cells).
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2.4.3D Comparison with diode-clamped and capacitor-clamped
inverter

Switch requirement of diode-clamped three-level inverter (DCI) is same,
but requires additional two diodes per each phase (six diodes in total)
increases quadratically with increasing levels. DCIs require double the input
with respect to same output provided by dual-inverter. Moreover, capacitors
are to be incorporated for balancing the neutral point with single supply
where as not need for dual-inverter. For the same input supply voltage and
switch ratings rated power of the DCI is half of the rated power of the dual-
inverter. For two separate power supplies neutral point clamped (NPC)
inverter does not requires voltage balancing of the neutral point, it is the
same for dual-inverter does not need to eliminate zero-sequence current. In
case of single supply NPC, neutral point can be balanced by appropriate
voltage vectors and capacitors. It applicable for dua-inverter for single
inverter supply compensating the zero-sequence components by choosing
appropriate vectors with the loss of lower voltage. Disadvantageous of DCI
and capacitor-clamped three-level inverter (CCl) is same when compared
with dual-inverter, additionally for CCI requires three flying capacitors per
each phase (ninein total) and three capacitor for dc link. Advantages of CCl
could be phase redundancy provided by each capacitor voltages with higher
than 3-level when compared to dual-inverters. But consecutively which
makes the CCI structure bulky and expensive.

24.3E Asymmetrical configuration for dual-inverter

Further dual-inverter has freedom to have two different single inverter’s
combination shown in Fig. 2.12b [47-48]. Restriction of the configuration
could be no two current source inverter can be single inverters (H and L),
since presumed both inverters posses the same current and it’s the fact of
the topology Fig. 2.10a
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Fig. 2.12: Schematic diagram of dual-inverter. (a) Two single inverter with different
potentias. (b) Different orientation of single inverter’s combination.
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2.4.3F Fault tolerance capability

Dual-inverter shown in Fig. 2.10a has fault tolerance capabilities when
one single inverter (H or L) completely fails, but continue performing with
half of the rated power as standard 2-level inverter. Consider that faulty
inverter side of the winding, three-phase terminal should be short-circuited
for current circulation. Additionally provides tolerance to open-phase fault
[49], with addition of traic switch in each phase, this configuration is fault
tolerant to single switch open or short and single-phase open-circuit.

2.5 Conclusion

In this chapter, a comprehensive study was made based on literature
survey for multilevel converter topologies for identify an optimal solution.
Among various configurations proposed dua-inverter posses its unique
characteristics by simple combination of two standard 2-level three-phase
inverter connected in ‘phase-opposition’ to an open-winding load. Even
though it is not possible to have more than 9-level step phase voltages
across open-winding when each single inverter’s operated as 3-level
inverter, but by its voltages output expression are discussed to show the
degree of freedom to use two different insulated dc separate sources and
significant to compensate zero-seguence components.

Furthermore, dua-inverter was compared with existing multilevel
converter technologies, to show its merit and symmetric/asymmetrical
power sharing capabilities with out additional price of expansion with in or
outside the circuitry. Finally to conclude, dua-inverter can be better
solution with performances and cost, applicable to ac motor, transformer
and renewable energy sources keep open broad research studies and step to
extend for multiphase power conversion application.



3. Review of multiphaseinverters

3.1 Motivation for research

In this chapter provides a significant study based on literatures,
analytically for multiple space vectors transformation focus towards a six-
phase system and its corresponding orthogonal sub-spaces. In particular,
multiple space vector transformation to describes a six-phase system was
simplified by using two three-phase sub-systems by space vector
decomposition method includes inverse transformation to get individua
three-phase sub-systems from multiple space vectors. Increasing the phases
of the converter allows exploit the degree of freedom, investigating the
system when one, two or more phases under severer failure circumstances.
In this point survey also made with respect available multiphase inverter
technologies, their application and to identify optimal increases in inverter
phases, which suitable for multiphase ac motor configurations.

3.2 Six-phase voltage sourceinverter

Increasing demands for multiphase inverter technologies (n>3) for high
power ratings with current limited devices [50-51]. Multiphase inverter
based on their configuration flexibility; easily incorporate to the multiphase
ac motors which found many applications in electric ship propulsions, ac
traction and ‘more-electric’ aircraft etc. Similar to multilevel inverters,
multiphase inverters provides reduced THD and lowering dv/dt stress in the
voltages output. Moreover multiphase inverter posses phase redundancy
under faulty conditions, which is the predominant advantages of this
technol ogies when compared to traditional (n=3) multi-level inverters. Also
multiphase inverter provides facilities to split the dc sources and share the
power for maximum modulation utilizations. Hence the voltage rating of
switching devices can be significantly reduced with splitting the voltage dc-
bus. In case, three-phase inverter holds only one load equivalent circuit,
whereas multiphase inverter (n>3) has (n-1)/2 load equivalent circuits if
n=odd number of phases and if n= even number of phases has n/2 load
equivalent circuits. Each equivalent circuit could perform in an n-step mode
to produce unique discrete ac or ‘stair-step” voltage waveform and differ in
terms of harmonic content and magnitude of the fundamental components.
For example a six-phase inverter has 3 different load equivalent circuits.

Recently more literatures work found addressing a six-phase VSIs
application for dua three-phase induction motor (symmetrical or
asymmetrical configurations) [52-53]. Typical schematic diagram of six-

Keywords: Multiple space vectors, six-phase inverter, three-space vector decomposition,
inverse three-phase space vector decomposition, five-, seven- and nine-phase
inverters, and multiphase conversion system.
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phase VSl is shown in Fig. 3.1a and Fig. 3.1b, showing the possibility to
have star connected load or split-phase load with insulated neutral points.
Fig. 3.1a topology as disadvantage by posses homo-polar components/or
zero-sequence components since the neutral point are not insulated, requires
additional compensation in the PWM a gorithm or zero-sequences reactor is
required, where as in Fig. 3.1b zero-sequence component exist null as
insulated neutral point under balanced load conditions, it was analyzed
theoretically and proposed in [52]. Six-phase inverter (Fig. 3.1b)
configuration was built with two 2-level standard three-phase VSls, with
two separate dc sources fed to dual three-phase induction motor was
proposed in [54]. Further steps six-phase inverter (Fig. 3.1b) keep it
strength by providing possibility to investigate, by framed from two dual-
inverters fed to a six-phase open-winding load in later cases, i.e. their exist
no neutral point in two three-phase winding. Such multiphase inverter
configuration could be good solution for multiphase induction motor with
open-end winding stator configurations (multiple phases increased by n>3)
having multi-stepped voltages across each winding.

In next section, a detailed multiple space vectors transformation analysis
was illustrated for six-phase VS| for two three-phase winding insulated
loads. In such case six-phase VSI able to arbitrarily regulates independently
both the two multiple voltage space vectors, which in term control the two
three-phase winding voltages of the loads with optimal exploitation of dc
bus.

3.3 Multiple space vector transformation

In 1918 Fortescue published a milestone paper on the AIEE entitled
“Method of symmetrical coordinates applied to the solution of polyphase
Networks” [55]. The proposed transformation soon became generally
known as the method of symmetrical components, and it greatly facilitated
the analysis of unbalanced three-phase systems. The Fortescue’s approach
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Fig. 3.1: Schematic diagram of six-phase converter feeding six-phase load. (a) Without
insulated neutral point. (b) With insulated two neutral points.
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considers phasorsi.e., constant complex numbers representing, in a compact
form, the amplitude and the phase angle of sinusoidal quantities. In past
decades a similar transformation has been widely applied to three-phase
instantaneous variables, leading to the definition of space vectors, i.e,
complex numbers moving in a plane usually called d-g plane [56-57].

The space vector approach alows simplifying the modeling and
regulation of both the converter and the machine in traditional three-phase
motor drive application. However, when the machine is connected with an
inverter supply, the need for a specific number of phases, such as three,
disappears. On other hand, the development of modern power electronic
devices, make it possible to consider the number of phases as a degree of
freedom, i.e., as one of the design variables. In order to analyze multiphase
system, Fortescue’s and space vector transformation can be still valid.

As in the case of three phase systems, the Fortescue’s method applied to
multiphase system consider only steady-state conditions, whereas the space
vector theory can be referred to arbitrary time-dependent variables. Then,
by the space vector approach, real time analysis and regulation of both the
multiphase converter and the multiphase machine can be performed with an
elegant and effect vectoria approach. Space vector approach for multiphase
systems is developed as a natural extension of the Fortescus’s
transformation, leading to the definition of multiple space vectors lying in
different d-g planes [58].

3.3.1 Six-phase multiple space vector transformation

Space vector transformations are introduced in this section to represent
the whole six-phase system consisting of two three-phase winding loads
with insulated neutral point and supplied by a six-phase VSl shown in Fig.
3.1b. A possible space vector transformation for an asymmetric six-phase
system leads to the following multiple space vectors [52-53] in orthogonal
space dimension as (Fig. 3.2):

Fig. 3.2: Representation of six-phase asymmetrical system orientation in d-q axis.
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X, = :—]3' Bcl + X0 + X9 ™ + x,0°" + x0® + x50 ™" E 1)
being a = exp (j#/6) and h=1, 3, 5.

Where two three-phase winding loads spatially shifted by an electrical
angle by 30° degree (asymmetrical 180%6=30°). By developing Egs. 1 with
respect to the index h yields:

0 10

D_(l——m+x2a+x3a +x4a +x5a +x6a
I,

1 .
X =3Hx %+ 36)+ (e + %6 )E )
a O a
[RS:1m+x2a5+x3a8+x4a+x5a4+x6agg
B~ 30 0

Note that the space vector %; has a singular expression since 3 is a factor
of the number of phase n=6, which is not a prime. Inverse transformation of
Eqgs. 2 are given by:

Jo=% 0+ (%% )0 Bo =% 0 +(% %)@
EP(?,:73D+(21+7‘;)|]7‘41E|P<4:Xe,':j"'(a__xs*)@‘s' 3
b =% 0+ (3% + % ) @ B =% 0 +(% - ) °
where the symbols “*" and “-”denote complex conjugate and scalar (dot)

product, respectively. The multiple space vectorsX,, X3, and X5 lie in the
planes here called d;- qy, ds- g3, and ds- g5, respectively.

3.3.2 Three-phase space vector decomposition
The six-phase system can be seen as the composition of two three-phase
sub-systems {1} and { 2} according to:

OY =x
H}m”‘&
g%l) o 4
B = x,
{2} EP<22) =%,
=%

The space vectors, X, X® and the zero-sequence components x,™, X,
can be defined for each three-phase sub-system {1}, { 2}, leading to:
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The relationships between multiple space vectors and two three-phase
space vectors are obtained by introducing Egs. 4 and Egs. 5 in Egs. 1,
Ieading to:

Bz(l) +a X(Z)H X, = (l) +j X(()Z)
O _,x@0
%5 a? aX“H

3.3.3 Inversethree-phase space vector decomposition

The space vectorsX® , X and the zero-sequence components X, X0
of the three-phase sub- system expr%sed below on the basis of the mult| ple
Space vectors X xl %5 ,and X, as

30wk 0= (%),
59 =%0 5 =% ]
Space vector decomposition method provides a simplified approach to

represent multiple space vectors of a six-phase asymmetrical system with
following advantageous:

(5)

(6)

(")

= The fundamental components of the system variables and the
harmonics of the order k=6.nx1, (n=0, 2, 4...) are mapped in the
first sub-space’; .

* The harmonics of order k=6.nt1, (n=1, 3, 5...) are mapped in the
fifth sub- spacex5 which orthogonal to the first sub-space X, and
first sub-space posses free of odd harmonics order.

= The homo-polar components or zero-sequences components of
order k=3.n, (n=0, 1, 2, 3...) are mapped in the third sub-space X;.

Hence from Eqgs.6, the behavior of the system can be described in terms
of two independent multiple space vectorsx, and X x5 moving arbitrarily in,
d;- g;and ds- gs planes, easily regulated simultaneously.
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3.4 Other multiphase voltage sour ceinverter configuration

Apart from six-phase converters other topologies available having phases
(n>3) and such configuration described in literatures are shown in Fig. 3.3-
3.5. First version of multiphase inverters technology are five-phase VS fed
to star connected five-phase load and its schematic configuration is shown
in Fig. 3.4 [50]. Five-phase VSI configuration found application for five-
phase induction machine (consecutive windings spatially shifted by 72°
degree electrical angle) and synchronous machines drives with third space
stator current harmonic injection for torque enhancement and also hysteresis
based direct torque control purposes well reported with experimental results
in [50-51].

Seven-phase VS| fed to star connected seven-phase load based on
multiple space vector modulation approach was proposed in [59] and its
schematic configuration is shown in Fig. 3.4. Seven-phase VS
configuration found applications for seven-phase permanent magnet
synchronous and synchronous reluctance motor drives (consecutive
windings spatially shifted by 51.42° degree electricd angle) and
investigated intensively and experimental results are given by [60]. By third
and fifth space stator current harmonic injection the torque was enhanced in
a seven-phase machine.

Nine-phase VS fed to star connected nine-phase load based on space
vector modulation was proposed in [61] and its schematic configuration is
shown in Fig. 3.5a and connected to split-phase load, three-phase windings
(three numbers) with insulated neutral point is shown in Fig. 3.5b based on
three-phase space vector decomposition approach proposed in [62].

Nine-phase VSI found application for nine-phase induction machine with
symmetrical (consecutive windings spatially shifted by 40° degree electrical
angle) detailed in [63] and asymmetrical configurations (any two three-
phase windings sets spatially shifted by 20° degree electrical angle) given
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Fig. 3.3: Schematic diagram of five-phase converter feeding five-phase load.
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Fig. 3.4: Schematic diagram of seven-phase converter feeding seven-phase load.
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Fig. 3.5: Schematic diagram of nine-phase converter feeding nine-phase load. (a) With out

insulated neutral point. (b) With insulated three neutral points.
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by [64]. By third, fifth and seventh space stator current harmonic injection
the torque was enhanced in a nine-phase machines.

3.5 Conclusion

In this chapter, a significant study was carried out on multiple space
vectors transformation for six-phase system based on three-phase space
vector decomposition approach analytically. By this technique an
asymmetrical six-phase VS, easily controlled based on two arbitrary
rotating reference modulating space vector in d-q plane simultaneously and
more suitable for dual three-phase asymmetrica induction motor
applications. Literature survey was also made for multiphase converter
topologies (n>3), identify an optimal increases in phase redundancy. In
particular five-, seven-, and nine-phase V Sls are addressed in articles more
suitably for multiphase ac drive systems. Among these configurations six-
phase VS| posses its characteristics by simple combination and could
suitable for six-phase star connected load and/or also to neutral point
insulated with two separate three-phase loads.

Further step for research studies six-phase VS| keep its merit open by
constructed from three-phase dual-inverter with open-winding loads. Also
provides optimized multi-stepped output waveform across each winding



3.5 Conclusion 35

with multilevel space vector PWM techniques. This configuration could be
good solution for extending the phases in multiple of three for multiphase
induction machine (n=9, 12...) drive systems.



4. Quad-inverter based multiphase-multilevel
inverter configuration

4.1 Introduction

Exploiting advantages of multilevel and multiphase inverters discussed in
chapters 2 and 3, in this chapter a novel multiphase-multilevel inverter
configuration was proposed. The proposed configuration essentially consist
of four standard 2-level three-phase voltage source inverters (VSIs)
supplying the two three-phase passive loads in open-winding configuration.
Based on three-phase inverse space vector decomposition approach the
converter modulated with two arbitrarily rotating space vectors reference
signals, which in turn control output voltages of two three-phase open-
winding loads. The proposed control scheme is able to generate multilevel
voltage waveforms, equivalent to the ones of a 3-level inverter, and to share
the total motor power among the four dc sources in each switching period
with three degree of freedom. Detailed theoretical descriptions of the
proposed converter system are given and some carrier based modulation
approaches are discussed along with implementation in numerical
simulation software.

4.2 Proposed multiphase-multilevel inverter

Multilevel inverters recognized as a viable solution for high power rating
with voltage-limited devices [1, 65-66] and discussed in detail chapter 2. It
is evident that the combination of multiphase and multilevel inverter
technologies [67], details provided by chapter 3 to obtain high power
ratings with both voltage- and current-limited devices. In this point, a novel
multiphase-multilevel inverter is proposed in this section and shown in Fig.
4.1. The configuration is basically derived and extension from a dual-
inverter topology discussed in chapter 3, for utilizing its abundant
advantages as multilevel converter [42-43]. In detail, the power supply
consists of four standard 2-level three-phase VSlIs having insulated dc
sources to prevent circulation of zero-sequence components in the whole
system. Quad-inverter configuration characterized by power sharing among
the four VSIsin each switching period with three degree of freedom. Where
first one concern with current sharing between two three-phase open-
windings {1} and {2}. The second degree of freedom relates to the voltage
sharing between inverters (H and L) of the first three-phase winding {1}
and where as third relates to voltage sharing between inverters (H and L) of

Keywords: Multiple space vectors, three-space vector decomposition, inverse three-phase
space vector decomposition, multiphase-multilevel inverter, quad-inverter, dual
three-phase open-winding loads, power sharing and carrier based PWM
techniques.
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i Vdc

{2}

i Vdc

Fig. 4.1: Schematic diagram of the proposed multiphase-multilevel inverter system consisting
in four VSls supplying two three-phase open-winding loads (passive |oad).

the second three-phase winding {2}. By adopting proper modified
multilevel space vector pulse modulation (SVPWM), phase voltages across
each open-winding can have multi-stepped waveform (maximum 9-levels).
Aslike multilevel inverter, quad-inverter posses merit to its structure having
reduced THD and lower dv/dt at the output. Even though two three-phase
windings are isolated from each other, mechanically as well as electricaly,
phase redundancy could be the additional price of the quad-inverter system
even one three-phase winding completely suffered with fault, being
operable with half rated power, when suitably connected with multiphase ac
motor. Note that this structure can be easily scalable to higher number of
phases (n=9, 12,) as multiple of three, which in turn can be prominent
solution for multiphase ac motor drives. Switch utility ratio for the proposed
quad-inverter system is the same has dua-inverter discussed in section
2.3.3bin chapter 2 and increasing switches as no effect and given by:

S M 304084V, 0

NVg, Ogy 240V, Ogy 241V, 0
Summarizing the special feature of the proposed quad-inverter as:

UR=

=0.204 (1)

=  Low-voltage high-current application.

= Good electromagnetic compatibility, increased efficiency and
intensive fault tolerance capability.

= Quadrupling the power capability with four standard 2-level VSis.

In the next section, equivalent three-phase space vector representation of
the quad-inverter system is discussed with power sharing capabilities for
single inverter’s (H and L) (quad VSIs).

4.3 Space vector representation for quad-inverter
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The proposed quad-inverter is represented in three-phase space vectors
equivalent circuit in Fig. 4.2. In this configuration dua-inverters {1} and
{2} as individualy 8x8=64 switching states each of them. The space
vectors Vv and v? corresponds to the output voltage space vectors of two
three-phase dual-inverters as represented in the Fig. 4.2 and based on Egs.
11 given by chapter 2 output voltage of two dua-inverter {1} and {2} are
given by:

g = V(l) ®

" @
\7(2) — \7'5'2) +\7|EZ)

where, load voltages based on individual space vector components of the
each inverter H and L given as:

vV j213)x i413)x

V'E'l) =(2/3)Vy, E(SlH +SZHe(l ) +%He(j4 ) )

g i2/3)x i4/3)x

WY = =213V, Sy + Sy e12I7 45, 0497
2) = (2/3)V, E(Sl]l/ﬁ)lr . SZHe(iS/e)n 'Sy, e(j3/2)7z)

_ _(2/3)Vdc E(Sflﬂl/e)ﬂ .S, e(j5/6)7r . %He(jS/Z)zr)

Since there is no star point in two three-phase winding and the four dc
sources are insulated, the zero sequence component vo=vy®=0. Based on
inverse three-phase decomposition approach (Eqgs.7 by chapter 3) can used
to determine the reference voltage space vector for the two three-phase
open-windings loads as:

57(1) = Vg ref +\7;5,ref
U e s '
@7(2) -a l(Vera +V55,ref)

The space vector determined by the Egs. 4, can be independently

synthesized by using well know three-phase SVM technique and shown Fig.
4.3aand Fig. 4.3b for inverters H and L, applicable for both dual-inverters
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Fig. 4.2: Equivalent circuit of multiphase-multilevel inverter with open-winding loadsin
terms of three-phase space vectors.
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{1} and {2}. In case of baanced sinusoidal voltages, the voltage limit is
determined by the space vector Vg ., With the condition
Vsaret = Vsse =0, this leads to the followi ng voltage space vectors for
the two three-phase open-windings loads also corresponds to the inverters H
and L by:

@() = Vspret

(2 _
@ a D/51 ref

Two three-phase dual-inverter supplying two three-phase open-winding
loads are independent from each other; the voltage limit for each three-
phase dual-inverter voltage space vector are represented by the regular
hexagon having 4/3 Vg and shown in Fig. 4.4. Having sinusoidal balanced
voltages, the voltage limits corresponds to the outer circle radius of
2/\/—Vd as shown clearly in Fig. 4.4 and due to the symmetric of the
trlangles the analysis can be restricted to triangle OAB (shaded areq) [42-
43]. To have proper power sharing with multilevel waveform, the arbitrarily
rotating reference vector of two dual-inverter {1} and ,;2} should be
collinear vectors, sharing principle of single inverter’s (HY and L) are
shown in Fig. 4.3c [43].
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Fig. 4.3: Space vector representation for two inverter forming dua-inverter {1} and {2} (a)
Inverter H. (b) Inverter L. (c) Power sharing between inverter H and L.

FHg. 44: Votage acevectorsgenerated by invertersH and L for the open-winding loeds{ 1} and{2}.
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4.4 Output power calculation and open-loop control scheme (Inverse
space vector decomposition)
The total power P provided by the quad-inverter fed two three-phase
open-winding loads expressed below as:

p=p®,p® - g O 70 +v@ TOE ©6)

The power P® and P@ being provided by individual two three-phase
dual-inverter {1} and {2} can be given by:

a 3 )

ED(1) =p® +p® = Zy® FO

0 o @)
5;(2) =p?+p? = E\7<2> qge

Two three-phase open-windings voltages v and v'” can be written as
the sum of individual inverter voltagesH and L as below:
3t ®
5P =@ +y?

By imposing the first degree of freedom k; concerns with the power
(current) sharing between two three-phase open-windings {1} and {2} Egs.
7 lead to:
gz - PY Ok P
e ©
g2 - P 0@e-k)P

By imposing the second k. and third k@ degree of freedoms related to

power (voltage) sharing between the two inverters “H” and “L” which
supply each three-phase open-windings {1} and {2} Eqgs. 8 lead to:

RO = k\sl) 7 R = k\EZ) G

Dfl(*l) ®)o® *{]};DJ(*Z) @\o@ 13 (10)

3O =[-k?)e T = (-

Then Egs. 7 becomes by considering the voltage sharing coefficients:
EP.SD - kv(l) p®

- EP(D _ (1_k\£1))P(1) ) (11)
b =
p? -1 p®

{2 - % R (12)

DPL(Z) _ (1—k\$2))P(2) '

By combining Eqgs.9 with Egs.11 and Egs.12, lead to express the total
power sharing of the proposed quad-inverter as:
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Hence with reference to the schematic diagram shown in Fig. 4.2,
individual modulation indexes of the inverters (H and L) of two three-phase
windings{1} and {2} can be defined as:

(13)

) —(

\/Z’) Y] V V,

m? =22 = @ H m? =3 (14)
2 Vdc dc Vdc

(2 (2 =(2)

\/5 \Y V, V,

m? =20 m® =3 Mm@ =3t . (15)
2 Vdc dc dc

From Fig. 4.4, being 2/+/3V, and 1/~/3V, the maximum amplitude of
sinusoidal balanced output voItagesfor dual threephase inverters and single
three-phase inverters, respectlvely £4 Introducing the definition of
current, voltage ratios k;, k", and k2, by taking account Egs. 14 and Egs.
15 the relationships among |nd|V|duaI modulatlon indices of four VSIs can
be determined as follows:

m&) - Zm(l)ki [k\sl) , m(Ll) - 2m(l)ki - k\sl))_ (16)

m? =2m?@-k)k?, m? =2mP@-k)m-k?). (17)
With reference to Egs. 4 based on inverse three-phase space vector
decomposition and taking into account Egs. 9 and Egs.10, leads to frame an
open-loop control scheme for the modulation of quad-inverter configuration
and clearly emphasized with block diagram shown in Fig. 4.5. Note that
modulation index of the quad-inverter can determined by arbitrary rotating
vector in d;-g; and ds-gs planes in synchronous frame. The reference voltage
vectors for two three-phase dual-inverter are derived by converting the
synchronous frame to stationary reference frame, then by introducing the
inverse three-phase decomposition expression to obtain vector v and v?
where § determines the fundamental frequency of the output voltages.
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Fig. 4.5: Block diagram of the proposed inverse three-phase space vector decomposition
approach with power sharing capability regulation scheme for quad-inverter system.

Then, by adopting proper scaling of voltage, and current sharing
coefficients the individual reference voltage vectors of each single
inverter’s (v ,v”) and (v, ,v”) can be determined.

Egs. 16 and Egs. 17 aong with control scheme shown in Fig. 4.5 will be
used for the implementation in numerica simulation and also later for
experimental investigations. In the next section, redundancy of the quad-
inverter is discussed under some possible failure conditions with theoretical

development to exploit the performances.

4.5 Fault-tolerance capabilities

The proposed quad-inverter posses the property of phase redundancy
under emergency conditions and operable with one, two or three VSI
completely suffered with failure. Condition pertains that if one VSl fail the
total power of quad-inverter system reduced to half and loss of multilevel
operation with available dc sources, could be the drawback but price of
operating in degraded mode for its performances as standard two-level with
avalable inverters. To characterize the performance by the following
expressions with total power of the converter under healthy state with full
rated power can be given by:

3 _ _
=P 4 = el o) 30 (57 +9?) T2 - 100% (18)

Asillustrate before and suppose VSI, ® suffered with severer failure, then
the power expression of the converter system will be reduced to:

3 _ _
P =p04p = 25) 1 452 +42) T - s (19)

Switch utility ratio under this condition can be given by:
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Under the circumstances if VSI4@ and VS, @ suffered with severer

failure condition, taken in account under this condition dua-inverter {1}

can provide multilevel waveform, and then the power expression under this

situation is given by:

=0.204 (20)

3 -
p=p®=>v® +v®)FY O 500 21
o OH L ) E 0 (21)
Switch utility ratio for this condition can be given by:
S vl 30.408 2V, O
SUR= = = =0.204 (22)
NVgy Ogy 120V, Ogy 12v, O

Maximum redundancy operation of proposed quad-inverter can be
illustrated, if VSIL®, VSIZ® and VSI @ suffered with severer failure
condition, then the power expression further reduced and given by:

3 _
p= P(l) =-> \7(1) 0 (©] _ 250 23
Hw) a0 - 2% (23)
Switch utility ratio for this condition can be given by:
VI 3M0.408v,. O
UR = e = = d = =0.204 (24)
NV, Ogy 60y Ogy 6V, [

Egs. 20, Egs. 22, Egs. 24 show the switch utility factor has no effect on
reducing the switch configuration when all the dc sources with balanced
conditions. Based on above expressions the fault tolerance capabilities are
intensively investigated when the proposed quad-inverter fed to ac
induction motor in later chapters, provided with both numerical simulation
and experimental results to show effectiveness of the quad- inverter more
suitably applicable for multiphase ac motor. In the next section, some
carrier based modulation for quad-inverter is discussed.

4.6 Carrier based PWM techniquesfor quad-inverter

Pulse width modulations (PWM) based on carrier approach are more
simple and easy to implement in real time processor with FPGA, but like
DSP, not more than three-levels else with one carriers could be possible.
Switching states of inverter legs relates to the comparison between
modulating reference signal with the carrier signal. Where modulating
reference signal provides the information on output voltage and carrier
signal provides the information on switching period of inverter legs.

The proposed quad-inverter system was derived from two three-phase
dua-inverter, hence quad-inverter stands between the simplest two-level
and multilevel inverters that more complex, the carrier-based modulation
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methods can be adopted both by extending two-level methods (independent
two-level space vector modulation) or applying true multilevel methods,
such are level-shifted and phase-shifted modulation are discussed below
with implementation in PLECS numerical simulation software working
with MATLAB environments [121].

4.6.1 Independent modulation

Modulation technique method is the direct extension of standard two-
level sinusoidal pulse width modulation (SPWM) with third-harmonic
injection to the reference sinusoidal signals. This modulation leads the
guad-inverter system each single inverter’s (H and L) are modulated as two-
level standard modulation. The modulation reference voltage of quad-
inverter can be expressed as:

B = /2

g =-v"/2 o

B =v@ /2 )
! 0{2

52 = 2

T = (e w89 9] + e[ 0 149} ) 2

0 = v~ (mex{ufo0 )+ ma @ O 0} 12 O (3

E’él) =u§? ~ (a9 80 0] + a0 140 ) 2 23)

5 =7 (gt e )

3 (it stz 0

O =7 = (max{u2 42 2} + 242 7)) 2

Numerical simulation implementation of the PWM scheme for single
inverter H® shown in Fig. 4.6a and switching pattern in theoretical
representation depicted in Fig. 4.6b.

Fig. 4.7 shows the voltages of first-phase of two three-phase winding {1}
(top: purple trace) and {2} (bottom: turquoise trace) and it can be notify
there is large excursion from maximum to minimal voltage level resultsin

improper multilevel waveforms. The vectorsv, , V. , andV,’, V. overlaps

at the beginning and the end of the switching perioaH, thus forming the total

zero vector V.”,V.” even for arelatively large modulating index val ues.
Simple modulation method and having large degree of freedom most

suitable for two-level single inverters. The voltage references can be given

independently regarding both amplitude and phase (within available dc
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FHg. 4.7: Frg-phase output voltageswith time scaled average components of two three-phase oparrwinding
loads top-trece dud-inverter { 1} ; bottom -trace dud-inverter { 2}. [100V/div].

voltage limits) [45]. This approach has been proposed for automotive
applications [68-69], setting one inverter to supply only active power
whereas the other provides necessary reactive power for the drive. As a
benefit, only one supply can be used since inverter providing reactive power
does not need dc source.

4.6.2 Level-shifted modulation

Level-shifted pulse width modulation is a general principle applied to al
multilevel inverters in general, where for I-levels there are (I-1) carriers
shifted by I/(I-1) of the V., so each carrier occupies its own trace. Common
modulation signals passes gradually to every carrier and in this way
modulates corresponding part of the multilevel inverter, while all lower
switches are on and higher are off.

In practical implementation (e.g. DSP) it is more convenient to produced
level-shifted modulating signals and use common carrier. With respect to
Fig. 2.11 and section 2.3.1 in chapter 2, modulating signal v, v® of the
(1H®, 1LP) and (1H(2),1L(2))-Ie((:]s switches will be determined taking into
account that leg voltagevi®, vin® is always negative:
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To obtain the positive values only way for v\® , v@is:
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1N Ny O @'VL g
(24)

@Aﬁ) viw D E
Therefore, for given voltage reference the obtained leg voltages need to
be:
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The modulation can be achieved by using common triangular carrier and
references:

B;“’ =m,_cos(9-7)-V, /2

(25)

o {1
@(1) = m(l)VdC cosé -V, /12
(26)
HiP =m®V_cos(0-57/6)-V,_/2
O 0{z
D =mN_ cos(0+716)-V, 12
Numerical simulation implementation of the level-shifted PWM scheme
for dual-inverter {1} shown in Fig. 4.8a and switching pattern in theoretical
representation depicted in Fig. 4.8b (OCD triangle). Due to the wmmetry,
analogous way valid for the remaining modulati ng signals v2 @ v and v,
v of (2H®, 2L®), BH®, 3LM)and (2H?, 2L®@), (3H®@), 3L(2) of the
phases respectively.
Fig. 4.8 shows the resulting proper multilevel voltages of first-phase of
two three-phase winding {1} (top purple trace) and {2} (bottom: turquoise
trace). Note that inverter (H®, H®), applies all three NTVs (v, v vl v

and ( ;; V2 ,v?), whereas inverter (LO, L?), just (vPb vg), and
(vt;,? ) "Meanwhile that period averaged vectors (V) ,V”) and
(VH>, A ") cannot be collinear as shown in Fig. 4.3c.

4.6.3 Phase-shifted carrier modulation
Phase-shifted modulation is similar to previous method but the carriers
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Fig. 4.9: Frst-phase output voltages with time scaled average components of two three-phase open-winding
loads top-trace: dud-inverter { 1} ; bottom -trace: dud-inverter {2} . [100V/div].

are shifted by 180°, in phase opposition to the level-shifted PWM. Phase-
shifted modulation is based on the harmonic analysis of PWM signals, the
principle of the method is to phase shift carrier by 217(I-1), where | is the
number of voltage levels by each leg.

Using harmonic result for single two-level inverter:
v(,,6) = %moos@f +§§1% (coscr —J (cxzm))sincl_ +

gcglngf (crm)sin(f % - (cd, + 16,)) (27)
fz0

Numerical simulation implementation of the phase-shifted PWM scheme
for dual-inverter {1} shown in Fig. 4.10a and switching pattern in
theoretical representation depicted in Fig. 4.10b (ACE triangle). Fig. 4.11
shows the resulting proper multilevel voltages of first-phase of two three-
phase winding {1} (top: purple trace) and {2} (bottom: turquoise trace).

Fig. 2.11 and section 2.3.1 in chapter 2, the output voltage expression it is
possible to set phase shift in order to obtain output voltage free of some
harmonics that existed in single inverter cases. For example, phase shifted
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by 180°, (phase opposition [70]) cancels sideband harmonics around even ¢
values. However, the harmonic analysis is behind the scope of work,
concentration is to obtain proper multilevel waveform rather than this
method.

4.7 Conclusion

A new version of multiphase-multilevel inverter was proposed in this
chapter with power sharing and redundancy capabilities. The proposed
quad-inverter system essentially comprises of four standard 2-level three-
phase voltage source inverters with insulated dc source for preventing zero-
sequence components in whole system. The conversion system
characterized by power sharing among the four V SIs within each switching
period with three degree of freedom. Where first one concern with current
sharing between two three-phase open-windings {1} and {2}. The second
degree of freedom relates to the voltage sharing between inverters (H and
L) of the first three-phase winding {1} and whereas third relates to voltage
sharing between inverters (H and L) of the second three-phase winding {2} .
By adopting proper modified multilevel space vector pulse modulation
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(SVPWM), phase voltages across each open-winding can have multi-
stepped waveform (maximum 9-levels). Complete theoretical developments
are provided to express the voltages output characteristics and fault
tolerance performances of the proposed multiphase-multilevel conversion
system.

Some carrier based pulse width modulations are performed with quad-
inverter system to show its multilevel output waveforms based on
developed inverse three-phase space vector decomposition approach in
open-loop control scheme. To understand the effectiveness, the quad-
inverter system was completely implemented in PLECS numerical
simulation software working MATLAB environments and results are
provided to match with theoretical aspects. Note that this structure can be
easily scalable to higher number of phases (n=9, 12,) as multiple of three,
which in turn can be prominent solution for multiphase ac motors with
asymmetrical configuration for later investigations.



5. Quad-inverter configuration for multiphase-
multilevel AC motor drive

5.1 Introduction

In this chapter, multiphase ac motor drives and its modeling approaches,
control schemes and applications are discussed elaborately from literature
survey and proposed a novel multiphase-multilevel ac motor drive system.
Control agorithm based on synchronous rotating frame was devel oped and
proposed, which able to generate multilevel voltage waveforms, equivalent
to the ones of a 3-level inverter, and to share the total motor power among
the four dc sources with in each switching period. Complete model based ac
motor drive system has been implemented numerically in software and set
of simulation results are provided to show the most effectiveness in
symmetrical and asymmetrical power sharing conditions references to the
theoretical developments.

5.2 Multiphase AC motor drives

The first record of a multiphase motor drive came to the literatures view
in back to 1969, as five-phase voltage source inverter (VSI) fed induction
motor was proposed and given by [71]. In particular, multiphase motor
drives is advantageous over the traditional three-phase motors, by reducing
the amplitude and increasing the frequency of torque pulsations, lowering
the rotor harmonic current losses and lowering the dc link current
harmonics. In addition, owing to their redundant structure, multiphase
motor drives improve the system reliability and intensively utilized in ac
traction systems, electric/hybrid vehicles, high-power pumps and aerospace
applications [72-73, 50-51, 58]. Last years, the importance of multiphase
drives has considerably grown and more published research works are
presented in specific addressing to five-phase and six-phases employing the
induction, synchronous permanent magnet or synchronous reluctance
motors [72].

Advantages of multiphase machines when compared to three-phase
counterparts are valid for al stator winding design with sinusoidal
distributions characteristics are [74-78]:

= Fundamental stator currents produce a field with a lower space-
harmonic content.

= The frequency of the lower torque ripple components, being
proportional to 2n, increases with number of phases.

Keywords: Multiphase-multilevel ac motor, dual three-phase induction motor, control
technique, multiple space vectors, space vector modulation and power sharing.
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= Since two currents is required for flux/torque control of ac
machine, regardless of the number of phases, remaining degrees of
freedom utilized for other purposes. One such purpose, available
only if the machine is with sinusoidal m.m.f distribution, is the
independent control of multi-motor multiphase drive system with a
single power electronic converter supply.

Multiphase motor has greater fault tolerance capabilities than their three-
phase counterparts. If one phase of the three-phase induction motor
becomes open-circuited the motor becomes single-phase motor, but it may
continue to run but need external means of starting for getting revolving
flux and must be massively de-rated. If one phase of multiphase motor
becomes open-circuited, still continue to run with remaining phases,
contributes the revolving flux and with minimal de-ratings.

In next section, a special configuration of multiphase motor was
discussed in detail from literature survey and proposed a novel
configuration for multiphase ac motor drives.

5.3 Six-phaseinduction motor

A six-phase induction machine supplied from a six-phase inverter was
examined in [79-80]; application by splitting the phase can impose high-
current without increasing the voltage per phase. More commonly this
machines reported in the literature with different nomenclatures has split-
phase, dual-star, double-star, quasi six-phase, or dua three-phase induction
motor. Fault tolerance is one of the main reasons behind the application of
six-phase motor drives in locomotives [81-82]. It is advantageous,
asymmetrical stator winding structure with two three-phase windings
spatially shifted by 30° electrical degree and typical configuration shown in
Fig. 5.1a.

A traditional three-phase induction motor can generate an
electromagnetic torque having a dominant time harmonics of frequency six-
times the supply fundamental frequency, when supplied with square-wave
either by voltage source inverter (VSI) or current source inverter (CSl). In
this situation, dual three-phase induction motor due to the winding
configuration results the elimination of al ar-gap flux time harmonics
significantly and induced rotor current harmonics of order k=6.nt1, (n=1, 3,
5,....) and all torque harmonic of order k=6.n, (n=1, 3, 5,....) are eliminated,
significantly improves the torque ripples and the rotor losses are reported
experimentally in [79-80, 83]. For a dual three-phase induction motor the
torque ripples are reduced by one-haf in contrast with the traditional
counter part three-phase induction motor are examined in [84].
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Fig. 5.1: Dua threephasemductlon motor configuration. (a) Awmmetrlcal (b) Symmetrical.

Possibility of increasing the torque-per-amperes ratio for the same
machine volume using spatial m.m.f forces other than the fundamental
component was investigated in [85] for dual three-phase motor and reported
almost 40% of the torque density improvement obtained (in comparison to
three-phase induction motor with same flux peak value) by injection of third
harmonic zero sequence components in the phase currents and this was
achieved by connecting the machine winding neutral points to the midpoint
of theinverter dc link.

Investigation on speed variation by modifying the number of machine
pole-pair, when the supply frequency kept constant and extend to the
constant power operation for dual three-phase induction machine having
60° electrical displacement between stator sets (true six-phase machine)
with advantage of reduction in acoustic noise and ripple current are
addressed in [86-87] and configuration shown in Fig. 5.1b. For high-power
application, two dua three-phase induction machines supplied by a single
VS| with appropriate series connection of the stator winding of these two
machines reported in [87]. In the next section, different modeling based
approaches addressing to this ac machine was discussed from literatures.

5.3.1 Six-phase asymmetrical induction motor modeling approaches

Construction principle of a dua three-phase induction motor is similar to
a conventional three-phase induction motor, having the same rotor,
magnetic core but the stator windings are split into two three-phase
windings. In literatures there are different mathematical modeling
approaches of dua three-phase induction motor usually obtained by the
following assumptions:

=  Sinusoidally distributed winding configuration.
= Unity stator and rotor turnsratio, constant air-gap.
= Magnetic saturation and core |losses are neglected.
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Also, modeling considering the m.m.f spatial harmonics as for pole-
changing control examined in [86-87]. Different modeling methods reported
in [83, 53, 88-89] and more recently a novel method based on three-phase
space vector decomposition approach was reported in [52] and its six-phase
orthogonal transformation techniques are clearly explained in detail chapter
3

= Vector Space Decomposition Theory (VSD).
=  Dual Three-Phase Modeling Theory (DTP).
=  Three-Phase Space Vector Decomposition Approach.

The VSD theory was introduced for transform the origina six-
dimensional space of the machine into three two-dimensional orthogonal
sub-spaces by using proper [6x6] transformation matrix reported first time
in [53, 88] with power invariant form and non-power invariant form [89].
Machine modeling approach based on [52] as the same advantages [53] and
more simplified form stated in the literatures, equivalent circuit and
orthogonal sub-spaces are show in Fig. 5.2.

= The fundamental components of the machine variables and the
harmonics of the order k=6.nt1, (n=0, 2, 4...) are mapped in the
first sub-space. There components contributes the air-gap flux for
the machine (Fig. 5.2.3).

= The harmonics of order k=6.nt1, (n=1, 3, 5...) are mapped in the
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Fig. 5.2: Dual three-phase induction motor equivalent circuit in terms of stationary reference
frame (a, B). (a) First (b) Third and (c) Fifth sub-spaces. Based on [53].
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fifth sub-space, which orthogonal to the first sub-space and hence
do not contribute the air-gap flux (Fig. 5.2.b).
= The homo-polar components or zero-sequences components of
order k=3.n, (n=0, 1, 2, 3...) are mapped in the third sub-space
(Fig. 5.2.c).

Hence from the point of view flux/torque production, the analysis and
control of machine being simplified, since machine model isidentical to the
model of the three-phase machine. If the two stator winding sets had
isolated neutral points, no current components flow in third sub-space,
consequently the machine model referred to the stationary reference frame
reduced to first and fifth sub-spaces. To utilize the above benefit in this
chapter, the proposed novel ac motor drive was modeled based on three-
phase space vector decomposition approach [52] and transformation details
already discussed in chapter 3.

Another approach based on modified VSD for short-pitch machine,
taking into consideration the mutual leakage inductance, presented in [90]
and leakage inductance values for the first, fifth and third sub-space circuits
are different and full-pitch coils maximize the impedance in the fifth and
third sub-spaces and applicable better for inverter fed operations, testing
performances for the machine leakage inductances are reported in [90].
Modeling based on DTP approach was first reported in [83], the
magnetizing inductance and the rotor parameters are to be one-half respect
to be equivalent to VSD or three-phase space vector decomposition
approach and complete description of the DTP machine state-space model
in synchronous reference frame aligned to the rotor flux are reported in
[91]. However, if the star connection is used and the neutral points of the
two stator sets are connected, the zero-sequence current will be
automatically nullify even when the two sets of supply voltages have zero-
sequence components. In the next section, various control aspects for this
machine were discussed from reporting literatures.

5.3.2 Six-phase asymmetrical induction motor control schemes (State-
of-art-in research)

In literatures, the control aspect of dual three-phase induction motor are
mainly dedicated to the vector control techniques (field oriented and/or
direct torque control) with less interest is devoted towards scalar control
[92]. Vector control schemes for the asymmetrical six-phase induction
motor with sinusoidally distributed windings, obtained by referring the a, 3
(stationary reference frame) machine model asin Fig. 5.2 to a rotating d-q
reference frame normally aligned with rotor flux [50, 92].
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An indirect rotor FOC scheme was presented in [93], however for
application requires high fundamental frequencies and/or when the speed
sensor does not provide sufficient accuracy of rotor position, direct rotor
field oriented control (DRFOC) is usually preferred [89]. The rotating d-q
reference frame is aligned with the rotor flux space vector whose magnitude
Y, and position @, are provided by a flux estimator, as shown in Fig. 5.3 [50,
92]. The flux estimation required for field orientation is based on either
VSD or three-phase space vector decomposition approaches, the FOC
scheme adopts the flux estimators normally employed for the three-phase
induction machines since the a,  machine model is identical to the model
of athree-phase machine. In contrast to this, the extension of current control
strategies from the three-phase to the asymmetrical six-phase drive is less
straightforward since it must consider some machine-specific aspects. In
particular, small inherent asymmetries between the two three-phase power
sections can lead to current imbalance between the two stator winding sets,
as provided by [85, 89, 92]. This problem can appear when the machine is
supplied from two independent three-phase inverters, a natural choice for
industry applications. In such a case the scheme with only two current
controllers as shown in Fig. 5.12, cannot guarantees a satisfactory
performance.

In principle current control aspect are implemented either in stationary
reference or in synchronous reference frame, depending on the required
current control performance for the considered specific applications.
However, a minimum of four current controller (assuming isolated neutral
points) is necessary [50]. A DRFOC scheme, based on DTP machine
modeling, is discussed in [94] in conjunction with a GTO inverter-fed high-
power machine. The current control uses a double d-q reference frame
approach (i.e. two pars of d-q reference current controllers) to
simultaneously control the flux-producing stator current and the torque-
producing components that correspond to the two three-phase stator
winding sets. A decoupling scheme for current regulation based machine’s
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Fig. 5.3: DRFOC scheme for asymmetrical six-phase induction machine.
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state-space model, proposed in [89]. Another DRFOC scheme, based on the
VSD theory (which gives simpler rotor flux estimation) and also using d-q
reference current control are examined in [89], while a comparison of
different d-q synchronous reference frame current regulation schemes is
availablein [91].

The basic double d-q reference current control scheme shown in Fig. 5.4,
when the neutral points of the two three-phase stator sets are connected, the
control scheme must be complemented with additional Pl current regulator
since the system order increases from 4 to 5, as described in [85]. The
double d-q reference frame current control for the asymmetrical six-phase
drives has the disadvantage of the multiple speed-dependent coupling terms,
which have to be compensated [91]. For this reasons, a straight forward
current control scheme in stationary a, 3 reference frame has been proposed
in [95]. This scheme shown in Fig. 5.5 does not require coupling circuits
and it is able to cope with the current imbalance between the two three-
phase stator winding sets. The a, B current components are regulated by
means of a stationary reference frame regulator being equivalent to a PI
regulator in the d-q reference frame. If there is some imbalance and only a,
B current controllers are utilized, fundamental current components appear in
first sub-space [50]. These components can be forced towards zero (thus
canceling the current imbalance) by two resonant regulators tuned on the
fundamental frequency and controlling the first sub-space current
components. This scheme requires online electrical angular speed
estimation; that can be done for example, by means of a phase-locked loop
scheme (PLL) [95].

Other control aspect are dedicated direct torque control (DTC) to get fast,
decoupled control of the stator flux and the electromagnetic torque without
inner current control loops [96]. From literature survey, the DTC solutions
for the three-phase machines can be divided into two main groups:

= Direct Self-Control (DSC) and Switching-Table based DTC (ST-
DTC) techniques, these solutions give variable switching
frequency.

= Pulse Width Modulation based DTC (PWM-DTC) techniques;
these solutions provide constant inverter switching frequency.

The DSC and ST-DTC schemes are extended for dual three-phase drives
[96-98], considering the larger number of non-zero voltage vectors that can
be provided by the six-phase inverters. General consideration is that lack of
current control imposes a dedicated design of the drive power unitsin order
to avoid unbalanced current sharing between two three-phase stator sets
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Fig. 5.5: Stationary reference frame current control scheme for asymmetrical six-phase
induction machine.

[99]. The basic DSC scheme for dua three-phase induction motor drivesis
shown in Fig. 5.6. By using the voltage vectors corresponding to the
external layer of the 12-side polygon in the first sub-space, the DSC
imposes a 12-side polygon trajectory of the stator flux.

However, that is achieved by generating 5" and 7" voltage harmonics;
these voltages will produce large current harmonics in the fifth sub-space,
as shown by the numerical simulation results of a DSC scheme described in
[99]. That will result in the increase of size and cost of both machine and
inverter. However, the DSC strategy can be used in high-power, low
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Fig. 5.6: Direct self-control (DSC) scheme for asymmetrical six-phase induction machine.
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switching frequency applications, such astraction drives [100].

In ST-DTC basic scheme for dual three-phase induction motor drives is
shown in Fig. 5.7, based on estimated stator flux position, a torque three-
level hysteresis regulator and a flux two-level regulator are used to generate
the inverter switching functions through an optimal switching table. The
key issue for ST-DTC is the ST design order to get sinusoidal machine
phase current, by minimizing the current components in the fifth sub-space.
Different ST design solutions are discussed and experimented in [101] with
good torgue and flux regulation performance but with some problems
regarding the phase currents distortion. Other ST-DTC strategies, involving
voltage vectors from internal layers of the 12-side polygon in the first sub-
space have been numerically tested and simulation result provided by [102].

In severa applications such as EV, it is preferred to have constant
switching frequency to obtain quasi sinusoidal phase using PWM operation.
The problem of phase current distortion can only be completely solved for
the asymmetrical six-phase machine by keeping the switching frequency
constant and imposing the direct mean torque control approach. In such
case, an average stator voltage command vector over a sampling period
must be computed, to get the required stator flux and electromagnetic
torque. The basic PWM-DTC scheme for dual three-phase induction motor
drives is shown in Fig. 5.8 [50]. Predictive PWM-DTC schemes, using the
VSD theory for machine modeling proposed in [34] and obtain sinusoidal
machine currents. The algorithm has been implemented in stator flux
oriented reference frame. Another PWM-DTC scheme based on VSD
theory is presented in [103], where voltage vector reference is obtained
through simple Pl regulators implemented in the stator flux oriented
reference frame. The stator flux is estimated by means of a full-order
Luenberger observer, which provides also stator current estimation. The
estimated currents (that are less noisy than the real ones) are used to
successfully compensate the inverter dead-time effects, improving
significantly the drive performance at very low-speed [103].

To conclude the state-of-art-in research for six-phase asymmetrical
induction motor, the majority of the available work deals with the
development of control schemes starting from the well-known three-phase
solutions. The transition from three-phase to asymmetrical six-phase
machine control requires more dedicated solutions and this is well
recognized nowadays. In particular, to avoid possible stator current
distortion and unbalanced current sharing between the two stator three-
phase winding sets, specific approaches regarding machine modeling,
inverter modulation techniques in specific to six-phase VS (discussed in
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Fig. 5.8: PWM based direct torque control (PWM-DTC) scheme for asymmetrical six-phase
induction machine.

detail chapter 4), current control schemes have been developed and
experimental results are reported in several published literature works.

No more novel redizable with three-phase machines and therefore
specific only to multiphase drives, are related to the employment of
asymmetrical six-phase machines in particular application such as single-
inverter two-motor drives with independent control [104] and dual-source
motor drives [105]. In the later case, two three-phase inverters with separate
dc links supply an asymmetrical six-phase machine. This drive topology
allows the addition, directly at the machine level of the power generated by
independent dc voltage sources without employing additional dc-dc
converters. In this case, different amounts of power can be drawn from the
two independent dc links, depending on the working conditions and the
rated power of these two sources [105]. Endings of asymmetrical six-phase
induction motor, by keeping stator windings deliberately open rather than
connected into star-points, resulting structure so called open-end winding
configuration. This enables supply of the machine’s stator winding from
both sides and requires two asymmetrical six-phase VSlIs. Advantage of
such solution is that suppression of low-order voltage harmonics becomes
relatively easy. Perspective application, such topology large relay on control
algorithm modification and post-fault conditions when one or two inverters
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inverter based six-phase open-end winding induction motor
fails still operable with healthy inverters. Finally, thereislack of significant
work related to the power balancing of six-phase asymmetrical induction
motor with unbalanced voltage and/or current operating conditions. In the
next section, this research work devoted for the possible solution in
focusing power balancing of proposed a novel multiphase-multilevel ac
motor drive system.

5.4 Proposed novel multiphase-multilevel AC motor

A novel dua three-phase induction motor with open-end winding
configuration (asymmetric six-phase induction machine) has been proposed
in this section. This configuration can easily derived from a three-phase
induction machine by splitting the phase into two set of windings, having
spatially shifted by 30° electrical angle (windings{1} and {2}) and keeping
deliberately open-end stator windings, typical schematic layout is shown in
Fig. 5.9.

5.4.1 Quad-inverter based six-phase open-end winding induction
motor

In order to exploit al the previous illustrated advantages discussed in
chapter 4 and section [5.2-5.3], the usage of multiphase inverters together
with multiphase ac machines becomes an effective method to group and to
obtain high-power ratings with low-voltage- and current-limited devices.
Several conversion structures have been introduced in last decades for
multiphase and multilevel inverters. Among these structures, there are
topologies based on a proper arrangement of conventional 2-level three-
phase voltage source inverters (VSIs) to realize both multiphase [52-53],
[92, 104, 106] and multilevel inverters[107-109, 68, 42].

A novel quad-inverter (discussed in chapter 4) based dual three-phase
induction motor with open-end stator winding configuration has been
proposed in this section. The power supply consists of four standard 2-level
three-phase V Sls having insulated dc sources to prevent circulation of zero-

Fig. 5.9: Dual three-phase asymmetrical induction motor with open-winding configuration.
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seguence components in the whole system. A schematic diagram of entire
ac drive shown in Fig. 5.10 and equivaent circuit in terms of three-phase
space vectors representation given by Fig. 5.11. Note that the structure is
easy scalable to nine, twelve or higher number of phases multiple of three.
An original modulation strategy has been proposed to regulate each couple
of 2-level VSIs such as a 3-level inverter, providing proper multilevel
voltage waveforms for each three-phase stator windings. Further, the
proposed synchronous reference frame control algorithm allows the total
motor power to be shared among the four dc sources with three degrees of
freedom, leading to a combination/extension of the power sharing principles
givenin[105, 42].

Advantages of proposed multiphase-multilevel ac drivesinclude:

= Posshility to quad-rippling the power capability with four
conventional two-level inverters and suppressing low-order voltage
harmonics becomes relatively easy.

= Highly reliable under post-fault conditions due to redundant
structure with optimal degrading.

Fig. 5.10: Schematic diagram of the proposed multiphase-multilevel ac motor drive consisting
in four 2-level VSIs supplying a dual three-phase motor with open-end windings.
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Fig. 5.11: Equivalent circuit of the whole multiphase-multilevel ac motor drives in terms of
three-phase space vectors.
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frame control scheme

5.4.2 Modeling of machine based on multiple space vector

The behavior of the dual three-phase induction machine having sinusoidal
distributed stator windings can be described in terms of multiple space
vectors (three-space vector decomposition approach provided by chapter 3)
by the following equations, written in a stationary reference frame based on
section 5.3.1 (Fig. 5.2):

- — dog _ — —

Vsi = Rslsy * dtSl 1P = Lgyigy ¥ Myigys (1)
_ - . _ d(ﬁm — - -

0=Reip ~J pa’m(ﬂm"'T"Pm—Ml'sﬁLRl'Rl’ 2

- — dogs _ —

Vss = Rgligg + dtss Pss = Lgglgg 3)

T =3pM,igOigys 4

where p is the pole pair’s number, wy, is the rotor angular speed, and the
subscripts S and R denote stator and rotor quantities, respectively. It should
be noted that i, and iy, are responsible for the sinusoidal spatial
distribution of the magnetic field in the air gap, whereas i does not

contribute to the air gap field.

5.4.3 Synchronous frame control scheme

In dual three-phase induction motor drives, the reference values of the d;-
g; components of the stator currents in a synchronous reference frame, iy e
and i1qrer, are determined on the basis of flux and torque commands, re-
spectively [92]. The d-axis of synchronous reference frame is aligned with
the rotor flux, displaced by angle 9 with respect to the d-axis stationary
reference frame. Then, the reference values of the stator voltage space
vectors in a stationary reference frame, Vg 4 and Vg5 o Can be
determined by the typical block diagram represented in Fig. 5.12. Note that
the condition Vg .+ =0 leads to balanced power sharing between the two
three-phase stator windings.

igret + Vidref
: ) [ | ’

i1 ejs vSl,ref
ilq,ref + qu,ref

M Pl

O/

Il? vSE,ref :0

Fig. 5.12: Block diagram of atypical current controller in the synchronous reference frame for
dual three-phase induction motor drives.
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5.5 Power sharing management

In the proposed system, the power sharing among the four dc sources is
characterized by three degrees of freedom. First one concern with current
sharing between two three-phase open-end stator windings {1} and {2}.
The second degree of freedom relates to the voltage sharing between single
inverter’s (H® and L®) of the first three-phase stator winding {1} and
where as third relates to voltage sharing between inverters (H® and L?) of
the second three-phase stator winding { 2} .

5.5.1 Power sharing between two windings{1} and {2} 3
According to (chapter 3, Egs. 6), the stator current space vector ig, , which
is determined on the basis of torque and flux demands, can be expressed as:

in= 310 +ai®), 5)

In order to m|ln| mize thezcurrents in the two three-phase windings, the
space vectors | @ and i ? have to bein phase, therefore the following
assumption can be made:

E—ZI =k ig
(2 —
E—Z(ZI =(1-k)ig

where k; repr&eni[s a currents ratio between the windings {1} and {2}. The
expressionsof i and i~ can be readily obtained from Egs. 6, leading to:

B =2k T,
0 I (7
07 =20-k)a "ig

Once the threephase current space vectors are known, the stator current
space vector ig; can be determined by introducing Egs. 7 in (chapter 3,
Egs. 6):

I DA _
iSS:E(i(l)—ai(Z)):(Zki ~1)ig, - 6)

Rewriting Egs. 8 in the synchronous reference frame, the relationship in
terms of d-g components becomes:

Gy = (2K = Diyg ©)
Osq = —(2Kk; 1)|

Complete current control algorithm empathized in the block diagram
shown in Fig. 5.13 and according to Egs. 9, the ds- g5 components of the
reference current can be directly determined on the basis of the
corresponding d;- g; components and the current ratio.

The related reference stator voltages in the synchronous reference frame
are then obtained by means of conventional Pl regulators, acting on the

, (6)
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Fig. 5.13: Block diagram of the proposed regulation scheme with power sharing capabilities
for dual three-phase induction motor drives.
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error signals. Finally, the reference stator voltages in the stationary
reference frame, Vg, andvs5 e + Which represent the inputs of the
modulation process, are determined through an opportune angular rotation.
It can be shown that the current ratio k; introduced in Egs. 6 correspond,
with a good approximation, to a sharing coefficient of the motor power P
between the two three-phase windings. In particular, the total electric power
supplied to the motor can be written as [58] and illustrated in detail chapter
3and 4

P=pPY +pP® =3y g, +3vg g, - oo
(1) E( M 4 y@® ) *(1) qg®
L
, (11)
@ _ @ 1y g 0= 7\7(2) a®
83 L ) E 2

On the basis of (chapter 3, Egs. 7), the space vectors of the three-phase
stator currents and voltages can be calculated as follows:

@ _ =

g = ig +iss

=(2) _ =

07 =a ('31 —lgs)
@ _g o

B = Vg *Vss
2 _

7=a (V31 - Vss)

Substituting Egs. 12 and Egs 13 in Egs. 11, and taking Egs. 8 into
account yields:

(12)

(13)
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(l) _ _ - _* —
%D = 3k; Vg Ly + 3k, Vgg L .
DD(Z) =3(1-k)Vg; gy ~3(1- k) Vg5 Oy

As can be recognized analyzing the dual three-phase motor model, in

particular (Egs.1, Egs. 3) the voltage space vector Vg, can be considered
negligible with respect toVg, . By comparing Egs. 10, and Egs. 14 lead to:

ED“ Ok, (P
QD‘Z) o@a- k)EP
Egs. 15 confirm that the current ratio ki defined by Egs. 6 can be

practically considered also a power sharing coefficient between the three-
phase windings{1} and {2}.

(14)

(15)

5.5.2 Power sharing between inverter H and L

The reference output voltage v supplying the first three-phase stator
winding can be determined by the six- to three-phase decompasition
Egs.13, on the bass of multiple space vector references Vg, . andVgg o -
In particular, V" can be synthesized as the sum of the volt-
agesV,, and V" generated by VSl and VSI, @, respectively, leading to:

v =y® 4 (1) (16)

Introducmg the voltage ratio k” and imposing the inverter volt ge
vectors v and v ’to be in phase with the output voltage vectorv"
yields:

@H 1) @

oy

The condition expressed by Egs. 17 alow maximum dc voltage
utilization. Being the output ac current of the two inverters the same, the
coefficient k" also defines the power sharing between the two inverters. In
terms of averaged values within the switching period, the power to the first
three-phase stator winding can be expressed as:

3. @~
p® _ E\7(1) 7O = p® + pO (18)

(17)

Where P,® and P_® are the individual powers from the two inverters. By
combi ni ng Eqgs 17 with Egs. 18 lead to:

EP W 2350 g 2 ® po
(19)

D @ _ 3 ¥ GO = (1-1® ) p®
=T =(1-k®)P
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The coefficient k™ has a limited variation range depending on the value
of the reference output voltagev" , as already investigated in [42]. Further,
it has to be verified that both references are within the range of achievable
output voltages of each inverter, which depend on their dc voltages. In the
case of asingleinverter topology, if the voltage demand exceeds the voltage
limit, the output voltage is simply saturated. With the dua-inverter
configuration, total voltage reference must be satisfied, so in case of voltage
saturation of one inverter, the second has to provide for the missing part. A
possible solution to overcome the problems of voltage saturation in the
dual-inverter configuration has been proposed in [42].

An identica approach can be applied to synthesize the voltagge
v? supplying the second three-phase stator winding by inverters VSl 2
and VS, @, leading to:

v =v? +v?. (20)
Asin the preceding case, introducing the voltage ratio k. leads to:

2 2) (2
H@ =@y

3 = (1-K2)v® =
The powers to the second three-phase stator winding now become:

p@ _ 2 v T = p@ 4 p@ 22)

O _

QP:{Z) _ gv;a TP =@ p@

U (23)

3 2 -
@ _ 3.2 70 _(1_@)\p®
EPL = v =(1-x?)p

Same considerations given for k.2 now apply to k,®.

5.6 Multilevel SVM algorithm

Once the reference voltage vectors v and v® for the two couples of
inverters are determined by Eqgs. 17, and Egs. 21, a proper multilevel SVM
algorithm must be applied to satisfy the power sharing imposed by k' and
k,?, according to the block diagram of Fig. 5.13. In particular, the SVM
algorithm considered in this paper is based on the space vector diagram
given in Fig. 5.14. Due to the symmetry of the outer hexagon, the analysis
can be restricted to one of its six sectors (i.e.,, OAB in Fig. 5.14), similarly
to the case of conventional three-phase SVM algorithm.

Furthermore, the main triangle OAB is divided in four identical
equilateral triangles. The reference voltage v lays in one of these trian-
gles, leading to four relevant cases. By the basic SVM principle, the

components V. and V" can be generated by selecting adjacent vectors. The
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Fg. 5.14: Voltage spece vectors generated by inverters H and L for the stator windings{ 1} and{2}.

switch configurations corresponding to these vectors cannot be applied in
an arbitrary sequence if proper multilevel voltage waveforms are desired,
i.e., the reference voltage V™ should be generated by using the nearest three
vectors approach (NTV) [111]. In order to do this, the method introduced in
[42] has been implemented. The same considerations apply to the reference
voltagev‘® .

5.7 Numerical ssimulation results and discussion

In order to verify the effectiveness of the proposed control strategy, the
behavior of the whole system has been numerically tested by means of the
PLECS simulation package in the MATLAB environment [121]. For the
induction motor, the model presented in section 5.4.2, has been
implemented using the parameters given in Table 5.1. The value of the four
dc bus voltages (V) is set to 155 V and a switching frequency of 5 kHz is
selected

Table5.1: Main parameters of six-phaseinduction motor

Prated = 4kW Rs = 051Q
Israes = 16 Ams R: =0420Q
Vgae = 125Vie Lg =582mH
Uxraeg = 2160rad/s Ly =582mH
P = 2 (pairs) M; = 56mH

5.7.1 Investigation test for step variation of torque demand with
symmetrical power sharing condition

In the first simulation test (Figs. 5.15-5.19.), the behavior of the systemis

analyzed in balanced conditions (k"= 0.5: top-purple, k,®= 0.5: middle-
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turquoise, k; = 0.5: bottom-blue traces; shown in Fig. 5.15), i.e. the elec-
trical power is equally shared among the four VSis.

A torque step is demanded to emphasize dynamics, as depicted in Fig.
5.16 (upper trace). The corresponding d;- g; (middle-red, blue traces) and
ds- g5 stator (bottom-purple, light green traces) current components in the
synchronous reference frame are also depicted. Note that isq and isq are null
being the current ratio k; set to 0.5 (balanced), according to Egs. 9, whereas
Igand i1q follow torque and rotor flux commands.

Fig. 5.17 shows the nine-level waveforms of phase voltages v\ (stator
voltage of phase 1 of the first three-phase winding {1}: top- purple trace)
and ;2 (stator voltage of first-phase of the second three-phase winding {2} :
bottom-turquoise trace). The time scaled averaged voltage values are aso
depicted in the same diagram.

The six-phase stator currents are shown in Fig. 5.18, for both the two
stator Wlndlngs (W|nd|ng {1} i@, i i i top-purple traces and
winding {2}: i1®, i,%, i59; i?; bottom-turquoise traces) respectively. It
should be noted that the current waveforms are practically sinusoidal, with
the same amplitude, and correct phase angle displacements.

Fig. 5.19 shows the low-pass filtered dc currents of the four VSIs, 14,
LD, 1@, 14@ (dual-inverter {1} : top-(H green, L red) traces, dual-inverter
{2}: bottom-(H grey, L orange) traces), during the torque step. The
instantaneous values have been time scaled averaged by a low-pass filter
(t =2 ms). The diagrams confirm a balanced dc current sharing among all
inverters, i.e., balanced power sharing, as stated by Egs. 15, Egs. 19 and
Egs. 23.

5.7.2 Investigation test for asymmetrical power sharing (current)
between two three-phase winding {1} and {2}

In the second simulation test (Figs. 5.20-5.24), torque and flux commands
are maintained constant. The current ratio k; has been changed among the
values [1/2, 1/3] and [2/3], as shown in Fig. 5.20 (bottom-blue trace), to
emphasize the power sharing capability between the two motor windings.
The voltage ratio coefficients k,\” and k,? are fixed to 0.5 and shown in the
same Fig. 5.20 (top-purple, middle-turquoise trace).

Fig. 5.21 shows that torque (upper trace) and d;- q; Stator current
components in the synchronous reference (i,q and i,q, middle-red, blue
traces) are unaffected by this transient, whereas ds- s Stator current
components (isq and isq, bottom-purple, light green traces) vary according to
Egs. 9.
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Fig. 5.15: Three degree of freedom. From top-to-bottom: Step variation of voltage and current
sharing coefficients. [0.25units/div].
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Fig. 5.16: Step change between 50% and 100%  Fg. 5.18: Stator phasecurrentsonwindings{ 1}
of the rated torque, and d-q current and{2}. From top-to-bottom: winding{ 1}

components. From top-to-bottom: T, i1, i1, isg, (purpletrace); winding{ 2} (turquoisetrace).
iss. [LONmv/div], [10A/div]. [10A/div].
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Fig. 5.17: Frd-phasedator voltagewithtimescded  Fig. 5.19: DC currents (low-passfiltered, =20 ms).
average componentsonwindings{ 1} and {2}. From From top-to-bottom: Dud-inverter {1} : H
top-to-bottom: winding{ 1} (purpletrace); winding-  (grean) and L (red) traces; Dud-inverter {2}: H

{2} (turquaisetrace). [100v/div]. (gray) and L (orange) traces[10A/div].

The corresponding waveforms of nine-level phase voltages v\®(stator
voltage of first-phase of the first three-phase winding { 1} : top-purple trace)
and v, (stator voltage of first-phase of the second three-phase winding { 2}
bottom-turquoise trace), are depicted along with time scaled average values
in Figs. 5.22 respectively.

Fig. 5.23 shows that the six-phase stator currents amplitudes of windings

{1} and {2} change according to Eqs. 7 (winding {1} : i:®, i,®, is®; i1,s; top-
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Fig. 5.20: Three degree of freedom. From top-to-bottom: Step variation of voltage and
current sharing coefficients. [0.25units/div].
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rated torque, and d-g current components. and{2}. From top-to-bottom: winding{ 1}
From top-to-bottom: T, ixg, i1q, isq, isa- (purpletrace); winding{ 2} (turquoisetrace).
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Fig. 5.22: Ars-phasedaor vategewithtimescded  Fg, 5.24: DC currents (|low-passfiltered, =20 ms).

average componentsonwindings{1} and {2}. From From top-to-bottom: Dud-inverter {1}: H

top-to-bottom: winding{ 1} (purpletrace); winding-  (green) and L (red) traces Dud-inverter {2}: H
{2} (turquoisetrace). [100v/div]. (oray) and L (orange) traces[10A/div].

purple traces and winding {2}: i1®, i,9, i5?; i1,5?; bottom-turquoise traces)
respectively.

Fig. 5.24 emphasizes the low-pass filtered value of the four dc currents.
owing to kY= k,@= 0.5, the dc currents of dual-inverter {1} are equal (two
upper-(H green, L red) traces) and the same holds for the dc currents of
dua-inverter {2} (two lower-(H grey, L orange) traces). On the contrary,
the dc currents of dual-inverters {1} and {2} become different ask; changes
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from 0.5, due to the power sharing variation between the two windings { 1}
and { 2}, as stated by Egs. 15.

5.7.3 Investigation test for asymmetrical power sharing (voltage)
between single inverter’s (H and L) of two three-phase winding
{1} and {2}

In last simulation test (Figs. 5.25-5.29), the power sharing capability
between the two inverters H and L of each three-phase stator windings has
been emphasized while both torque and flux commands are kept constant.
The voltage ratios k,® and k,® have been changed between the values [1/2,
1/3] and [1/2, 2/3] respectively, at different time instants, as shown in Fig.
5.25 (top-purple, middle-turquoise trace). In this case, the current ratio
coefficient k; is fixed to 0.5 and shown in same Fig. 5.25 (bottom-blue
trace).

As expected, these changes do not affect the torque and the d;- g; and ds-
Qs Stator current components, as shown in Fig. 5.26. Note that isq and isq are
null (bottom-purple, light green traces) being the current ratio k; set to 0.5,
whereas the values of i,q and i,q (middle-red, blue traces) are determined by
torque and rotor flux references, respectively.

Fig. 5.27 shows the nine-level waveforms of phase voltages v\ (stator
voltage of first-phase of the first three-phase winding { 1} : top- purple trace)
and v@ (stator voltage of first-phase of the second three-phase winding
{2}: bottom-turquoise trace) together with their time scaled averaged value.
Also the six-phase stator currents are unaffected by this transient, as proved
by Flg 5. 28 (winding {1} : i,®, i, is®; i®; top-purple traces and winding
{2} 119,12, 142 i13?; bottom- turquorsetraces)

Fig. 5.29 emphasizes the low-pass filtered values of the four dc currents.
Owing to k; = 0.5, the sum of dc currents of dual-inverter {1} (two lower-(H
green, L red) traces, proportional to P%) is constant and equal to the sum of
dc currents of dua-inverter {2} (two lower-(H grey, L orange) traces,
proportional to P@), whereas each dc current and its corresponding dc
power change according to Egs. 19 and Egs. 23.

5.8 Conclusion

Multiphase induction motor drives, control aspects and its applications
were discussed elaborately from literatures survey and a novel multiphase
multilevel ac motor drive based on a dual three-phase open-end windings
induction motor was presented and analyzed in this chapter. The power
supply consists of four conventional 2-level three-phase voltage source
inverters with insulated dc sources. An appropriate control strategy which
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Fig. 5.25: Three degree of freedom. From top-to-bottom: Step variation of voltage and
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Fig. 5.26: Set point value correspondstothe  Fg.5.28: Sator phasecurrentsonwindings{ 1}
rated torque, and d-g current components. and{2}.From top-to-bottom: winding{ 1}
From top-to-bottom: T, ixg, i1q, isq isa- (purpletrace); winding{ 2} (turquoisetrace).
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Fig. 5.27: Frg-phasedaor vatagewithtimescded  Fig. 5.29: DC currents (low-passfiltered, =20 ms).
average componentsonwindings{ 1} and{2}. From From top-to-bottom: Dud-inverter {1} : H
top-to-bottom: winding{ 1} (purpletrace); winding-  (green) and L (red) traces Dud-inverter {2}: H
{2} (turquoisetrace). [100v/div]. (gray) and L (orange) traces[10A/div].

allows the total motor power to be shared among the four dc sources with
three degrees of freedom has been proposed.

In order to regulate the couple of 2-level V SIs supplying each three-phase
winding such as a 3-level inverter, a specific SVM technique has been
adopted, alowing the power sharing between the two dc sources. This
regulation leads to two degrees of freedom in the total power sharing, one
for each three-phase winding. A suitable control technique has been
proposed in order to regulate the power sharing between the two three-
phase windings, leading to an additional degree of freedom in the total



5.8 Conclusion 73

power sharing. Numerical simulation tests results provided in this chapter
prove the most effectiveness of the proposed quad-inverter based ac motor
drive with different operating conditions. Power sharing is a useful skill in
battery supplied drives where the charge status of batteries should be
balanced. Some of the presented results aready published in referred
conference proceedings [124-125].



6. Post-fault tolerance strategy for multiphase-
multilevel AC motor drive

6.1 Introduction

In this chapter, fault occurrence possibilities in ac machine drives either
in power conversion section and/or in motor configuration unit discussed
based on literatures and some post-fault tolerant control strategies for
multiphase-multilevel induction motor drives was investigated and
proposed. In healthy conditions, the control algorithm proposed in chapter 5
able to generate multilevel voltage waveforms and to share the total motor
power among the four dc sources in each switching period. This sharing
capability was investigated under different post-fault operating conditions
when one, two, or three VSI must be completely insulated and/or open-
circuited due to severe fault on it. In such circumstances, multiphase-
multilevel inverter can continue to perform with de-graded power by a
proper modulation of the remaining healthy V Sls. The whole ac motor drive
has been investigated with theoretical background and numerical simulation
results are provided to verify the most effectiveness of the post-fault control
strategies under healthy and some developed fault operating conditions.

6.2 Fault tolerant analysis

Fault-tolerability in ac traction systems is a key item with high-
voltage/high-current applications, where availability and reliability of
performances are mandatory. In specific, for this type of application,
induction motors operate continuoudy in dynamic conditions, requiring
frequent start/stop with rapid speed variations. Subsequently, the drives are
regularly subjected to abuse of over-current surges and voltage over-swings.
Recent research carried out on different failure possibilities in induction
motor drives by industrials and experts have revealed that 21% related to
the stator windings and its configuration, details report in [111]. Several
phenomenon’s can affect its reliability, such as mechanical and/or thermal
stress, leading to severe failure possibilities such as inter-turn short-circuits,
line-to-line, line-to-ground, multiphase line-to-ground and multiphase
faults. A detailed analysis on these types of fault occurrences and its
propagation, diagnosis can be found in [111-113]. On another hand
investigations are performed to increase the power ratings have focused
their efforts on passive or/and active semiconductors have been proposed,
but its lower reliability still remain their mgjor drawback explained in detail
[114-115]. A large reliability investigation of inverter topologies has
Keywords: Multiphase-multilevel ac motor, dual three-phase induction motor, fault-tolerance,

and multilevel space vector modulation.
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revealed that its estimated mean time between failures (MTBFS) is of about
2 years investigated in [116]. All inverter configurations still vulnerable to
different potential anomalies, leading to an imminent total failure. Recent
survey on inverters has revealed that (31-37.9)% of failures are caused by
power parts [116] and the main failure mechanisms in modern power
modules with IGBT devices for high-power application can be found in
[117]. Most potential sources of failures based on power devices, capacitors
and gate control are detailed in [118].

In perspective view, in this chapter the proposed contribution devoted
towards investigating inherent active redundancy of the used quad-inverter
based ac motor drive system, under one, two, or three failed inverters, to
ensure system operability in degraded mode [119-120]. During healthy
condition quad-inverter system able to generate multilevel output voltages
and under faulty condition continue to perform has 2-level inverters with
available healthy VSlIs in degraded mode. In the next sections, detailed
theoretical background was described for the entire ac drive system with
faulty V Sls condition, by exploiting the three degree of freedom in different
circumstances.

6.3 Proposed post-fault tolerance control strategy

Integrated cooling technologies are widely employed in commercial
inverter applications for high power ac traction system. Advantage of such
technologies, such as ease-of-use, miniaturization and compactness in
traction systems. However, the non-maintainability due to the compact
packaging and the reduced thermal dissipation justifies the reduced
reliability of the inverters [114-116]. Independently to the technology
adopted, the inverters are still mainly subjected to several failures due to:

= Electrolytic capacitor in dc-link, dc bus voltage sensor.
= Power semiconductor (short-circuit or open-circuit).
= Control and driver circuits.

Commonly known by its rapid propagation, leading to severe degrees of
damage for the whole system. For these reasons, whenever one among the
four inverters is affected by the above failures, most of the times the
concerned inverter can be considered as totally damaged and must be re-
moved. The failed inverter should be disconnected from both the motor and
the dc source (battery), e.g. using bypass switches. Then, the developed
control system is adapted in a manner that the ac motor drive machine till
continues to operate in post-fault conditions. In the following section an
detailed investigation along with theoretical description for the whole ac
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drive system are discussed under some developed post-fault conditions are
realized by exploiting the degree of freedom in all cases, without using any
additional bypass switches or protective circuitry.

6.3.1 Control strategy when onefailed inverter

In this designed post-fault configuration illustrates, the proposed control
strategy allows continuity of operation, but with reduced degree of freedom
in the power sharing among the dc sources. from three degrees, under
healthy conditions, to two. In fact, supposi ng the fault occurs on inverter
VS, ', represented as equivalent circuit in three-phase space vectors shown
inFig. 6 1, the corresponding dc source must be insulated, and three output
phases must be short-circuited to allow current circulation on stator winding
{1}. The open-end winding configuration of the motor now collapse to
traditional threephase star connection in stator winding {1}, and the ent| re
voltage for stator winding {1}, v, must be provided by inverter VSI;®
Whereas the voltage for stator Wlndmg {2},v?, provided by inverters
VSl@and VSl

Then according to Egs. (17, 19, 21, 23) given by chapter 5, the post-fault
operating conditions can be summarized as [119-120]:

Lol

59 ="
Taking into account Egs. 1, and Egs. (15, 19, 23) given by chapter 5, the
individual inverter powers are now expressed as.
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Being kY imposed by the fault, the remaining two degree of freedoms
are now represented by k@ (i.e. power (voltage) sharing between healthy
inverters VSI,@ and VS, @) and k; (i.e. power (current) sharing between thetwo
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Fig. 6.1: Equivalent circuit of the post-fault
configuration, in terms of three-phase space
vectors, with one failed inverter VSH, Y = 0.

Fig. 6.2: Considered operating pointsin
torque-speed diagram for healthy (4 VSls)
and onefailed inverter (3 VSIs) conditions.
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AQ
e

@) (b)
Fg. 6.3: Voltage oece vectorsgenerated by invertersH and L for the stator windings{ 1} and{2}.
(8 Hedlthy conditions: (b) Onefaled inverter conditions

threa-phasewinding { 1} and {2}). In thisinvestigation, condition Egs. 1 will be used
in numericd dmulaions to represent the pod-fault conditions indead of usng
additiond bypass switches for creating sar connection on the faulty inverter and
complete insulation and for current circulation. The first rlevant consequence of the
fault in oneinverter isthat the maximum output voltage for one of the two three-phase
dator windings is haved. As a consequence, since the two gtator windings share the
same magnetic dircuit and have the same induced emdf., the maximum voltage of the
other gator winding halved as wdll, leading to a 50% reduction of the whole maxi-
mum motor power, from 2/\/—3\/d to 1/+/3V, , as emphasized in Fig. 6.3b. This
condition is summarized in Fg. 6.2, with référence to the torque versus goeed
characterigticsin hedthy (green ling) and faulty (red line) operating conditions.

As an example, the operating point @ can be implemented only in
healthy conditions, whereas the operating points @ and ® can be
implemented also in post-fault conditions (the last one with a flux
weakening to reduce the required stator winding voltage). Different drategies
can be introduced to redlize the pog-fault operating conditions, with three hedthy
VSs Inthisinvesigation two cases rdating one to the minimization of power losses
and another one for symmetricd power sharing among the three hedthy VSis (i.e,
among the corresponding three dc sources).

6.3.1A Balanced power sharing between the two three-phase stator
motor windings and minimization of power losses

As known, a balanced current sharing between the two three-phase
windings leads to minimum stator copper losses. This can be simply
implemented in post-fault conditions by setting k=1/2, with arbitrary
voltage sharing coefficient k. to synthesizev'” . Although the usage of
both VSI4® and VSI, @ allows an active redundancy, it is not optimal from
the point of view of the inverter losses, involving two inverters when the
desired output voltage could be synthesized with just one of them.
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For this reason, the provision of a passive redundancy with one inverter
for the winding {2} still considerably improve the reliability of the post-
fault configuration but it reduces the whole converter losses. In this case,
inverter VSI,,® can operame just with inverter VSI4®, whereas the output
voltage of inverter VSI @ is set to zero, or vice versa, Iead| ng to exactly the
same operating performances of the motor. The open-end windings
configuration of the motor now collapse to traditional three-phase star
connections in both stator winding sets {1}, {2} and represented as
equivdent circuit in three-phase gpace vectors shown in Fig. 6.4. Voltage and
power Egs. (17, 21, 19, 23) given by chapter 5, in addition to the fault
condition Egs. 1 can how be summarized as:

i@ i@ i@ i@

: 5,
" oL

v

| |2
W
Fig. 64: Equivdent drcuit of the pag-fault configuration, in temsof three-phase space vectors, with onefailed
inverter VSH,® =0, and passive redundancy VSH, @ =0.
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6.3.1B Balanced power sharing among thethree healthy VSIs

Further step in this post-fault investigation when one VS| severer failure
on it, point of interest is to share the total motor power symmetrically
among the three healthy inverters, i.e,, among the three remaining dc
sources. This behavior is recommended for battery supplied traction
systems, in which the balanced charge status of batteries can be considered
as a crucial issue. In order to implement a balanced power sharing among
the three dc power supplies, an unbalanced power sharing between the two
three-phase windings {1} and {2} must be introduced. In particular, one
third of the total motor power must be supplied by each V SI, leading to the
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following voltage and power equations, according to Egs 1, Egs 2, and Egs.
(15, 17, 19, 21, 23) given by chapter 5, leads to summarized as:

B7£2):1 ) 1
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H 2
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6.3.2 Control strategy when two failed inverter

In this designed pos-fault configuration illustrates, the proposed control Strategy
alows continuity of operable state, but with reduced degree of freedom in the power
sharing among the dc sources: from three degrees under hedthy conditions, to one.
Presumed the fault occurs on inverters VS and VS @, represented as equivaent
circuit in three-phase gpace vectors shown in Fg. 6.5, the corresponding three output
phasss on dther Sdes of the winding {2} must open-circuited by disconnecting the
faulty inverters The multiphase configuration of the motor now collgpse to three-
phase openend winding mechine. The entire voltage for stator winding {1},v"”,
must be provided by invertersVSl,® and VS, ©.

Then, according to Egs. 7 given by chapter 5, the pogt-fault operating conditions can
besummarized as

@ _g
al @ - ™

g% =2
Teaking into account Egs 7, and Egs (15, 19, 23) given by chapter 5, the
individual inverter powers are now expressed as:

0 ®
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Being k; imposed by the fault, obvioudy k,® vanishes and the remaining one
degree of freedoms are now represented by k,“, i.e. voltage sharing between hedlthy
inverters VSI® and VS, ®. In this investigation, condition Egs. 7 will be used in
numericad smulations to represent the pogt-fault conditions ingtead of using additiond
bypass switches for cregting opentcircuit connection on the faulty inverters As a
consaquences of this pogt-fault condition, stator windings {1} as the magnetic circuit
and produce induced emf, the maximizaion of phase voltage from
1/ J—s\/dc to2/ \/—3\/dC ,asemphasized in Fig. 6.3b, leading to a50% reduction of the

k=1 (8)

NIk NP
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Fg. 65: Equivaent dreuit of the post-fauit Fg. 66: Considered operating pointsin
corfiguration, intemsof threephasepacevedtors,  torque-speed diagram for healthy (4 VSIs)
withtwofaledinverteri ® =0. and two failed inverter (2 VSls) conditions.

whole maximum motor power halved by the opentcircuit of sator winding {2}. This
condition is summarized in Fg. 6.6, with reference to the torque versus speed
characterigicsin hedthy (greenline) and faulty (red line) operating conditions.

For illustrate this post-fault condition an example, the operating point ®
was used for numerical ssimulation implementation with keeping rated flux
value to maximizes the required stator winding {1} voltages. Apparently
this condition causes the voltage sharing coefficient k,® aways fixed to 1/2,
for balanced power sharing between VS and VS, leads to maximum output
phase voltages with ninegepped multilevd waveform (Fg. 6.39). Post-fault
condition are realized with out disconnecting the faulty inverters from the
circuit, hence the voltage across stator winding {2},v , provided by inverters
VS, Pand VS, @, arepractically an open-circuited voltage:

6.3.3 Controal strategy when threefailed inverter

In this desgned pod-fault configuration illudrates, the maximum redundancy
operation of the entire ac drive system, the proposed control strategy alows continuity
of operation, but with three degree of freedom in the power sharing among the dc
sources, under hedlthy State, to null in faulty condition. Presumed the fault occurs on
inverters VS, ¥, VSIH® and VS, @ represented as equivalent dircuiit in three-phase
space vectors shown in Fig. 6.7. The corregponding dc source of VS, ® must be

125 1 T
~——Healthy quad-inverter

) N . ——Three failed inverters
i) IS 7?=0 100

.- -
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3
v =v?=0C g,
v@=0c -2 \
.-.“. i _k
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speed % 200

Fg. 6.7: Bquivaent dreuit of the post-fauit Fg. 68: Considered operating pointsin
corfiguration, intemsof threephasepacevectors,  torque-speed diagram for healthy (4 VSIs)
withthreefaled inverter VSH, ® =i @=0. and three failed inverter (1 VSIs) conditions.
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insulated, and three output phases must be short-circuited to dlow current circulation
on gator winding { 1} . The open-end winding configuration of the motor now collapse
to traditiondl three-phase dar connection in gator winding { 1} .

Further, the corresponding three output phases on dther Sdes of the winding {2}
must be open-circuited. Now, multiphase configuration of the entire ac motor collgpse
to threephase star connected machine. The entire voltage for stator winding {1}, v ,
must be provided by inverter VS (given by secuon 6.3.1). Wheress for the
stator winding {2},v'* | provided by inverters VSI,{® and VS, @, are practicaly an
opertcircuit voltage (glven by section 6.3.2). Then, according to Eqs (7,17, 19, 23)
given by chapter 5, the pogt-fault operating conditions can be summarized as

@(1) -0

@(1) -g® l l k\sl) -1
g® =0 k=1 ©
[l
g @ = =20
Takinginto account Egs. 9 and Egs. (15, 19, 23) given by chapter 5, the individual
inverter powers are now expressed as.
O _ (2) -
=0 =

® _ (2)_ !
= "B =0

Being kv @k imposed by the fauit, obvioudy k,® vanishes and degree of freedom
reduced to null in totd power sharing of the proposed ac drive system. In this
investigation, condition Egs. 9 will be used in numericd smulations to represent the
pog-fault conditions indead of usng additiondl bypass switches for credting Sar
connection and/or open-circuited on the faulty inverters and complete insulaion for
current circulaion.

Consaquence of this fault in three invertersis thet the maximum output voltage for
three-phase stator windings { 1} is helved by fault on VS, ©. Since the stator winding
{1} hasthe magnetic circuit and produce induced emif., the maximization of phase
voltege from 2/+/3v. to 1/4/3V, _, as emphasized in Fg 6.30, leading to a 75%
reduction of the wholé faximum rietor power halved by the open-circuit of winding
{2}. This condition is summarized in Fig. 6.8, with reference to the torque versus
ead characteridics in hedlthy (green line) and faulty (red line) operating conditions.
For illustrate this post-fault condition an example, the operating point @
was used for numerical simulation implementation with keeping rated flux
to maximizes the required stator winding { 1} voltage.

6.4 Numerical simulation resultsand discussion

For the purposes of investigation studies and to verify the most
effectiveness of the proposed post-fault control strategies, the entire ac drive
system has been designed, implemented and numerically tested by means of
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the PLECS simulation software package in the MATLAB environment
under healthy and one, two, and three failed VS| conditions [119-121]. For
the induction motor and its drive model, parameters are taken from Table
5.1 (chapter 5).

64.1 Investigation performances during healthy condition (operating
point @)

Inthissmulation test, the sysemisandyzed in hedthy sate conditionsin thewhole
interva (90 ms) consdering the operating point @ in Fig. 6.2 (peed 1200 rpm, torque
33 Nm?. Baanced behavior isintroduced by setting the al the sharing coefficients to
1/2 (k2: purple, k,2: turquoise, k;: blue; traces) as shown in Fig. 6.9, i.e, the
eectricd power is equaly shared among the four hedthy VSIs The dectromagnetic
torque T is depicted inthe same Fig. 6.9 (bottom+-red; trace).

Fig. 6.10 shows the waveforms of atificid lineto-neutrd voltages of the firg-
phase, dud-inverter {1}: wir®, vu®; (left: top-green, bottomred; traces) and dual-
inverter { 2} : viu'@, v4®; (right: top-grey, bottom-orange; traces) regpectively. Thetime
scaled averaged voltage va ues are dso depicted on the corresponding diagrams. It can
be dearly noticed that the time scded averaged voltages are dmogt Snusoidd
(fundamentd components) with the same amplitude and with a proper phase shift (i.e,
180° between the two voltages on the same winding, and 30° between the voltages on
different windings).

The stator windings voltages of the first-Phase along with their time
averaged values are depicted in Fig. 6.11, v,'Y; (Ieft: top-purple; trace) and
vi®; (right: top-turquoise; trace) respectively. The time scaled averaged
voltage values are also depicted on the corresponding diagrams. As
expected, proper multilevel stepped waveforms appear with 9 levels, being
the modulation index greater than 50% (outer hexagon shown in Fig. 6.3a),
and a phase shift of 30° is noticed.

The six stator winding currents are shown in the same Fig. 6.11, i,?, i,®,
i3 (i1s™ {1}; left: bottom-purple; traces) and 12, 1,2, 15?; (i1ps? {2};
right: bottom-turquoise; traces), respectively. Currents are amost
sinusoidal, with the same amplitude, and correct 30° phase displacements.

Fig. 6.12 shows the dc currents of the four VSIs (currents from the dc
supplies), dual-inverter {1}: 14, 1,%; (left: top-green, bottom-red; traces)
and dual-inverter {2}: 1,9, 1.?; (right: top-grey, bottom-orange; traces),
respectively. Values are low-pass filtered (T =20 ms) to emphasizethe dc current
components and have the same vaue, proving the effectiveness of the modulation
Srategy in balanced operating conditions.
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Fig. 6.9: Three degree of freedom, torque waveforms. From top-to-bottom: voltage and current
sharing coefficients [0.25units/div]; Torquebehavior in seedy-gate and hedlthy condition [1ONmVdiv].
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Fg. 6.10: Artifidd lineto-neutral voltages (firg-phase) with their time scaled average components [ 100V/div].
From top-to-battom: dud-inverter { 1} (Ieft): H (green) and L (red) traces, dud-inverter {2} (right): H (gray) and
L (orange) traces
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Fg 6.11: Stator variablesonwindings{ 1} and {2}. From top-to-bottom: Firg-phasevoltagewith timescaed
average components[100V/div], currents[10A/div]: dud-inverter { 1} (Ieft): purpletraces dud-inverter {2}

(right): turquoisetraces.
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Fig. 6.12: DC currents (low-passfiltered, 1=20 ms). From top-to-battom: dud-inverter { 1} (Ieft): H (green) and
L (red) traces dud-inverter {2} (right): H (gray) and L (orange) traces[10A/div].
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6.4.2 Invedtigation perfor mancesduring pod-fault conditionswith onefailed
inverter

In the following two Smulation tests, depicted in Figs 6.13-6.20, the system is
andyzed with hedthy gatein thefirg timeinterva [0-30mg] consdering the operating
point @ inFg. 6.2 (hdved speed, 600 rpm, sametorque, 38 Nm). At thetimeingant t
=30 msthe fault on inverter VS, ® occurs, and it is completely disabled by setting to
1 corresponding voltage sharing coefficient k', as expressed by Egs 1. No further
actions are taken in the second time interval [30-60 mg]. At thetimeindantt =60 ms
the two proposed post-fault Srategies are gpplied, according to the description givenin
ub-sections 6.3.1A and 6.3.1B. No further actions are taken in this third time intervel
[60-90 mg.

For the sske of readahility of figures, the fault indant is emphesized by ared-shock
arrow, wheress the Sarting ingtant of the proposed control srategy is represented by a
green-draight arrow and will be depicted for dl the proceeding pog-failt investigation
conditions

6.4.2A Balanced power sharing between the two three-phase stator
motor windings (operating point @)

Thisfirg test during post-fault conditions was conducted to prove the effectiveness
of the proposad control srategy when a balanced power sharing between the two
winding {1} and {2} is required, and minimization of inverter losses is redized by
switching off one of theremaining three hedthy VSIs

Fg. 6.13 shows the variation of voltage and current sharing coefficients when the
fault occurs (t = 30 ms, k.® turnsto 1) and when the first post-fault strategy isapplied (t
=60 ms k@ turnsto 1), according to conditions Eqs. 3 and Egs 4 introduced in sub-
ection 6.3.1.A. The current sharing coefficient k; remains unchanged.

Fg. 6.13 (bottom-red trace), shows that the electromagnetic torque T is practicdly
unaffected by trandentsin sharing coeffidients, asit should be.

Fg. 6.14 shows the waveforms of atificid lineto-neutra voltages of the firs-

phese, dud-inverter {1}: v, vu™; (left: top-green, bottom-red; traces) and dud-
inverter { 2} : i@, via; (right: top-grey, bottom-orange: traces) respectively. Thetime
scaed averaged voltage vaues are dso depicted on the corresponding diagrams.
When the fault occurs oninverter VS, the corresponding voltage vi, goesto zero,
whereas the voltage on the other side of winding {1}, viy,®, doubles its value to
provide for the missing winding voltage.
Voltagesviy® and vi? are unaffected by the fauilt, being gpplied to the other winding.
Asthefirst post-fauit control strategy is gpplied, VS, @ isturned off by setting vi,® to
zero, and the voltage viy @ doubles its value to provide for the missing voltage on
winding{ 2} . Remaining active inverters VS, and VSl provide now the voltages
Vi and viy @ with same amplitudes and the proper 30° phase shift.
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Fig. 6.13: Three degree of freedom, torque waveforms. From top-to-bottom: voltage and
current sharing coefficients [0.25units/div]; Torquebehavior in hedthy-stateto post-fault conditions
[10ONmYdiv].
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FHg. 6.14: Artifidd lineto-neutral voltages (firg-phase) with their time scaled average components[ 100V/div].
From top-to-battom: dud-inverter { 1} (Ieft): H (green) and L (red) traces, dud-inverter {2} (right): H (gray) and
L (orange) traces
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Fig. 6.15: Sator varigblesonwindings{ 1} and {2}. From top-to-bottom: Firs-phesevoltagewith timescded
average components[100V/div], currents[10A/div]: dud-inverter { 1} (Ieft): purpletraces dud-inverter {2}
(right): turquoisetraces
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Fig. 6.16: DC currents (low-passfiltered, 1=20 ms). From top-to-battom: dud-inverter { 1} (Ieft): H (green) and
L (red) traces dud-inverter {2} (right): H (gray) and L (orange) traces[5A/div].
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Fg. 6.15 shows the gator windings voltages of the firg-phase, dong with their time
scded averaged vaues in the same diagram, v,%; (Ieft: top-purple; trace) and v ?;
(right: top-turquoise; trace) respectively. As expected, multilevd sepped waveforms
appear now with 5 leves as for treditiond 2-leve inverters being the moduletion
index lower than 50% (inner hexagon shown in Fg. 6.3b).

The 9x dator winding wrrmtsereslmnmthesamlfg 6.15, 1%, i, id?; (i3
{1}; left: bottom-purple; traces) and 112, 2, id?; (1232 {2}; right; bottomturquase:
traces), respectively. Note that both voltages and currents are practicaly unaffected by
thefault and by the power sharing trandents, as expected.

Fg. 6.16 shows the dc currents of the four VSIs (currents from the dc supplies),
dud-inverter {1}: 1,%, 1,%; (Ieft: top-green, bottom-red; traces) and dudl-inverter {2} :
1@, 1.9, (right: top-grey, bottom-orange; traces), respectively. Values are low-pass
filtered (T = 20 ms) to emphasize the dc current components. Being the dc supply volt-
age Vg condant during dl trandents, the dc currents well represent the individud
powers supplied by thefour VSIs. Then, it can be dearly seen asthe totd motor power
is equally shared between inverters VSIL® and VS in this first post-faut control
drategy, according to Eqs. 4.

6.4.2B Balanced power sharing between the three healthy VSls
(operating point @)

This second test during pogt-fault conditions wes conducted to prove the
effectiveness of the proposad control strategy when a balanced power sharing among
the remaining three hedthy VSIs is required (i.e,, baanced power sharing among the
corresponding three dc sources).

Fg. 6.17 shows the variation of voltage and current sharing coefficients when the
fault occurs (t = 30 ms, k® tumns to 1) and when the second post-faut strategy is
goplied (t = 60 ms k turns to 1/3), according to conditions Egs 5 and Egs. 6
introduced in sub-section 6.3.1B. The voltage sharing coefficient k@ remains
unchanged. Fg. 6.17 (bottom-red trace), shows thet the eectromagnetic torque T is
practicaly unaffected by trandentsin sharing coefficients, asit should be.

Fg. 6.18 shows the waveforms of atificid lineto-neutra voltages of the firs-
phese, dual- mverter {1} Vi, v®; (left: top-green, bottom-red; traces) and dud-
inverter { 2} i@, via; (right: top-grey, bottom-orange; traces) respectively. Thetime
scaed averaged voltage vaues are dso depicted on the correspordmg diagrams.
When the fault occurson inverter VS, %, the corresponding voltagevu goesto zero,
wheress the voltage on the other side of winding {1}, vy, doubles its vaue to
prowdeforthemsnngndmgvoltage
Voltagesviy® and vi? are unaffected by the fauilt, bemgapplledtotheothervwrdln%;
aslntheprevlousta Asthe second post-fault strategy is applied, voltagesviy®, v

, and v, just dightly change as a.consequences of the change of the current sharing
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Fig. 6.17: Three degree of freedom, torque waveforms. From top-to-bottom: voltage and
current sharing coefficients [0.25units/div]; Torquebehavior in hedthy-stateto post-fault conditions
[1ONmYdiv].
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Fg. 6.18: Artifidd lineto-neutral voltages (firg-phase) with their time scaled average components [ 100V/div].
From top-to-battom: dud-inverter { 1} (Ieft): H (green) and L (red) traces, dud-inverter {2} (right): H (gray) and
L (orange) traces
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Fig. 6.19: Sator varigbleson windings{ 1} and{2}. From top-to-bottom: Firg-phesevoltagewith timescded
average components[100V/div], currents[10A/div]: dud-inverter {1} (Ieft): purpletraces dud-inverter {2}

(right): turquoisetraces.
1O ) L
L0 1@  ——
P\ $ . : \ .
00 0.03j e 0-06 0.09 0.0 0.03j e [g0.06 0.09

Fig. 6.20: DC currents (low-passfiltered, 1=20 ms). From top-to-battom: dud-inverter { 1} (Ieft): H (green) and
L (red) traces dud-inverter {2} (right): H (gray) and L (orange) traces[5A/div].
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coefficient. In fact, just asmdl variaion of stator winding voltages can be reponsible
of condderable currents changes

Fg. 6.19 showsthe gator windings voltages of the firg-phase, dong with their time
scded averaged vaues in the same diagram, v,%; (Ieft: top-purple; trace) and v ?;
(right: topturquoise; trace) regpectivdy. Al in this case multilevd stepped
waveforms appear with 5 levels as for traditiond 2-leve inveters beng the
modulation index lower than 50% (inner hexagon shown in Fg. 6.3b). The dight
voltege variaion introduced by the current sharing coefficient change can now be
better observed.

Thesxstatorvwndmgwrrentsaeslmnlnthesamlfg 6.19,i, Y, i,®, i (i3
{1}; left: bottom-purple; traces) and iy @: (i3 {2}; right: bottom-turquusa
traces), respectively. Thecurrent sharing coe‘fluent changefrom 1/2to 1/3leadsto an
increase of currents on winding {2}, and to an decrease of currents on winding { 1},
becoming onesthe double of the athers, and according to Egs. 7 given by chapter 5.

Fg. 6.20 shows the dc currents of the four VSIs (currents from the dc supplies),
dual-inverter {1} 1,®, 1L9; (Ieft: top-green, bottom-red; traces) and dual-inverter {2} :
1@, 1.@; (right: top-grey, bottom-orange; traces), respectively. It can be dearly seen
from low-pass filtered dc currents, the totd motor power is equaly shared among
inverters VSI,?, V9,®@, and VS, @ in this second post-fault control strategy,
according to Egs. 6.

6.4.3 Invedigation performances during pod-fault conditions with one failed
inverter in field-weakening region

In the following two Smulétion tess depicted in Figs 6.21-6.28, the sysem is
andyzed with conddering the operating point @ in Fg. 6.2 (gpead, 1200 rpm, haved
torque, 19 Nm). Noted that in the following Smulation tests, operating point ® weas
chosen in the flux-weskening region, hence the reference flux command vaue
reduced to haf for lowering sator windings voltages, in comparison to the operating
point@. Further action and investigation with hedlthy as well as post-fault conditions

areemployed in Smilar with repect to, operaing point@.

6.4.3A Balanced power sharing between the two threephase stator motor
windings (field-weakening region oper ating point ®)

Inthis pog-fault conditions firgt test was conducted to prove the effectiveness of the
proposed control strategy when a balanced power sharing between the two windings
{1} and {2} isrequired, and minimization of inverter losses is redized by switching
off one of theremaining three hedthy VSIs

Fg. 6.21 shows the variation of voltage and current sharing coefficients when the
fault occursgt =30ms k® turnsto 1) and when the first post-fault strategy isapplied (t
=60 ms k@ turnsto 1), according to conditions Egs 3 and Egs. 4 introduced in sub-
section 6.3.L.A. The current sharing coefficient k; remains unchanged.
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Fg. 6.21 (bottom-red trace), shows that the electromagnetic torque T is practicdly
unaffected by trandentsin sharing coeffidents, asit should be

Fg. 6.22 shows the waveforms of atificid lineto-neutra voltages of the firg-
phese, dud-inverter {1} Vi, vu®; (left: top-green, bottom-red; traces) and dud-
inverter { 2} : i@, via; (right: top-grey, bottom-orange: traces) respectively. Thetime
scded averaged voltage vaues are d<o depicted on the corresponding diagrams.
When the fault occurs oninverter VS, the corresponding vdtagele @ goesto zero,
wheress the voltage on the other side of winding {1}, v, doubles its value to
providefor the missng winding voltage.

Voltages vi/® and /@ are unaffected by the fault, being gpplied to the other
winding. As the first post-fault strategy is applied, VS, @ is turned off by setting vi;@
to zero, and the voltage viu@ doubles its value to provide for the missing voltage on
winding {2}. The remaining active inverters VSIL® and VS,@ provide now the
voltagesviy,® and vy, @ with ssme amplitudes and the proper 30° phase shift.

Fig. 6.23 shows the gator windings voltages of the firs-phase, dong with their time
scaled averaged values in the same diagram, v,; (left: top-purple; trace) and v@;
(right: top-turquoise; trace) respectively.  As expected, multilevel stepped waveforms
aopear now with 5 levds, as for traditiond 2-levd inverters, being the modulation
index lower than 50% (inner hexagon shown in Fg. 6.3b).

Thesix statorvwndmgwrrmtsaesmnlnthesamlfg 6.23,i1Y, i, id; (iszs
{1}; left: bottom-purple; traces) and 1,2, 2, id?; (1232 {2}; right; bottomturquasa
traces), regpectively. Notethat both voltages and currents are practically unaffected by
thefault and by the power sharing trandents, asexpected.

Fg. 6.24 shows the dc currents of the four VSs (currents from the dc supplies),
dual-inverter {1} 1,®, 1.9; (Ieft: top-green, bottom-red; traces) and dual-inverter {2} :
15, 1.%; (right: top-grey, bottom-orange; traces), respectively. It can be dlearly seen
from low-pass filtered dc currents, the total motor power is equaly shared between
invertersVS,® and VS, @ in thisfirst post-fait control strategy, according to Egs 4.

It can be notified from the time scaled average values of artificial line-to-
neutral, stator winding phase voltages and/or six-phase currents, the
frequency of operational cycles are doubled in respect to the operating test
point @ (shown in Fig. 6.14-6.15), which illustrates the confirmation of
operation in flux-weakening region and holds the same power (shown in
Fig. 6.16).

64.3B Balanced power charing between the three hedlthy VSs (fidd-
weakening region operating point ®)

Inthis pogt-fault conditions, second test was conducted to prove the effectiveness of
the proposed control drategy when a baanced power sharing among the remaining
three hedlthy VSIsis required (i.e, bdanced power sharing among the corresponding
three dc sources).
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Fig. 6.21: Three degree of freedom, torque waveforms. From top-to-bottom: voltage and
current sharing coefficients [0.25unitsg/div]; Torquebenavior in hedthy-gateto pogt-fault conditions
[1ONNYdiv].
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Fg. 6.22: Artifiad lineto-neutrd voltages (firs-phese) with their time scded average components[ 100V/div].
From top-to-battom: dudl-inverter { 1} (left): H (green) and L (red) traces dud-inverter {2} (right): H (gray) and
L (orange) traces
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Fg. 6.23: Stator variablesonwindings{ 1} and {2}. From top-to-bottom: Firg-phasevoltagewith time scaled
average components[100V/div], currents[10A/div]: dud-inverter { 1} (Ieft): purpletraces, dud-inverter {2}

(right): turquoisetraces.
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Fg. 6.24: DC currents (low-pessfiltered, =20 ms). From top-to-battom: dud-inverter {1} (Ieft): H (green) and
L (red) traces dud-inverter {2} (right): H (gray) and L (orange) traces[5A/div].
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Fg. 6.25 shows the variation of voltage and current sharing coefficients when the
fault occurs (t = 30 ms, k2 tumns to 1) and when the sscond post-fault Strategy is
goplied (t = 60 ms k turns to 1/3), according to conditions Egs 3 and Egs. 4
introduced in sub-section 6.3.1.A. The current sharing coefficent k remains
unchanged.

Fg. 6.25 (bottom+red trace), shows that the eectromegnetic torque T is practicaly
unaffected by trangentsin sharing coefficients, asit should be

Fg. 6.26 showsthewa/e‘orrnsof atificd lineto-neutra voltages of thefirg-phese,
dud- mverter {1} vin®, vii®; (Ieft: top-green, bottom-red; traces) and dual-inverter
{2} vir'®, vii; (right: top-grey, bottom-orange; traces) respectively. The time scaled
averaged voltage vaues are a0 depicted on the oorreponding diagrams When the
fault occurs on inverter VS, @, the oorrespondm%; voltage vi,¥ goes to zero, wheress

the voltage on the other side of winding { 1}, v, ™, doublesits vaue to provide for the
mlssnngndmggvoltage
Voltages vi® and v/? are undffected by the fault, being applied to the other

winding, asin the previous test. As the second pog-fault rategy is gpplied, voltages
Vi, i@, and vi4@ just dightly change as a consequences of the change of the
current sharing coefficient. In fact, just asmdl variation of stator winding voltages can
be responsible of considerable currents changes.

Fg. 6.27 showsthe sator windings voltages of the firs-phase, dong with their time
scded averaged vaues in the same diagram, % (Ieft: top-purple; trace) and v,
(right: top-turquoise; trace) respectivdy. Also in this case, multilevd sepped
waveforms gopear with 5 levds as for traditiond 2-leve inverters being the
modulaion index lower than 50% (inner hexagon shown in Fg. 6.3b). The dight
voltage varigtion introduced by the current sharing coefficient change can now be
better observed.

Thesxstatorwmdmgwrraﬂsaesm/vnmthesaneﬁg 6.27, 1%, i,®, is; (izs
{1}; left: bottom-purple; traces) and 112, 2, id?; (1232 {2}; right; bottomturquasa
traces), repectively. Thewrrmtshanngcoe‘flclemdmgefrom 1/2to 1/3leadstoan
increase of currents on winding {2} and to a decrease of currents on winding {1},
becoming onesthe double of the athers, and according to Egs. 7 given by chapter 5.

Fg. 6.28 shows the dc currents of the four VSI's (currents from the dc supplies),
dua-inverter {1} 1., 1™ (Ieft: top-green, bottom-red; traces) and dudl-inverter {2} :
15, 1.%; (right: top-grey, bottom-orange; traces), respectively. It can be dlearly seen
from low-pass filtered dc currents, the tota motor power is equaly shared among
inverters V9,®, V9,2, and VS, @ in this second post-fault control strategy,
accordingto Eqs 6.

In dmilar to the firg tegt in this invedtigation, the time scaled average vaues of
atificid lineto-neutrd, sator winding phase voltages and/or six-phase currents, the
frequency of operationd cyde aredoubled in respect to the operating test point @
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Fig. 6.25: Three degree of freedom, torque waveforms. From top-to-bottom: voltage and
current sharing coefficients [0.25units/div]; Torquebenavior in hedthy-gateto pogt-fault conditions
[1ONNYdiv].
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Fg. 6.26: Artifiad lineto-neutrd voltages (firs-phese) with their time scded average components[ 100V/div].
From top-to-battom: dudl-inverter { 1} (left): H (green) and L (red) traces dud-inverter {2} (right): H (gray) and
L (orange) traces
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Fg 6.27: Stator variablesonwindings{ 1} and {2}. From top-to-bottom: Firg-phasevoltagewith timescaled
average components[100V/div], currents[10A/div]: dud-inverter { 1} (Ieft): purpletraces dud-inverter {2}
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(right): turquoisetraces.
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Fg. 6.28: DC currents (low-passfiltered, =20 ms). From top-to-battom: dud-inverter {1} (Ieft): H (green) and
L (red) traces dud-inverter {2} (right): H (gray) and L (orange) traces[5A/div].
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(shown in Fg. 6.18-6.19), which illugrates the confirmation of operation in flux-
wegkening region and holds the same power (shown in Fig. 6.20).

644 Invedigation performances during pod-fault conditions with two failed
inverter (operating point @)

In this smuldion tests, depicted in FHgs 6.29-6.32, the system is andyzed with
hedthy date in the firg time interva [0-30 mg| conddering the operating point @ in
Fg. 6.2 (speed, 1200 rpm, haved torque, 19 Nm) and the flux reference wes kept a
the rated va ue for maximizing the output phase voltege. At thetimeingantt =30 ms
thefault on inverters VSIL®@, VS, @ occurs, and it is completely disabled by setting to
1 current sharing coefficient k;, as expressed by Egs 7. No further actionsare teken in
the time interva [30-90] ms, according to the description given in sub-Sections 6.3.2
and invedtigated the proposed control drategy performances. Fig. 6.29 shows the
variation of voltage and current sharing coefficients when the fault occurs (t = 30 ms,
k turnsto 1) and according to conditions Eqgs. 7 introduced in sub-Sections 6.3.2. The
voltage sharing coefficientsk,” = k@ = 0.5, remains unchanged, showing the balanced
power sharing between invertersVSl® and VS, @

Fg. 6.29 (bottom-red trace), shows that the dectromagnetic torque T is practicdly
unaffected by trandentsin sharing coefficients, as expected and it should be

Fg. 6.30 shows the waveforms of atificid lineto-neutra voltages of the firs-
phese, dud-inverter {1}: v, vu™; (left: top-green, bottom-red; traces) and dud-
inverter { 2}: v @, vu®; (right: top-grey, bottom-orange; traces) regpectively. Thetime
scded averaged voltage va ues are d o depicted on the corresponding diagrams.

Fig. 6.31 shows the gator windings voltages of the firs-phase, dong with their time
scaled averaged values in the same diagram, v,; (left: top-purple; trace) and v@;
(right: top-turquoise; trace) respectively. As expected, proper multileve stepped
waveforms appear with 9 levels, being the modulation index grester than 50% (outer
hexagon shownin Fg. 6.3a).

The six stator winding currents are shown in the same Fig. 6.31, i, i, id?; (1™
{1}; left: bottom-purple; traces) and i1, 2, ia?; (i3 {2}; right: bottom-turquoise;
traces), respectively. When thefault occursoninverters VS, @ and VS, @, the corre-
sponding currents i, 1,2, is? in winding {2} goes to zero, whereas the current i,
i, is® inwinding { 1}, doublesits value to provide for the missing winding currents
to maintain the reguired torque congtant, according to Egs 7 given by chepter 5.

Voltages iy, vi/® and its corresponding currentsis®, i,?, is® inwinding {1} are
unaffected by the failt, being applied to the other winding {2} . Fg. 6.16 showsthe dc
currents of the four VSIs (currents from the dc supplies), dual-inverter {13: 1,®, 1,®;
(Ieft: top-green, bottomred; traces) and dud-inverter {2}: 1,2, 1L@; (right: top-grey,
bottom-orange; traces), repectivey. It can be dearly seen from low-pass filtered dc
currents, the tota motor power isprovided by and equdly shared between inverters
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Fig. 6.29: Three degree of freedom, torque waveforms. From top-to-bottom: voltage and
current sharing coefficients [0.25units/div]; Torquebenavior in hedthy-gateto pogt-fault conditions
[1ONNYdiv].
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Fg. 6.30: Artifiad lineto-neutra voltages (firs-phese) with their time scaed average components[ 100V/div].
From top-to-battom: dudl-inverter { 1} (left): H (green) and L (red) traces dud-inverter {2} (right): H (gray) and
L (orange) traces
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Fig. 6.31: Sator varigblesonwindings{ 1} and {2}. From top-to-bottom: Firs-phesevoltagewith timescded
average components[100V/div], currents[10A/div]: dud-inverter { 1} (Ieft): purpletraces dud-inverter {2}
(right): turquaisetraces.
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Fg. 6.32: DC currents (low-passfiltered, =20 ms). From top-to-battom: dud-inverter {1} (Ieft): H (green) and
L (red) traces dud-inverter {2} (right): H (gray) and L (orange) traces[5A/div].
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vSL® and VS, P, wheress inverters VSIL®@, VS, @ provides null in this post-fault
control drategy, according to Egs 8.

Hence, the stator winding { 2} voltage: vi'®, vis®, vi provided by inverters VSl @
and VS, @, are practically an open-cirait voltages

645 Invedigation performances during pot-fault conditions with three failed
inverter (operating point @)

In this smuldion tests, depicted in Fgs 6.33-6.36, the system is andyzed with
hedthy date in the firg time interva [0-30 mg| conddering the operating point @ in
Fg. 6.2 (hdved speed, 600 rpm, hdved torque, 19 Nm) and the flux reference was
kept at the rated value for maximizing the output phase voltage At thetimeingant t =
30 ms the fault on inverters VS, ®, VS,@, VS,@  occurs, and it is completely
dissbled by setting to 1, sharing coefficient k®, k, asexpressed by Eqgs. 9. No further
actions are teken in the time interval [30-90] ms, according to the description givenin
ub-Sections 6.3.3 and investigated the proposed control Strategy performances

Fg. 6.33 shows the variation of voltage and current sharing coefficients when the
fault occurs (t = 30 ms, k%, k turns to 1) and acoording to conditions Egs. 10
introduced in sub-Section 6.3.3. The voltage sharing coefficient k@ = 0.5, remains
unchanged, showing thefault oninverters VS, @, v, v, @.

Fg. 6.33 (bottom-red trace), shows that the dectromagnetic torque T is practicdly
unaffected by trandentsin sharing coefficients, asexpected and it should be.

Fg 6.34 showsthewale‘ormsof atificid lineto-neutra voltages of thefirg-phase,
dua-inverter ?1}: vir®, viu®; (left: top-green, bottomred:; traces) and dual-inverter
{2}: wi®, w4, (right: top-grey, bottom-orange; traces) respectively. The time scaled
averaged voltage vaues are dso depicted on the corresponding diagrams. When the
fault occurs on inverter VS, ®, the corresponding voltage vi;® goes to zero, wherees
the voltage on the other side of winding {1}, v, , four times it value to provide for
the missing winding voltage of vi;® in{1} and viu®, vi1@ inwinding{2}.

Fg. 6.35 showsthe stator windings voltages of the firs-phase, dong with their time
scded averaged vaues in the same diagram, W (Ieft: top-purple; trace) and v,
(right: top-turquoise; trace) respectively.  As expected, multilevel stepped waveforms
appear with 5 levds, being the modulation index less than 50% (inner hexagon shown
inFg. 6.3b).

The six stator winding currents areshown inthesameFig. 6.35, 1%, i,®, ia®; (i®
{1} Ieft: bottom-purple; traces) and i@, 1,2, i3?; ( 132 %2}; right: bottorm-turquoise;
tra:s) rﬁoemvdy When the faullt ocwrsVSlH VS,@, the oorraaondlng currents

winding {2} goesto zero, vvhereesthecurrentl @, i winding {1},
doublwtsvdueto provide for the missng winding currentsfor mantansthe required
torque congtant, according to Eqs. 7 given by chapter 5.

Voltage vix® and its corresponding currents i;®, i, i winding {1} are undf-

fected by thefault, being gpplied to the bothwinding { 1} and {2}
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Fig. 6.33: Three degree of freedom, torque waveforms. From top-to-bottom: voltage and
current sharing coefficients [0.25units/div]; Torquebenavior in hedthy-gateto post-fault conditions
[1ONNYdiv].
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Fg. 6.34: Artifidd lineto-neutral voltages (firg-phase) with their time scaled average components [ 100V/div].
From top-to-battom: dud-inverter { 1} (Ieft): H (green) and L (red) traces, dud-inverter {2} (right): H (gray) and
L (orange) traces
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Fig. 6.35: Sator varigblesonwindings{ 1} and {2}. From top-to-bottom: Fird-phesevoltagewith timescded
average components[100V/div], currents[10A/div]: dud-inverter {1} (left): purpletraces, dud-inverter {2}

(right): turquoisetraces
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Fg. 6.36: DC currents (low-passfiltered, =20 ms). From top-to-battom: dud-inverter {1} (Ieft): H (green) and
L (red) traces dud-inverter {2} (right): H (gray) and L (orange) traces[5A/div].
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Fg. 6.36 shows the dc currents of the four VSIs (currents from the dc supplies),
dua-inverter {1} 1., 1% (Ieft: top-green, bottom-red; traces) and dudl-inverter {2} :
1@, 1.@; (right: top-grey, bottom-orange; traces), respectively. It can be dearly seen
from low-pass filtered dc currents, the totd motor power is provided by inverter
VvS,® wheressinverters VS, @, vS,@, VS, @ provides null in this post-fauilt control
Srategy, according to Egs. 10.

Hence, the stator winding { 2} voltage: vi'®, vi+@, vi® provided by inverters VSl ;@
and VS, @, are practically an open-circtit voltages

6.5 Conclusion

Fault tolerance capabilities of proposed multiphase-multilevel ac motor
wereinvesigated in this chepter and developed some pogt-fault control Strategies after
detaled theoreticd dudies The quad-inverter system capable to generae
multilevel voltage waveforms which equivalent to the ones of a 3-level inverter
during hedthy sate. Also it has been shown that during proposed post-fault
operating conditions, in particular with one, two, or three VSI failed, the
total power rating is reduced to the half and consecutively one-by-one
degree of freedom in total power sharing is lost. More specifically, the
control strategy can be exploited for maximum redundancy for continue the
operable condition of themotor evenwith three VS failed.

Complete theoretica background characterigtics of the entire ac motor drive are
provided for each post-fault conditions and set of numerical simulation results are
presented to show the most effectiveness of the proposed post-fault control
strategies, and some of the results presented in this chapter are accepted for
publication in conference proceeding [120].



7. Hardwareimplementation and experimental
results

7.1 Introduction

In this chapter, presents the comprehensive hardware prototype model
implementation of  multiphase-multilevel  inverter  (quad-inverter
configuration) for two three-phase open-winding loads. The control aspect
in open-loop scheme based on inverse three-phase space vector approach
was developed using two TMS320F2812 DSP controllers working with
McBSP protocol for PWM communication and synchronization, for
modulating quad-inverter system and controlled output waveforms. A
simplified PWM technique (independent and level-shifted multilevel
modulation) was adopted, allowing the total power sharing with three
degree of freedom. Complete set of experimental results are given with
reference to both balanced and unbalanced operating conditions.

7.2 Full-scale low-voltage high-current  hardware prototype
implementation

Multiphase-multilevel inverter (six-phase quad-inverter) for open-end
winding loads, as a full-scale low-voltage high-current prototype model was
implemented. A picture of the working areais givenin Fig. 7.1. The system
consists in two processor boards, including a TMS320F2812 DSP each, as
depicted in Fig. 7.2. The DSP-{1} board acts a master unit, performing all
the calculations required by the control scheme given by chapter 4 (shown
in Fig. 4.5), and providing for the firing signals of inverters H® and L by
its own internal PWM unit. The DSP-{2} board acts a Slave unit, receiving
the modulating signals from the DSP-{1} by the multi-channel buffered
serial port (McBSP data cable connection shown in Fig. 7.3). DSP-{2}
provides for the firing signals of inverters H® and L@ by its own internal
PWM unit [122].

7.3 McBSP serial communication protocol implementation

The McBSP (Multi-channel buffered serial port) communication
protocols of DSP TM S320F2812 provides the peripheral interface between
DSPs devices and transmit/receive synchronous compatibility with
8/12/16/20/24 or 32 hits-serial datas and schematic shown in Fig. 7.3. The
main advantage of McBSP communication protocol utilized for this
experimental activity for the implementation of quad-inverter PWM

Keywords: Multiphase-multilevel ac motor, dual three-phase induction motor, fault-tolerance,
and multilevel space vector modulation.



7.3 McBSP serial communication protocol implementation 99

. | P
Fig. 7.1: Overdll view of the working areain Fig. 7.2: Top view of the main system
the Lab. boards.

communication and interface between two DSPs with synchronization are

[123]:

Full-duplex communication.

Double-buffered transmission and triple-buffered reception,
which allow a continuous data stream.

Independent clocking and framing for reception and for
transmission.

Time division multiplexer (TDM) 128 channels for transmission
and6 for reception.

Multi-channel selection modes that enable you to allow or block
transfersin each of the channels.

DMA replaced with two 16-level, 32-bit first-input first-out
(FIFOs).

Direct interface to industry-standard codec, analog interface
chips (AICs), and other serially connected A/D and D/A devices.
Support for external generation of clock signals and frame-
synchronization (frame-sync) signals.

A programmable sample rate generator for internal generation

MCLK XA MCLKRA
M CLKRA MCLKXA
M cBSP M FSXA M FSRA M cBSP
M aster MFSRA MFSXA Slave
Unit MDXA MDRA Unit
MDRA MDXA
Transmitter DSP Receiver DSP
TM S320F2812 TM S320F2812
{1} {2}

Fig. 7.3: Schematic diagram of McBSP data cable communication protocol channel between

two DSP TM S320F2812 controllers {1} and {2}.
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and control of frame-sync signals.

= Programmableinternal clock and frame generation.

= Programmable polarity for frame-synchronization and data
clocks and support for SPI devices.

= Maximum I/O pin buffer speed islimited to 20MHz.

Two DSP controllers are synchronized with proper communication for
transmitting/receiving the signals by setting proper frame period, frame
pulse-width of frame synchronization generator, sample rate clock division
and transmitter/receiver interrupts of the McBSP protocol unit [124]. In
detail, transmitter/receiver is configured in reset at the beginning of
initialization, and then the McBSP is programmed for desired
transmitter/receiver operation. Finally the McBSP transmitter/receiver is
taken out of reset after two clock cycle of the sample rate generator clock
cycle. In DSP-{1} McBSP transmitter frame is configured with single-
phase, 2 words per frame of two 16-bit data for transmitting (modulating
signal in sationary reference frame) to DSP-{2} and receiver frame is
configured with single-phase, 1 words per frame of one 16-hit data for
receiving enable reception from DSP-{2} dave unit. In DSP-{2} McBSP
receiver frame is configured with single-phase, 2 words per frame of two
16-bit data for receiving (modulating signal in stationary reference frame)
from DSP-{1} and transmitter frame is configured with single-phase, 1
words per frame of one 16-bit data for transmitting enable reception to
DSP-{1} master unit.

Rising edge of the transmitter clock pin generates the transmission of the
data and falling edge of the receiver clock pin generates the reception of the
data in the both master/dave DSP McBSP configuration with
transmitting/receiving the data in 2-bit data delay. The McBSP sends a
receiver interrupt request to the CPU when each receive frame-
synchronization pulse is detected and in reset state as well. Transmitter
generates an interrupt request to the CPU when new frame synchronization
occurs. In this way both master DSP-{1} and dave DSP-{2}
transmit/receive the data with proper synchronization and hand-shake [122-
123].

7.4 Experimental resultsand discussion

A complete set of open-loop (shown in Fig. 4.5) experimental results is
presented in this section using independent and level-shifted modulation
techniques, on the basis of the numerica simulations results given in
chapter 4 and 5, with reference to balanced and unbalanced operating
conditions. The main parameters of the four 2-level VSIs together with
load parameters are given in Table 7.1. For the sake of simplicity,
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Table7.1: Main parametersof four invertersand six-phase load.

MOSFETs (6in parallel per switch) | Vishay SiliconixSUM85N15-19

MOSFET ratings Rps=19[MQ] @V cs=10[V];
1,=85[A]

switching frequency 2[kHZ]

dc-bus capacitance (4 banks) 12 [mF]

dc-bus voltage (4 in all) 52[V]

load impedance (open ends, 6in al) 6[Q]

load power factor (angle) 0.67 (48°)

load rated current 10 [A]

experimental tests are carried out by using a system of six balanced
impedances (passive load) as open-winding loads. Inverters are modulated
here without multilevel output voltage optimization and a phase angle of
30° is set as the displacement between the output voltages of the two dual
three-phase inverters. In the next section, experimental results relating the
balanced and unbalanced operating conditions are discussed in detail.

7.4.1 Independent modulation scheme

In the first experimental test (Figs. 7.4-7.6), conducted to illustrate the
behavior of the system in balanced conditions with modulation indexes m®
=m® =0.75, corresponding to a current ratio k; = 1/2 (balanced currents), and
voltage ratios k, = k@ =1/2 (balanced voltages).

In this operating condition the total power is equally shared among the
four VSls, and individual modulation indexes from chapter 4 (Egs. 3 and 4)
aem®@=m®=m@=m®@=075.

Fig. 7.4 depicts line-to-line voltages (H and L), artificia line-to-neutral
voltages (H and L), and load phase voltage (calculated) for the two dual-
inverters {1} and {2}. Fig. 7.5 shows artificial line-to-neutral voltages (H
and L) and their fundamental components, load phase voltage (measured)
and current for the two dual-inverters {1} and {2}.

All the six-phase output currents are shown in Fig. 7.6. It should be noted
that the currents are aimost sinusoidal; practically with same amplitude and
correct phase angle displacement (load impedances are not perfectly
balanced).

In the second experimental test (Fig. 7.7), conducted to illustrate the
behavior of the system in unbalanced conditions to verify the power sharing
capability between the two inverters H and L of the two dual-inverter {1}
and {2}. In particular, modulation indexes m® = m® =0.75 are set as in the
previous case, corresponding to a current ratio k=1/2(balanced currents),
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whereas voltage ratios are k% = k2 = 0.6 (unbalanced voltages), leading to
individual modulation indexes my® =m,@ =09, m ¥ =m @ =08, given by
chapter 4 (Egs. 3 and 4). In this operating condition inverters H supply 50%
more power that inverters L.

Fig. 7.7 shows artificial line-to-neutral voltages (H and L) and their
fundamental components, load phase voltage (measured) and current for the
two dud-inverters {1} and {2}. As expected, fundamental voltage
components of individual inverters H and L are one 50% more than the
other. However, being load phase voltages the same as in previous case,
load currents are the same as well.

In the third and last experimental test (Figs. 7.8-7.9), conducted to
illustrate the behavior of the system in unbalanced conditions to verify the
power sharing capability between the two inverters{ 1} and{2}.

In particular, modulation indexes m® and m® are set one the double of
the other, m®= 0.75, m®= 0.375, corresponding to a current ratio k; = 2/3
(unbalanced currents), whereas voltage ratios are k® = k@ = 1/2 (balanced
voltages) leading to individual modulation indexes my®=m ®=0.75, m,®=
m = 0375, given by chapter 4 (Egs. 3 and 4). In this operating condition
inverter { 1} supplies 50% more power that inverter {2}.

Fig. 7.8 shows artificia line-to-neutral voltages (H and L) and their
fundamental components, load phase voltage (measured) and current for the
two dual three-phase inverters {1} and {2}. As expected, fundamental
voltage components of inverters {1} and {2} are one the double of the
other, providing load currents with the same ratio, corresponding to k; = 2/3.

All the six-phase output currents are shown in Fig. 7.9. Also in this case,
currents are practically sinusoidal, with an almost correct phase angle
displacement (even if load impedances are not perfectly balanced). As
expected, the currents supplied by inverter {1} have an amplitude double of
the currents supplied by inverter {2}.

7.4.2 Level-shifted multilevel modulation (third harmonic injection
scheme)

In the first experimental test (Figs. 7.10-7.12), conducted to illustrate the
behavior of the system in balanced conditions with modulation indexes m™®
= m® =075, corresponding to a current ratio k=1/2 (balanced currents), and
voltage ratios k,* = k,® =1/2 (balanced voltages).

In this operating condition the total power is equally shared among the
four VSls, and individual modulation indexes from chapter 4 (Egs. 3 and 4)
aem®=m®=m;@=m@=075.

Fig. 7.10 depicts line-to-line voltages (H and L), artificia line-to-neutral
voltages (H and L), and multi-stepped load phase voltage (calcul ated) for



7.4.1 Experimental results symmetrical power (voltage/current) sharing condition 103

OO N 000 il OO 6N 0 fwokps [ O
Slowed Sed _________
T WV D B NadnFo 0 Ve R aoh | T___ TR R 2N 7 s TR T N 7 T
3T Sns/dv 1 o/
i m
T 1L
(I i I

1 T T LLLI

AR gy "
TR

f

it g

{1 {2
Fig. 7.4: Voltage waveforms of the two dual three-phase inverters {1} and {2} in balanced
conditions, MY = m® = 0.75 (k = 1/2), kY = k,® = 0.50. From top to bottom: line-to-line
voltages (H and L), artificia line-to-neutral voltages (H and L), and load phase voltage
(calculated).
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Fig. 7.5: Voltage, current, and filtered waveforms of inverters {1} and {2} in balanced
conditions. From top to bottom: artificial line-to-neutral voltages (H and L) and their
fundamental components, load phase voltage (measured) and current.
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Fig. 7.6: Six-phase load currents waveform in balanced condition: dual-inverter {1} : purple
traces (2 measured, 1 calculated); dual-inverter {2} : turquoise traces (2 measured, 1
calculated).
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Fig. 7.7: Voltage, current, and filtered waveforms of inverters {1} and {2} in unbalanced
conditions, m¥ = m® = 0.75 (k = 1/2), kY = k,® = 0.60. From top to bottom: artificial line-to-
neutral voltages (H and L) and their fundamental components, load phase voltage (measured)
and current.

Edgo O 5
futo
Lowes

i

i

"

{1 {2
Fig. 7.8: Voltage, current, and filtered waveforms of inverters {1} and {2} in unbalanced
conditions, m® = 0.75, m®? = 0.375 (k = 2/3), k,* = k,? = 0.50. From top to bottom: artificial
line-to-neutral voltages (H and L) and their fundamental components, load phase voltage
(measured) and current.
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Fig. 7.9: Six-phase load currents waveform in unbalanced condition: dual-inverter { 1}: purple
traces (2 measured, 1 calculated); dua-inverter {2} : turquoise traces (2 measured, 1
calculated).
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the two dual-inverters {1} and {2}. Fig. 7.11 shows artificial line-to-neutral
voltages (H and L), multi-stepped load phase voltage (measured) and
current for the two dual three-phase inverters {1} and {2}. To be noticed,
artificial line-to-neutral voltages are not symmetrical in a cycle has the
voltage is shared between inverters (H and L) in a half cycle of the
fundamental period, but difference in voltages lead to the multi- stepped
waveform in the output load phase voltages.

All the six-phase output currents are shown in Fig. 7.12. It should be
noted that the currents are amost sinusoidal; practicaly with same
amplitude and correct phase angle displacement (load impedances are not
perfectly balanced).

In the second experimental test (Fig. 7.13), conducted to illustrate the

behavior of the system in unbalanced conditions to verify the power sharing
capability between the two inverters H and L of the two dual-inverter {1}
and {2}. In particular, modulation indexes m¥ = m® =075 are set asin the
previous case, corresponding to a current ratio k; = 1/2 (balanced currents),
whereas voltage ratios are k) = k,® = 0.6 (unbalanced voltages), leading to
individual modulation indexes my® =m,® =09, m ¥ =m @ =06, given by
chapter 4 (Egs. 3 and 4). In this operating condition inverters H supply 50%
more power that inverters L.
Fig. 7.13 shows artificial line-to-neutral voltages (H and L) and their
fundamental components, multi-stepped load phase voltage (measured) and
current for the two dua-inverters {1} and {2}. As expected, fundamental
voltage components of individual inverters H and L are one 50% more than
the other. However, being load phase voltages the same asin previous case,
load currents are the same as well.

In the third and last experimental test (Figs. 7.14-7.15), conducted to
illustrate the behavior of the system in unbalanced conditions to verify the
power sharing capability between the two inverters {1} and {2} .

In particular, modulation indexes m® and m® are set one the double of
the other, m®™=0.75, m®=0.375, corresponding to a current ratio k=2/3
(unbalanced currents), whereas voltage ratios are k,» = k,? = 1/2 (balanced
voltages), leading to individual modulation indexes my® =m ® =075, m,®
=m_ =0.375, given by chapter 4 (Egs. 3 and 4). In this operating condition
dua-inverters { 1} supplies 50% more power that dual-inverter {2}.

Fig. 7.14 shows artificia line-to-neutral voltages (H and L), multi-
stepped load phase voltage (measured) and current for the two dual-
inverters {1} and {2}. As expected, fundamental voltage components of
dua-inverters {1} and {2} are one the double of the other, providing load
currents with the same ratio, corresponding to ki=2/3.
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Fig. 7.10: Voltage waveforms of the two dual three-phase inverters { 1} and {2} in balanced
conditions, m¥ = m® = 0.75 (k = 1/2), k¥ = k,® = 0.50. From top to bottom: line-to-line
voltages (H and L), artificial line-to-neutral voltages (H and L), and load phase voltage
(calculated).
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Fig. 7.11: Voltage, current, and filtered waveforms of inverters {1} and {2} in balanced
conditions. From top to bottom: artificial line-to-neutral voltages (H and L) and their
fundamental components, load phase voltage (measured) and current.
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Fig. 7.12: Six-phase load currents waveform in balanced condition: dual-inverter { 1} : purple
traces (2 measured, 1 calculated); dua-inverter {2} : turquoise traces (2 measured, 1
calculated).
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Fig. 7.13: Voltage, current, and filtered waveforms of inverters{1} and {2} in unbalanced
conditions, m¥ = m®@ = 0.75 (k = 1/2), kY = k,® = 0.60. From top to bottom: artificial line-to-
neutral voltages (H and L) and their fundamental components, load phase voltage (measured)
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Fig. 7.14: Voltage, current, and filtered waveforms of inverters{1} and {2} in unbalanced
conditions, m® = 0.75, m®? = 0.375 (k = 2/3), k,* = k@ = 0.50. From top to bottom: artificial
line-to-neutral voltages (H and L) and their fundamental components, load phase voltage
(measured) and current.
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Fig. 7.15: Six-phase load currents waveform in unbalanced condition: dual-inverter {1} :
purple traces (2 measured, 1 calculated); dual-inverter {2} : turquoise traces (2 measured, 1
calculated).
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All the six-phase output currents are shown in Fig. 7.15. Also in this case,
currents are practically sinusoidal, with an almost correct phase angle
displacement (even if load impedances are not perfectly balanced). As
expected, the currents supplied by inverter {1} have an amplitude double of
the currents supplied by inverter {2} .

The main drawback of this level-shifted modulation scheme, power is
shared in half cycle of the fundamental period and this asymmetric leads
(Fig. 7.11, Fig. 7.14 artificia phase voltage) to have more harmonics
content in output and it can be clearly notified from rising peak in Fig. 7.12
and Fig. 7.15.

7.5 Conclusion

Hardware prototype model of multiphase-multilevel inverters for open-
winding loads was implemented in this chapter. Open-loop control scheme
based on inverse three-phase space vector approach was developed using
two TMS320F2812 DSP controllers. A communication agorithm based on
McBSP protocol for PWM communication and synchronization was framed
between two DSPs, controlling quad-inverter system for its modulation and
controlled output waveforms. It has been shown that, developed control
scheme shares the total power among the four dc sources with three degrees
of freedom. In order to regulate the couple of 2-level VSIs supplying each
three-phase winding, a simplified PWM technique (independent and level-
shifted multilevel modulation) was adopted for testing under balanced and
unbalanced power (voltage/current) sharing conditions.

Real time test results provided in this chapter prove the effectiveness of
the proposed six-phase quad-inverter system in balanced/unbalanced
operating conditions using two DSP-based TMS320F2812 controllers.
Experimental results show good agreement with numerical simulation and
in accordance to the theoretical developments. Some of the presented
experimental results already published in referred conference proceedings
[126].



Conclusions and futureworks

In this thesis work a new version of multiphase-multilevel ac motor drive
system is proposed. It is much suitable for low-voltage high-current power
applications. In detail, power section consists of four standard two-level
voltage source inverters (V SIs) and asymmetrical six-phase induction motor
(dua three-phase), with open-end stator windings. A dedicated control
aspect based on synchronous reference frame was developed, which
provides the sharing capabilities of the total motor power among the four
VSls in each switching cycle with three degree of freedom. Precisely, first
degree of freedom concerns with the current sharing between two three-
phase stator windings. Based on modified multilevel space vector pulse
width modulation, the voltage is shared between the two VSIs feeding the
same three-phase stator motor winding, leading to the second and the third
degree of freedom.

The proposed multiphase-multilevel inverter was implemented in nu-
merical simulation by PLECS software with some carrier-based pulse width
modulation for showing its output multilevel waveforms. Control algorithm
based on inverse three-phase space vector decomposition approach in open-
loop scheme, has been provided with set of results in respect to theoretical
aspect for showing its benefits and drawback of each PWM techniques.

Comprehensive model of ac motor drive system based on three-phase
space vector decomposition approach was developed in PLECS - numerical
simulation software working in MATLAB environment. Proposed synchro-
nous reference control algorithm was framed in MATLAB with modified
multilevel space vector pulse width modulator. The effectiveness of the en-
tire ac motor drives system was tested. Simulation results are given in detail
to show symmetrical and asymmetrical, power sharing conditions. Further-
more, fault-tolerant capabilities of the entire ac drive system was tested
based on developed post-fault operating condition by exploiting three de-
gree of freedom. Complete set of simulation results are provided when one,
two and three VSls are faulty.

Hardware prototype modd of the quad-inverter converson sysem was imple-
mented with two three-phase passive loads in open-end configuration usng two
TMS320F2812 DSP controllers The developed McBSP (multi-channd buffered se-
rid port) communication agorithm was able to control the four VSIs for PWM comt
munication and synchronization. Opertloop control scheme based on inverse three-
phase decompasition approach was proposed to control entire quad-inverter configu-
ration and tested in both balanced and unba anced operating conditions with Smplified
PWM techniques.
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Conclusions and futureworks

Both smulation and experimentd results were in good agreement with theoretica
developments, indl consdered cases.

A prototype of the multiphase-multilevel inverter with two three-phase
passve loads in open-end configuration was implemented and analyzed using
two DSP TMS320F2812 controllers. Furthermore, for future research work
keeps open with many interesting tasks such as:

Complete redization of proposed closed-loop control system for
whole ac motor drive system based on synchronous reference
frame, using two DSP TM S320F2812 process controllers.

Developments of switching PWM techniques for optimized multi-
level output waveforms using different and improved multilevel
space vector modulation schemes.

Extending the sharing capabilities of quad-inverter in one switch-
ing cycle, i.e, al the four VSIs with operating single multilevel
space vector modul ator.

Investigation for control dynamics of the proposed ac drive system
based on different control techniques, in particular to stationary
reference frame orientations and direct torque control etc.

Investigation of multiphase-multilevel inverter as active filter, for
grid-connected applications, such as renewable power generation.

Possibility to increase the number of phases and to investigate the
redundancy operation when n = 9, 12,... for the proposed multi-
phase-multilevel inverter.
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Appendix

Facilities for conducted prototype model experimental test setup and
expandable for future applications. Module fully developed with Power
Electronics Laboratory,

Department of Electrical Engineering, University of Bologna, (1T).

Low-voltage high-current prototype model of Quad-Inverter
configuration unit with two three-phase open-winding loads
Specifications:

DC-link capacitor of each two-level three-phase voltage source inverter:
12mH/100v.

DC bus voltage of each two-level three-phase voltage source inverter: 100v
(maximum).

Current rating: 25x6=150A (6 MOSFETs in paralel combination to form
each switch configuration).
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Fig. A.2: Top view of the main system boards.
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Power section unit
Specifications:
Step-down transformers: Three-phase, 440v/75v (rms), 50/60Hz, 5000vA.

Four units. [Type: Star connection].
Bridge diode rectifiers: Three-phase, 1200v (rms), 63A (rms). Four units.

[Module: IXY S VU062-12N07].
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Fig. A.3: Three-phase transformers. Fig. A.4: DC power sources.
(Four in number). (Four in number).

Protection circuitry section unit

Specifications:

Contactor protection for four dc bus links for inverters: Module - SW200-
460. [Type: Normally open].

Fuse: 300v/16A (rms).

Power supply for the driver unit consists of four three-phase transformers
with four three-phase diode bridge rectifier units.

Step-down transformers. Single-phase, 400v/55v-0v-55v (rms), 50Hz.

[Module ST 53363].
Diode bridge rectifier: 560v (rms), 25A (rms). [Module DB 25-08].

Fig. A.5: Main power circuit breakers. Fig. A.6: Contactor protection for dc bus
(Four in number). links. (Four in number).
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Fig. A.7: Protection unit with emergency Fig. A.8: Power supply unit for drivers and
switch control. contactors.

Voltage and current sensing section unit

Specifications:

Voltage sensor: Sensing maximum 135v dc. Each unit has two dc sensors.
[Module LV25-P].

Current sensor: Sensing maximum 70A peak ac current. Each unit has three
ac current sensors. [Module LA55-P].

PR/ ) iy
: : \\Ix I :. L\
Fig. A.9: Voltage and current sensing unit ~ Fig. A.10: Voltage and current sensing unit

{1} {2}.

Controller section unit (Master/Slave DSP TM S320F2812)

\ == skl | Y
Fig. A.11: TMS320F2812 master DSP-{ 1} Fig. A.12: TMS320F2812 slave DSP-{ 2}
control unit. control unit.
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Experimental test specifications:

Table A.1: Experimental parameters of four invertersand six-phase load.

MOSFETs (6in parallel per switch) | Vishay SiliconixSUM 85N15-19

MOSFET ratings Vpss=150 [V];
Ros=19[mQ] @V cs=10[V];
1p=85[A]

switching frequency 2 [kHZ]

dc-bus capacitance (4 banks) 12 [mF]

dc-busvoltage (4 in al) 52[V]

load impedance (open ends, 6in al) 6[Q]

load power factor (angle) 0.67 (48°)

load rated current 10[A]

Complete setup of Quad-Inverter hardware prototype M odel

Fig. A.13: Complete setup view and facilities for quad-inverter configuration as
multiphase-multilevel inverter.
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